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Chapter 1

General introduction



TO Chapfer

In resting skeletal muscle of young rabbits, perfusion of the smallest blood
vessels (capillaries) is intermittent: red blood cells speed up and slow down at a rate
of 5-30 times per minute. The intermittency of capillary blood flow is caused by
diameter changes of vessels upstream, the arterioles. The driving force for blood to
flow through muscle is the perfusion pressure, i.e., the pressure difference between
the sites of arterial inflow and venous outflow. There are several clinical syndromes
in which reduced perfusion pressure results in disturbed perfusion of skeletal
muscle, such as compartment syndrome (Reneman, 1975), lower limb ischemia
(Ubbink et a/, 1992), and intermittent claudication (Bollinger and Fagrell, 1990).

Direct intravital microscopic observation of skeletal muscle capillaries revealed
that gradual reduction of perfusion pressure may lead to complete cessation of
capillary red blood cell flow at a finite perfusion pressure. This is called the flow
cessation phenomenon (Reneman e< a/, 1980, Slaaf e< aZ, 1986). The cause of the flow
cessation phenomenon is still not clear. An early explanation that flow would cease
at finite perfusion pressure was given by Burton (1951) who proposed that
microvessel8 would collapse as perfusion pressure was lowered. Diameter of
microvessels is governed by the equilibrium between extending forces resulting
from transmural pressure (i.e., the pressure difference between the inside and
outside of the vessel) and wall tension. According to Burton's hypothesis, micro-
vessels that have walls containing active smooth muscle cells, would become unsta-
ble when transmural pressure falls below a critical value (critical closing pressure),
resulting in a sudden collapse; the transmural pressure can no longer equilibrate
the constricting forces. This closure of vessels would cause cessation of blood flow.
This theoretical concept of critical closure, however, could not be confirmed experi-
mentally. Microscopic observations revealed that during flow cessation feeding
arterioles (pre-capillary vessels) dilate and draining venules (post-capillary vessels)
do not clearly change in diameter (Reneman el a/, 1980, Slaaf ef a/, 1986). The
autoregulatory response of arterioles to reduction in transmural pressure reduces
vessel tone, minimizing the constricting forces and rendering vessel collapse virtu-
ally impossible.

The remaining site for diameter reduction to such an extent that it would
hamper red blood cell flow would be the capillary. Under normal conditions, capil-
lary diameters are so small (between 3 and 7 urn) that red blood cells have to deform
to pass the capillaries. The critical diameter of a straight tube for red blood cell flow
is about 2.8 urn (Henquell e< a/, 1976, Chien et a/, 1984). In vivo, the critical diameter
may be larger because of the presence of electrostatic repulsive forces between red •
blood cells and negatively charged surface of the capillary wall, which increases the
resistance for red blood cell flow (Vink ef a/, 1995). Capillary diameter reduction to
values below this critical diameter could lead to cessation of blood cells in capillar-
ies.
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Whether capillary diameter actually decreases with reduced perfusion pres-
sure and, hence, transmural pressure, is not yet clear. It is generally accepted that
in skeletal muscle capillary diameter only slightly changes under physiological
conditions. The capillary is supposed to act as a rigid tube which means that diame-
ter changes due to transmural pressure changes are negligible. The apparent rigid-
ity of capillaries may be caused by a stiff wall (Murphy and Johnson, 1975) and/or by
support of the surrounding tissue (Fung ef a/, 1966). The idea of indistensible capil-
laries is based on direct microscopic observations (Nichol ef a/, 1951, Baez ef a/,
1960). However, more recent studies, in which a higher optic resolution was
achieved, demonstrated that capillaries are physiologically distensible. Smoje and
colleagues (1980) found that the small transmural pressure fluctuations occurring
during the cardiac cycle made capillaries expand end recoil (less than 1%). Others
showed that capillary diameters clearly increased when the transmural pressure
was considerably increased step-wise (Skalak and Schmid-Schönbein, 1986fc. Davis,
1988, Bouskela and Wiederhielm, 1989, Swaynec* a/, 1989). When the extent of capil-
lary transmural pressure reduction during flow cessation is comparable with these
pressure changes, capillary diameters could substantially decrease during lower-
ing of perfusion pressure, and actually lead to flow cessation.

In preliminary experiments, we found a positive relationship between oxygen
tension in the solution dripping on the muscle and incidence of capillary flow
cessation. This relationship might be explained by smaller diameters of micro-
vessels under higher oxygen tensions.

The studies described in this thesis were performed to gather more insight into
the relationship between the incidence of flow cessation and capillary diameter
reductions and, in addition, into the change of capillary diameter, if any, under low
perfusion pressures and subsequent reactive hyperemia. Also, the role of oxygen in
the flow cessation phenomenon was investigated. The experiments were performed
in situ on skeletal (tenuissimus) muscle in the rabbit left hind limb. Microvessels
were visualized by means of intravital video microscopy. Perfusion pressure in the
muscle was reduced by complete occlusion of the descending aorta. During complete
aortic occlusion, perfusion pressure remained positive due to collateral circulation.

In chapter 2 of this thesis, the anatomy and physiology of skeletal muscle is
briefly described. In addition, a survey is given of the present and most relevant
knowledge on the flow cessation phenomenon.

In c/iapter 3, the changes in capillary diameters are described during low
perfusion pressure (complete aortic occlusion) and during reactive hyperemia, i.e., a
phase of increased blood flow after release of the occlusion. Because of the large
dispersion in diameter response, the extent of diameter changes at the arteriolar
end of the capillaries was compared with that at the venular end.
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C/iapter 4 describes the relationship between the extent of capillary diameter
reduction and minimally attained capillary diameters during aortic occlusion on
the one hand and the incidence of capillary flow cessation on the other. Also, the
influence of oxygen tension on the incidence of flow cessation is described, as well as
the influence of oxygen tension on capillary diameter during flow cessation.

C/mp/er 5 evaluates the consequence of changes in capillary diameter and
number of capillaries perfused during low perfusion pressures and reactive hyper-
emia under various oxygen tensions for functional capillary density (the number of
perfused capillaries per unit tissue). Functional capillary density is generally used
as a determinant for tissue exchange surface area and capillary volume flow.

In addition, experiments were performed in the presence of topically applied
adenosine, a vasodilator which eliminates the arteriolar activity resulting in pas-
sive, vasodilated arterioles.

C/iap/er 6 describes capillary diameter changes under adenosine (at low
oxygen tensions) since it is known that arteriolar vasodilation results in an increase
in capillary transmural pressure.

In chapter 7, the incidence of capillary flow cessation during aortic occlusion
and the concomitant changes in diameters of arterioles and capillaries are com-
pared in a normal and a vasodilated (due to adenosine) vascular bed. Additionally,
the influence of oxygen in the presence of adenosine on the incidence of flow
cessation is described at two oxygen tensions, i.e., an intermediate and a maximal
oxygen tension considering the incidence of flow cessation in the absence of adeno-
sine.

C/iapter 8 is the general discussion in which the results described in the exper-
imental chapters (3-7) are put into perspective.

The thesis is concluded with a summary.



Chapter 2

Blood flow in skeletal muscle

An overview
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In this chapter a short overview is given of the most relevant literature
regarding skeletal muscle blood flow. Special attention is paid to perfusion pressure-
flow relationships and the observation of zero arterial inflow during positive
perfusion pressures in whole-organ studies. Finally, the present knowledge on the
flow cessation phenomenon is given and possible explanations for the occurrence of
this phenomenon are discussed.

2.1 Vascular architecture of tenuissimus muscle

The tenuissimus muscle, which is used in the experiments of the present
thesis, is often taken as a typical example to describe skeletal muscle vasculature.
The tenuissimus muscle is a thin, airfoil-shaped skeletal muscle in the hind limb of
cats and rabbits, containing a mixture of red and white muscle fibers (Eriksson and
Myrhage, 1972, Childs and Arfors, 1976, Myrhage, 1978). The microvascular bed
consists of arterioles, capillaries, and venules. Arterioles feed the capillary network
while venules drain blood from the capillaries. In the capillary network exchange of
fluid, nutrients, and waste products between blood and tissue takes place. In the
tenuissimus muscle, the microcirculation is supplied by one central artery which
runs longitudinally through the thickest part of the muscle, parallel to the muscle
fibers (see figure 2.1). From this artery, several branches originate that run oblique
to the muscle fibers. These branches and their major dichotomies are called
transverse arterioles. In resting tenuissimus muscle, mean caliber of transverse
nrterioles ranges from 6 to 45 um (Reneman et a/, 1980, Lindbom and Arfors, 1984,

capfflaries ^
central vein-7^-

central arter'^—

transverse arteriole

2.2. Se/iemafic drawing o/" tne uascu/ature in rabbit tenuissimus muse/*.
Arrows in tne cesse/s indicate direction o/"/7ou>.
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Tangelder er a/, 1984, Slaaf e* a/, 1987c, Meyer rt a/, 1988, Oude Vrielink e/ a/, 1989,
Borgström ef a/, 19906). Transverse arterioles frequently form arcades with neigh-
boring transverse arterioles. Transverse arterioles mostly end in the connective
tissue near the muscle where they form short shunt-like connections with draining
venules which return into the muscle tissue (Lindbom and Arfors, 1984). From one
transverse arteriole several smaller arterioles, the first order side branches (FOS),
branch off. These FOS, with diameters between 4 and 12 urn (Tangelder ef a/, 1984,
Oude Vrielink ef a/, 1989) divide several times and end in capillaries. These
arteholes may also be directly connected to the venules by so-called thoroughfare
channels (Slaaf ef a/, 1987a) which are often twice as wide as a capillary (Lindbom
and Arfors, 1984). The FOS are the main controllers of capillary perfuaion and are
therefore functionally considered as terminal arterioles (Johnson, 1980, Slaaf <•< a/,
1987c, Sweeny and Sarelius, 1989). More than 50 capillaries may branch from one
terminal arteriole (Lindbom and Arfors, 1985). The capillaries run parallel to the
muscle fibers and are about 1000 nm long. Several interconnections between
adjacent capillaries may exist. Each muscle fiber is surrounded by 3 to 4 capillaries
(Eriksson and Myrhage, 1972). The capillary density (i.e., the number of capillaries
per mm2 tissue cross-section) is about 657 (Myrhage, 1978). The diameter of
capillaries is about 3 to 7 um. Capillary flow collects in small venules which unite in
transverse venules. Tranverse venules end in the central vein which drains the
blood from the muscle.

The wall of arterioles, the thickness of which may be as much as half the
luminal diameter, contains a layer of endothelial cells, one or two layers of smooth
muscle cells, collagen fibers, and connective tissue. The capillary wall, however, is
very thin: it consist of only a single layer of endothelial cells surrounded by a thin
basal membrane which splits to enclose occasional cells called pericytes (see figure
2.2). Therefore, the boundary between arteriole and capillary is relatively sharp, and
marked by the disappearance of smooth muscle cells. Walls of venules do not have a
confluent layer of smooth muscle cells but possess a discontinuous layer of pericytes
or primitive smooth muscle cells. As a consequence, the transition from capillary to
venule is morphologically less defined and occurs gradually (Simionescu and
Simionescu, 1984).

The vascular architecture of tenuissimus muscle is comparable to that of other
skeletal muscles used in intravital microscopic studies. In skeletal muscle, vessels
are organized in sharply defined areas called vascular units (Eriksson and
Myrhage, 1972). Each vascular unit is supplied with blood by one arteriole while no
interconnections between adjacent units exists (Roller c< aZ, 1987). The arterioles
branch from a large arcading arterial system, which is fed by several arteries
entering the muscle. The relatively small tenuissimus muscle represents one
vascular unit (Eriksson and Myrhage, 1972). The division of repeating modules
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nucleus

basement membrane

endothelial cell

2.2. Cross-secfion o/" a capi/Zarv-

consisting of one transverse arteriole, its side branches, capillaries, collecting
venules and one or two transverse venules, is typical of all skeletal muscles (Skalak
and Schmid-Schonbein, 1986a).

2.2 Pressure distribution

The heart pumps blood through the vascular system. In large arteries, which
transport blood to the various organs, blood pressure is relatively high. In that way,
the input pressure of an organ is high enough to supply it with sufficient amounts
of blood. Capillary pressure, however, has to be low to prevent the thin-walled
capillaries from damaging and, in addition, to prevent excessive fluid filtration
(Renkin, 1984). The arterioles, which are also called resistance vessels, function as
separators of the high and low pressure part of the circulation. In figure 2.3, a
typical pressure distribution in skeletal muscle is presented; the largest pressure
drop occurs in the smallest arterioles. In tenuissimus muscle of the cat, the
pressure in the central artery is on the average about 95% of systemic blood
pressure, in transverse arterioles 70%, in the terminal arterioles 40%, and in the
smallest venules 24%. The pressure difference across the capillary network is
approximately 15 mmHg. In the middle of the capillary network, transmural
pressure (i.e., the pressure difference between the inside and outside of the vessel) is
estimated to be about 27 mmHg (Fronek and Zweifach, 1975).
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Figure 2.3. Pressure distribution in f/ie c<rcii/a/ion.

2.3 Blood flow in skeletal muscle

2.3.1 Poiseuille's law

The driving force for a fluid to flow through a cylindrical vessel is the pressure
gradient. The flowing fluid experiences resistance, the extent of which is deter-
mined by the geometry of the vessel, i.e., diameter and length, and by the viscosity of
the fluid. In case of a Newtonian fluid, such as blood plasma, the viscosity is not
dependent on the applied forces or the size of the vessel. For a Newtonian fluid, the
relationship between pressure and steady flow in a vessel is described by Poiseuille's
law (Fung, 1984), which states that the flow rate of a fluid, F, is directly proportional
to the pressure difference over the vessel, AP, and the fourth power of the uniform
vessel diameter, D, and inversely proportional to vessel length, L, and fluid viscosity,

F =7t-D«-AP
128-TI-L
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Vascular resistance (R) is equal to:

_ AP 128 T|L

Diameier. As flow rate is proportional to the fourth power of diameter, small
changes in vessel diameter will have a considerable effect on flow. A 10% increase
in vessel diameter will lead to a 46% increase in flow if the pressure difference over
the vessel remains unchanged. Similarly, decreasing vessel diameter by 10% will
cause a 53% increase in resistance and a reduction in flow by as much as 34%.

Viscosity. Blood is a viscous fluid composed of (deformable) cells suspended in
plasma. Red blood cells constitute more than 99% of the total cell volume and white
blood cells make up less than 1%. Due to the presence of cells, blood is a non-
Newtonian fluid. At low flows, red blood cells have the tendency to form aggregates
which leads to an increase in viscosity. With a decrease in vessel diameter, viscosity
decreases (Fahraeus-Lindqvist effect). This effect is attributed to the decrease in lo-
cal hematocrit with decreasing vessel diameter (Fahraeus effect), caused by the fact
that red blood cells preferentially flow in the center of the vessel where velocity is
highest. Hence, red blood cell velocity is higher than mean plasma velocity. As a
consequence, red blood cells pass a microvessel more rapidly than plasma leading to
reduction in mean local red blood cell concentration. In glass tubes, the decline in
viscosity progresses until the diameter reaches a value of about 5-7 urn. In tubes
with smaller diameters, a steep increase in viscosity occurs (Gaehtgens, 1980, Pries
cf a/, 1992). In vivo, however, minimal viscosities are reached at vessel diameters of
about 30 um (Pries e/ a/, 1994). Factors which may contribute to the discrepancy
between viscosity in vitro and in vivo are: interactions between blood and macro-
molecules on the inner endothelial surface of the vessel in vivo, the irregularity of
the inner vessel contour in contrast to the uniform diameter of a glass tube, the
average vessel length being shorter than that of tubes, and the presence of white
blood cells which are removed from the blood samples used in most tube flow
studies.

Because blood is a non-Newtonian fluid, Poiseuille's equation should be inter-
preted with caution when dealing with the flow of blood in blood vessels in vivo. If
one nevertheless calculates the viscosity of blood from Poiseuille's law, assuming
that it is independent of pressure gradient and diameter, the calculated viscosity
coefficient is called apparent viscosity.
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2.3.2 Active arteriolax diameter changes

In skeletal muscle, capillary perfusion pressure is mainly determined by up-
stream arteriolar resistance. An important factor which affects arteriolar resis-
tance is arteriolar diameter. Arterioles are able to change diameter actively by con-
traction of smooth muscle cells in the vessel wall. Smooth muscle contraction leads
to reduction in vessel diameter while relaxation of smooth muscle causes the vessel
to dilate. Under resting conditions, vascular smooth muscle cells are in a sustained
state of contraction, which is known as basal tone. Arteriolar tone and, thus, arteri-
olar diameter, are determined by an interplay between several factors such aa
neurogenic, metabolic, humoral, and hemodynamic factors.

A êr̂ ous con/ro/. Nervous control of arteriolar tone in skeletal muscle it
basically influenced by the sympathetic nervous system (Marshall and Hébort, 1986).
Neurotransmitters which are known to cause vasoconstriction in skeletal muscle
are norepinephrine and neuropeptide Y. Neurotransmitters which cause vaso-
dilation are epinephrine, acetylcholine, and substance P (Granger ?f a/, 1984, Ohlén
ef a/, 1988). Many investigators have attempted to elucidate the site of action of
vasoactive agents and the precise mechanism(s) involved in the arteriolar tone
response. It has been shown that acetylcholine and substance P act via vascular
endothelium, the cell layer at the luminal surface of a (micro)vessel (Pohl e< a/,
1987). The vasodilators elicit the release of endothelial EDRF (endothelium derived
relaxing factor), which induces relaxation of smooth muscle cells (Furchgott and
Zawadzki, 1980). The main candidate for EDRF is nitric oxide (Persson e« a/, 1990,
Moncada e< a/, 1991).

Meta6o/tc and Aumora/ coniroZ. Regarding the metabolic and humoral factors,
a large number of elements has been identified to influence arteriolar diameter:
oxygen, CO2, pH, potassium, inorganic phosphate, lactate, adenosine, cata-
cholamines, serotonin, angiotensin, histamine, bradykinin, and vasopressin.
Metabolic factors play an important role in blood flow regulation in skeletal muscle
during exercise (Hudlicka and el Khelly, 1985). To meet the increased need for nu-
trients and oxygen during muscle contraction, arterioles dilate, leading to increased
blood flow (functional hyperemia; Hester and Duling, 1988). Arteriolar dilation may
be triggered by a reduced concentration of nutrients and oxygen in muscle tissue
and/or by an accumulation of waste products. It is proposed that oxygen is one of the
key elements in metabolic flow control. In skeletal muscle, arterioles dilate at low
oxygen tensions in blood and tissue, and constrict in response to elevation of oxygen
tension (Lindbom e< a/, 1980, Sullivan and Johnson, 1981). The mechanism of the
oxygen-induced change in arteriolar tone is unclear. Recently, Pries and colleagues
(1995) found that the dilatory effects of EDRF in skeletal muscle are strongly depen-
dent on the oxygen tension in the tissue. The release of adenosine, which is a potent
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vasodilator, increases when skeletal muscle contracts (Boekman ef a/, 1975) ani,
hence, may play a role in functional hyperemia. Adenosine may also modula'.e
vascular tone in resting skeletal muscle under normal circumstances (Gustafsscn
ef a/, 1990) and during systemic hypoxia (Mian and Marshall, 1991).

//emodynamic con/ro/. Hemodynamic factors which affect arteriolar tone are
transmural pressure (myogenic control) and flow velocity. Myogenic reactivity in a
blood vessel is defined as the ability of vascular smooth muscle to contract in
response to an increase in transmural pressure or to stretch (Johnson, 1980). Moit
likely, endothelial cells are not involved in the myogenic response since removal of
endothelium (Falcone e* a/, 1991) and inhibition of nitric oxide (Ekelund e< a/, 1992)
do not affect the response. This suggests that vascular smooth muscle itself acts ts
the sensor in the myogenic response. Arterioles dilate when flow velocity increases
(Roller and Kaley, 1990a, 19906, Roller ef a/, 1993). This microvascular flov-
dependent dilation is mediated by vasodilator prostaglandins released from the
endothelium (Roller e/ a/, 1993) and may play a role in functional hyperemia
(Dulinge/a/, 1987).

Arterio/ar and capi/Zary communication. Highly localized stimuli can induce
responses that spread rapidly over arteriolar segments encompassing several mil-
limeters in fength. This is explained by conductance of vasomotor responses along
the arteriolar wall, which may be mediated via smooth muscle and/or endothelial
cell-to-cell communication (Segal and Duling, 1989). In addition, Dietrich and Tyml
(1992a) found that local microapplication of norepinephrine to a rat or frog skeletal
muscle capillary up to 1 mm downstream from the supplying arterioles caused con-
striction of arterioles. They suggested that the retrograde propagation of the stimuli
indicates that the capillary itself can function as a communicating system (Dietrich
and Tyml, 19926). A more recent study of Song and Tyml (1993) demonstrated that
capillaries can sense also various other vasoactive agents, such as acetylcholine,
adenosine, and potassium. In addition, this study showed that capillaries are able to
integrate biological signals because dual application of norepinephrine on two capil-
laries fed by the same arteriole resulted in a greater response than in case of single
norepinephrine application. It is proposed that oxygen sensors are located down-
stream of the arterioles, for example, at the site of the capillaries, and the initiated
oxygen response is conducted along the vessel towards the arterioles (Jackson, 1987).

2.3.3 Passive diameter changes

Due to elastic properties of the vessel wall, large arteries distend when trans-
mural pressure increases. The increase in vessel diameter leads to a decrease in
resistance to flow and, hence, results in an increase in flow. Vascular distensibility
is expressed as the fractional increase in volume for each millimeter mercury
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(mmHg) rise in pressure. The term vascular compliance is also used; it is defined
as the increase in volume divided by the increase in pressure.

Initially, research regarding the distensibility of microvessels concerned the
mesentery because this tissue is relatively easily accessible for studying the micro-
circulation. Arterioles and venules are found to be distensible in the mesentery
(Wiederhielm, 1965, Gaehtgens and Uekermann, 1971), and it has been accepted that
these microvessels are also distensible in any other tissue. Whether capillaries can
generally be assumed as physiologically distensible is still a matter of debate. Baez
and co-workers (1960) observed in rat mesentery no change in capillary diameter
with elevation of transmural pressure to 90 mmHg. Fung and colleagues (1966)
proposed a mathematical model to explain this observed rigidity of the capillary.
They suggested that surrounding tissue (gel) provides for the support of the
capillary, and therefore the capillary remains a relatively fixed structure in size (see
figure 2.4). Consistent with this tunnel-in-gel theory was the observation that
alveolar lung capillaries, which are not completely surrounded by tissue but partly
exposed to air, are distensible (Fung and Sobin, 1972). Besides the support of
surrounding tissue, it has been suggested that capillary rigidity is due to stiffness of
the basement membrane in the vessel wall, which contains collagen (tunnel in a

Two concepts of an idealized capillary

Surrounding tissue

Wall ———

Tube in a liquid Tunnel in a gel

2.4. CctpiZZary rt£i'di<y expZained fey too f/ieortes. 7"u&e in a /t'gui'd </ieory
states fAai <ne capiZZary carries i<s ou;n rigidity, /or exawipZe, </irou#/i s<i/7" coZZagen
in £ne icaZZ; funneZ in a geZ ineory states £na£ support ta <ne capiZZary is giuen fey </rc
surrounding tissue. P = intrauascuZar pressure.
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liquid theory; Murphy and Johnson, 1975).
The idea that capillaries are nondistensible had more or less become conven-

tion and has dominated general concepts of capillary dynamics for many years.
However, it must be clarified that in the study of Baez and co-workers (1960) the ac-
curacy of the diameter measurements was only 2.75 um. This degree of resolution is
insufficient to detect diameter changes of the size expected to occur in capillaries
due to distensibility. In the past years, new methods have been developed to measure
capillary diameters with higher accuracy leading to an increasing support that cap-
illaries are, in general, physiological distensible. Smaje and co-workers (1980) mea-
sured the in vivo oscillation of red blood cells in cat mesentery capillaries occluded
at one end, and demonstrated that capillaries expand and recoil with pressure
fluctuations during systole and diastole. In this study, the change in capillary
diameter was estimated to be 0.06 um for a 3.2 mmHg pressure change. By
measuring the change in position of the interface between two immiscible oils
injected into capillaries at known pressures, it was shown that frog mesenteric
capillaries are distensible (Smaje and Swayne, 1984, Swayne e£ a/, 1989). Baldwin
and Gore (1989) also found that capillaries in frog mesentery are distensible. They
measured the length of an oil-drop injected into a capillary occluded at one end at
various applied pressures. Besides in mesentery, capillaries in a few other tissues
were also found to be distensible. In cat and rat brain, capillaries are wider when
exposed to higher perfusion pressures induced by increased levels of blood CO2 as
compared to control circumstances (Atkinson ef a/, 1990, Duelli and Kuschinsky,
1993). In connective tissue of the bat wing, capillary diameter increases when
increasing steps of transmural pressure are applied (Davis, 1988, Bouskela and
Wiederhielm, 1989). In this preparation, a greater distensibility was observed at the
arteriolar end of the capillary than at the venular end (Bouskela and Wiederhielm,
1989). Skalak and Schmid-Schönbein (19866) demonstrated that capillaries in
skeletal muscle of the rat are less distensible than arterioles, but more distensible
than venules. These investigators also showed that the diameter response of
microvessels to an applied pressure step consists of an initial distension followed by
a non-linear creep in time due to viscoelastic properties of the vessel wall. Skeletal
muscle capillaries with a diameter of 6 um increased by 0.048 um and 0.57 um when
a pressure step was applied of 0-10 mmHg and 0-50 mmHg, respectively.

When comparing capillary distensibility data derived from various tissues, it
has to be taken into account that the relationship between microvessel distensibility
and pressure is non-linear: vessel distensibility decreases with increasing pressure
because the vessel wall stiffens at higher pressures (Wiederhielm, 1965, Baldwin
and Gore, 1989). Considering the data of the above mentioned studies, capillaries in
skeletal muscle are stiffer than those in mesentery. At low pressures, Skalak and
Schmid-Schönbein (19866) found that skeletal muscle capillaries are about 40% less
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distensible than mesentery capillaries in the study of Baldwin and Gore (1989).
Capillaries in bat wing show the greatest distensibility: the increase in diameter of a
6.1 nm capillary was 1.7 um and 3.7 um when pressure was increased by 14 mmHg
and 50 mmHg, respectively (Bouskela and Wiederhielm, 1989). The difference in
distensibility between capillaries in the various tissues may be due to differences in
the amount and/or properties of surrounding tissues, and/or in wall stiffness.

2.3.4 Capillary blood flow in resting skeletal muscle

Blood flow is usually not uniformly distributed in resting skeletal muscle.
Capillary flow may vary from area to area or even between two neighboring capillar-
ies (Eriksson and Myrhage, 1972, Tyml <?< a/, 1981, Lindbom and Arfors, 1985). ThiB
so-called spatial heterogeneity of capillary blood flow is due to local differences in
resistance of capillaries within one network, and is influenced by geometrical
factors, such as diameter and length of the capillary (Fung, 1973, Damon and
Duling, 1985, Groom e/ a/, 1986). Rheological factors may also play a role, like the
relative amount of red (Fung, 1973, Vicaut e* a/, 1987) and white (Schmid-Schönbein,
1987a) blood cells. Especially the large and stiff white blood cells greatly influence
capillary blood flow. When a white blood cell enters a capillary, it is deformed just
like red blood cells. Under normal flow conditions, the time for a white blood cell to
deform at the entry of a capillary is about 1000 times longer than for a red blood cell,
leading to temporary obstruction of the capillary and, thus, to impedance of the blood
flow. Once inside the capillary, white cells generally travel slowly creating an empty
plasma column in front and a train of red cells behind them. Some evidence suggest
that because white blood cells are shunted through channels with the fastest flow,
low flow regions, for example, capillaries in resting muscle, are not perfused by
white blood cells for prolonged periods of time (Schmid-Schönbein, 1987a).

In a few skeletal muscle tissues, it has been demonstrated that non-perfused
capillaries in resting conditions will be perfused in situations of increased flow
demand, for example, during muscle exercise. This spatial capillary recruitment is
supposed to be caused by arteriolar dilation (Honig e< a/, 1980, Lindbom <?< a/, 1982).
However, in tenuissimus muscle of young rabbits, as used in this thesis, spatial
recruitment does not occur (Oude Vrielink e* a/, 1987).

In addition to spatial heterogeneity, blood flow within one capillary varies with
time (temporal heterogeneity; Johnson, 1980, Lindbom e< a/, 1980, Oude Vrielink e*
a/, 1990, Tyml c< a/, 1981). Red blood cells flow through the capillaries with periodic
changes in velocity (see figure 2.5). Figure 2.6 presents microscopic images of a
bifurcating capillary exhibiting an intermittent flow pattern. During low velocities,
individual red blood cells can be observed to deform while flowing through the capil-
lary. During high velocities, red blood cells can be identified only as streaks. The
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Figure 2.5. 7Vacm# o/" red 6/ood cc// i/e/ocify tra a captZZary o/" resting sAeZelaZ
muscZe.

intermittent perfusion is also called flowmotion (Tangelder e* aZ, 1984). Flowmotion
results from vasomotion, i.e., spontaneous, often rhythmic diameter changes in up-
stream arterioles (Lindbom e< aZ, 1980, Tangelder e* aZ, 1984, Lund et aZ, 1987, Slaaf
ct a/, 1987c, Meyer el a/, 1988). An arteriole with vasomotion generally causes
synchronous flowmotion patterns in downstream capillaries (Tangelder et aZ, 1984).
In tenuissimus muscle, vasomotion is present in transverse arterioles and FOS.
During vasomotion, a FOS may completely close resulting in transient cessation of
red blood cell flow in downstream capillaries (Tangelder el aZ, 1984). Vasomotion
frequencies may vary between arterioles within one muscle. The flowmotion pattern
in figure 2.5 shows higher frequency peaks superimposed on low frequency compo-
nents and, hence, discloses two vasomotion frequencies probably originating from
different types of arterioles. In most cases, however, the capillary flowmotion
pattern is completely dominated by the shorter vasomotion cycle of the FOS (Slaaf ef
aZ, 1987c).

Fluctuations in flow velocity may have a positive effect on capillary fluid
exchange (Intaglietta, 1981). At low flow, capillary hydrostatic pressure is relatively
low enhancing removal of waste products from the tissue. The relatively high
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hydrostatic pressure at high flow facilitates uptake of nutrients by the tissue. The
pulsatile flow may also be important for displacement of plugging white blood cells.

2.3.5 Reactive hyperemia

Reactive hyperemia is the increased blood flow seen in tissue, which has tem-
porarily been deprived of its blood supply, for example, due to arterial occlusion, and
serves to quickly repay the blood flow debt and to restore the flow/metabolism bal-
ance. The early phase of reactive hyperemia is characterized by a transient peak
flow. Reactive hyperemia following short periods of flow arrest is due to arteriolar
dilation which is primarily myogenic in origin. At longer occlusion periods
metabolic factors come into play (Tuma e< aZ, 1977, Björnberg e* aZ, 1990). With in-
creasing occlusion durations, a progressive increase in hyperemia peak velocity,
hyperemia duration, and excess flow occurs in skeletal muscle (Myrhe, 1975,
Johnson ef aZ, 1976, Klabunde and Johnson, 1977, Björnberg e< aZ, 1990). Small arte-
rioles are primarily responsible for the decrease in arteriolar network resistance
and subsequent reactive hyperemia following occlusion (Meininger, 1987, Björnberg
ef aZ, 1990). EDRF is probably not involved in the reactive hyperemia response in
skeletal muscle (Björnberg e« aZ, 1990).
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2.4 Pressure - flow relationships

2.4.1 Autoregulation

Optimal exchange of nutrients, waste products, and fluid between blood and
tissue is of utmost importance for skeletal muscle well-being and functioning. When
perfusion pressure is changed, skeletal muscle will maintain a relatively constant
capillary blood flow and capillary transmural pressure to keep optimal fluid
exchange conditions. This is mainly accomplished by adjustment of arteriolar
diameter to the altered perfusion pressure, and is known as autoregulation. In
figure 2.7, perfusion pressure-flow relationships are illustrated in an active and
passive vascular bed. In an active vascular bed with flow regulation, flow remains
relatively constant over a large pressure range: arterioles dilate when perfusion
pressure decreases and constrict when perfusion pressure increases keeping
microvascular pressures constant (Borgström e< aZ, 19906) Only when perfusion
pressure exceeds or falls below certain critical values, flow changes are directly
proportional to pressure changes. In a passive vascular bed without active arterio-
lar diameter changes and, hence, without flow regulation, flow is directly related to
perfusion pressure. As shown in the figure, the line reflecting the pressure-flow
relationship steepens when distensibility of the vascular bed increases. At low flows,
pressure-flow relationships in skeletal muscle are often curvilinear with a
convexity to the pressure axis (not shown in the figure; Sutton and Schmid-
Schönbein, 1991).

Two mechanisms have been proposed to be responsible for autoregulation
when perfusion pressure is altered. The myogenic hypothesis attributes the
regulation of blood flow to a direct effect of transmural pressure changes on vessel
wall stress and, hence, on vascular smooth muscle reactivity (Folkow, 1964,
Johnson, 1980). In contrast, the metabolic hypothesis proposes that arterioles are
modulated through the release of some vasoactive substances of which
concentration changes with tissue metabolism (Berne, 1964). Both mechanisms may
contribute to the autoregulatory responses (Morff and Granger, 1982).

2.4.2 Zero flow pressures in whole-organ studies

In the past, much attention has been paid to the relationship between perfusion
pressure and blood flow in various vascular beds (for a review, see Hoffman and
Spaan. 1990). In these relationships, arterial inflow or venous outflow of a vascular
bed is assessed. A common feature of perfusion pressure-flow relationships is the
positive intercept at the pressure axis, the zero flow pressure (P^/", see figure 2.7),
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indicating that at low perfusion pressures blood flow ceases while perfusion pres-
sure is still finite.

Each type of vascular bed has its own pressure-flow relationship with a certain
slope and P^f value. Also, within one vascular bed the course of pressure-flow
relationships may vary, depending on the way it is assessed. Interpretations should
account for the actually applied measurements. For instance, P /̂" is higher in an
instantaneous (dynamic) than in a steady state pressure-flow relationship (Sutton
and Schmid-Schönbein, 1989, Braakman ef a/, 1990). This difference is due to
adaptation of the vascular bed (autoregulation) under steady state conditions. Using
a variety of skeletal muscle vascular beds, investigators have found positive P^/"
values ranging from 8 to 54 mmHg (Nichol e< a/, 1951, Ehrlich e* a/, 1980, Sherman
e< a/, 1980, Brunner e* a/, 1983, Pantely e* a/, 1988, Braakman e* a/, 1990, Magder,
1990,Shriere<a/, 1993).
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The cause of zero flow at positive perfusion pressures is imperfectly understood
and a subject of dispute for many decades. A few theories have been proposed.

Vascu/ar u;a<er/h//. The first explanation for the positive P /̂" is the presence of
a vascular waterfall or Starling resistor in vascular beds. This theory states that at
low perfusion pressures, arterial inflow becomes zero due to collapse of the vascular
bed in that region where intravascular pressure falls below tissue pressure.
Vascular waterfall refers to the point of collapse. Blood flow through the (partially)
collapsed vascular bed is independent of outflow pressure, just as the flow over a
waterfall is independent of the height of the falls. The slope of the pressure-flow j
relationship reflects vascular conductance, the reverse of resistance. A waterfall
located at the venous level has been proposed for both heart (Downey and Kirk, 1975)
and skeletal muscle (Braakman e< a/, 1990). In addition, it was suggested that
skeletal muscle arterioles act as a vascular waterfall because a decrease in i
arteriolar tone led to a decrease in P*/" (Braakman e* a/, 1990, Magder, 1990, Shrier
e* a/, 1993).

Crimea/ c/osing Z/ieory- The second mechanism which may explain cessation of
arterial inflow at positive perfusion pressures is the critical closing theory, proposed
by Burton (1951) and Nichol and colleagues (1951). In this casp. thp rollnpso of
vessels is generated by the vessel wall itself and not by the surrounding tissue. It
was hypothesized that normally arterioles remain open because transmural
pressure and active tension of smooth muscle in the wall are well-balanced. Within
a limited range of pressures and active tensions, various levels of equilibrium are
possible due to automatic adjustment of wall tension with stretch (elasticity). In this
way, arteriolar diameter can easily vary without total closing or blowing out.
However, if perfusion pressure, and thus transmural pressure, falls below a certain
critical value, the elastic component in the arteriolar wall becomes unstable, which
leads to closure of the arteriole resulting in cessation of flow. According to this
theory, the P*/" was called critical closing pressure. The critical closing mechanism
has been criticized by Azuma and Oka (1971), who contended that closure of the
arteriolar lumen is dependent only on whether the developed active tension exceeds
a critical value and is not dependent on whether the transmural pressure is less
than a critical value.

Vascu/ar comp/iance. A third mechanism which may cause a positive P /̂" is
vascular compliance or capacitance due to elasticity of vessel walls. It is important
to realize that compliance may play a role only in dynamic pressure-flow relation-
ships. Spaan (1985) proposed that coronary flow of the heart ceases at positive low
perfusion pressures during diastole because of compliance of intramyocardial
vessels. In diastole, intramyocardial blood volume and blood pressure change more
slowly than arterial pressure due to large time constants for charging and dis-
charging the intramyocardial compliance. Blood flow into the organ ceases when
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arterial pressure becomes equal to intramyocardial blood pressure. Venous outflow
remains present, although at a strongly reduced level. Within a few seconds, the
intramyocardial cessels have addapted to the new situation of reduced perfusion
pressure, which leads to restart of arterial flow at the P*/\ Hence, when transient
changes are not allowed to pass, a finite arterial pressure is observed when flow is
zero. Vascular compliance has also been proposed to explain the P*/" in skeletal
muscle (Schmid-Schönbein et a/, 1989, Lee and Schmid-Schönbein, 1990, Magder,
1990).

/nter/bcta/ /brces. The positive P*/" may also be due to interfacial forces acting
between blood and vascular endothelium which cause capillaries to collapse at a
critical transmural pressure (Nichol et a/, 1951, Sherman ef a/, 1980).

/?Aeo/o£Jca/ /actors. The rheological properties of blood may also play a role in
the cessation of arterial inflow at low perfusion pressures. Schmid-Schönbein (1976)
hypothesized that when the driving pressure reaches a certain low value, it is no
longer capable of desaggregating or deforming blood cells, which then obstruct mi-
crovessels, especially the narrow capillaries. This idea is supported by n few studies
performed on skeletal muscle: a positive correlation was found between hemntocrit
and Pz/"(Benis et a/, 1970, Brunner e< a/, 1983), and between red blood cell aggrega-
tion and P /̂" (Sutton and Schmid-Schönbein, 1989). In addition, Lee and Schmid-
Schönbein (1990) suggested that the P /̂" during pulsatile arterial pressure is the
consequence of the interaction of vessel distensibility and viscous properties of blood.
On the other hand, in cat heart, a possible role of blood cells could not be demonstra-
ted since P ^ did not change after transition from blood to perfusion with Tyrode's
solution (van Dijk e( a/, 1988).

A/u/iip/e inpwte. An alternative explanation for a positive Pz/" is the existence of
connections between the investigated vascular bed and the central circulation via
collaterals (Sutton and Schmid-Schönbein, 1989). In that case, the vascular bed is not
completely isolated, which leads to an observation of zero arterial inflow at a positive
pressure caused by hidden inputs still feeding the vascular bed. Observation of
capillaries should reveal perfusion in the absence of inflow through the main feeder
vessel.

2.5 Flow cessation phenomenon

Flow cessation is defined as the cessation of red blood cell flow in capillaries
when capillary perfusion pressure is still finite. Flow cessation pressure differs
from the zero flow pressure as obtained in whole-organ studies where arterial
inflow or venous outflow is considered. In rabbit tenuissimus muscle, capillary flow
cessation may occur during reduced perfusion pressure induced by arterial pres-
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sure reduction, for example, due to occlusion of the aorta, or by venous pressure in-
crease due to elevation of muscle tissue pressure.

2.5.1 Arterial pressure reduction

In the rabbit, occlusion of the descending aorta distal to the renal arteries leads
to pressure reduction in downstream femoral arteries supplying the hind limbs
and, hence, the tenuissimus muscle (Tangelder et a/, 1984, Slaaf et a/, 1986). Step-
wise reduction of arterial pressure results in an increase in mean diameter of both
transverse arterioles and FOS, and in an alteration of the vasomotion pattern: both
cycle length and amplitude increase (Oude Vrielink et a/, 1990). When further
decreasing arterial pressure, vasomotion abruptly disappears and diameters of
arterioles show an additional increase or stay at a value of about that of peak
diameter during vasomotion (see figure 2.8; Tangelder et a/, 1984, Slaaf et a/, 1987c,
Meyer et a/, 1988, Oude Vrielink et a/, 1989, Borgstrom et a/, 19906). Vessel segments
showing no vasomotion also increase in diameter during pressure reduction. Due to
the cessation of vasomotion, flow in capillaries becomes stationary (Slaaf et a/, 1986).
At further pressure reduction, blood flow velocity decreases and aggregates of red
blood cells are formed in arterioles and venules (Tangelder et a/, 1984). Reversal of

Dt*MCTER(|im)

control p*nod •ortic occlumion

Figure 2.8. Diameters o/" a transverse arferto/e and fne concomitant /irst order side
6ranc/i plotted against time. Vasomotion is present during tne control period and
disappears cfurin^ reduction in arteria/ pressure fPaj due to occ/usion o/* Me aorta,
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flow may occur in capillaries and in arterioles if they are part of an arcade.
Eventually, red blood cells may stop flowing in the capillaries. Cessation of flow does
not start in all capillaries simultaneously. The flow cessation pressure of capillaries
stemming from the same terminal arteriole is reproducible and shows a narrow
distribution. When arterial pressure is reduced in steps, a median flow cessation
pressure is achieved of about 18 mmHg (Slaaf ef a/, 1986). Blood flow is still present
in some transverse arterioles and venules when capillary blood flow has stopped.
This flow bypasses the muscle capillaries because part of the transverse arterioles is
leaving the muscle and is supplying the connective tissue with blood (Lindbom ef a/,
1980). No changes in diameters of venules could be detected during capillary flow
cessation (Slaaf W a/, 1986).

2.5.2. Venous pressure elevation

In skeletal muscle, venous pressure increases when tissue pressure increases.
An increase in tissue pressure may occur after severe exercise due to accumulation
of fluid, and will lead to a disturbed perfusion of the muscle (compartment syn-
drome; Reneman, 1975). To increase tissue pressure in rabbit tenuissimus muscle,
the hind limb is placed in a pressure box while the body of the animal is kept under
atmospheric pressure outside the box. By pressurizing the box, tissue pressure and
venous pressure in the hind limb increase almost to the same extent as box pres-
sure. Arterial pressure remains virtually unaffected. Hence, the decrease in perfu-
sion pressure is directly proportional to the applied pressure in the box (see figure
2.9; Reneman eJ a/, 1980, Tangelder e£ a/, 1984, Slaaf e< a/, 1986). When increasing
box pressure, a similar sequence of phenomena occurs as during aortic occlusion:
loss of arteriolar vasomotion, arteriolar dilation, and ultimately, cessation of capil-
lary flow. Capillary flow ceases at a median pressure of about 25 mmHg, which is
higher than the flow cessation pressure during aortic occlusion (Slaaf e< a/, 1986).
The mechanism responsible for this difference is not known.

When box pressure is subsequently lowered, which means that perfusion pres-
sure increases, capillary flow starts at a significantly higher perfusion pressure
than the value at which flow stops. The difference between start and stop pressures
is about 7 mmHg (Reneman e< a/, 1980). This finding confirms to the possible exis-
tence of yield stress in microvessels determined by the characteristics of blood and
local geometry of the microvasculature (Slaaf e< a/, 1986).

Comparable observations, such as the occurrence of flow cessation during
reduced perfusion pressures and the existence of yield stress, are made in the
tensor plagiopatagii muscle in the wings of unanesthetized bats. Reduced perfusion
pressures in the muscle are obtained by placing the body of the bat in a box, while
the wing with the muscle is kept outside under atmospheric conditions. Suction
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applied to the box results in a decrease in arterial pressure while venous pressure
just outside the box remains a few mmHg above atmospheric pressure. As a
consequence, perfusion pressure is diminished (Slaaf e* a/, 1987a, 19876).

2.5.3 Explanations for the flow cessation phenomenon

The cause of red blood cell flow cessation in capillaries at finite perfusion
pressures is not clear. The flow cessation phenomenon may be explained by an
increased resistance in the upstream arteriolar network and/or in the downstream
venular network. Cessation of capillary flow may also be due to an increase in
resistance at the capillary level itself.

Arterio/es
Burton (1951) suggested that arterioles collapse and completely close when

transmural pressure falls below a critical value, resulting in a flow stop. However,
direct microscopic observation revealed that arterioles increase in diameter when
perfusion and transmural pressure are reduced, leading to a decrease in arteriolar
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resistance during capillary flow cessation (Reneman ef a/, 1980, Tangelder «t oi,
1984, Slaaf et a/, 1986). This indicates that arterioles are not the limiting factor
determining cessation of capillary blood flow under these circumstances.

Venu/e»
According to the Waterfall theory, cessation of blood flow during reduced

perfusion pressures is due to venular collapse because tissue pressure exceeds
intravascular pressure. This explanation has been rejected by microscopic observa-
tions: no gross changes in venular diameter are observed during reduced perfusion
pressures (Reneman et a/, 1980, Tangelder et a/, 1984, House and Johnson, 1986,
Slaaf ef a/, 1986). Hence, capillary flow cessation cannot be explained by an increase
in venular resistance due to a decrease in diameter.

Recently, it has been suggested that an increase in sedimentation and aggrega-
tion of red blood cells in venules contributes to the cessation of capillary flow during
reduced perfusion pressures (Schmid-Schönbein ef a/, 1995). At normal flows,
venular blood viscosity is relatively high because blood cell velocities in venules are
relatively low. During reduced perfusion pressures, when blood cell velocities are
also reduced, vascular resistance increases, especially at the venous level (House
and Johnson, 1986, Lipowsky, 1986). This is caused by an increase in sedimentation
and aggregation of red blood cells in post-capillary vessels (compaction stasis;
Schmid-Schönbein, 1988, Göbel e< aZ, 1989).

CapiZZaries
A possible explanation for the flow cessation phenomenon may be found at the

level of the capillaries. In favor of this suggestion is the observation of flowing red
blood cells in arterioles and venules during capillary flow cessation (Reneman c< a/,
1980).

Capillary flow cessation may be due to an increase in capillary resistance by a
reduction in diameter. Normally, blood cells have to deform to travel through the
narrow capillaries. Hence, small changes in capillary diameter may easily affect
blood flow. The major part of cells traversing capillaries are red blood cells since
99% of total blood cell volume consists of red blood cells. Red blood cells are highly
deformable because they do not possess a nucleus, the cytoplasmic viscosity is low,
the ratio of surface area to cell volume is high, and the membrane is viscoelastic. A
red blood cell can pass through short, tiny pores of less than 1 [im in diameter
because enough membrane surface is available to allow for the required folds on
either side of the pore to transport its content. When a red blood cell passes through
a tube, however, the volume-to-surface area ratio becomes the limiting factor. The
critical diameter for a red blood cell to flow through a tube is about 2.8 urn (Henquell
e* a/, 1976, Chien e* a/, 1984). Hence, when capillary diameters are reduced to 2.8 um
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or below, red blood cell flow may cease. It has recently been shown that endothelial
cells of the capillary wall and red blood cells both bear a net negative charge on their
surface. As a consequence, electrostatic repulsive forces exist between the two cell
types, increasing the resistance for red blood cell flow within capillaries (Vink e£ o/,
1995). Therefore, the critical diameter inhibiting red blood cell flow may be larger in
blood vessels than in tubes. Mechanisms which may reduce capillary diameter are
passive recoil, active constriction, and thickening of the capillary wall.

Passiue capiZZary diameter cAan^es. Evidence is accumulating that capillaries
are distensible (see paragraph 2.3.3). When capillaries in rabbit tenuissimus muscle
are distensible, capillary diameter will decrease during reduced perfusion pressure
and transmural pressure. This leads to an increase in capillary resistance and may
cause flow cessation.

Ac/ii>e capiZZary diameter c/ianges. Capillaries are generally assumed to be
passive vessels since their walls lack the presence of smooth muscle cells. However,
there are some indications that capillaries are able to decrease in diameter by active
contraction of endothelial cells and thereby playing a role in blood flow regulation.
Ultrastructurally, endothelial cells contain filaments and contractile components,
like myo8in, actin, and tropomyosin (Hammersen, 1980). Studies with cultured cells
showed actual endothelial contractions after pharmacological stimulation (De
Clerck <>/ a/, 1981, Kelley ef a/, 1987, Morel e< a/, 1990, Boswell e/ aZ, 1992). In venules,
in vivo, endothelial contraction can be evoked by application of inflammatory
mediators like bradykinin and histamine in rat muscle (Majno ei aZ, 1969), rat
mesentery (Joris ef oZ, 1972, Fox and Wayland, 1979), frog mesentery (Weigelt and
Schwarzmann, 1981), and rat skin (De Clerck e* aZ, 1985). Application of epinephrine
causes capillary contraction in frog mesentery, but not in rat mesentery (Wolff and
Dietrich, 1985, Dietrich, 1989). In addition, electrical stimulation of capillaries in
mesentery and muscle of frogs causes a reduction in luminal diameter, probably
due to endothelial cell contraction (Lubbers e< aZ, 1979, Tyml and Weigelt, 1982).
Spontaneous contractions of the capillary wall have been observed in mouse
pancreas (McCuskey and Chapman, 1969) and in mouse and rat spleen (Ragan et
aZ, 1988). In the latter experiments, cyclic contractions of endothelial cells were
observed causing the nuclear region to bulge into the lumen and to stop the flow.
Protrusion of the nucleus into the capillary lumen during endothelial contraction
can be explained by the fact that contractile filaments and contractile proteins are
mainly situated around the nucleus (De Clerck ef a/, 1981).

It has also been postulated that pericyte contraction modulates microvascular
flow. Along the length of a capillary a few pericytes can be observed in the wall. In
skeletal muscle of the rat about one-fifth of the capillary circumference is covered by
pericytes (Tilton <?f aZ, 1979a, 19796). Pericytes partly encircle the capillary and
pericyte contraction would lead to local constriction of the capillary.
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The possibility that active capillary diameter reductions are responsible for
flow cessation in capillaries in muscle is rather speculative, but it cannot be
excluded. In this respect one could think of active capillary constriction triggered by
reduced transmural pressure, oxygen depletion, decrease in pH, or accumulation of
waste products. These interactions, however, are hypothetical and need exploration.

Capi//ary u>a// f/iidkenintf. Capillary narrowing caused by endothelial cell
swelling has been shown to occur during hemorrhagic shock (Mazzoni ef a/, 1989,
Messmer and Kreimeier, 1989), hypoxia (Ward and Firth, 1989), and ischemia
(Armiger and Gavin, 1975, Gidlöf ct a/, 1987). The endothelial cells swell due to an
influx of sodium and water. Mazzoni and colleagues (1992) suggested a primary role
for sodium-hydrogen exchange in endothelial cell swelling, possibly as a means to
regulate cellular pH, which may become acidic during ischemia. Complete flow
cessation is observed in some capillaries with reduced diameters due to swollen
endothelial cells (Mazzoni <?< a/, 1989). Recently, Lee and Schmid-Schönbein (1995)
found that when a capillary is exposed to low transmural pressures for about 15
minutes, capillary wall thickens due to an increase in number and size of vesicles
in endothelial cells. The swelling observed in shock and ischemia may in part be
due to the incorporation of vesicles. Conversely, during prolonged exposure to high
transmural pressures, number and size of endothelial vesicles decrease.
Membranes of vesicles are converted into the endothelial cell membrane and the
endothelial cell becomes thinner. Under these circumstances, capillary diameter
increased, primarily due to an increase in surface area of the endothelial cell
membrane rather than due to stretch.

An increase in capillary wall thickness either due to combined influx of
sodium and water or to incorporation of vesicles, does not occur immediately but
takes some time to develop. Therefore, one may wonder whether an increase in
capillary wall thickness can explain the acute occurrence of capillary flow cessation
during low perfusion pressures.

/rregu/ariftes o/" capi/Zary Zu/nen. Based on a theoretical analysis, Secomb and
colleagues (Secomb e< a/, 1987, Secomb, 1987) concluded that capillary flow cessation
may occur during low perfusion pressures due to an increase in blood viscosity
during low flow rates in combination with the irregular character of capillary
lumen cross-section due to the presence of bulging endothelial nuclei. At moderate
or high blood cell velocities, red blood cells are deformed so much that a plasma
layer exists between the cell and the capillary wall. At lower velocities, red cells
widen and approach the wall more closely resulting in an increased friction. It was
predicted that flow cessation would not occur in uniform tubes. When the lumen of
the tube is irregular, however, a greater pressure difference is required to drive red
blood cells past the irregularities which may result in cessation of capillary flow at
low driving pressures.
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In addition, it has been shown that during prolonged (about 15 min) low
transmural pressures, the irregularity of the capillary lumen may increase because
of endothelial pseudopod formation, i.e., sheet-like cytoplasmatic projections into the
lumen (Lee and Schmid-Schönbein, 1995). It is likely that this process does not occur
during the flow cessation phenomenon since the endothelial cells will not have
sufficient time to form pseudopods. 1

WA/te 6/oorf ce// p/uggmg. Although white blood cells appear in the circulation
in modest numbers as compared with red blood cells, they may play an important
role in microvascular perfusion. White blood cells are large and stiff cells, and they
may become stuck in the capillaries at low perfusion pressures (Schmid-Schönbein,
1987a). Capillary white blood cell plugging has been observed during hemorrhagic
shock (Bagge e£ a/, 1980, Hansell e< a/, 1993) and during reperfusion after ischemia
(Schmid-Schönbein, 19876, Hansell e* a/, 1993). Hansell and co-workers (1993)
suggested that this plugging is mainly due to the prevailing low perfusion
pressures under these circumstances. This means that white blood cell plugging
may also occur during the flow cessation phenomenon. However, under the
pathological conditions of shock and ischemia, white blood cell adhesion to the
endothelium could be activated which may not be the case during the flow cessation
phenomenon.

7?erf Mood ce// (fe/brmabi/ity. Red blood cell flexibility is important in
maintaining capillary blood flow. When red blood cells become less flexible, vascular
resistance increases (Pantely et a/, 1988). Hakim and Macek (1988) demonstrated
that red blood cells stiffen during hypoxia. Hence, the hypoxic condition during
reduced perfusion pressures may cause a reduction in red blood cell deformability
leading to capillary obstruction and flow cessation.
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3.1 Introduction

Microvascular perfusion is mainly regulated at the arteriolar level by active
changes of the vessel diameter. Besides active diameter changes, blood flow can be
influenced by passive diameter changes due to transmural pressure changes.
Although capillaries are known to be distensible, for practical consideration of
tissue perfusion, capillary diameters are usually assumed to be invariant. Fung and
colleagues (1966) suggested that the apparent rigidity of capillaries is determined by
the support of the surrounding tissue. Murphy and Johnson (1975), on the contrary,
suggested that the capillary wall carries its own rigidity through collagen in the
basement membrane.

More recent studies have shown a relatively large variation in capillary disten-
sibility, depending on the type of tissue and/or species investigated. In cat and frog
mesentery, the supporting tissue and/or the capillary wall seems to be so rigid that
during physiological stimuli the capillary diameter changes remain submicro-
scopic (Smaje e* a/, 1980, Baldwin and Gore, 1989, Swayne e< a/, 1989). Capillaries in
connective tissue of the bat wing seem far more distensible (Davis, 1988, Bouskela
nnrl Wipdprhielm. 1989). In these experiments, increasing capillary transmural
pressure by about 14 mmHg resulted, on the average, in midcapillary diameter
increases of about 28 %.

We used the rabbit tenuissimus muscle to evaluate whether the transmural
pressure changes as induced by aortic occlusion and reactive hyperemia after
subsequent deflation of the occluder around the aorta lead to observable diameter
changes in muscle capillaries. Diameters of capillary segments were measured
using bright-field microscopy (resolution: = 0.3 urn). Diameter changes of capillary
segments at the arteriolar and venular ends were compared for possible differences,
because Bouskela and Wiederhielm (1989) found the distensibility of capillaries in
bat wing connective tissue to vary along the vessel, with more distensibility at the
arteriolar end of the capillary than at the venular end. To assess whether capillary
diameter changes are related to changes in blood flow velocity, similar to flow
induced dilation in arteries (Pohl e< a/, 1986) and arterioles (Roller e* a/, 1993),
capillary blood cell velocities were measured. Finally, the consequences of capillary
diameter changes for vascular resistance during occlusion and reactive hyperemia
are considered.

3.2 Materials and methods

ffohfti'fs. The experiments were performed on 29 young (5 to 6-wk-old) New
Zealand White rabbits (0.8-1.1 kg body wt) of either sex. The rabbits were premedi-
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cated with 5 mg of diazepam (Valium, Roche) intramuscularly. After 30 min, the
animals were anesthetized with 4 ml of a 20% urethane solution injected through a
lateral ear vein. Throughout the experimental period, anesthesia was maintained
with additional doses of urethane (about 0.4 ml per 30 min) administered through a
catheter (PE 50) in the right femoral vein. A tracheal cannula was inserted to
facilitate breathing. For recording of arterial blood pressure (external pressure
transducer, model CP-01, CTC) and heart rate, the right carotid artery was
canulated (PE 60). To keep arterial catheters patent, they were perfused with saline
at 2.5 ml/h.

Figure 3.1 shows the experimental set-up. Complete aortic occlusion WM
induced by inflation of a cuff, placed retroperitoneaily around the aorta distal to the
renal arteries, with use of a servo-controlled pump (Prinzen e< a/, 1987). Arterial
pressure downstream of the cuff was measured through a catheter (PE 50) in the
femoral artery of the contralateral (right) hind limb. During complete aortic
occlusion, in most cases the tenuissimus muscle was still perfused, though at a
strongly reduced level, probably through collaterals.

musc/e. The preparation procedure of the tenuissimuH muscle
has been described in detail elsewhere (Reneman e< a/, 1980). The muscle of the left

monitor

V >

videorecorder
video

camera

• I •

JTUa
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servo controlled
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3.2. ScAema/ic representation o/"£ne experiment/ sef-up.
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hind limb was exposed for in situ observation with minimal trauma, with its fascia,
tendons, innervation, and the supplying and draining blood vessels left intact.
During preparation, the muscle was superfused with physiological saline at room
temperature (20-23°C) and exposed to air.

Next, the leg with the exposed muscle was placed in a box that could be sealed
to control the gas environment. A light pipe was placed underneath the muscle for
transillumination (Reneman e< a/, 1980). During the experiment, body temperature
of the rabbit was kept at 38°C with use of an infrared heating lamp and an anal
temperature probe as a reference. Arterial blood gas and pH values were assessed
with an acid-base analyzer (Model ABL 3, Radiometer, Copenhagen, Denmark).

After the box was sealed, the muscle was allowed to recover from surgery and
to equilibrate to the standard experimental conditions for 30 min. Muscle superfu-
8ion was performed with a Krebs solution (composition in mM: NaHCOg, 25;
KHgPO^, 1.2; KC1, 4.8; CaClg, 2.5; MgSO ,̂ 1.2; NaCl, 118.4) with a pH of about 7.4 and a
temperature of about 37°C. The Krebs solution was bubbled with 95% Ng and 5%
COg. The same gas mixture was led through the box. This results in low oxygen
tensions in the box and the fluid surrounding the muscle (<23 mmHg) to guarantee
adequate perfusion of the muscle (Lindbom el a/, 1980).

Microscope and experiment/ procedure. For microscopic observations, we
used a Leitz intravital microscope adapted for telescopic imaging (Slaaf el a/, 1982).
Images were projected on a television camera (Bosch Ultricon 4532, 1 inch), dis-
played on a monitor (Sony), and recorded on videotape (Sony Betamax). Final optical
magnification at the front plane of the television camera was x52 and xlO4 using
Leitz saltwater immersion objectives of x25 (free working distance 1.67 mm,
numerical aperture [NA] 0.6) or x50 (free working distance 0.75 mm, NA 1.0),
respectively. This yielded 230 and 115 |im wide fieds of view, respectively, on the
monitor. Transillumination was performed with a 100 Watt mercury arc through a
Calflex filter, a KG-1 heat filter, and a glass fiber optic with a condenser system
positioned in front of the light pipe (Reneman el a/, 1980). If necessary, neutral
density filters were placed in the illuminating pathway to reduce the light intensity
to the lowest level that still yielded good quality of the video image.

After the 30 min stabilization period, the muscle was explored (using the x25
objective) for capillaries with clearly visible walls at least for part of their length.
The selected capillaries met the following criteria: (1) capillaries run for their
longest part parallel to the muscle fibers, (2) red blood cells move in single file, and
(3) the vessel wall consists of only one layer of endothelial cells. With use of the x50
objective, video recordings were made of individual capillaries with focus on one
capillary segment per field of view. Resolution of the microscope was calculated to be
about 0.3 pm. Capillary segments were aligned vertically on the video screen by
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means of a Leitz K-mirror, which allows for optical rotation of the image. Video
recordings were made under control conditions (over 2-5 min), during complete
aortic occlusion (2 min), and during reactive hyperemia following release of the
occluder (at least the first 2 min). Complete aortic occlusion resulted in a rapid
decrease of median femoral artery pressure to 17 mmHg (range 4-22 mmHg). The
variation in minimally achieved femoral artery pressures is probably due to
variability in collateral circulation. Subsequent occlusion runs were at least 5 min
apart. During one occlusion run, recordings were made of one capillary segment.
Femoral artery pressure was allowed to restore at preocclusion levels before the
next run was carried out. No more than 10 occlusion runs were performed during
one experiment.

Three sets of experiments were performed. In the first set, in which we inves-
tigated whether capillary diameter changed during the interventions, the capillary
segments were sampled randomly, i.e., independent of their position within the
vascular tree. To evaluate whether there is a relationship between the extent of
diameter change and the position of the capillary segment in the vascular tree,
segments of capillaries located near their feeding terminal arteriole (capA) or near
their draining venule (capV) were selected. Finally, to exclude possible differences
in capillary diameter changes due to variations in feeding arterioles and draining
venules, we compared the data obtained in segments on the arteriolar and the venu-
lar side of the same capillary (capAp and capVp̂  respectively).

Diameter measurements. Inner capillary diameter was measured off-line
using a home-built image-shearing device (Intaglietta and Tompkins, 1973).
Diameter measurements were performed on clear parts of the capillary walls at 4
sites along a capillary segment of about 20 to 40 urn, including a nucleus of an
endothelial cell. Measurements were made four to six moments before, four to five
moments during, and four to nine moments after occlusion. Reliable measurements
could be made only when the capillary wall was in focus. The resolution on the video
screen was about 0.3 um per video line and matched the optical resolution of the
microscope. For each capillary segment, we calculated mean diameter (i.e., average
of diameters at the 4 measuring sites) at the various moments. Control diameters
for a given capillary segment were defined as the average of these calculated mean
diameters at four moments during the control period. Occlusion diameters were
obtained from the average of the calculated instantaneous mean diameters (at least
2) during the last min of occlusion. Because reactive hyperemia is a dynamic
process, we considered only the maximal diameter, i.e., the largest mean diameter
measured after deflation of the occluder.
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CaZcuZatton o/"cap:Z/ary resistance. Relative resistance (Rrel) during occlusion
and peak reactive hyperemia was estimated using the following equation:

in which Drel is the diameter relative to control diameter. Median Rrel
calculated as the median of the Rrel of all 120 capillaries investigated.

fled 6/oorf ce/Z ueZocity measurements. Capillary red blood cell velocities were
measured off-line using the dual-window technique (Slaaf et a/, 1984) and the
Capiflow temporal correlation software (SIM, Kista, Sweden) during control period,
aortic occlusion, and reactive hyperemia. For every measurement, we adjusted
width, length, interwindow distance and the time constant to obtain an optimal
cross-correlation between the intensity signals of the two windows. Usually, window
width was of about the same size as capillary diameter and window length of about
feaJf iJ»i «ize. Depending on Wood cell velocity, the interwindow distance was varied
15-25 |im, and a time constant of 1 or 2 s was chosen. The two windows were located
in the central part of the capillary segments, thus measuring the velocity at the sites
of diameter measurement. During the early phase of reactive hyperemia (peak
flow), it was difficult to measure red blood cell velocities because of movement of the
preparation directly after release of the occluder. In some cases, however, the capil-
laries were in focus for a short moment (about 1 or 2 s), and using a time constant of
0.1 s, we were able to measure red blood cell velocity during peak flow. The use of
such a small time constant, however, may increase the chance of artifacts in the
velocity data. Therefore measurements were performed at least in triplicate, and we
gave special attention to the reliability of the velocity recordings by checking repro-
ducibility and the correllogram. Because the velocity measurements are obtained at
one moment during peak flow, the value may be an underestimation of the actual
maximal peak flow velocity.

fi/ooci /7ou> ca/cu/afion. Blood flow in the capillaries (Q) during the control
period, aortic occlusion, and peak reactive hyperemia was calculated from the
velocity data and the diameter measurements as follows

= v 7t(If
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where v is red blood cell velocity, D is mean capillary diameter, and JI [D/2]2 is cross-
sectional area of the vessel. We assumed that plug flow, i.e., measured red blood cell
velocity, equals mean blood flow velocity, and we neglected the possibility that
plasma velocity may have been different from red blood cell velocity.

presentation. When data of all capillaries (all caps) are presented, they
comprise the data of all three sets of experiments, irrespective of the position within
the capillary bed. When comparing the data of capA and capV, we show data of the
second and third set of experiments. Only when mentioned in the text, we used cnpA
and capV of the third set in which the A and V segments were measured in the
same capillary; they are indicated as capAp and capVp, respectively.

analysis. Group data are presented as medians and ranges. Data
are presented individually by means of scatter plots. Box plots are used to display
groups of data (Tukey, 1977). A box plot shows the median, interquartile range (box)
and the range minus the stray values, which are indicated separately. For
statistical tests, we used SPSS-PC+ statistical package (SPSS, Chicago, 111., USA).
The Mann-Whitney U-test was used to compare independent data groups. Paired
data (paired capA and capV segments) were compared using the Wilcoxon signed-
rank test. Differences were considered to be significantly different for P<0.05.

3.3 Results

During the experiments, arterial blood PO2 and PCO2 were 73.8 mmHg (range
60-97.5 mmHg) and 40.3 mmHg (range 32.9-45.7 mmHg), respectively, and pH was
7.37 (range 7.28-7.45). Mean control carotid artery pressures were 74-106 mmHg
(median 88 mmHg) and mean control femoral artery pressures were 71-100 mmHg
(median 83 mmHg). Heart rate was 260-355 beats/min (median 306 beats/min).

One hundred twenty capillary segments were investigated. The position in the
capillary network of 66 segments was not determined (unidentified capillary seg-
ments; capU). Twenty five segments were located near the feeding arterioles (capA)
and 29 near the draining venules (capV). In 14 of these capillaries, a segment at the
arteriolar end and at the venular end (capAp and capVp, respectively) were investi-
gated.

Figure 3.2 shows one capillary segment during the control period, aortic
occlusion, and reactive hyperemia.

Figure 3.3 shows diameter measurements at four sites within a particular
about 20 um long capillary segment during the control period, 2 min of complete
aortic occlusion, and reactive hyperemia. After onset of occlusion, the capillary
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occ/usion (B), and peaA reactiue Ayperemia ('CA /n C, </ie image Aas moued. Arroius
indicate 2 sites o/" diameter measurements. Compared witn contro/ period, capi//ary
diameter teas decreased during occ/usion and increased during reactive
nyperemia. •; Endotne/ia/ nuc/eus. Sca/e fear, iO /im.

diameter decreased at three of four measuring sites (sites 1, 2 and 4). At site 3, no
clear diameter change occurred during occlusion. During minute 2 of occlusion, the
diameter remained under the control value at sites 1 and 4. During reactive
hyperemia, after deflation of the occluder, the diameter increased and exceeded the
control diameter, with the increase most pronounced at sites 1 and 4. The maximal
diameter was reached at all sites during peak flow velocity 15-35 s after release of
the occluder (see concomitant velocity tracing in figure 3.3). Within 2 min, the
diameters returned to control values. The observed heterogeneity in this particular
experiment is representative of the heterogeneity in all experiments. To compare the
diameter response of different capillary segments, three examples are illustrated in
figure 3.4. The tendency of mean diameter response is clear in all three segments: a
diameter decrease during aortic occlusion and a diameter increase during reactive
hyperemia. On the other hand, the moments at which the maximal responses are
reached vary between the capillary segments during aortic occlusion and reactive
hyperemia.
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3.3. A: diameter measurements at 4 sites (7-4) a/ong tne /engt/i o/" 2 capi//ary
segment during contro/ period, 2 min o/" complete aortic occ/usion, and reactive
Ayperemia. Das/ied boxes contain data points used /or ca/cu/ation o/" contro/,
occ/usion, and maxima/ reactiue Ziyperemia diameters. B: red 6/ood ce// i;e/ocity
TiïBCJ trace recorded simu/taneous/y u;itn data in A. ATote presence o/"a /ast- and a
s/ou;-u>ai>e /Zou;motion component.

During the control period, the variation in diameter at a particular site of a
capillary as measured at several moments (temporal heterogeneity) is small. When
all capillary segments are considered, the (temporal) standard deviation was 0.05-
0.42 nm (median 0.13 p ) , whereas the (temporal) coefficient of variation was 0-0.08
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Figure 3.4. Diameters during confro/, aorfic occ/usion, and reacfiue Avperemia o/"
3 eapi//ary se^mente fCap 2.2.3J. DasAeci /inc. confro/ diameter.

(median 0.03). The variation in diameter is close to the resolution of the combined
optical and electronic system (i.e., about 0.3 um), and therefore most of the variation
likely results from measurement inaccuracies. The capillary diameter varied along
a segment. When all segments are considered, the (spatial) standard deviation was
0.05-1.22 um (median 0.44 um), whereas the (spatial) coefficient of variation was 0.01-
0.29 (median 0.10).
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The diameters during the control period, aortic occlusion, and reactive
hyperemia are presented in table 3.1 for all capillary segments (All caps), the
unidentified capillaries (capU), the two groups capA and capV, and the subset of
paired capAp and capVp. Control capillary diameter of the whole group (n«120) was
3.2-6.9 um (median 4.4 um). Control diameter did not differ significantly between
capA and capV or between the paired capAp and capVp.

Capi/Zary rfiamerer c/ian^es during aortic occ/usion. Within 20 s of complete
aortic occlusion, femoral artery pressures decreased to a median value of 17 mmHg
(range 4-22 mmHg), leading to a considerable decrease in capillary blood flow
velocity (see figure 3.3; table 3.2). In figure 3.5, the control diameter is plotted against
the occlusion diameter. As is evident from the shift of the set of data points with
respect to the line of identity, during occlusion the decrease in capillary diameter is
significant (P<0.0001). About one-half of the data points, however, are located within
the stippled area (y = x ± 0.3 um), possibly because of inaccuracies in the
measurements. It is therefore uncertain whether these points represent real
diameter changes. The diameters in the group of capA and capV also decreased
significantly (P<0.0001; table 3.1).

Figure 3.6 shows the relative changes in diameter during occlusion. When all
capillary segments are considered, diameter decreases by a median of 6% during

2 3 4 5

control diameter

3.5. Diameters during aortic occ/usion p/otted against t/ieir contro/ c/a/ues
/"or a// capi/Zary segments (AM caps=120j. Stippted area Ty=x± 0.03 /wnj indicates
inaccuracy in measurements.
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occlusion. The relative diameter decreases in the capA are significantly larger than
those in the capV (6 and 4% of control for capA and capV, respectively [P<0.01],
median values). This difference did not reach the level of significance if only the
subset of paired segments was considered. The absence of a significant difference in
response in the subset of paired segments is possibly due to the small number in
this subset.

Capi//ary diameter c/ian#«?s during reactive Ayperemia. Within a few seconds
after abrupt deflation of the occluder, femoral artery pressures increased to about
90% of control pressures, after which pressure increased more gradually, reaching
control values in about 1 min. About 10 s after release of the occluder in most
capillaries blood flow velocity was increased and exceeded control flow velocity
(reactive hyperemia: see figure 3.3; table 3.2). In figure 3.7, the maximal diameters
during reactive hyperemia are plotted against control diameters. A significant
increase in capillary diameter during reactive hyperemia (P<0.0001) is observed.
Note that, like in figure 3.5, about 20% of the data points are situated within the stip-
pled area. In the groups capA and capV, the diameters were also increased signifi-
cantly (P<0.0001) during reactive hyperemia (table 3.1).

In figure 3.8, the relative maximal capillary diameter increases during
reactive hyperemia are shown for all capillary segments, capA, and capV. The
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Ta6/c 3.2. .Red Wood ce/Z t>e/ocity parameters.

control (mean)

occlusion (last 30 s)

peak RH

All caps

(n=57)

0.17

(0.04-0.98)

0.03°

(0.0-0.15)

0.82"

(0.3-1.8)

capA

(n=18)

0.18

(0.05-0.71)

0.04°

(0.0-0.12)

0.8°

(0.3-1.8)

capV

(n=21)

0.135

(0.04-0.98)

0.03°

(0.0-0.15)

0.9°

(0.3-1.6)

Va/ues are presented as medians and ranges Tin parenf/iesesj, and expressed in
mm/s. °. Signi/ïcanf/y di/jferenf /rom mean confro/ Y

diameter increase during reactive hyperemia is maximally 12% (median value)
when all capillary segments are considered. The maximal diameter increases of
capA and capV segments were 4-28% (median 14%) and 0-26% (median 8%),
respectively. The relative maximal diameter increase is significantly (P<0.005)
larger in capA than in capV. The maximal diameter increases during reactive
hyperemia were also significantly (P<0.05) larger in the capAp than in the capVp
segments.

Resistance c/ianges during occlusion and reactive Ayperemia. Because of the
capillary diameter changes, capillary resistance was estimated to increase by 27%
(from -16 to +96%, stray values +117, +117, +121, +140%) during aortic occlusion and
to decrease maximally by 36% (from 1 to 67%) during reactive hyperemia.

Red 6/ood ce// oe/ocifies during occ/usion and reactive /lyperemia. To investi-
gate the possible relationship between the extent of diameter change and the flow
velocity pattern, we assessed red blood cell velocity during the control period, aortic
occlusion, and reactive hyperemia.

Red blood cell velocity in capillaries was 0.04-0.98 mm/s during the control
period (see table 3.2). Usually, flowmotion was present (figure 3.3). During occlusion,
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4 5

control diameter
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3.7. Maxima/ diame/ers cfurtn^ rcacfiye /i^peremia f/ÏW^ p/oMed
//icir contro/ va/ues /br a/f capj//ary se^merefs fAZZ caps-720/ S<<ppZed area
(y=x±0.03 /imj indicates inaccuracy in measurements.
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red blood cell velocity diminished and flowmotion disappeared. In a few seconds
after deflation of the occluder, red blood cell velocity increased, showing an early
peak followed by reappearance of flowmotion. Peak velocities ranged between 0.3-1.8
mm/s, with a median increase of 450% (table 3.2). Capillary diameter changes
tended to parallel the velocity changes that attend the transmural pressure changes
(figure 3.3).

Cap///ary t;o/ume /Zou; during reac*it>e Ayperemta. In the control period,
capillary blood flow was 0.4-21.0 pl/s (median 2.7 pl/s; n=57). During occlusion, blood
flow dropped to 0.5 pl/s (range 0-2.9 pl/s). During peak reactive hyperemia, capillary
flow increased to a median of 14.8 pl/s (range 1.5 to 70.0 pl/s). Without the increase in
cross-sectional area of 23%, red blood cell velocity should have increased to 547%,
instead of the assessed 450%, to produce these volume flow values.

3.4 Discussion

In tenuissimus muscle of young rabbits, capillary diameter is reduced during
low perfusion pressure and increased during reactive hyperemia after the release of
complete aortic occlusion. Because of the diameter changes, capillary resistance is
estimated to increase during occlusion (by a factor of about 1.3) and to decrease
during reactive hyperemia (maximally by a factor of about 1.5). The reduced
resistance and increased cross-sectional area during reactive hyperemia may
result in smaller changes in transmural pressure than expected on the basis of
invariant capillary diameter. It might be an additional mechanism to stabilize
capillary pressure. The diameter response of segments located at the arteriolar end
of the capillary is significantly larger than that of segments at the venular end.

The capillary diameter changes in the present study likely result from capil-
lary transmural pressure changes. Bjornberg and colleagues (1990) demonstrated
in cat muscle that capillary pressure decreases during arterial occlusion and
increases after release of the occlusion. The findings in our study agree with several
other studies showing capillary diameter changes due to transmural pressure
changes (bat wing: Davis, 1988, Bouskela and Wiederhielm, 1989; rat trapezius
muscle: Skalak and Schmid-Schönbein, 19866; cat and frog mesentery: Smaje el a/,
1980, Baldwin and Gore, 1989, Swayne e< a/, 1989). The extent of capillary diameter
increase during reactive hyperemia of about 0.5 um in the present study is
comparable to the 0.8 urn reported by Sarelius (1990), although in that study no
statistical significance was reached. Sarelius compared small populations of
capillaries during a control period and during hyperemia under 10~^M adenosine in
hamster cremaster muscle.
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The relatively small changes in capillary diameter lead to an estimated in-
crease in capillary resistance by 27% during aortic occlusion and an estimated max-
imal decrease in capillary resistance by 36* during reactive hyperemia. This
means that during aortic occlusion the resistance for blood cells to flow through the
capillaries is enhanced, which is most critical for the relatively large and stiff white
blood cells, which may plug capillaries under low flow conditions (Hansell et a/,
1993). In our experiments, we never observed permanent plugging of capillaries by
leukocytes. This is also expressed by the fact that in most capillaries no complete
cessation of flow was observed. Another consequence of the increased resistance to
flow is that the reduction in capillary pressure resulting from the decreased blood
flow velocity is attenuated. During reactive hyperemia, resistance fell by 36%, thus
providing an extra means of accommodating the high flow. The interplay between
resistance and the resulting (limited) increase in flow most probably results in a
smaller increase in transmural pressure than expected on the basis of invariant
capillary diameters. Therefore, passive distension of capillaries can be considered to
be an additional mechanism to stabilize capillary pressure.

In the present study, no differences in control diameter were found between the
arteriolar and venular capillary segments. This finding is consistent with observa-
tions in hamster cremaster muscle (Klitzman and Johnson, 1982) but does not agree
with other reports that capillaries have a smaller diameter at the arteriolar than at
the venular end (connective tissue of bat wing: Bouskela and Wiederhielm, 1989; cat
tenuissimus muscle: Eriksson and Myrhage, 1972; rat cremaster muscle: Smaje c<
a/, 1970). This discrepancy may be explained by tissue and/or species differences.

In our study, capillary segments on the arteriolar side showed a larger
response than those on the venular side during occlusion and reactive hyperemia.
The difference in response may result from a difference in distensibility (defined as
the ratio of change in capillary diameter to change in transmural pressure) or from
a difference in transmural pressure change along the capillary. The distensibility of
the capillaries may be determined by the properties of the capillary wall (Murphy
and Johnson, 1975) or the properties of the surrounding tissue (Fung ef a/, 1966).
Differences in composition of the capillary wall between the arteriolar and venular
side have been suggested by Bouskela and Wiederhielm (1989) to be the cause of the
difference in distensibility between both ends of the capillary. We found the diameter
change between the various measuring sites along a capillary segment to be
heterogeneous (figure 3.3). If the local change in capillary diameter, i.e., at one
particular site, is only determined by the properties of the capillary wall (and not by
a difference in transmural pressure), for each measuring site one would expect a
correlation between the diameter reduction during occlusion and the diameter
increase during reactive hyperemia. However, no such correlation was found at any
of the measuring sites (figure 3.9). An alternative explanation may be the
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surrounding tissues, which might exert a different local resistance to diameter
changes by varying arrangements of the muscle fibers. A capillary that is loosely
embedded between muscle fibers would experience less counteraction than a tightly
embedded one. The same holds for the attachment of the capillary wall to the
surrounding tissue. Since such mechanisms may substantially vary locally, both
mechanisms could be the origin of the heterogeneity in the local diameter changes.
Alternatively, the difference in changes in diameter between the arteriolar and
venular side of the capillaries may be caused by differences in transmural pressure
changes during aortic occlusion and reactive hyperemia on both sides, with greater
changes on the arteriolar than on the venular side of the capillary. This difference
could result from changes in postcapillary resistance and/or capillary flow velocity
and resistance. The actual transmural pressure changes are the result of a compli-
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cated interplay between the mentioned factors, and can directly be assessed only by
micropressure measurements.

During aortic occlusion, the time course of diameter reduction varied among
the individual capillary segments. Some capillaries showed a constant reduction in
diameter during the whole occlusion period, whereas others showed a diameter
reduction during the first half of the occlusion period and then a (partial) return to
control (see figure 3.4). The latter response, occurring without a change in femoral
artery pressure, may result from ongoing changes in transmural pressure due to
changes in arteriolar diameter, because during the major part of the occlusion
period ongoing increases in arteriolar diameter were observed in experiments
where we recorded a terminal arteriole feeding a capillary.

The fact that we hardly observed flow cessation during complete aortic
occlusion is in contrast to earlier experiments from our laboratory, where capillary
flow cessation during aortic occlusion was commonly found (Slaaf ft a/, 1986). This
contradiction can likely be explained by the fact that in the former experiments the
oxygen tension in the superfusion solution was about 78 mmHg, whereas it was less
than 23 mmHg in the present experiments. We have indeed found that the occur-
rence of flow cessation is positively correlated with the oxygen tension in the super-
fusion solution (Bosman e< a/, 1992). The lower oxygen tension in the superfusion
solution in the present study is likely to be a better approach to the prevailing
conditions of unexposed tissues. This suggests that reduction of arterial pressure
does not induce capillary flow cessation in unexposed rabbit tenuissimus muscle.

Determination of capillary diameter by assessing the distance between the
opposite inner walls requires a very clear image. The quality of the images was good
enough to select clear parts. We did not use red blood cell diameter as a marker of
capillary diameter, because at higher velocities a thin lubricating layer of plasma
will be present at the wall (Secomb, 1987), thus introducing artifacts. A limitation in
our experiments is the resolution of about 0.3 um, which is inherent to the use of an
optical microscope (NA 1.0). Some diameter changes during the interventions fell
within the resolution range of 0.3 um, but the results are consistent: at nearly all
measuring sites a decrease during occlusion and an increase during reactive hy-
peremia. This indicates that capillary diameter changes during occlusion and
reactive hyperemia are a real phenomenon.

In conclusion, in rabbit tenuissimus muscle, capillary diameter varies with
the transmural pressure changes as induced by aortic occlusion and release of the
occluder. The reduced resistance and increased cross-sectional area during reactive
hyperemia result in smaller changes in transmural pressure than when capillary
diameter would have been invariant and may be an additional mechanism to
stabilize capillary pressure.
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3.5 Summary

Capillary diameter changes were studied in the tenuissimus muscle of 29
urethane-anesthetized New Zealand White rabbits. Capillaries were visualized with
transillumination bright-field microscopy (saltwater lens, x50; resolution = 0.3 um).
Median capillary diameter during the control period was 4.4 um (range 3.2-6.9 um).
Complete aortic occlusion resulted in a reduction of median femoral artery pressure
to 17 mmHg (range 4-22 mmHg). During 2 min of occlusion, capillary diameter
decreased by 6% with greater change on the arteriolar side of the capillary than on
the venular side. During reactive hyperemia after release of the occluder, capillary
diameter maximally increased by 12% compared with the control period, with a
larger reponse at the arteriolar end of the capillary than at the venular end. Median
capillary resistance was estimated to increase by 27% during occlusion and to
decrease by 36% during peak reactive hyperemia. The observed diameter changes
are compatible with the idea that capillaries change their diameter relative to
changes in transmural pressure.
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4.1 Introduction

When perfusion pressure is reduced, red blood cell flow in the capillaries of
skeletal muscle ceases at a positive pressure difference across the vascular bed. In
rabbit tenuissimus muscle this flow cessation phenomenon (i.e., the cessation of red
blood cell flow) occurs at a transmural arterial pressure of about 17 mmHg when
pressure is reduced by arterial occlusion (Slaaf et a/, 1986). When tissue pressure
and venous pressure are elevated simultaneously, flow cessation occurs at a trans-
mural arterial pressure of about 25 mmHg (Reneman ef a/, 1980, Slaaf e* a/, 1986).
In human skin, flow in nail fold capillaries ceases at a mean arterial pressure of
27-40 mmHg (Gaskell and Krisman, 1958). In all these experiments flow cessation
was assessed by actual observation of capillary flow. In whole-organ studies
addressing the cessation of flow at finite perfusion pressure, flow ircto the organs is
measured. In these studies, pressure-flow curves usually intercept the pressure
axis at a positive value, indicating cessation of flow at a positive pressure gradient
across the vascular bed of those organs. This phenomenon is often called the critical
closure phenomenon after the explanation given by Burton (1951) that below a
critical trans-mural pressure vessels would close completely. Other explanations
offered are a compliance effect, as has been suggested for intramyocardial vessels
(Spaan, 1985), hidden inputs, the flows of which are not measured but that actually
still feed and perfuse a muscle, or red blood cell aggregation and unsteady perfusion
(Sutton and Schmid-Schönbein, 1989).

The intravital microscopic observations that at flow cessation in muscle capil-
laries terminal arterioles, controlling capillary perfusion, are dilated and venular
diameters are unchanged, while some flow is maintained in the transverse arteri-
oles and venules, suggests that the main obstruction to flow occurs at the capillary
level (Reneman ef a/, 1980, Slaaf e* a/, 1987a). The remaining flow probably runs
through short connective tissue shunts (Lindbom e/ a/, 1980).

It is known that capillary diameters may vary with changes in transmural
pressure. In cat mesentery, capillary diameter varies (although submicroscopi-
cally) with the small transmural pressure changes occurring during the cardiac
cycle (Smaje e* a/, 1980). In batwing connective tissue, capillaries are more distensi-
ble and vary by about 28% at transmural pressure changes of about 14 mmHg
(Davis, 1988, Bouskela and Wiederhielm, 1989). It seems conceivable that capillary
diameter decreases during (partial) aortic occlusion and in this way capillaries
may play a role in the flow cessation phenomenon.

The aim of the present study was to assess whether flow cessation at the level
of the capillaries, as induced by lowering arterial pressure, can be explained by
capillary luminal diameter reductions. In preliminary experiments in the rabbit
tenuissimus muscle, we found the incidence of flow cessation in the capillaries to be
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dependent on the oxygen tension (PO2* >" th* solution superfusing the tissue under
observation. We explored this further, and therefore, investigated whether pQo
affects capillary diameter during flow cessation. Since the diameter of the terminal
arterioles determines to a large extent whether capillaries are perfused, and
arterioles are known to constrict in response to oxygen (Duling, 1972, Lindbom <»f a/,
1980, Sullivan and Johnson, 1981), in a subset of experiments we assessed also the
arteriolar diameter at various oxygen levels.

4.2 Materials and methods

/?a6fti/s. Forty two young (5 - 6 weeks) New Zealand White rabbits of either sex
and ranging in weighing between 0.8-1.1 kg were used. All experimental procedures
were approved by the Institutional Animal Care and Use Committee of the
University of Limburg and complied with the "principles of laboratory animal
care". The rabbits were sedated with 5 mg diazepam (Valium, Roche) i.m. Thirty
min later anesthesia was induced by injection of 4 ml of a 20% urethane solution
through a lateral ear vein. Throughout the experiment, additional doses of urethane
were given through a catheter (PE 50) in the right femoral vein (0.4 ml/30 min). To
facilitate breathing, the trachea was canulated. A catheter (PE 60) was placed in the
right carotid artery for the recording of arterial blood pressure and heart rate. To
change perfusion pressure in the muscle, a cuff was placed retroperitoneally
around the descending aorta distal to the renal arteries. Arterial pressure down-
stream from the cuff was measured through a catheter (PE 50) in the femoral artery
of the contralateral (right) hind limb.

Tenuissimus musc/e. The preparation procedure has been described in detail
elsewhere (Lindbom e< a/, 1980, Reneman ef a/, 1980). In short, the tenuissimus
muscle of the left hind limb was exposed for in situ observation by careful prepara-
tion without touching the muscle itself and leaving its fascia, tendons, innervation
and the supplying and draining blood vessels intact. During the preparation the
muscle was exposed to air and superfused with a 0.9% NaCl solution at room
temperature (20-23°C).

The leg with the exposed muscle was placed in a box which could be sealed to
control the gas environment; rubber slaps connected the box with lens and light
guide, respectively (Reneman e* a/, 1980). A light pipe was placed underneath the
muscle for transillumination. During the experiment, body temperature of the
rabbit was kept at 38°C using an infrared heating lamp in combination with a rectal
temperature probe and a feedback system. Arterial blood gas and pH values were
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assessed during the experiment by means of an acid-base analyzer (model ABL 3,
Radiometer, Copenhagen, Denmark).

After sealing the box, a mixture of 95% Ng and 5% COg was continuously led
through the box. In the box, the muscle was superfused with a Krebs solution (rate
of flow: about 3 ml/min; composition in mM: NaHCOg, 25; KHgPO^, 1.2; KC1, 4.8;
CaClg, 2.5; MgSO^, 1.2; NaCl, 118.4), with a pH of 7.4 and a temperature of 37OC. The
Krebs solution was bubbled with a mixture of two gases: 95% Ng with 5% COg and
95% O„ with 5% CO„. By varying the flow ratio of these two gases, different PO2
values in the superfusion solution were achieved, while the constant COg concentra-
tion of 5% kept its pH constant. Each new gas mixture was allowed to equilibrate
with the solution for at least 30 min. The muscle was allowed to recover and equili-
brate to the specific experimental conditions for a period of 30 min.

Since the gas mixture flowing through the box (95% Ng, 5% COg) was deprived
of oxygen, it removed most of the oxygen from the superfusate where it was flowing
in a thin layer over the muscle. Between lens and muscle, however, a thicker layer
of fluid was present and was continuously refreshed by the superfusion solution
dripping onto the muscle via the objective lens with only a limited exchange with
the gas mixture flowing through the box. We assessed the relationship between the
POo in the dripping solution just before entering the box and that of the solution
under the objective lens in seperate experiments. The PO2 in the solution before
entering the box, as measured with an acid-base analyzer, was varied from 10 to 160
mmllg. The PO2 below the objective lens on the surface of a plastic 20 ml syringe
was determined by means of an oxygen needle electrode (Diamond General, Mich.,
USA) coupled to a Strathkelvin oxymeter (Glasgow, UK). The p£>2 (in millimetres of
mercury) underneath the objective lens (y) correlated well with that of the solution
entering the box (x) according to: y=0.36+0.89x (r=0.99; P<0.001). In the rabbit exper-
iments, this equation was used to calculate the PO2 at the muscle surface under
observation from the actual measurements in the superfusion solution. We
assumed that changes in PO2 in the drop underneath the lens due to oxygen
consumption by the resting muscle are negligible, taking into account that the
solution is continuously refreshed. In one experiment, we also measured the PO2 of
the solution in the box at some distance from the lens. With a p£>2 of 50 mmHg in the
dripping solution, a PO2 of 19-25 mmHg was measured about 2 cm from the lens,
indicating that oxygen was indeed applied rather locally. This may explain our
Finding that capillary perfusion still existed at control perfusion pressures in most
muscles exposed to higher PO2 in the superfusion solution entering the box.

Microscope and experimen/a/ procedure. The rabbits were placed under a Leitz
intravital microscope adapted to telescopic imaging (Slaaf e/ a/, 1982). Images were
displayed through a TV camera (Bosch Ultricon 4532, 1 inch) on a monitor (Sony)
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and recorded on videotape (Sony Betamax). Final optical magnification at the front
plane of the TV camera was x52 and xlO4 using a saltwater immersion objective of
x25 (numerical aperture 0.6) and x50 (numerical aperture 1.0), respectively. This
yielded a field of view on the monitor of 230 and 115 urn horizontal width, respec-
tively. Transillumination was provided by a 100 Watt mercury arc, with a Calflex
and a KG-1 heat filter, a fiber optic and a condenser system positioned in front of the
light pipe (Reneman et a/, 1980). When necessary, neutral density filters were
placed in the illuminating pathway to reduce light intensity to the lowest level still
yielding a good video image. Video recordings of capillaries were made before and
during reduced arterial pressure. Femoral artery pressure was reduced within 20 s
by complete aortic occlusion, lasting 2 min. The time interval between successive
occlusions was at least 5 min.

Three sets of experiments were performed. In the first set of experiments we
examined the relationship between local PO2 (&t the site of the objective) and the
number of capillaries exhibiting flow cessation during arterial pressure reductions.
Using the x25 objective, we selected capillary beds containing between three and six
capillaries per field of view running parallel to the muscle fibers and in which red
blood cells could clearly be seen flowing. In each muscle, we investigated from two
to seven capillary fields. In each bed, we counted off-line the number of the capillar-
ies exhibiting flow and the number that subsequently exhibited flow cessation. In
the second set of experiments, we investigated whether capillary luminal diameters
changed during reduced arterial pressure, and whether there was a relationship
between this diameter change on the one hand and PO2 at the site of the objective
and capillary flow cessation on the other. In addition, we assessed capillary red
blood cell velocity during the interventions. The x25 objective was used to select a
capillary running within the focal plane for a considerable part of the field of view.
The selected capillaries had to meet the following criteria: (1) capillaries run for
their longest part parallel to the muscle fibers, (2) red blood cells move in single file,
and (3) the vessel wall consists of only one layer of cells. In the capillary segments
local thickening of the wall was present in all cases, probably reflecting the
presence of the nucleus of an endothelial cell. The capillary was aligned vertically
on the videoscreen by means of a K-mirror. Subsequently, the capillary was recorded
using the x50 objective (with a field of view of 80 urn height) during control and
during reduced pressure at various oxygen levels. The inner diameter was
measured off-line, using a home-built image-shearing device (Intaglietta and
Tompkins, 1973). At various moments before (4-6 times) and during (4-6 times)
occlusion, the measurements were performed at four sites along each capillary
segment. One of the four measuring sites was located at the site of an endothelial
nucleus. In a pilot study, we found that the greatest diameter changes occurred at
the latter site. The capillary wall was usually very thin and its thickness could only
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accurately be measured at the site of the endothelial nuclei. The resolution was
about 0.3 Jim per video line, which matches the optical resolution of the microscope
system. During control, we calculated for each measuring site the control diameter,
i.e., the average of the instantaneous diameters at the various intervals. Mean
control diameter for a given capillary segment was calculated as the average of the
control diameters at the four sites. Control equivalent diameter (Deq, see below) was
calculated as the time average of the instantaneous values of Deq during the control
period. During occlusion, capillary diameter changes varied between the various
measuring sites of one capillary segment. We therefore considered the maximal
diameter changes of all measuring sites (= minimal diameter) and the maximal
change in Deq (= minimal Deq) of each segment.

Capillary red blood cell velocities were measured off-line, using the dual win-
dow technique (Slaaf e£ a/, 1984) and the Capiflow temporal correlation software
(SIM, Kista, Sweden). For every measurement, we adjusted width, length, and in-
terwindow distance of the windows and the time constant to obtain an optimal
cross-correlation between the intensity signals of the two windows. Usually, window
width was set to about the same size as capillary diameter and window length to
about half that size. Dependent on red blood cell velocity, the interwindow distance
was varied between 15 and 25 |im and a time constant of 1 or 2 s was chosen.
Velocity tracings exhibited flowmotion, i.e., variation in blood flow velocity due to
vasomotion. Often a superposition of slow (due to vasomotion at the orifice of the
transverse arteriole) and fast (due to vasomotion of the terminal arterioles) wave
flowmotion was present. We analyzed these flowmotion cycle lengths by calculating
the average valley-to-valley time difference.

In the third set of experiments we investigated whether terminal arterioles
were open or closed (fully constricted) during aortic occlusion at various pc«2- Using
the x25 objective, terminal arterioles were recorded during control conditions and
during two min of occlusion. Off-line arteriolar diameters were assessed by means
of the image-shearing device (see capillary diameter measurements).

Ca/cu/alton o/" capiZ/ary resistance. To estimate capillary resistance, Deq
values were used. Assuming that the measurements at the various positions along
the capillary are representative of the actual diameter distribution along the
capillary, one can calculate Deq for each capillary by putting segments (of equal
length) of each of the measured diameters in series (Miles and Nuttall, 1991). The
Deq of the segment studied is defined as the uniform diameter of the segment that
results in the same resistance. Assuming Poiseuille flow conditions without any
change in apparent blood viscosity, one can calculate the resistance of the original
capillary and that of the equivalent one. From that it follows that:
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D - n
n

.•=1

where Di is capillary diameter at site i, and n the number of observations. The
relative Deq during occlusion was defined as the Deq during occlusion divided by the
Deq before occlusion. Relative Deq was used to calculate the relative resistance,
which is proportional to (relative Deq)"*. Viscosity may increase during low flow
states and reduced capillary diameter. Our calculations relate to geometrical differ-
ences for Newtonian fluids only. Exclusion of the viscous effects result in underes-
timation of the actual change in resistance.

ana/ysts. Data are presented as medians and ranges (within paren-
theses). For statistical tests and curve fitting we used the SPSS-PC+ statistical pack-
age (SPSS, Chicago, 111., USA). In all tests the level of significance (P) was set at 5%.
Paired data were compared using the Wilcoxon signed-rank test. To calculate the
extent of linear relationship between two data sets, the Pearson correlation coeffi-
cient was used. Stray values were defined according to Tukey (1977).

4.3 Results

Arterial PO2 and PCO2 ^ ^ e ?4 mmHg (58-88 mmHg) and 39 mmHg (34-
45 mmHg), respectively, while pH was 7.4 (7.30-7.45) (n=42). Mean carotid artery
pressures were 70-107 mmHg (median 86 mmHg) and increased only slightly (1-
2 mmHg) during aortic occlusion. Mean control femoral artery pressures were
slightly below the carotid pressure values and ranged from 67 to 105 mmHg
(median 84 mmHg). Heart rate was 252-380 beats/min (median 314 beats/min). All
preparations fulfilled the inclusion criteria of Borgström and colleagues (1990a) for
mean arterial pressure (above 60 mmHg), heart rate (above 240 beats/min), and
arterial PCO2 (below 45 mmHg). Seven of the preparations did not fulfill the
inclusion criterion of arterial PO2 greater than 70 mmHg. However, the results
obtained from those seven preparations did not differ from the other ones and there-
fore were not excluded from the study.

In most of the capillaries studied, flowing red blood cells could be observed
during control femoral artery pressures, although at the higher pOo •" the super-
fusion solution (above 55 mmHg) capillary blood flow was usually rather slow and
could even cease. In those cases, the PO2 •" the superfusion solution was reduced
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until flow reappeared before the experimental protocol was performed. The depen-
dency of capillary blood flow velocity on PO2 is described in more detail below.

F/ou; cessation and PO2- Complete occlusion of the aorta resulted in femoral
artery pressures of 8-22 mmHg (median 15 mmHg). Minimal pressures were
attained within 16-20 s after onset of occlusion. During 2 min of complete aortic
occlusion, capillary perfusion decreased and in some capillaries blood flow stopped
completely within 16-43 s after onset of aortic occlusion. Figure 4.1 shows the
relative (percentage) number of capillaries per field of observation that exhibited
flow cessation at complete aortic occlusion as a function of the local pQo in the
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Figure 4.1. /fe/atiue number o/" capiZZaries exni6itm£ /Zou; cessation per /leZd o/"
observation at compZete aortic occ/usion, /"or various oxygen tensions ( p o ^ »'" '«*
siijocr/w.sKm .so/ufion uncferneat/i tne 06/ectife Zens; PO2 ""** " ' w ' 20 mm//; in t/te
super/usion so/ution over tne remainder o/" tne muscZe. Number o/* capi/Zary /IeZd«:
59; totaZ number o/" capiZZaries examined is 256. 77ie number 25 (arrouij re/ers to 25
measurements u'jtAout /7ou» cessation at f/iaf position on tne xaris. Tne soZui Zine
is tne /ttted curt^e, equation Zower
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superfusion solution at the site of the objective. At local p<>2 of 20 mmHg and less, no
flow cessation could be observed in any of the capillaries in 25 out of 33 capillary beds
(see arrow in figure 4.1). In the remaining eight beds, flow stopped in some
capillaries, but not in all. Increasing local PO2 resulted in a higher percentage of
flow cessation. At local PO2 of about 70 mmHg and higher, flow ceased in all
capillaries at the reduced perfusion pressure. To get an impression about the con-
centration/response relationship, the curve of figure 4.1 could be described by the
following equation:

,_/i_e-0.035x+0.526j

where y is percentage of capillaries exhibiting flow cessation and x is poo in mmHg
(r=0.77). The relative number of capillaries exhibiting flow cessation was not
dependent on the level of femoral artery pressure obtained during complete aortic
occlusion (r = 0.02). The incidence of capillary flow cessation also did not correlate
with any of the systemic blood gas values, heart rate, or carotid artery pressure. In
the 48 capillaries that exhibited cessation of red blood cell flow and the wall of which
was clearly visible, in only 4 cases did a red blood cell stop at the site of an
endothelial nucleus.

Capi/fary diameter and PO2- ^ '̂ ® second set of experiments we investigated
capillary segments (n=54) with a local PO2 •" the superfusion solution in the range
16-50 mmHg. The correlation between capillary diameter changes and local pOo
was investigated. Furthermore, we evaluated whether the smallest diameters
attained were always associated with flow cessation in the same capillary.

Capillary diameters during control and during aortic occlusion are summa-
rized in table 4.1. Mean control capillary diameter was 3.2-6.0 nm (median 4.2 (im)
during normal femoral artery pressure. Deq was 3.1-5.8 nm (median 4.0 nm) during
control. The minor difference between mean diameter and Deq indicates that the
relative spatial heterogeneity of the capillary diameter along the observed length of
the vessel is minimal. During the control situation, the variation in diameter at a
particular site of a capillary as measured at several moments (temporal
heterogeneity) is small. Considering all capillary segments, the (temporal) standard
deviation was 0-0.29 urn (median 0.13 nm). The variation in diameter is close to the
resolution of the combined optical and electronical system (i.e., 0.3 (lm) and,
therefore, most of the variation likely results from measurement inaccuracies.
Capillary diameter varied along a segment. When all segments are considered, the
(spatial) standard deviation was 0.1-1.09 |im (median 0.52
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Ta&Ze 4./ . Diame/ers o/" capiZZary segments (̂ «=5^ during confroZ and aorfic
occZusion. LocaZ oxygen tension ranged /"rom 20 to 50

Control diameter

mean 4.2 um (3.2-6.0 urn)

equivalent 4.0 um (3.1-5.8 urn)

Occlusion diameter

minimal 3.3 um (1.9-4.9 um)°

minimal equivalent 3.7 um (2.6-5.6 um)°

<*.P<0.0007 us. confroZ diameters

Control capillary diameter did not depend on the local PO2 over the range of 16
to 50 mmHg. No significant changes in diameter were found when prior to
occlusion PO2 was increased or decreased by 5-26 mmHg; measurements in six
capillaries at between two and five different PO2 values within this range showed no
significant differences.

CapiZZary diameter and /7ou> cessation. Figure 4.2a presents an example of
diameter measurements at four sites within a particular capillary segment with a
length of about 20 um during control and during 2 min of complete aortic occlusion.
After onset of occlusion, capillary red blood cell velocity rapidly decreased (see
concomitant velocity tracing in figure 4.2b) and capillary diameter decreased at all
measuring sites. At the end of the occlusion period, at one site the diameter in-
creased, reaching the control level again. This was observed in more experiments.
The observed heterogeneity in magnitude of the diameter response at the various
sites in this particular experiment is indicative of the heterogeneity in all experi-
ments.

Figure 4.3a,b shows that the minimum capillary Deq values attained were not
related to local poj- Also, no correlation was observed between the extent of maxi-
mal diameter change and local pQg (figure 4.3c). From figure 4.3c and table 4.1 it
can bo concluded that capillary diameters were significantly (P<0.0001) reduced
during aortic occlusion over the entire PQ2- Considering the sites at which the
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diameter change was the greatest, capillary diameter changed by -0.55 um (range
from -0.2 to -1.1 um; stray values -1.53 um and -1.75 um).

From figure 4.3a it can be concluded that, during occlusion, 14 capillary seg-
ments had sites with minimal diameters less than 2.8 um, the critical diameter
below which red blood cells may be obstructed (Henquell e* a/, 1976, Chien et a/,
1984). In only four of these, red blood cell flow ceased and in only one of these four
segments could a red blood cell be observed that actually stopped flowing at the site
of smallest diameter. Considering the Deq (figure 4.3b), two segments had diameters
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less than 2.8 urn. This indicates that in most of the 14 segments, the minimum
diameters attained were rather local. In fact, they extended not more than nbout
5 urn along the length of the capillary. In 10 out of the 14 segments, red blood cells
were still able to deform sufficiently to pass the site of smallest diameter. Hence, we
can not demonstrate a direct obstruction in the capillary for red blood cells to pass,
which might explain the flow cessation phenomenon.

During control, the site of the nucleus was always the site of smallest capillary
diameter. During aortic occlusion, the diameter reduction was greatest at the site of
a nucleus. The thickness of the nucleus was increased and, therefore, the nucleus
bulged into the capillary lumen. This is illustrated in figure 4.4 in which the actual
relative minimal diameters are shown as a function of PO2- 1" figure 4.4a
measurements are presented with the nucleus sites included, and in figure 4.4b the
measurements with the nucleus sites excluded. Comparison of the two data sets
reveals that in 10 out of 54 experiments the diameter reduction was clearly larger at
the nucleus site; in all other capillaries the change at the site of the nucleus did not
differ from that of the mean of the other sites. Hence, capillary diameter reductions
due to bulging of the endothelial nucleus are not a prominent phenomenon under
these conditions.

Arferio/ar dtameier during aortic occ/usion and PO2- Diameters of terminal ar-
terioles (n=16) were assessed at local PO2 values of 20-50 mmHg. Control arteriolar
diameter was 3.9-8.2 Jim (median 5.6 urn). During occlusion, arteriolar diameters
significantly increased by 0.9 um (range 0.1-1.9 urn, P<0.001). Hence, also at the
higher local p(>2> arterioles dilated during aortic occlusion.

Capt/Zary resistance. Capillary resistance during control and during aortic
occlusion was estimated using Deq (see Materials and methods). In figure 4.5,
relative capillary resistance is plotted against local pc«2- During aortic occlusion,
resistance increased by a median value of 40% (range 0-144%; stray values 294% and
577%, P<0.0001). No correlation was found between resistance increases and local

capi/Zaries u>it/i /Zou; /*n=397, so/id «ymoo/s represen* capillaries in u/Atcn /Zou; nad
ceased /n=J57. 77ie dasAed norizonta/ fine in A and B indicates fAe critica/
diameter /or red 6/ood ce// passage. T"ne s/iacfed area in C indicate»
measurement inaccuracy.
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Red 6Zood ce/Z ueZociiy and p0£- In figure 4.2, the flow velocity pattern of one
capillary segment during control and aortic occlusion is presented. During control,
flow velocity exhibited slow and fast wave flowmotion. Flowmotion cycle length of
the slow waves was 8.9-37.5 s (median 23.9 s) and that of the fast waves 2.7-6.9 s
(median 4.6 s). Flowmotion cycle length did not correlate with PO2- During
occlusion, flow velocity diminished and flowmotion disappeared. Mean control
velocity varied between 0.01 and 0.49 mm/s (median 0.13 mm/s). After onset of the
occlusion, blood flow velocity decreased in all capillaries within 15 s. During the last
30 s of occlusion, capillary velocity was significantly (P<0.001) reduced compared
with mean control velocity to a median value of 0.03 mm/s. From figure 4.2 it is
obvious that, during occlusion, the diameter reduction is parallel to the reduction of
red blood cell velocity. When, however, the whole population of capillary segments is
considered, no correlation exists between the extent of (relative) diameter reduction
and the extent of (relative) velocity reduction (figure 4.6a). The four relative velocity
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values above 100% indicate an increase in velocity during occlusion. This is caused
by the presence of prolonged periods of low velocity due to flowmotion during control.
In figure 4.6b, PO2 >s plotted against control mean velocity. At lower PO2 values (i.e.
below 20 mmHg) mean control velocity was rather variable, while at the higher PQ«
velocity was lower than 0.2 mm/s in most capillaries. The relationship between local
PO2 and mean capillary velocity was weak (r=0.39; P<0.01).

No correlation was found between the velocities during control and during the
last 30 s of occlusion, as can be seen in figure 4.6c. In this figure, five data points are
situated above the line of identity, which indicates that in these capillaries mean
velocity during the last 30 s of occlusion was higher than mean control velocity. The
local PO2 at which these velocities were observed was 16-45 mmHg. During control,
the velocity tracings of these five capillaries exhibited flowmotion. After the onset of
occlusion, velocity decreased and flowmotion disappeared. During the 2nd min of
occlusion, velocity increased and exceeded mean control velocity. It is possible that
these capillaries are so-called thoroughfare channels in which red blood cells prefer
to flow at low perfusion pressures. Diameter response of these five capillaries was
not different from that of the whole group of capillaries.

4.4 Discussion

The findings in the present study show that capillary red blood cell flow
cessation, induced by arterial pressure reduction, is dependent on the local pOo in
the superfusion solution (underneath the objective). In most of the capillaries, red
blood cell flow stops at a local PO2 of 40 mmHg or higher, while complete capillary
red blood cell flow cessation occurs at a local PO2 above 70 mmHg, in the presence of
dilated arterioles. During arterial pressure reduction, capillary Deq decreases by
about 8%, leading to resistance increases of about 40%. The capillary diameter
reduction does not depend on local PO2' *"*d is probably due to passive recoil. Red
blood cell flow cessation was not always present in capillaries with the smallest
diameters observed. Although the increased resistance will be an additive mecha-
nism to hamper flow, capillary red blood cell flow cessation cannot be explained
solely by the observed capillary diameter reductions.

In our preparation, capillary diameters are significantly reduced during
arterial pressure reduction while the diameter reduction is not related to local

confro/ uefocify. Open sym6o/s represent capi//art«s u>i<A /7ou> /n=.?9/, so/icf «ymftoto
capt/lartis in iwAic/i /Zou; /uuf ceaseii /n=257.
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Usually, arterioles dilate during arterial pressure reduction to maintain constant
capillary pressures. It is likely that during complete aortic occlusion, which leads to
a dramatic arterial pressure reduction, arteriolar dilation is not sufficient to
compensate for this reduction, resulting in a decrease in capillary transmural
pressure. This has actually been demonstrated in cat muscle (Bjornberg e< a/, 1990).
Therefore, the capillary diameter decreases during pressure reduction may be due
to passive recoil caused by reduced transmural pressure. The fact that, in our
preparation, capillaries are compliant, is consistent with several other studies
showing capillary diameter changes as a consequence of changes in transmural
pressure (bat wing: Davis, 1988, Bouskela and Wiederhielm, 1989; rat trapezius
muscle: Skalak and Schmid-Schönbein, 19866; cat and frog mesentery: Smaje e* a/,
1980, Baldwin and Gore, 1989, Swayne e* a/, 1989).

In this study, most of the capillary segments exhibited a rather heterogeneous
diameter response at the four measuring sites. For instance, in a few capillary seg-
ments, the diameter at the site of an endothelial nucleus was far more reduced than
at the sites where the endothelial cell consisted of only a thin layer of cytoplasm.
This can be explained by the fact that, due to a general diameter reduction as a
result of passive recoil, the mass of the nucleus is pushed into the lumen of the
capillary. This causes an extra local diameter reduction. Other local differences in
capillary wall geometry, like thickness of the endothelial cytoplasmic layer and
basal membrane, may also play a role in the local heterogeneity in diameter
response. Furthermore, the surrounding tissue might cause a different local
diameter response by varying arrangements of the muscle fibers. A capillary that is
loosely attached to muscle fibers will experience less counteraction than a tightly
attached one.

The significantly reduced diameter of the capillaries of the rabbit tenuissimus
muscle during complete aortic occlusion induces a considerable increase in capil-
lary resistance, not always resulting in flow cessation. The diameter reductions
were apparently not dramatic enough to result in a direct obstruction for red blood
cells, i.e., a situation in which the red blood cell surface area-to-volume ratio be-
comes the limiting factor for passage The smallest capillary diameter through
which a rabbit red blood cell can pass with the prevalent pressure gradient is not
known. Human red blood cells can not pass through a capillary smaller than 2.7
|im (Chien e/ a/, 1984). Henquell and co-workers (1976) have shown that single red
blood cells of the rat can flow through a pipette with a diameter of 2.8 um under a
pressure gradient of only 0.17 mmHg. Assuming that red blood cells of rabbits are
comparable, the findings of Chien (1984) and Henquell and co-workers (1976) indi-
cate that, in our preparation, capillary diameters must be smaller than about 2.8
Um before red blood cells are prevented from flowing. This situation was generally
not reached in our experiments. In 14 out of 54 capillaries, diameters were reduced
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below 2.8 Jim, but these reductions were only local and did not extend over more
than about 5 nm. In 10 of these 14 vessels, red blood cells continued to flow, although
they seemed to have some difficulty in passing the site of smallest diameter. In only
one case did a red blood cell actually stop at such a site. This indicates that the
decrease in capillary diameters during aortic occlusion contributes to a reduction in
capillary perfusion, but cannot explain solely the flow cessation phenomenon.

With our method, using a high magnification, we can observe only short
segments of the capillary during each occlusion run. It can be argued that we could
have missed local regions with small diameters. In the current study, however,
capillary segments which always contained a nucleus were investigated. Local
minimal diameters along the length of a capillary were usually present at the sites
of endothelial nuclei. With this in mind, we analyzed the first set of experiments,
performed at intermediate magnification, to determine whether the nucleus is a
site at which the red blood cells preferentially stop flowing. Some 48 of the
capillaries exhibiting flow cessation could be analyzed reliably in this manner. In
only four of these capillaries did a red blood cell actually stop at the site of a nucleus.
This is approximately the number that one would expect if red blood cells were to
stop at random positions. Hence, we found no correlation between the position of
stationary red blood cells and the site of the nucleus and, therefore, with that of
minimal diameter.

The role of oxygen in the flow cessation phenomenon is puzzling. Arterioles
and venules are not the flow-limiting factor, and no relationship between capillary
diameter and local p£>2 could be demonstrated. Resistance of capillaries to blood flow
is not only determined by capillary geometry, but also by the viscosity of the flowing
blood. Availability of oxygen is known to decrease local hematocrit, but this results
in a lower viscosity and, therefore, a lower resistance, rather than an increased
resistance to flow (Desjardins and Duling, 1987). Hence, it is unlikely that changes
in hematocrit due to changes in PO2 P'av a role in the flow cessation phenomenon.
A possible explanation for the occurrence of capillary flow cessation at high pQ^ is
the generation of oxygen free radicals by endothelial cells at the higher PO2- Oxygen
free radicals are known to decrease red blood cell deformability (Uyesaka e< a/, 1992)
causing an increase in resistance to flow, and so contributing to flow cessation.

It cannot be excluded that the flow cessation occasionally observed in capillar-
ies at low pog (below 20 mmHg) is caused by leukocyte plugging (Bagge and Braide,
1982). Differences in flow cessation between various capillaries might also be due to
differences in geometry as indicated by observations in the bat wing. Although part
of the same feeding and draining network, flow cessation occurred in the capillaries
of the tensor plagiopatagii muscle, whereas flow was maintained in the connective
tissue capillaries and the thoroughfare channels in the web (Slaaf e< a/, 19876).
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In most of our experiments under control pressure conditions, capillary flow
persisted even during application of higher local PO2 (50 mmHg), while the remain-
der of the muscle was exposed to a low (less than 20 mmHg) pQ2- In this situation,
the terminal arterioles, which control capillary perfusion, were probably located
outside the small area exposed to high PO2- This is not in disagreement with the
observation of Lindbom and colleagues (1980), who have reported closure of terminal
arterioles when the whole muscle was exposed to higher PO2 (65 mmHg). Indeed,
when in our experiments a gas mixture with a PO2 of 40 mmHg was led through
both the superfusate and the box, thereby applying a PO2 of 40 mmHg not only
locally, but to the whole muscle, flow in the capillaries also stopped at control blood
pressures.

Arterioles constrict when exposed to oxygen (Duling, 1972, Lindbom ef a/, 1980,
Sullivan and Johnson, 1981) and dilate during arterial pressure reduction (Slaaf e*
a/, 1986, Borgström e< a/, 19906). Our experiments show that terminal arterioles
actually dilate during arterial pressure reduction at local PO2 values of 20-50
mmHg. In an earlier study (Reneman e£ a/, 1980), which was performed at a local
PO2 of about 80 mmHg, we found that transverse arterioles also dilate during
capillary flow cessation. Furthermore, the fact that blood is still flowing through
connective tissue during capillary flow cessation also indicates that the larger
arterioles remain patent (Reneman et a/, 1980, Slaaf e* a/, 1987a). Therefore, the
cause of flow cessation cannot be attributed to arterioles. On the other hand,
Sullivan and Johnson (1981) have shown that arterioles constrict slightly (5-10%) at
control arterial pressures, when completely exposed to a PO2 of 66 mmHg. When at
this PO2 arterial pressure was reduced to 40 mmHg by aortic occlusion, no change
in diameter occurred: the autoregulatory dilation was abolished in all vessel orders.
We made no attempt to verify whether, and if so, to what extent, the arteriolar
response is attenuated by local PO2 in our experiments.

At control blood pressures, capillary red blood cell velocity was often slow at the
higher PO2 in the superfusion solution. The low velocities in the capillaries result in
a higher apparent viscosity, which leads to an increase in capillary resistance
(Secomb, 1987). However, no correlation was found between control blood flow
velocity and the incidence of flow cessation. Therefore, flow cessation at high PO2
cannot be explained by the initially lower blood flow velocities. Furthermore, no
relationship between the flowmotion patterns and local PO2 exists, which agrees
with the study of Prewitt and Johnson (1976), who described no changes in velocity
patterns with changes in PO2-

The mechanism(s) responsible for capillary flow cessation still remain(s) to be
elucidated. We can only speculate about this mechanism. We think that flow cessa-
tion occurs only when several changes occur simultaneously. Factors involved in
flow cessation could be reduced arterial pressure, reduced capillary diameters (this
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study), attenuated arteriolar dilator response at high PO2 (Sullivan and Johnson,
1981), and an increased viscosity at the venular level (Gobel ef a/, 1989). Each of these
factors probably does not induce flow cessation by itself but, when all are present at
the same time, they may lead to flow cessation.

In conclusion, capillary luminai diameter reductions may facilitate capillary
flow cessation, as induced by arterial pressure reduction. Although oxygen plays a
role in the capillary flow cessation phenomenon, it does not affect the extent of capil-
lary diameter changes.

4.5 Summary

When perfusion pressure is reduced, red blood cell flow in the capillaries of
skeletal muscle ceases at a positive pressure difference across the vascular bed,
while arterioles dilate and venules are not constricted. This flow cessation (i.e.,
cessation of red blood cell flow) and luminai diameter changes in capillaries follow-
ing femoral arterial pressure reduction were investigated in the rabbit tenuissimus
muscle in situ (n=42) using intravital video microscopy. Arterial pressure was
reduced by occlusion of the aorta distal to the renal arteries. During the experi-
ments, leg and muscle were placed in a sealed box. The muscle was exposed to low
oxygen by leading a gas mixture deprived of oxygen through the box. Locally at the
muscle surface, i.e., under the microscope objective, oxygen tension (PO2) ^^^ varied
by varying the PO2 in the superfusion solution. In all experiments, the remainder of
the muscle was kept at low (<20 mmHg) PO2- The incidence of flow cessation was
virtually zero at low (<20 mmHg) local PO2 and became almost 100% at local values
above 70 mmHg. Initial equivalent capillary diameters ranged between 3.1 and
5.8 urn (median 4.0 urn) and did not correlate with local PO2- During aortic
occlusion, capillary diameters significantly (P<0.0001) decreased by a median value
of 8% at all PO2 values; in 14 out of 54 capillaries local diameter became less than
2.8 urn. The extent of diameter reduction did not correlate with PC>2- *" *"* 1*
capillaries in which the diameter became less than 2.8 (im, flow cessation occurred
in only four cases. The minimal diameter reached was always at the site of an
endothelial nucleus. The capillary diameter reductions are probably due to passive
recoil. In the 48 capillaries in which flow ceased, only in four cases did a red blood
cell stop at the site of the nucleus. We conclude that capillary diameter reductions
(local and generalized) lead to a considerable increase in capillary resistance,
which contributes to the occurrence of flow cessation but cannot solely explain it.
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5.1 Introduction

Capillary perfusion is an important determinant of tissue oxygenation
(Renkin, 1984). The number (and length) of capillaries in a tissue are a measure for
perfusion and exchange capacity. Anatomical capillary density is usually defined
as the number of capillaries in a unit of cross-sectional area or volume of tissue
(Hudlicka, 1984). The anatomical presence of capillaries does not necessarily imply
that these capillaries actually carry flow and are involved in the perfusion or ex-
change process. A certain number of capillaries may be deprived of blood flow. This
spatial heterogeneity in perfusion may vary with time. An important effector of this
temporal heterogeneity of capillary perfusion is vasomotion, i.e., the more or less
rhythmic diameter variation in (terminal) arterioles (Meyer et a/, 1987, Slaaf ef a/,
1987c, Oude Vrielink e* a/, 1989). Counting only the capillaries attended by red blood
cells (RBCs) in stained cross-sections and comparing that with the total number of
capillaries present is not a suitable method to assess the fraction of actually per-
fused capillaries, because capillaries containing RBCs may not be perfused, and
variations in hematocrit due to vasomotion in the terminal arterioles may result in
perfused capillaries without RBCs. Therefore, functional capillary density is often
used to describe the number of capillaries in a certain volume of tissue that are
being perfused with RBCs (Damon and Duling, 1984). One should bear in mind,
however, that according to this definition, transport and exchange capacity can
change without a change in functional capillary density, for example, when capil-
lary diameters are not invariant. This is not necessarily the case. Davis (1988) and
Bouskela and Wiederhielm (1989) demonstrated that in connective tissue in the bat
wing, capillaries are distensible and that they actually change diameter at varia-
tions in transmural pressure within the physiological range. This implies that
functional capillary density is not the only variable determining tissue flow capacity
or exchange surface area.

Data obtained from preliminary experiments suggest that in skeletal muscle
capillary diameter might vary not only with transmural pressure, but also with
local oxygen tension; capillary perfusion appeared to be strongly related to locally
applied oxygen tension, while the arterioles were always open to perfusion (Bosman
e/ ai, 1992).

In this paper, studies are described in which perfusion and diameter of capil-
laries of the tenuissimus muscle of young anesthetized rabbits were investigated
during control, low perfusion pressure, and subsequent reactive hyperemia. Special
attention was paid to possible changes in diameter and the influence of oxygen on
the relative number of capillaries still perfused during complete aortic occlusion.
The findings are discussed in relation to perfusion and exchange capacity.
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5.2 Materials and methods

Aa66(te. Experiments were performed on young (5-6 weeks, 0.8-1.1 kg weight)
New Zealand White rabbits of both sexes. All experimental procedures were
approved by the Institutional Animal Care and Use Committee of the University of
Limburg. The rabbits were premedicated with diazepam (5 mg; Valium, Roche),
intramuscularly. Half an hour later, anesthesia was induced by injection of
urethane (4 ml of a 20% solution) through a lateral ear vein. Anesthesia was
maintained throughout the experiment with additional doses of urethane (about
0.4 ml/30 min) through a catheter in the right femoral vein, if necessary.

A trachea cannula was inserted to facilitate breathing. Arterial blood pressure
(external pressure transducer, model CP-01, CTC) and heart rate were recorded
through a catheter placed in the right carotid artery.

Perfusion pressure in the tenuissimus muscle was reduced by inflating n cuff
placed around the aorta distal to the renal arteries. When the cuff was inflated, the
aorta occluded completely. Arterial pressure downstream of the cuff was measured
through a catheter in the femoral artery of the (contralateral) right hind limb. Both
arterial catheters were perfused with saline (0.9% NaCl) at a rate of 2.5 ml/h to keep
them patent.

In the control period, mean carotid artery pressure was 70-107 mmHg, and
mean femoral artery pressure was 67-105 mmHg. Heart rate varied between 252 and
380 beats/min. Body temperature was kept at 38°C throughout the experiment.
Arterial blood gas and pH values were assessed with an acid-base analyzer (model
ABL 3, Radiometer, Copenhagen, Denmark). Arterial pc«2 and PCO2 were 74 mmHg
(58-88 mmHg) and 38 mmHg (34-45 mmHg), respectively, and pH was 7.37 (7.28-7.45).

Tenuissimus musc/e. The preparation procedure has been described in detail
elsewhere (Reneman ef a/, 1980). In short, the muscle of the left hind paw was
carefully exposed for in situ microscopic observation. The muscle itself was not
touched, and fascia, tendons, innervation, and supplying and draining blood vessels
were left intact. During the preparation, the muscle was superfused with a 0.9%
NaCl solution at room temperature (20-23°C). Subsequently, the leg was positioned
in a sealable box to enable control of the gas environment. A light pipe was placed
underneath the muscle for transillumination (Reneman et a/, 1980).

The box was sealed and a gas mixture of 95% Ng and 5% COg was led through
the box. Muscle superfusion in the box was performed at 37°C with a Krebs solution
(composition in mM: NaHCOg, 25; KlljPO,, 1.2; KC1, 4.8; CaCLj, 2.5; MgSO ,̂ 1.2; NaCl,
118.4). The pH of this solution was kept at 7.4±0.5, by bubbling with a gas mixture
containing 5% COg. The remainder of this gas composition could be varied between

j and 95% Oj, keeping pH constant. The muscle was allowed to recover and
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equilibrate to each specific experimental condition for a period of about 30 min.
Applying a superfusion solution with a certain oxygen tension (pOô  ̂ ° 'he muscle,
while passing a gas mixture without oxygen through the box, led to a p o ,
concentration in the solution under the microscope objective of 89% compared to the
concentration in the superfusion solution just prior to entrance into the box. The
remainder of the muscle was exposed to low (<20 mmHg) pQ«2 due to oxygen
washout from the superfusate by the oxygen free gas mixture flowing through the
box. The oxygen concentrations reported in the results section are the corrected
ones. Oxygen is known to induce vasoconstriction in arterioles leading to cessation
of capillary perfusion (Lindbom e£ a/, 1980). In the present experiments with the
local application of oxygen, however, capillary flow was usually present. This
suggests that the terminal arterioles were located outside the area effectively
exposed to the elevated

Microscope and experiment/ procedure. A Leitz microscope adapted for
tefescwpfc rrnagmg' was casxsvf &r iTri\rm5ropi\r abtsOTvatia'?.? /SJAS/ *>/ «/, J3S2A Images
were projected on a TV camera, displayed on a video monitor, and stored on
videotape. Final optical magnification at the front plane of the camera was x52 or
xl04, using salt water immersion objectives of x25 (numerical aperture 0.6) and x50
(numerical aperture 1.0), respectively. This yielded a field of view on the monitor of
230 and 115 |im horizontal width, respectively. Transillumination was performed
with a 100 Watt mercury arc with appropriate heat filters, a fiber optic, and a
condensor system positioned in front of the light pipe (Reneman el a/, 1980). Neutral
density filters were used to adjust light levels to the lowest level still yielding good
images.

Video recordings were made before, during, and after complete aortic
occlusion at various local PO2 After a control period of at least 2 min, the aorta was
completely occluded for 2 min. Within about 20 s, occlusion resulted in a low femoral
artery pressure (4-22 mmHg). This variability in femoral artery pressures attained
is due to collateral circulation. The time interval between successive occlusions was
at least 5 min.

Two sets of experiments were performed. In the first set we assessed the rela-
tive number of capillaries per field of view that were still perfused with RBCs
during complete aortic occlusion, compared to the control, using the x25 objective.
Each field studied contained 3-6 capillaries. At control arterial pressure, flow was
present in all capillaries. The experiments were performed at various local oxygen
tensions. Counts of capillaries carrying flow were performed off-line.

In another set of experiments, we measured capillary diameter along short
segments of a capillary. We selected capillaries that (1) ran for their longest part
parallel to the muscle fibers, (2) contained RBCs flowing in single file, and (3) were
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in focus for a considerable length. The capillaries were oriented vertically on the
monitor screen using a K-mirror. Using the x50 objective lens, recordings of capil-
laries were made during control (2 min), occlusion (2 min), and reactive hyperemia
after release of the occluder (2 min) at various local oxygen tensions. Resolution of
the microscope-camera-monitor system was about 0.3 jim.

Diameter measurements. Inner capillary diameter was assessed off-line
using a home-built image-shearing device (Intaglietta and Tompkins, 1973).
Measurements were performed at several sites (4-6, clearly in focus) along each
capillary and repeated at various moments during control period (4-6 times), aortic
occlusion (4-6 times), and reactive hyperemia (4-8 times). During the control period,
we calculated the mean control diameter for a given segment as the mean of the
various sites at the various moments. To estimate the consequences for resistance to
flow, we calculated equivalent diameter as the mean of the instantaneous equivalent
diameter values. Equivalent diameter is defined as the diameter of a uniform vessel
having the same resistance to flow as the vessel studied. It can be calculated from
the following relationship (Miles and Nuttall, 1991):

1

[4
D«,=

where Di is capillary diameter at site i, and n the number of observations along the
segment. Equivalent diameter is a measure of the influence of the geometry on
vascular resistance.

Relative Deq (compared to control) was used to calculate the (relative)
resistance, which is proportional to (relative) Deq'^-

5/ood ce/Z velocity measurements. Blood cell velocities in the capillaries were
measured off-line, using the dual window technique (Slaaf et a/, 1984) and the
Capiflow temporal correlation software. Settings of the windows and the correlation
process were optimized for each measurement.

Data presentation and statistical ana/ysis. Data are presented as medians
and ranges. For statistical analysis, we used the SPSS-PC+ statistical package
(SPSS, Chicago, 111., USA). The Mann-Whitney U-test was used to compare
independent data groups. Paired data were compared using the Wilcoxon signed-
rank test. In all tests the level of significance was set at 5%.
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5.3 Results and discussion

In young rabbit tenuissimus muscle, capillaries exhibit flowmotion (Tangelder
ef a/, 1984), i.e., more or less rhythmic changes in capillary blood cell velocity (figure
5.1). We observed a fast- (median cycle length 4.6 s; 2.7- 6.9 s) and a slow-wave (24 s; 9-
38 s) component. Oude Vrielink and colleagues (1987) found that the number of
perfused capillaries originating from a certain terminal arteriole during control
did not differ from the number during complete vasodilation during superfusion
with adenosine (lO'^M). They also demonstrated that all terminal arterioles were
perfused, albeit intermittently. These data indicate that no anatomical recruitment
is present in the tenuissimus muscle of young rabbits. When considered over a
prolonged period of time, functional capillary density is in this case 100% of
anatomical capillary density. Instantaneous functional capillary density, however,
never equals anatomical capillary density due to the presence of flowmotion. For
total flow calculations through a tissue, one takes this into account by multiplying
functional capillary density by mean velocity.

Reduction of perfusion pressure initially leads to increased vasomotion and
flowmotion amplitude (Oude Vrielink et a/, 1989), and subsequently to disappear-
ance of vasomotion and to continuous perfusion of the capillaries (this study). When
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Figure 5.2. 7Vac«n^ o/"red Mood «/ / i>e/ocity in a capi/Zary during confro/, occ/usion,
and suftsequenf reacfjue nyp«remja fftHA Note /as/- and s/ou>- wai>e components o/"
ine /Zowmofton. During Me ear/_y peaA o/" AH, assessment o/" ue/ocity is an
approximation.
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the muscle is exposed to low oxygen in the superfusion solution, (low remains pre-
sent in almost all capillaries during low perfusion pressures (figure 5.2). At any
moment during this intervention, instantaneous functional capillary density now
approximates anatomical capillary density. To keep perfusion at the required level
at these low driving pressures, all capillaries have been made available for continu-
ous perfusion in order to obtain the lowest resistance: temporal recruitment.

During reactive hyperemia following release of the occluder, capillary flow
velocity becomes very high and subsequently returns to control values. During the
later phase of reactive hyperemia, flowmotion reappears (see figure 5.1). Therefore,
instantaneous capillary density during reactive hyperemia equals anatomical
capillary density until flowmotion reappears.

Functional capillary density is usually used as an indicator to compare flow
carrying capacity or exchange surface area in various situations. In the case of
invariant capillary diameter, multiplication of functional capillary density with

Capillaries with flow during aortic occlusion
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mean capillary flow velocity suffices to estimate total tissue flow, while capillary
density can be used directly to compare exchange surface area. If, however, there
are differences in capillary diameter between the situations under investigation
(figure 5.3), one should take these differences into account. During occlusion, mean
equivalent capillary diameter is reduced by 8%, leading to a reduction in exchange
surface area of 8% and in flow carrying capacity of 16%. During reactive hyperemia,
mean equivalent diameter is increased by 12% as compared with the control. In this
situation, the increase in exchange surface area is 12% and that in flow carrying
capacity, 24%. Therefore, a mere comparison of capillary densities leads to consid-
erable errors.

When the muscle is exposed to elevated ZocaZ PO2 under the microscope lens
only, capillary diameter during complete aortic occlusion decreased to the same
extent as it did without local exposure to high PO2- Therefore, local exposure to
elevated PO2 does not influence capillary diameter and cross-sectional area. Under
these same conditions, the number of capillaries still carrying flow (during
complete aortic occlusion) decreased with increasing po2- When locally exposed to
high PO2 (more than 70 mmHg), occlusion of the aorta led to cessation of flow in
virtually all capillaries. Instantaneous functional capillary density was reduced to
0% of anatomical capillary density. At intermediate local PC>2> * graded reduction in
(instantaneous) functional capillary density was present (see figure 5.2). The
presence of local oxygen causes instantaneous functional capillary density to
deviate from anatomical capillary density. Local application of oxygen only

40 -1

occlusion RH

Figure 5.3. CTianges in capi/Zary diameter frefatiue to control diameter) during
occ/usjon and reactiue Ayperemia 6R/£). Box p/ots represent median, interguarti/e
ran£e, and toto/ ran#e. Tne dots indicate stray i>a/ues.
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influences instantaneous functional capillary density, but not capillary diameter.
It is known that functional capillary density is oxygen dependent. When a

muscle is completely exposed to high pc^. the arterioles gradually constrict, which
results in a gradually increasing number of downstream capillaries where flow
ceases (Lindbom ef a/, 1980). Sullivan and Johnson (1981) demonstrated that when
rat skeletal muscle is completely exposed to 66 mmHg of po->> arterioles constrict
slightly (5-10%) at control pressures. When arterial pressure was reduced to 40
mmHg at the same p(>2> "° changes in arteriolar diameter occurred: the auto-
regulatory dilation was abolished in all arterioles. In our experiments, however, we
demonstrated that when exposed to increasing (up to 50 mmHg) levels of locally
applied pc^. the arterioles are all open and effectively dilated by 12% (1-43%) at
complete aortic occlusion, probably because they are located outside the effective
oxygenation zone.

In the evaluation of experiments on tissue perfusion in which capillary diame-
ter is not invariant, one should not only take into account anatomical capillary den-
sity and the relative number of perfused capillaries, but also the relative capillary
diameter. Functional capillary density should only be used to compare the number
of capillaries perfused with the number of capillaries anatomically present. For tis-
sue flow and tissue exchange surface area, one should demonstrate the invariance
of capillary diameter if only functional capillary density is used for comparison.

In conclusion, functional capillary density provides the number of capillaries
accessible to flow with respect to the process under study. Besides the relative num-
ber of capillaries perfused, one should also assess capillary diameter (and where
appropriate capillary perimeter or cross-sectional area) for comparison of experi-
mental conditions, since capillaries are not necessarily invariant in diameter.

5.4 Summary

Perfusion of capillaries was investigated in the tenuissimus muscle of young
anesthetized New Zealand White rabbits during control conditions, complete aortic
occlusion, and reactive hyperemia at various local oxygen tensions (pOo)-
Capillaries were visualized with bright-field microscopy. The number of capillaries
perfused under experimental conditions was compared with that during control
conditions. Capillary diameter was measured to assess whether the interventions
caused changes in luminal diameter. During control conditions at a local PO2 of
about 20 mmHg, capillary perfusion fluctuates; instantaneous capillary density is
smaller than anatomical capillary density. When the aorta is (partially) occluded,
capillary perfusion becomes continuous and instantaneous capillary density equals
anatomical capillary density. The latter is also observed during the early phase of
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reactive hyperemia, prior to the reappearance of flowmotion. Capillary diameter is
not invariant during these interventions, but decreases by 8% during occlusion and
increases by 12% during reactive hyperemia. The concomitant change in perimeter
and cross-sectional area should be factored in with functional capillary density,
when tissue exchange surface area or volume flow are considered. When during
control conditions the muscle becomes locally (under the microscope lens) exposed
to a elevated p()2> capillary diameter does not change. However, the relative number
of capillaries perfused at complete aortic occlusion is unity at low local oxygen, and
diminishes with increasing local oxygen to become 0 at an PO2 of about 70 mmHg.
In preparations in which capillary diameter is not invariant under the experimen-
tal conditions, functional capillary density can only be used to compare the number
of perfused capillaries with the number of capillaries anatomically present.
Capillary diameter has to be factored in when tissue perfusion or exchange surface
area are considered.
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6.1 Introduction o

Evidence is accumulating that capillary diameter varies with changes in cap-
illary transmural pressure, probably due to passive recoil. Smaje and colleagues
(1980) observed small, heart rate synchronous changes in capillary diameter in cat
mesentery due to the pressure fluctuations during the cardiac cycle. In connective
tissue of the bat wing, capillary diameter increased by about 28% when transmural
pressure was increased by about 14 mmHg (Bouskela and Wiederhielm, 1989). In
tenuissimus muscle of young rabbits, capillary diameter decreased during low arte-
rial pressure (complete aortic occlusion; Bosman e/ a/, 1992) and increased during
subsequent reactive hyperemia (Bosman et a/, 1994).

Local application of a vasodilator like adenosine (ADO) induces dilation of
arterioles and venules (Oude Vrielink e* a/, 1990, Mian and Marshall, 1991) The
vessels lose their tone, which may ultimately result in a passive vascular bed. As a
consequence, the transmural pressures in the capillaries will increase, as has been
demonstrated for the vasodilator papaverine (Fronek and Zweifach, 1975, Mellander
c< a/, 1987). Hence, capillary diameter in the presence of ADO may be increased due
to an increased capillary transmural pressure. An indication of the fact that capil-
lary diameter might increase under ADO has been given by a study of Sarelius
(1990). In hamster cremaster muscle, mean capillary diameter increased by 0.8 um
under ADO but no statistical significance was reached probably because small
populations of capillaries were compared during control and under ADO.

The aim of the present study was to investigate whether, and to what extent,
capillary diameters in rabbit tenuissimus muscle increase when the vasculature is
dilated with ADO. Capillary diameters were measured during control blood pres-
sures, complete aortic occlusion, and reactive hyperemia, without and with locally
applied ADO. To verify whether ADO application led to complete vasodilation, we
also assessed diameters of terminal arterioles, the main controllers of capillary flow
(Johnson, 1980, Slaaf et a/, 1987c), during the same interventions.

6.2 Materials and methods

New Zealand White rabbits of either sex (5-6 weeks; 0.8-0.9 kg; n=7)
were prcmedicated with 5 mg i.m. diazepam (Valium, Roche). After 30 min, 4.0 ml
i.v. of a urethane solution (20% in physiological saline) were administered.
Additional doses of urethane (about 0.4 ml/h) were given during surgery and exper-
iment. To facilitate breathing, a cannula was inserted into the trachea. Arterial
blood pressures were recorded via catheters placed in the right carotid artery (PE 60)
and the right femoral artery (PE 50), using CTC CP-01 pressure transducers. To
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keep arterial catheters patent, they were continuously perfused with physiological
saline (2.5 ml/h through each catheter).

Perfusion pressure in the muscle was reduced by inflating a cuff placed retro-
peritoneally around the descending aorta distal to the renal arteries, with the use of
a servo-controlled pump (Prinzen ef a/, 1987). The aorta was occluded completely,
which in most cases (with or without ADO application) did not lead to total cessation
of capillary flow, due to collateral circulation. Arterial pressure downstream of the
cuff was measured through the catheter in the femoral artery of the contralateral
right hind limb.

Tenutssimus muse/*?. Preparation of the tenuissimus muscle in the left hind
limb has been described in detail elsewhere (Reneman el a/, 1980). With minimal
trauma, the muscle was carefully exposed for in situ investigation. Fascia, tendons,
innervation, and supplying and draining blood vessels of the muscle were left intact.
The exposed muscle was suffused with physiological saline (room temperature: 20-
23OC).

Subsequently, the left hind paw was placed in a box which could be sealed to
control the gas environment of the muscle. A light pipe for transillumination was
placed underneath the muscle. The box was carried onto the stage of the microscope
and the muscle was suffused with a Krebs solution (rate of flow: about 3 ml/min;
composition in mM: NaHCOg, 25; KHjPO ,̂ 1.2; KC1, 4.8; CaClj, 2.5; MgSO<, 1.2; NaCl,
118.4), with a pH of about 7.4 and a temperature of 37°C. The Krebs solution was
saturated with a gas mixture of 95% Ng and 5% COg. The same gas mixture was
also flowing through the box. This resulted in low oxygen tensions (<20 mmHg) in
the box and the fluid surrounding the muscle to obtain adequate perfusion of the
muscle (Lindbom e* a/, 1980). The muscle was allowed to stabilize for 30 min.

During the experiment, rabbit body temperature was kept at 38°C, using an
infrared heating lamp and an anal probe as a reference. Arterial blood gas and pH
values were assessed with an acid-base analyzer (Model ABL 3, Radiometer,
Copenhagen, Denmark).

Microscope and experimen/a/ procedure. The experiments were performed
using a Leitz intravital microscope which was adapted to telescopic imaging (Slaaf
e( a/, 1982). Leitz saltwater immersion objectives (SW25, numerical aperture=0.6, or
SW50, numerical aperture=1.0) were used. Microscopic images were projected on a
TV camera (Bosch Ultricon 4532, 1 inch), displayed on a monitor (Sony), and
recorded on videotape (Sony Betamax) for off-line analysis. Total optical magnifica-
tion at the front plane of the TV camera was x52 (SW25) and xlO4 (SW50), respec-
tively. This resulted in a field of view on the monitor of about 175 and 85 urn vertical
height, respectively. Transillumination was performed with a 100 Watt mercury
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arc. The light was led to a light pipe underneath the muscle through a Calflex and a
KG-1 heat filter, a fiber optic, and a condenser system which was positioned in front
of the light pipe (Reneman e/ a/, 1980). Neutral density filters were placed in the
illuminating pathway to reduce light intensity to the lowest level still yielding a good
video image.

After stabilization, the muscle was explored (using the SW25 objective) for ar-
terioles with branching capillaries which had clearly visible walls at least for part of
their length. The selected capillaries had to meet the following criteria: (1) capillar-
ies run for their longest part parallel to the muscle fibers, (2) red blood cells move in
single file, and (3) the vessel wall consists of only a single layer of cells. Using the
SW50 objective, video recordings were made of an arteriolar segment or of a segment
of two downstream capillaries. The arteriolar segment was part of a first-order side
branch (FOS) of a transverse arteriole. A FOS can functionally be considered as a
terminal arteriole (Slaaf e< a/, 1987c). The resolution of the microscope was calcu-
lated to be about 0.3 |tm. Each field of view contained one segment in focus which
was aligned vertically on the video screen by means of a K-mirror (Leitz) allowing
for optical rotation of the image. The segments were recorded under control condi-
tions (for 2 min), during complete aortic occlusion (2 min), and during at least the
first 2 min of reactive hyperemia following deflation of the occluder. Complete aortic
occlusion resulted in a rapid decrease of femoral artery pressure to a median value
of 18 mmHg (range 13-23 mmHg). The variation in minimally achieved femoral
artery pressures is probably due to variability in collateral circulation. In each
preparation, the arteriole and two downstream capillaries were recorded in random
order. The time interval between subsequent occlusion runs was at least 5 min.
Next, the muscle was exposed to ADO to obtain complete vasodilation. ADO was
topically applied by adding it to the Krebs superfusion solution at a concentration of
10"^M. Before recording started, the muscle was allowed to stabilize under ADO
conditions for 15 min. The occlusion protocol was then repeated for the same
arteriole and two capillaries. After the recordings, ADO was removed from the
muscle by superfusion of Krebs without ADO during at least 20 min. On-line
diameter measurements of the vessels displayed on the monitor by means of a ruler
showed that capillary and arteriolar diameters returned to the control levels before
addition of ADO. The protocol was then repeated for another arteriole and two
branching capillaries in the same muscle.

Diameter measurements. Inner diameters of arterioles and capillaries were
measured off-line using a home-built image-shearing device (Intaglietta and
Tompkin8, 1973). In the absence and presence of ADO, diameters were measured 4,
4-5, and 6-8 times during, the control period, during occlusion, and after occlusion,
respectively. The diameter measurements of the various segments were done at
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about the same instances relative to onset of occlusion. The time intervals taken
between the measurements are illustrated in figure 6.1. Because several arterioles
exhibited vasomotion, continuous diameter recordings were made of arteriolar
segments during the control period without ADO to assess mean diameter and the
amplitude of vasomotion, the latter being defined as the difference between peak and
trough diameters. The resolution on the video screen was about 0.3 |im per video line
and matched the optical resolution of the microscope. Arteriolar diameter was
measured at a single site along each segment; capillary diameter was measured at
4 sites. At each point in time, capillary diameter was calculated by taking the mean
of the diameters assessed at the 4 sites. We defined control diameter as the average
diameter of these mean values before aortic occlusion. The control diameters were
compared with the diameters during occlusion or reactive hyperemia. The mean
diameter during occlusion was obtained by averaging the diameters measured at 2
or 3 instances during the last min of aortic occlusion. The maximum diameter
value after occlusion was considered to represent the diameter during reactive
hyperemia.

o/" capiZZary resistance. Relative resistance (RreD of single capil-
laries during each intervention (i.e., occlusion, reactive hyperemia, and ADO appli-
cation) was estimated using the following equation:

4 -
rel

in which Drel is the diameter relative to control diameter without ADO.

anaZysis. Data are presented as medians and ranges (within
parentheses). Box plots are used to display groups of data (Tukey, 1977). A box plot
shows the median, interquartile range (box) and the range, minus the stray values
which are indicated separately (open circles). For statistical tests, we used SPSS-
PC+ statistical package (SPSS, Chicago, 111., USA). Data were compared using the
Wilcoxon signed-rank test. Differences were considered to be significantly different
for P<0.05.
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6.3 Results v>

Genera/. During control conditions, mean carotid artery pressures ranged
between 83 to 97 mmHg (median 87 mmHg) and femoral artery pressures between
82 to 96 mmHg (median 83 mmHg). Heart rate was 285 beats/min (range 270-355
beats/min). Arterial blood p£>2 and PCO2 were 72 mmHg (70-98 mmHg) and
38 mmHg (35-42 mmHg), respectively, and pH was 7.35 (7.30-7.38).

Complete aortic occlusion resulted in a reduction of femoral artery pressure
to 18 mmHg (13-23 mmHg). Standard deviation of minimally achieved femoral
artery pressure during one experiment was 1.86 mmHg (0.61-2.54 mmHg), and the
coefficient of variation was 0.09 (0.04-0.14). There was a small but significant
(P<0.005) difference between the lowest femoral artery pressures reached in the
absence and in the presence of ADO (without ADO: 19 mmHg (17-23 mmHg); with
ADO: 18 mmHg (13-23 mmHg)).

Figure 6.1 shows an example of the diameter variations of a terminal arteri-
ole and of a downstream capillary during control, aortic occlusion, and the first
2 min of reactive hyperemia, before and after ADO application. Capillary diameter
remained constant during the control situation. During aortic occlusion, capillary
diameter decreased, while during reactive hyperemia it increased and temporarily
exceeded control diameter. The feeding arteriole exhibited vasomotion during the
control period. During aortic occlusion, vasomotion disappeared (not shown in the
figure) and the arteriolar diameter increased. After release of the occluder the
arteriole dilated further. Within about 30 s after the release, vasomotion usually
reappeared and diameters returned to control level within 2 min.

Exposure of the muscle to ADO QO'^M) induced an increase in capillary and
arteriolar diameter. Arteriolar vasomotion disappeared under ADO. Aortic occlu-
sion in the presence of ADO resulted in a diameter decrease of both vessel types.
After release of the occluder, diameters subsequently returned to control levels.
Neither arteriolar nor capillary diameter clearly exceeded the control diameter as
they did during reactive hyperemia without ADO.

Capi7/ary diameter. The total number of capillary segments studied was 27.
Capillary diameter data are presented in table 6.1. Median control capillary diame-
ter was 4.3 urn. During the control period without ADO, no capillary diameter
changes were observed, irrespective of the absence or presence of vasomotion in the
feeding arterioles. As compared to control, aortic occlusion led to a significant
(P<0.0001) decrease in diameter to a median value of 3.9 |im, whereas peak reactive
hyperemia resulted in a significantly (P<0.0001) increased median diameter of
5.2 urn. Addition of ADO to the supervision solution induced a significant (P<0.0001)
median increase in the control diameter of 27% (9-42%, stray values 46, 54, 72%)
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resulting in a median diameter of 5.5 um. When compared to ADO control, aortic
occlusion caused a significant (P<0.0001) decrease in median capillary diameter to
4.7 um. Subsequent deflation of the occluder resulted in a small but significant
diameter increase by a maximum of 3% (median; range -1.0 to +8.5%, stray value
•10.0%, P<0.0001) as compared to ADO control diameter. Median capillary diameter
was 11% (-4 to +28%, stray values +33,+39,+43%, P<0.0001) larger during aortic
occlusion in the presence of ADO than during control without ADO. The diameter
response to aortic occlusion and ADO did not differ between capillaries supplied by
arterioles that showed vasomotion and those supplied by arterioles without
vasomotion.

Under ADO, no clear changes in muscle fiber shape were observed so that
capillary dimensions were probably not influenced by such shape changes.

CapiZZary resistance. Figure 6.2 illustrates the relative changes in capillary
resistance during the various interventions. Capillary resistance during control
blood pressure in the absence of ADO was set at 100%. Without ADO, median
capillary resistance significantly (P<0.0001) increased by 48% (a factor 1.5) during
aortic occlusion and significantly (P<0.0001) decreased by 46% (a factor 2) during
reactive hyperemia. Addition of ADO caused a significant (P<0.0001) decrease in
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median resistance of 61% at control femoral artery pressure. Subsequent aortic
occlusion resulted in an increase of resistance as compared to ADO control but
remained 34% (median value) lower (P<0.0001) than during control without ADO.
During peak reactive hyperemia under ADO resistance only slightly differed from
ADO control; the median resistance reduction was 65% (P<0.0001), as compared to
control without ADO.

Arterto/ar diameter. To verify whether application of 10"̂ M ADO leads to
complete vasodilation, we assessed the diameters of terminal arterioles. In table 6.1
arteriolar diameters are summarized. Without ADO, the average arteriolar
diameter during the control period was 5.9 urn (median value). Vasomotion was
observed in 8 out of 14 arterioles. Amplitude of the vasomotion pattern ranged from
1.9 to 3.9 Jim (median 2.6 um; n=8). The median diameter of the subset showing
vasomotion was 6.6 um (range 5.6-7.7 urn). During aortic occlusion, arteriolar
vasomotion disappeared and diameters significantly increased to a median value of
6.7 um (P<0.005). During reactive hyperemia, the diameters further increased to a
median value of maximally 8.6 um (P<0.005). Exposure of the muscle to ADO
resulted in a loss of arteriolar vasomotion and an increase in arteriolar diameters
by 48% (range 20-105%, stray value 139%, P<0.005) to a median diameter of 9.9 urn.
Subsequent aortic occlusion induced a decrease in diameter to a median value of
8.7 um (P<0.005), which indicates that the arterioles had become passive under the
influence of ADO. After deflation of the occluder diameters increased and returned
to control diameters (with ADO). Arteriolar diameters did not clearly exceed the
control diameter as they did during reactive hyperemia without ADO, indicating
that the arterioles were fully dilated during control pressure under ADO conditions.

6.4 Discussion

In tenuissimus muscle of young rabbits, topical application of ADO, leading to
vasodilation of the arterioles, induced an increase in median capillary diameter of
27%. This led to a decrease in estimated capillary resistance by a median factor of
2.5. In the presence of ADO, complete aortic occlusion resulted in a capillary
diameter reduction of 11% which was comparable to the reduction in capillary
diameter during complete aortic occlusion in the absence of ADO (9%). This resulted
in absolute diameters during occlusion without and with ADO of 3.9 and 4.7 um,
respectively. The latter diameter is larger than the control diameter without ADO
(4.3 um). In the absence of ADO, deflation of the occluder resulted in a transient
increase of capillary diameter to values above control, and subsequent restoration of
capillary diameter to preocclusion values. In the presence of ADO, deflation of the
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occluder restored capillary diameter to preocclusion values without a transient
increase.

At first sight, the capillary diameter changes observed in the present study
can be explained by passive recoil due to transmural pressure changes, i.e., passive
adaptation of capillary diameter to transmural pressure. During vasodilation, as
induced by the vasodilator papaverine, capillary transmural pressure was found to
increase (Fronek and Zweifach, 1975, Mellander */ a/, 1987). Therefore, the increase
in capillary diameter during ADO administration, which causes pronounced
vasodilation, can be explained by an increase in capillary transmural pressure. On
the other hand, the decrease in capillary diameter during aortic occlusion, both in
the absence and presence of ADO, can be explained by a decrease in capillary
transmural pressure for Björnberg and colleagues (1990) showed that in cat muscle
capillary pressure was reduced during complete arterial occlusion. Indeed, in our
experiments, capillary transmural pressure must have been below 18 mmHg, the
pressure level recorded in the feeding femoral artery. This is well below the
capillary pressures reported for skeletal muscle, which range between about 21 and
27 mmHg (Fronek and Zweifach, 1975, Bohlen <?< a/, 1977, Slaaf ef a/, 19876, Maspers
e/ a/, 1990). The increase in capillary diameter during reactive hyperemia in the
absence of ADO may also be explained by increased transmural pressure, for
Björnberg and colleagues (1990) found that capillary pressure was increased in cat
muscle during reactive hyperemia. In the presence of ADO, the arteriolar
vasodilation was probably complete, given that arteriolar diameter during reactive
hyperemia was no larger than that recorded after ADO application before aortic
occlusion. Therefore, one might expect that during reactive hyperemia, capillary
transmural pressure was no greater than during control. This complies with the
observation that during reactive hyperemia, capillary diameter was restored to
preocclusion values.

Comparison of capillary diameter during the control period without ADO and
during occlusion in the presence of ADO, however, reveals an unexpected difference
(figure 6.3), which does not comply with the idea that the diameter changes were
proportional to the transmural pressure changes. The capillary diameter during
occlusion with ADO was 11% larger than during the control period without ADO,
even though one might assume that capillary transmural pressure at control
femoral artery pressure was higher than at the low femoral artery pressure exist-
ing during aortic occlusion in the presence of ADO. As indicated above, if no active
process was involved, this finding suggests the presence of a hysteresis loop in the
relationship between capillary diameter and transmural pressure. This could be
explained if the capillary wall becomes extra stretched due to prolonged exposure to
the high transmural pressure induced by ADO. Then, after acute reduction of
transmural pressure by complete aortic occlusion, the capillary diameters would be
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expected to remain larger than if they had been pre-exposed to a more normal pres-
sure. This effect might only disappear when capillary transmural pressure is nor-
malized for a prolonged period.

In accord with this idea, Lee and Schmid-Schönbein (1995) recently found that
exposure for 10 to 15 min to transmural pressure above normal leads to structural
changes of the capillary wall: the membranes of vesicles in the endothelial cells are
converted to cell membrane and, in addition, the vesicles become more unfolded,
resulting in an increased luminal and abluminal membrane surface area. By this
means, the increase of cell membrane surface area was 18% when transmural
pressure was raised from 18 to 37 mmHg and this led to larger capillary diameters.
This configurational change of the capillary wall is considerable and might explain
the relatively large changes in capillary diameters observed under ADO in the
present study. In the present experiments, the period of exposure to ADO before the
diameter measurements was at least 15 min, and therefore should be long enough
for such membrane changes to occur. The study of Lee and Schmid-Schönbein
reports data for exposures to high transmural pressure for 10-15 min, but does not
reveal how rapidly the membrane conversion and unfolding can occur, nor whether
or not the process is reversible. If membrane conversion is responsible for the larger
capillary diameters in the presence of ADO, the 2-min aortic occlusion that led to
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lower transmural pressure may have been too short to induce restoration of the wall
to its original shape, explaining the larger diameter seen during occlusion under
ADO. However, we did observe that after removing ADO from the superfusion
solution, capillary diameters returned to the control values that had existed before
ADO application within about 20 min. This implies that, if the pressure induced
membrane conversion does indeed occur under ADO, membrane conversion is
reversible. Confirmation of this interpretation will, however, require simultaneous
measurements of capillary transmural pressure and diameter.

It is interesting that the capillary diameter response to the various interven-
tions used in the present study showed substantial variability. This may be ex-
plained by changes in capillary luminal shape when transmural pressure is
altered. At low transmural pressure the shape of the capillary lumen is likely to be
more elliptical, at high transmural pressure the shape probably becomes more
circular. Diameter values obtained by means of light microscopy are dependent on
the focal plane and, when the luminal shape is elliptical, by the orientation of the
ellipse. We assume the elliptical luminal shape orientations of capillaries to be
randomly distributed over the muscle, which means that possible underestimationa
or overestimations in diameter and resistance changes also occur at random. Since
we have considered the median diameter response and resistance changes of a set
of capillaries, possible luminal shape changes do not influence our interpretation of
the data.

In conclusion, capillary diameter changes were induced by complete aortic
occlusion, subsequent reactive hyperemia and by application of ADO. The capillary
diameter changes during these interventions were probably caused by passive recoil
due to capillary transmural pressure changes. It is proposed that sustained high
transmural pressure may induce an extra increase in capillary diameter due to
configurational changes in the capillary endothelium. In a substantially dilated
vascular bed, as produced by ADO, not only arterioles and venules are dilated but
capillaries also have increased diameters and, hence, may contribute to the
resistance decrease of the whole microvascular bed.

6.5 Summary

The effects of locally applied adenosine (ADO) and/or femoral artery pressure
reductions (induced by complete aortic occlusion) on capillary diameter were inves-
tigated in the tenuissimus muscle of anesthetized rabbits. Capillaries were visual-
ized by means of intravital video microscopy. Diameters were measured using an
image-shearing device.
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During control femoral artery pressure (median 83 mmHg) and without
ADO, capillary diameter was 4.3 um (median; range 3.2-5.3 fim; 27 capillaries in 7
animals). Complete aortic occlusion (median femoral artery pressure 18 mmHg)
resulted in a reduction of capillary diameter to 3.9 um (2.7-4.7 um, P<0.0001).
Subsequent reactive hyperemia resulted in an increase in diameter to 5.2 nm (3.7-
6.0 um, P<0.0001). Locally applied ADO (lO'^M) probably led to complete vasodilation
of the arterioles, because their diameters did not further increase during reactive
hyperemia after complete occlusion. ADO (10"^M) induced an increase of control
capillary diameter to 5.5 urn (4.1-6.4 um; median relative increase 27%; P<0.0001),
resulting in a decrease of capillary resistance by 61%. In the presence of ADO, aortic
occlusion resulted in a capillary diameter decrease to 4.7 um (3.4-6.1 um, P<0.0001).
Subsequent reactive hyperemia resulted in an increase to maximally 5.6 um (4.3-
6.4 |im, P<0.0001). This diameter was approximately the same as the control
diameter during ADO. During occlusion in the presence of ADO, capillary diameter
was significantly larger (11%, P<0.0001) than during control without ADO.

The capillary diameter changes induced by the various interventions were
mainly passive, i.e., proportional to capillary transmural pressure changes.
However, capillary diameter was larger during aortic occlusion in the presence of
ADO than during control femoral artery pressures without ADO, even though
capillary pressure was probably higher in the latter case. It is proposed that the
prolonged increase in transmural capillary pressure due to ADO may induce
changes in capillary wall configuration, leading to larger diameters.
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7.1 Introduction

When perfusion pressure in skeletal muscle is reduced, red blood cell flow in
capillaries may cease at perfusion pressures above zero. This so-called flow
cessation phenomenon occurs while arterioles are effectively dilated and venular
diameters are unaltered (Reneman et a/, 1980, Slaaf et a/, 1986). The flow cessation
phenomenon is likely to be present in clinical syndromes in which reduced
perfusion pressure results in disturbed perfusion of skeletal muscle, such as
compartment syndromes (Reneman, 1975), lower limb ischemia (Ubbink et a/, 1992),
and intermittent claudication (Bollinger and Fagrell, 1990). Recently, we demon-
strated that in rabbit skeletal muscle, capillary diameters decrease at low perfusion
pressures induced by aortic occlusion (Bosman et a/, 1995b). Although the critical
diameter for red blood cell flow (Henquell et a/, 1976, Chien et a/, 1984) was usually
not reached, it was suggested that the capillary diameter reduction contributes to
the incidence of flow cessation.

The same study also showed that the extent of capillary flow cessation depends
on the local oxygen tension (Po2^ ' " the superfusion solution between objective lens
and muscle (Bosman et a/, 1995b). During complete aortic occlusion, resulting in
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femoral artery pressures of about 18 mmHg, flow did not cease in most capillaries at
a local P02 of 20 mmHg and below. Increasing the local P02 led to an increase in the
incidence of flow cessation up to 100% at a local P02 of about 70 mmHg and higher
(see figure 7.1). The dependency of the incidence of flow cessation on the local P02
cannot be explained by capillary diameter changes since they did not correlate with
the local P02 (Bosman ef a/, 19956). In contrast, oxygen is known to induce
constriction of arterioles (Duling, 1972, Lindbom ef a/, 1980, Sullivan and Johnson,
1981), and the vasodilatory response of arterioles to arterial pressure reduction is
diminished at higher P02 (Sullivan and Johnson, 1981). This indicates that an
elevated local P02 may increase the arteriolar tone, thereby reducing arteriolar
relaxation during aortic occlusion and increasing the incidence of capillary flow
cessation.

The aim of the present study was to investigate in rabbit tenuissimus muscle
whether the increase in the incidence of capillary flow cessation during aortic
occlusion at an elevated P02 may be attributed to an increase in arteriolar tone,
resulting in reduced arteriolar relaxation at low perfusion pressures. Experiments
were performed on normal vascular beds and on vascular beds in which the
arterioles were dilated by topical application of 10'̂ M adenosine (ADO). The role of
oxygen in the incidence of flow cessation was investigated by performing the
experiments at a P02 in the superfusate of 40 and 100 mmHg. Capillary flow
cessation and arteriolar and capillary diameters were assessed by means of
intravital microscopy, since they have been shown to alter under ADO (Bosman e<
a/, 1995a).

7.2 Materials and methods

preparation. New Zealand White rabbits of either sex (n=15; age: 5-6
weeks; 0.8 - 1.0 kg body weight) were sedated intramuscularly with 5 mg diazepam
(Valium, Roche). After half an hour, the rabbits were anesthetized with 4 ml 20%
urethane solution, administered through a lateral ear vein. To maintain anesthesia
throughout surgery and experiment, additional doses of urethane were given
through a PE 50 catheter in the right femoral vein, if needed. To facilitate breathing,
the trachea was cannulated. A catheter (PE 60) was inserted into the right common
carotid artery to record systemic arterial pressure (external pressure transducer,
model CP-01, CTC) and heart rate.

Pressure in the arteries supplying the hind limbs could be reduced by inflating
a cuff placed retroperitoneally around the aorta distal to the renal arteries. The cuff
was inflated until the aorta was completely occluded. Generally, the muscle was
still perfused during complete aortic occlusion, albeit at a strongly reduced level,
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due to the presence of collateral circulation. A catheter (PE 50) was inserted into the
right femoral artery to measure arterial pressures downstream of the cuff. Arterial
catheters were perfused with physiological saline (rate: 2.5 ml/h) to keep them
patent and to compensate for respiratory fluid losses.

The preparation of the tenuissimus muscle of the left hind limb has been
described in detail elsewhere (Reneman e* a/, 1980). In short, after making a skin
incision and cutting the subcutaneous tissue, the muscle was exposed by reflection
of the biceps femoris muscle. Fascia, tendons, innervation, and the supplying and
draining blood vessels of the muscle remained intact. After first exposure, the
muscle was suffused with physiological saline. To allow for transillumination of the
muscle an incision was made in the connective tissue posterior to the tenuissimus
muscle. Subsequently, the hind limb was placed in a box that could be sealed in
order to control the gas environment. For transillumination, a light pipe was
positioned underneath the muscle (Reneman e< a/, 1980). The box was mounted on
the stage of the microscope, and suffusion of the muscle was performed with a
Krebs solution (composition in mM: NaHCOg, 25; KHgPO^, 1.2; KC1, 4.8; CaClg, 2.5;
MgSO^, 1.2; NaCl, 118.4). This solution had a temperature of 37°C and a pH of about
7.4. Initially, the Krebs solution was saturated with a gas mixture of 95% Ng and 5%
COj- This gas mixture was also led through the box. Under these conditions the
preparation was allowed to stabilize for 30 min. During the experiment, the body
temperature of the rabbit was kept at 38°C, using an infrared heating lamp and a
rectal temperature probe as a reference. Arterial blood gas and pH values were
assessed with an acid-base analyzer (Model ABL 3, Radiometer, Copenhagen,
Denmark).

Microscope. The microvessels of the muscle were visualized using a Leitz in-
travital microscope adapted for telescopic imaging (Slaaf e* a/, 1982). Images were
displayed through a TV camera (Bosch Ultricon 4532, 1 inch) on a monitor (Sony)
and recorded on videotape (Sony Betamax). Final optical magnification at the front
plane of the TV camera was x52 and xlO4 using a salt water immersion objective of
x25 (numerical aperture 0.6) and x50 (numerical aperture 1.0), respectively.
Transillumination was performed with a 100 Watt mercury arc, with a Calflex and
a KG-1 heat filter, a fiber optic and a condenser system positioned in front of the
light pipe (Reneman c< a/, 1980). Neutral density filters were placed in the
illuminating pathway to reduce light intensity to a minimum while still yielding a
good video image.

Oxygen tension. After a stabilization period of 30 min, the Krebs solution was
bubbled with a mixture of two gasses: 1) 95% Ng and 5% COg, and 2) 95% O„ and 5%

. By varying the flow ratio of these two gasses, various P02 levels in the super-
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fusion solution could be created. The invariant COg level at 5% served to keep the pH
of the solution constant.

Oxygen was only locally applied to the surface of the muscle via the super-
fusate. Because the gas in the box was deprived of oxygen (i.e., 95% Ng and 5% CO,),
most of the oxygen diffused out of the superfusate, where it was flowing in a thin
layer over the muscle. Between objective lens and muscle, however, a thicker layer of
superfusate was present, which was maintained without interruption by a
continuous flow of superfusion solution between the muscle surface and the
objective lens. Between objective lens and muscle, there was only limited exchange
of oxygen with the gas mixture flowing through the box. In an earlier study
(Bosman ef a/, 19956) it was assessed that the P(>2 in the solution underneath the
lens was only 11% lower than that in the superfusion solution just before entering
the box. Oxygen tension values reported in this study are corrected for this loss.
When changing the local pQ2> the muscle was allowed to stabilize for at least 30 min.

Adenosine. ADO (Merck, Darmstadt, Germany), in a concentration of 10~4M,

was added to the superfusion solution and, hence, was topically applied to the
muscle surface to achieve complete vasodilation of its vascular bed (Oude Vrielink el
a/, 1990). The preparation was allowed to stabilize under ADO conditions for at least
20 min.

protoco/. Two sets of experiments were performed. The first set
was performed to investigate arteriolar diameters and the incidence of flow
cessation in a downstream field of capillaries during complete aortic occlusion
under three experimental conditions: 1) at a local P02 of 40 mmHg without addition
of ADO in the superfusion solution, 2) at a local P02 of 40 mmHg in the presence of
10-4M ADO, and 3) at a local pog of 100 mmHg in the presence of 10-4M ADO. Using
a x25 objective, a segment of a first order side branch of a transverse arteriole, which
functions as the terminal arteriole (Johnson, 1980, Slaaf e/ a/, 1987c) and a field of
downstream capillaries were recorded during control conditions to obtain an overall
picture and to assess perfusion of the capillaries. Next, the following occlusion
protocol was performed: the arteriolar segment was recorded during a control
period of 2 min. Subsequently, the aorta was completely occluded for 2 min, resulting
in femoral artery pressures of about 18 mmHg. After the onset of occlusion a clear
vasodilation of the arterioles was observed with a maximal dilation after about 50-
60 s. One min after the onset of occlusion, the objective lens was moved downstream
towards a field of 5 to 8 capillaries (field of view: 230 urn horizontal width), which
ran parallel to the muscle fibers, and were all supplied by the same arteriole
recorded. The capillary field was recorded until the end of the occlusion period and
during two min after deflation of the occluder (reactive hyperemia). During each
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experiment, the occlusion protocol was performed successively on one arteriole and
a related field of downstream capillaries under all three experimental conditions
(see above). The interval between successive occlusion runs was 30-40 min.

The second set of experiments was performed to investigate individual capillary
diameters. Capillary segments were visualized using the SW x50 objective
(resolution « 0.3 |im) and were aligned vertically on the monitor by means of a K-
mirror (field of view: about 80 um height). Initially, capillaries were only recorded at
a local P02 of 100 mmHg in the presence of ADO at control pressures and during
complete aortic occlusion. When it became evident that capillary diameters
increased in the presence of ADO, the protocol was further extended: capillary
diameters were also assessed during control femoral artery pressures at a pQo of
40 mmHg in the absence and presence of ADO. Because we were not able to perform
the whole protocol on each capillary, a variable number of capillaries was measured
at each intervention (see results section).

O/f-ünc measurements. For each capillary field, we assessed the relative
capillary flow cessation, defined as the number of capillaries exhibiting flow cessa-

control femoral artery pressures. Only capillaries in which red blood cells could
clearly be seen flowing were included as being perfused.

In addition, inner diameters of arterioles and capillaries were assessed using a
home-built image shearing device (Intaglietta and Tompkins, 1973). Terminal
arteriolar diameter was assessed at one site close to its bifurcation from the
transverse arteriole. During control femoral artery pressures, continuous diameter
recordings were made to assess the amplitude of the vasomotion pattern of the
arterioles, defined as the difference between peak and trough diameter. Because
vasomotion disappeared during aortic occlusion and during ADO application,
subsequent diameter measurements were performed at the same time as the
capillary diameter measurements. Capillary diameter was assessed at four sites
along each segment, 4 times during the control period and 4 or 5 times during aortic
occlusion. Each time, we calculated the mean capillary diameter, i.e., the average
diameter of the four sites assessed along the length of a segment. Control diameter
was defined as the average of the mean diameter values during the two min control
period, and occlusion diameter as the average of the mean diameter values during
the last min of occlusion. We did not detect changes in capillary diameters related to
arteriolar vasomotion. In the results section, diameters are presented as relative
diameters. The control diameters at a P02 of 40 mmHg in the absence of ADO were
set at 100%.

ana/ysis. Data are presented as medians and ranges (within
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parentheses). Box plots are used to display groups of data (Tukey, 1977). A box plot
shows the median, interquartile range (box) and the range, minus the stray values
which are indicated separately. For statistical tests, we used the SPSS-PC+
statistical package (SPSS, Chicago, 111., USA). The Wilcoxon signed-rank test was
used to compare the paired data. Differences were considered to be significantly
different for P<0.05.

7.3 Results

Rabbit arterial blood P02 and PCO2 were 74 mmHg (64-83 mmHg) and 40 mmHg
(34-47 mmHg), respectively, and pH ranged from 7.3 to 7.4 (median 7.34). Mean con-
trol carotid artery pressure ranged between 73 and 89 mmHg (median 83 mmHg)
and mean control femoral artery pressure between 70 and 86 mmHg (median
81 mmHg). Heart rate was 265-370 beats/min (median 318 beats/min).

At a local P02 of 40 mmHg in the absence of ADO, capillary perfusion was
present in all preparations during control femoral artery pressures. Usually,
capillary perfusion was characterized by an intermittent flow pattern caused by
upstream arteriolar vasomotion.

F/ou; cessation. During complete aortic occlusion, the lowest femoral artery
pressures ranged from 15 to 23 mmHg (median 18 mmHg) and did not differ
between the three experimental protocols. Variations in femoral artery pressure
during aortic occlusion may be due to differences in collateral circulation. After the
onset of aortic occlusion, capillary red blood cell velocity rapidly decreased and a
transition from intermittent to continuous flow was observed. Figure 7.2 shows the
incidence of capillary flow cessation during aortic occlusion as assessed per
capillary field (n=15) during the three conditions. At a local pQg of 40 mmHg without
ADO, flow cessation occurred in about 50% of the capillaries. After subsequent
deflation of the occluder, red blood cell velocity increased, and all capillaries were
perfused (reactive hyperemia). Exposure of the muscle to ADO resulted in an
increase in control capillary blood cell velocities: blood cells on the TV monitor could
no longer be identified individually, but only as streaks. The addition of ADO at a
local PQ2 of 40 mmHg led to a significant (P<0.05) reduction in the incidence of
capillary flow cessation during occlusion to about 20%. In the presence of ADO, the
incidence of capillary flow cessation tended to increase to about 30% when the local
PO2 was raised from 40 to 100 mmHg, but a significant difference was not reached
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Arterio/ar diameter. Figure 7.3 presents relative diameters of terminal
arterioles during the three experimental interventions, at control femoral artery
pressures and during aortic occlusion. At a local P02 of 40 mmHg, mean control
arteriolar diameters varied between 4.0 and 7.8 |im (median 6.1 um; n=15). Nine out
of these 15 arterioles exhibited vasomotion with an amplitude of 2.1 |im (range 1.2-
2.9 |im), while the mean control diameter of this subset was 6.4 um (range 4.4-
7.8 um). During aortic occlusion, vasomotion disappeared and the relative arteriolar
diameter increased to a median value of 118% of control (P<0.001). After deflation of
the occluder, arteriolar vasomotion reappeared within about 30 s. Addition of ADO
resulted in a loss of arteriolar vasomotion and an increase of relative control
diameters to 220% (median value; P<0.001). Because the transmural pressure
induced dilation had been eliminated due to the presence of ADO, aortic occlusion
now resulted in a significant (P<0.001) decrease in relative arteriolar diameter from
220 to 196%. Hence, arteriolar diameter was still increased (P<0.001) as compared to
the diameter during control pressures and during occlusion without ADO. Raising
the local P02 to 100 mmHg did not lead to a significant change in arteriolar control
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diameter in the presence of ADO. The arteriolar diameter reduction during aortic
occlusion was comparable at a local P02 of 40 and 100 mmHg in the presence of
ADO.

CapiZZary diameter. Figure 7.4 shows a capillary segment in the absence and
presence of ADO. Addition of ADO induced an increase in capillary diameter and
red blood cell velocity. Control capillary diameters at a local P02 of 40 mmHg without
ADO ranged from 3.5 to 6.9 )im (median 4.9 urn; n=15). In figure 7.5, relative
capillary diameters are presented. Addition of ADO to the superfusate led to a
significant (P<0.05; n=8) increase of relative capillary diameter to 121% (median
value). When the local P02 was subsequently elevated from 40 to 100 mmHg in the
presence of ADO, the capillary diameter did not change (n=5). In the presence of
ADO, aortic occlusion resulted in a capillary diameter reduction of 9% (range 1-20%,
P<0.001; n=27). These capillary diameters were still significantly (P<0.05; n=10)
larger (7%; median value) during occlusion than those during control at a P02 of
40 mmHg without ADO. Cessation of red blood cell flow in these capillaries was not
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7.4. Capiï/ctry segment during contro/ /emora/ artery pressures a£ a /oca/ p ^
o/" 40 mm//# in <Ae aftsence o/" ADO (A> and at a /oca/ p ^ o/" i00 mmJ/g in t/ie
presence o/" iO"^M ADO (B.). A/"ter addition o/" ADO, capi//ary diameter c/earfy
increased. Bar represents 5 /am.

correlated with capillary diameter during occlusion, or with the extent of the
diameter change.

7.4 Discussion

In rabbit tenuissimus muscle, loss of arteriolar tone induced by ADO led to a
reduction in the incidence of red blood cell flow cessation in capillaries during
complete aortic occlusion. In addition to the increase in arteriolar diameter under
ADO, capillary diameters were also increased, most likely due to an increase in
capillary transmural pressure. The elevation of local P02 from 40 to 100 mmHg in
the presence of ADO did not lead to a significant change in incidence of capillary
flow cessation or to diameter changes in arterioles and capillaries.

The reduced incidence of capillary flow cessation after the addition of ADO may
be caused by a decrease in vascular resistance due to the increased diameters of
arterioles and capillaries. The elimination of tone as induced by ADO led to such an
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increase in arteriolar diameter that the diameters during occlusion under ADO
remained considerably larger than those in the absence of ADO. This also holds for
the capillaries; capillary diameter during aortic occlusion under ADO was larger
than control diameter without ADO, while it was previously shown that capillary
diameter decreases during occlusion in the absence of ADO (Bosman e< a/, 19956).

With respect to the reduced incidence of capillary flow cessation under ADO, it
is likely that the increase in diameter plays a more important role in capillaries
than in arterioles. In skeletal muscle, blood cells have to deform when passing a
capillary because of its small lumen and irregularities due to protrusion of nuclei of
endothelial cells. At low flows, red blood cells distend and come closer to the
capillary wall, leading to increased interaction between cells and vessel wall
(Secomb, 1987), which may be an important factor in causing flow cessation at low
perfusion pressures. An increase in capillary diameter, as observed during
occlusion under ADO, will lead to a reduced interaction between blood cells and the
capillary wall, and most likely to a reduced incidence of flow cessation. Although the
diameter of arterioles increased considerably more than that of capillaries, the
interaction between blood cells and vessel wall is less pronounced. An increase in
arteriolar diameter will most probably increase perfusion pressure, which will lead
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to a reduction in the incidence of flow cessation. Whether capillary perfusion
pressure actually changes under ADO during occlusion depends on the actual
resistance changes in arterioles, capillaries, and venules. To assess the actual
changes in perfusion pressure, micropressure measurements are needed.

In our preparation, permanent white blood cell plugging was hardly ever
observed in the capillaries during flow cessation. In addition, massive sticking of
white blood cells in venules did not occur at low flows. It cannot be excluded,
however, that the incidence of capillary flow cessation is influenced by an increase
in red blood cell compaction stasis in venules at low flows (Gobel e< a/, 1989). When
the addition of ADO to the superfusate leads to an increase in perfusion pressure,
compaction stasis will probably diminish which results in a decrease in the
incidence of capillary flow cessation.
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The influence of oxygen on the incidence of flow cessation (Bosman ef a/, 19956)
was attenuated by the presence of ADO. This is illustrated in figure 7.6. We assume
that the incidence of flow cessation under ADO at a local poo of 20 mmHg is zero,
equal to the condition without ADO. In the presence of ADO, the incidence of flow
cessation is reduced, but still 20 to 30% of the capillaries exhibit flow cessation at a
local P02 between 40 and 100 mmHg. Assuming a total loss of arteriolar tone under
ADO, this suggests that the incidence of flow cessation is, at least partly,
independent of arteriolar tone.

A mechanism which might explain the increased incidence of capillary flow
cessation at an elevated local P02 is a reduction in red blood cell deformability in-
duced by oxygen free radicals (Powell e< a/, 1991, Uyesaka e< a/, 1992). It is possible
that under high P02 the production of oxygen free radicals is increased. Stiffening of
red blood cells will lead to an increased friction between the cells and the capillary
wall, which likely results in an increased incidence of flow cessation. The attenu-
ated effect of oxygen on flow cessation under ADO may be explained by the increase
in capillary diameter, which will reduce friction between the (stiff) red blood cells
and the capillary wall.

At first sight, the capillary diameter increase in the presence of ADO is easily
explained by a proportionally increased capillary transmural pressure. However,
capillary diameters were 7% (P<0.05) larger during complete aortic occlusion with
ADO than in the control situation without ADO, while capillary transmural
pressures during aortic occlusion (certainly less than 18 mmHg) were likely to be
lower than those reported in the literature under control circumstances (about 21 to
27 mmHg; Bohlen ef a/, 1977, Mellander et a/, 1987, Maspers <?< a/, 1990, Slaaf e< a/,
19876). In an earlier study, we found a comparable capillary diameter response to
ADO at a local P02 of 20 mmHg (Bosman e* a/, 1995a). A possible explanation for the
relatively large capillary diameters under ADO is the increase in endothelial
surface membrane induced by prolonged exposure to high transmural pressures
(Lee and Schmid-Schonbein, 1995). For this membrane recruitment, endothelial
vesicle membranes serve as a reservoir.

The variability in capillary diameter response in the present study may be ex-
plained by changes in the capillary luminal shape, which cannot be discriminated
by means of light microscopy. At low transmural pressures, the shape of the
capillary lumen may be more elliptical; at high transmural pressures, the shape
may become more circular (Lee and Schmid-Schönbein, 1995). Assuming the
orientations of capillary ellipticity to be randomly distributed over the muscle,
possible underestimations or overestimations of diameter changes by performing
the measurements without taking into account this orientation also occur at
random. Since in our study the median diameter response of a set of capillaries was
considered, we feel that luminal shape changes, if any, will only minimally affect
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the essence of our conclusions.
In conclusion, the reduced incidence of capillary flow cessation under ADO is

attended by an increase in arteriolar and capillary diameters. We propose that
especially capillary diameter changes influence flow cessation. The attenuated
arteriolar diameter response is probably only partly responsible for the increased
incidence of flow cessation at elevated oxygen tensions in the absence of ADO.

7.5. Summary

The observed positive correlation between cessation of red blood cell flow in
capillaries at low perfusion pressures and the oxygen tension (po2^ i" *he
superfusion solution may be due to oxygen dependent arteriolar constriction. To test
this hypothesis, we investigated capillary flow cessation during aortic occlusion and
concomitant changes in diameters of terminal arterioles and capillaries in normal
and vasodilated vascular beds of rabbit tenuissimus muscle (n=15) by means of video
intravital microscopy. In the vasodilated bed, arteriolar tone was eliminated by local
application of 10'^M adenosine (ADO). The P02 in the superfusate was varied locally,
i.e., in the solution between objective lens and muscle surface. At a local p©2 of 40
mmHg without ADO, flow ceased in about 50% of the capillaries during aortic
occlusion while the arterioles dilated to 118% of control (median; P<0.001). Addition
of ADO led to an increase in arteriolar and capillary diameter to 220% (median;
P<0.001) and 121% (median; P<0.05), respectively. Under ADO the incidence of
capillary flow cessation was reduced (P<0.05) to about 20%. The elevation of the local
PO2 from 40 to 100 mmHg in the presence of ADO did not lead to a significant change
in the incidence of flow cessation, nor to changes in arteriolar or capillary diameter.
In the presence of ADO, median arteriolar and capillary diameters during aortic
occlusion were 96% (P<0.001) and 7% (P<0.05) larger than their control diameters
without ADO, respectively.

In summary, it is suggested that the incidence of flow cessation may depend on
both the arteriolar and the capillary diameter. Of these two factors, capillary
diameter may be the most important one because its changes affect the interaction
between red blood cells and the vessel wall in the narrow capillaries, and, hence, the
resistance to flow. In the presence of ADO, at elevated local P02 levels flow cessation
still occurs in about 20-30% of the capillaries, suggesting that arteriolar contraction
is only in part responsible for the incidence of flow cessation.
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General discussion
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In capillaries, red blood cell flow may cease at a reduced but still positiv<
perfusion pressure. In skeletal muscle, this so-called flow cessation phenomenor
occurs in combination with upstream arteriolar dilation in response to the concomi
tant reduction in transmural pressure and no clear change in diameter of down
stream venules (Reneman e< a/, 1980, Tangelder e< a/, 1984, Slaaf e* aZ, 1986). Ir
rabbit tenuissimus muscle, it has often been noticed that red blood cell flow ceases ir
capillaries while blood remains flowing from transverse arterioles to venules, by-
passing the muscle capillary network (Reneman e* a/, 1980) through vessels located
in the connective tissue near the muscle (Lindbom and Arfors, 1984). These ob
servations indicate that the cause of the flow cessation phenomenon must be found
at the capillary level. Therefore, the major aims of the present thesis were to inves
tigate whether capillary diameter varies with perfusion pressure, and thus trans-
mural pressure, and whether the occurrence of capillary flow cessation at low driv-
ing pressures can be explained by capillary diameter reduction. Special attention
was paid to local narrowing of the capillary lumen by protrusion of endothelial
nuclei, which could induce localized obstructions for red blood cell passage. In
addition, the positive correlation between the incidence of flow cessation and local

oxygen tension (pOo^ i-®-« ̂ *e PO2 *" ^® superfusion solution between objective lens
and muscle surface, as found in preliminary experiments was further explored.
Experiments were performed on the tenuissimus muscle of young rabbits with the
use of intravital video-microscopy. Capillary perfusion pressure in the muscle was
reduced by complete occlusion of the descending aorta. Capillary diameters were
measured by means of light microscopy during various interventions. Capillary
diameter can be expressed as mean diameter (i.e., the average diameter of several
sites along the capillary) or as equivalent diameter which is a weighted mean
diameter. Both expressions were used to calculate resistance. The way of expressing
resistance does not lead to substantial differences in the results.

The findings in chapter 3 show that in young rabbit tenuissimus muscle,
capillary diameter varies with perfusion pressure: capillary diameter decreases by
about 6% during aortic occlusion and increases by about 12% during peak reactive
hyperemia after release of occlusion, leading to a calculated capillary resistance
increase of 27% and a decrease of 36%, respectively. In cat muscle Bjornborg and
colleagues (1990) showed that capillary transmural pressure decreases during
arterial occlusion and increases during reactive hyperemia. Hence, our observed
diameter changes are likely to be passive, following capillary transmural pressure
changes, which means that the capillaries are distensible. The diameter changes
are greater at the arteriolar end than at the venular end of the capillary, which may
be due to a difference in transmural pressure change and/or in distensibility of both
capillary ends. Local variations in distensibility within a short capillary segment
might be explained by local differences in wall composition (for example, absence or
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presence of an endothelial nucleus) and/or in capillary attachment to muscle fibers.
If we knew the capillary transmural pressures changes, we would be able to

calculate the distensibility of the capillaries. However, since direct micropressure
measurements to asses actual transmural pressures are not available, we esti-
mated the transmural pressure changes from literature data. Assuming that
transmural pressure is elevated by about 14 mmHg during reactive hyperemia, sim-
ilar to the increase in capillary pressure in a vasodilated bed of cat muscle (Maspers
el a/, 1990), a capillary diameter increase of about 12% per 14 mmHg rise in pres-
sure may be anticipated in rabbit tenuissimus muscle. This compares favorably
with findings of Lee and Schmid-Schönbein (1995) in a transmission electron micro-
scopic study in rat skeletal muscle. In this preparation capillary diameter increased
by 19% when transmural pressure was elevated from 18 to 36 mmHg.

In the study described in chapter 4, the role of capillary diameter reductions in
the flow cessation phenomenon was investigated. The capillary diameter reduction
during aortic occlusion is characterized by a general decrease along the whole
length of the capillary, sometimes accompanied by an additional local decrease
caused by intraluminal protrusion of an endothelial nucleus. However, the critical
diameter (2.8um), inhibiting red blood cells from flowing, is usually not reached. As
a consequence, a direct obstruction for red blood cell passage is hardly ever observed
in capillaries exhibiting flow cessation. The capillary diameter and the extent of its
reduction during aortic occlusion do not differ between capillaries with and without
flow cessation. Therefore, we conclude that capillary diameter reductions cannot
solely explain the flow cessation phenomenon. We propose that capillary diameter
reductions contribute to the incidence of flow cessation because they lead to a
considerable increase in capillary resistance. The lack of correlation between capil-
lary diameter reductions and the incidence of flow cessation may be due to a specific
role of red blood cells. It is feasible that red blood cells become more rigid at high
oxygen levels (see below) making their passage through capillaries more difficult.

In addition to diameter changes, the shape of the capillary lumen may alter
with transmural pressure. We occasionally observed that the endothelial nucleus
bulged into the capillary lumen during aortic occlusion and flattened during
reactive hyperemia. In addition, Lee and Schmid-Schönbein (1995) showed that
capillary luminal shape is elliptical at low transmural pressures and becomes
more circular at high transmural pressures. The transition from a more circular to
a more elliptical capillary lumen and its increased irregularity at low transmural
pressures will lead to an extra increase in resistance besides diameter reduction.
The diameter measurements as obtained by means of light microscopy do not allow
assessment of these luminal shape changes. Assuming that the elliptical orienta-
tions of capillaries are randomly distributed, the median diameter change of a large
set of capillaries provide a good estimation of the actual changes in mean capillary
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diameter and cross-sectional area.
Permanent white blood cell plugging in capillaries at low perfusion pressures

is rarely observed in our preparation and, hence, does not play a role in the flow ces-
sation phenomenon. In contrast, white blood cell plugging in capillaries is a major
phenomenon causing skeletal muscle blood flow disturbances during ischemia-
reperfusion (Schmid-Schönbein, 1987ft) and hemorrhagic shock (Bagge e< a/, 1980),
which may be explained by an increased number of recruited white blood cells
and/or an increased adhesion of white blood cells to the endothelium under these
circumstances.

The observation that the incidence of flow cessation depends on the local PO2»
prompted us to investigate this in more detail. The findings described in chapter 4
show that the incidence of flow cessation during 2 minutes of aortic occlusion
depends on local PO2' ^ * local PO2 of 20 mmHg or below flow is continuous in most
capillaries, while at a local PO2 of 70 mmHg or higher flow ceases in all capillaries.
This means that flow cessation during aortic occlusion only occurs at elevated local
PC>2. which may suggest that reduction of arterial pressure to 15-18 mmHg does not
induce an over-all capillary flow cessation in unexposed tissues.

The positive correlation between the incidence of capillary flow cessation and
local PO2 cannot be explained by capillary diameter reductions because capillary
diameter and its reduction do not depend on local PO2- A possible explanation for
this observation is an attenuated arteriolar dilator response to transmural pressure
reduction at elevated local PO2 due to oxygen dependent vasoconstriction (Sullivan
and Johnson, 1981). In the study presented in chapter 7, adenosine (lO'^M) was
topically applied to the muscle surface, which induces loss of oxygen dependent tone
resulting in dilated arterioles. The reduced incidence of flow cessation at elevated
local PO2 •" the presence of adenosine implies that arteriolar diameter is probably a
factor in the flow cessation phenomenon. The arterioles are apparently not fully
dilated at low pressures in a high oxygen environment in the absence of adenosine.
However, besides the increase in arteriolar diameter the application of adenosine
also leads to an increase in capillary diameter probably caused by an increase in
capillary transmural pressure. The latter observation supports the hypothesis that
capillary diameter influences capillary flow cessation. Because capillary diameter
is smaller than arteriolar diameter, the interaction between red blood cells and
vessel wall will be more pronounced in capillaries. In capillaries, friction between
red blood cells and vessel wall plays an important role as well as the red blood cell
repulsion from the wall because of the negative charge on the surface of both
endothelial cells and red blood cells (Vink ef a/, 1995). Therefore, the observed
increase in capillary diameter will likely have a greater effect on the reduced
incidence of flow cessation than the increase in arteriolar diameter. The increase in
arteriolar diameter may only affect the incidence of flow cessation by an increase in
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perfusion pressure, i.e., an increase in driving pressure, which also results in a
reduced cell - wall interaction in capillaries due to an increase in blood velocity
(Secomb, 1987). The extent to which perfusion pressure changes under adenosine
depends on the mutual differences in diameter increase between arterioles,
capillaries and venules. To verify this, micropressure measurements are needed.

The study in chapter 7 shows that in a vasodilated bed as induced by adenosine,
flow cessation still occurs in 20-30% of the capillaries at elevated local pOg while in a
non-dilated vascular bed flow cessation is absent at low local PO2 (<20mmHg;
chapter 4). Because the resistance is low in a vasodilated bed compared to that in a
non-dilated vascular bed, we suggest that oxygen affects the flow cessation
phenomenon not (only) by oxygen dependent arteriolar constriction, but (also) by
another mechanism, which is as yet unknown. We speculate that elevated local PO2
induces release of endothelial free oxygen radicals, which will reduce the
deformability of red blood cells (Powell <?< a/, 1991, Uyesaka et a/, 1992), leading to an
increase in blood flow resistance. Another possibility is that red blood cells of young
rabbits still possess some fetal hemoglobin, the oxidation of which might account for
the generation of dense and rigid red blood cells (Advani el a/, 1992).

One may argue that capillary flow cessation is influenced by an increase in
resistance downstream, i.e., in the venular bed, but no gross changes in venular
diameter are observed at low perfusion pressures (Reneman ef a/, 1980, Slaaf <?< a/,
1986). Also, massive white blood cell sticking does not occur at low perfusion
pressures. However, blood viscosity in venules may be increased by an increase in
red blood cell aggregation and sedimentation in venules at low flows (compaction
stasis; Göbel <?< a/, 1989).

Taking our findings and those reported in the literature into account, we
suggest that the occurrence of red blood cell flow cessation in capillaries cannot be
attributed to one specific factor but is due to several factors that have to be present at
the same time. Each factor contributes to an increase in blood flow resistance but
when present alone it cannot cause flow cessation. Factors involved are: reduced
perfusion pressure, reduced capillary diameters due to reduced capillary trans-
mural pressures, increased venular viscosity at low flows, attenuated arteriolar
dilator response at elevated p(>2> and possibly decreased red blood cell deformability
at elevated poo- Of these factors, oxygen seems to be the decisive one, since the flow
cessation phenomenon only occurs at elevated local PO2-

In whole-organ studies, the cause of cessation of arterial inflow or venous
outflow at positive low perfusion pressures is incompletely understood. One of the
explanations proposed is closure of microvessels. According to the critical closing
theory (Burton, 1951) arterioles close when transmural pressure falls below a
critical value. However, this theory was challenged by Azuma and Oka (1971), while
several microscopic studies showed that arterioles dilate rather than close at
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reduced perfusion pressures (Reneman e£ a/, 1980,Slaaf e/ a/, 1986, Borgström e/ ai
1990). Closure of venules according to the Waterfall theory (Downey and Kirk, 1975
Braakman et a/, 1990) or closure of capillaries due to interfacial forces (Nichol e< a<
1951, Sherman e< a/, 1980) as explanations for the positive zero flow pressures cai
also be rejected by microscopic observations showing that these vessels remaii
patent at reduced perfusion pressures (Reneman ef a/, 1980, House and Johnson
1986, Slaaf <?* a/, 1986, present study). In fact, MacPhee and Michel (1995) recentl
reported that negative transmural pressures are required to close venules ant
capillaries. Hence, microvessel closure cannot explain the positive zero flow pres
sures in whole-organ studies. Whether factors such as compliance, rheological fac
tors, and multiple inputs play a role, depends on the experimental conditions.

The study presented in chapter 6 shows that the increase in capillary diamete
under adenosine is greater than can be expected on the basis of an increase ii
trans-mural pressure alone. These unexpectedly large diameters may be explainei
by a dependency on the duration of exposure to transmural pressure. Prolonged ex
posure (>20 min) may lead to an extra increase in diameter by the incorporation o
endothelial vesicle membranes into the cell membrane, result.inp' in an incrpnspt

surface area of the endothelial cell membrane and thus to larger capillary
diameters (Lee and Schmid-Schönbein, 1995). This means that the history and
duration of transmural pressure exposure are crucial for the extent of capillary
distension: 2 minutes aortic occlusion leads to larger diameters when capillaries
are pre-exposed to high rather than to low transmural pressures for a prolonged
period of time.

It is tempting to speculate that the extra increase in capillary diameter under
adenosine is due to a direct dilator effect of adenosine. There is some evidence that
endothelial cells in the capillary wall contract under certain conditions (see chap-
ter 2). Adenosine may induce relaxation of the endothelial contractile components,
similar to the relaxation of vascular smooth muscle cells in the arteriolar wall.
Observation of capillary diameters directly from the onset of adenosine application
may reveal whether the diameter increase occurs acutely due to a direct effect of
adenosine or gradually due to the indirect effect of prolonged exposure to high pres-
sures.

The finding that capillaries in skeletal muscle are distensible is also of physio-
logical importance. A consequence of capillary distensibility is that it stabilizes cap-
illary transmural pressure: during aortic occlusion the decrease in capillary diam-
eter leads to a reduction of transmural pressure decrease, while during reactive
hyperemia the increase in capillary diameter leads to a decrease in transmural
pressure increase. Blood flow is facilitated by the increased capillary cross-sectional
area during reactive hyperemia, which means more flow against less resistance,
and may be an additional mechanism besides arteriolar dilation. Also, capillary
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diameter should be factored in when volume blood flow is considered during trans-
mural pressure changes since it influences flow carrying capacity and resistance
considerably (chapter 5). The additional increase in capillary diameter during
prolonged high transmural pressures could be beneficial in muscle exercise in
general. The extra increase in capillary diameter may also be a means to facilitate
muscle fiber repair (Peeze Binkhorst et a/, 1989).

In conclusion, the major findings of the studies described in this thesis are:
• Capillary diameter varies with capillary transmural pressure changes during

aortic occlusion, subsequent reactive hyperemia, and vasodilation as induced by
adenosine.

- Capillary diameter reductions during aortic occlusion may contribute to the
occurrence of flow cessation.

- At low local PO2 (<20 mmHg) flow cessation is virtually absent, while the incidence
of flow cessation increases at elevated local PO2-

- The incidence of flow cessation decreases in a vasodilated bed as induced by
adenosine.
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T36 Summary

In such clinical syndromes as compartment syndrome, intermittent claudica-
tion, and lower limb ischemia, reduced perfusion pressure results in disturbed per-
fusion of the skeletal muscle. Under these circumstances skeletal muscle blood flow
may cease despite a significant pressure difference across the microvascular bed.
Animal studies revealed that flow cessation occurs at the microcirculatory level.
During this so-called flow cessation phenomenon arterioles dilate and venules do
not change in diameter. This indicates that the cause of flow cessation is to be found
at the capillary level. The major aims of the present study were to investigate (1)
whether red blood cell flow cessation in skeletal muscle capillaries at low driving
pressures may be explained by capillary diameter reduction and (2) to what extent
capillary diameter varies with perfusion pressure, and thus transmural pressure.
Since in preliminary experiments we found a positive correlation between the inci-
dence of flow cessation and local oxygen tension (pQ )̂» '•*•> the PO2 in the superfu-
sion solution between objective lens and muscle surface, we also investigated
whether there is a relation between this local PO2' capillary diameter, and flow ces-
sation. Experiments were performed in situ on the tenuissimus muscle in the hind
limb of young rabbits using intravital video-microscopy. Capillary perfusion pres-
sure, and thus capillary transmural pressure, was varied by 1) two minutes of com-
plete aortic occlusion, 2) subsequent (sudden) release of the occluder, resulting in
reactive hyperemia, and 3) local application of adenosine for at least 20 minutes.
Capillary perfusion pressure and capillary transmural pressure are likely to de-
crease during aortic occlusion and increase during reactive hyperemia and adeno-
sine application.

The study described in chapter 3 shows that capillary diameters decreased by
6% during aortic occlusion (femoral artery pressure = 17 mmHg) and increased by
maximally 12% during peak reactive hyperemia when compared with the control
period. The diameter changes were greater at the arteriolar end of the capillaries
than at the venular end. As a consequence of the diameter changes, capillary resis-
tance was estimated to increase by 27% during occlusion and to decrease by 36%
during reactive hyperemia.

The role of capillary diameter reductions in the flow cessation phenomenon
was investigated in the study described in chapter 4. The capillary diameter reduc-
tion during aortic occlusion was characterized by a general decrease along the
whole length of the capillary, sometimes attended by a local extra decrease due to in-
traluminal protrusion of an endothelial nucleus. Usually, the capillary diameter
reduction did not lead to an obstruction for red blood cell passage. In addition, the
capillary diameter and extent of its reduction during aortic occlusion did not differ
between capillaries with and without flow cessation. This indicates that the flow
cessation phenomenon cannot be explained solely by capillary diameter reductions.
Because the diameter reductions result in considerable resistance increases, they
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may contribute to the occurrence of flow cessation.
Also in chapter 4, the relationship between local po„ and the incidence of flow

cessation is presented. During aortic occlusion, red blood cells remained flowing
through almost all capillaries when the local PO2 was 20 mmHg or below, while ele-
vation of local PO2 to 70 mmHg led to flow cessation in all capillaries. The depen-
dency of the incidence of flow cessation on local PO2 cannot be attributed to differ-
ences in capillary diameter since capillary diameter and its reduction did not
correlate with local PO2 (chapter 4). In the study presented in chapter 7, it was
investigated whether this dependency could be explained by oxygen dependent
arteriolar constriction. If this is the case, the arteriolar dilation in reaction to
reduced perfusion pressure would be impaired under high local PO2> leading to
smaller arteriolar diameters. Therefore, adenosine was applied on top of the muscle
surface to induce loss of oxygen dependent tone, resulting in dilated arterioles. The
incidence of flow cessation at elevated local PO2 was found to decrease from 100% to
20-30% in the presence of adenosine. This suggests that the increase in incidence of
flow cessation under high local PO2 '̂ , at least partly, due to impaired arteriolar
dilation. Besides the increase in arteriolar diameter, capillary diameters also
increased in the presence of adenosine probably due to an increase in capillary
transmural pressure. It is suggested that the increase in capillary diameter has a
greater effect on the reduced incidence of flow cessation under adenosine than the
increase in arteriolar diameter, because the interaction between red blood cells and
vessel wall is more pronounced in the narrow capillaries.

The finding that in a vasodilated bed, as induced by adenosine, flow cessation
still occurred in 20-30% of the capillaries at elevated local PO2 (chapter 7) and in a
non-dilated vascular bed flow cessation was absent at low local pOg (chapter 4), sug-
gests that oxygen affects the flow cessation phenomenon not (only) by oxygen depen-
dent arteriolar constriction but (also) by another as yet unknown mechanism.

Under adenosine, the increase in capillary diameter was greater than could be
expected on the basis of a mere increase in transmural pressure (chapter 6). Based
on the findings of Lee and Schmid-Schönbein (Ann Biomed Eng 23: 226-246, 1995) it
is proposed that prolonged exposure to a high transmural pressure in the presence
of adenosine, induces changes in capillary wall configuration, leading to larger
diameters. This extra stretch remains during transient transmural pressure
changes and only disappears after considerable time (about 15 minutes) when re-
turning to control pressures.

Chapter 5 deals with the consequence of capillary diameter changes for func-
tional capillary density, in case it is used as a determinant for capillary volume flow
and tissue exchange surface area. It is suggested that when functional capillary
density is assessed during interventions where capillary diameter may be expected
not to be invariant, capillary diameters have to be taken into account.



Summary

In conclusion, distensibility of capillaries in skeletal muscle is of physiologies
importance. Capillary diameter reductions, which occur at low perfusion pressure
and, hence, low transmural pressure, cannot solely explain the cessation of re<
blood cell flow in capillaries at low perfusion pressures, but may contribute to it. Th
flow cessation phenomenon may be due to a combination of factors such as reduce^
perfusion pressure, reduced capillary diameters, increased venular viscosity al lo\
flows, attenuated arteriolar dilator response at elevated PO2> ^id, possibly, a de
creased red blood cell deformability at elevated
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Flow cessation en diameterveranderingen
van de capillairen in de skeletspier

Inleiding

fl/oed en

Ons lichaam is opgebouwd uit miljarden cellen die allen voedingsstoffen en
zuurstof nodig hebben om in leven te blyven. Deze stoffen worden aangevoerd door
het bloed dat bovendien de afvalprodukten van de cellen afvoert. In het bloed zijn
deze stoffen opgelost in de bloedvloeistof (plasma) of opgenomen in bloedcellen en
bloedplaatjes. Het grootste deel (99%) van de bloedcellen zijn rode bloedcellen die
zorg dragen voor het zuurstof- en koolzuurtransport. Slechts 1% bestaat uit witte
bloedcellen dip tot. t.nnk hphhpn het lichaam t.p hpschprmp.n tjyp.n infp-ri.ip.s p.n AnrW*»

schadelijke invloeden. De kleinere bloedplaatjes spelen een centrale rol in de bloed-
stolling.

Het bloed bevindt zich in ons lichaam in een stelsel van buizen, het bloed-
vatenstelsel, en wordt rondgepompt door het hart. Vanuit het hart stroomt het bloed
onder hoge druk in de grote slagaders (arteriën) die zich vertakken om de weefsels
en organen van bloed te voorzien. In de organen en weefsels vertakken de arteriën
zich in steeds kleiner wordende slagaders (arteriolen). Deze arteriolen gaan vervol-
gens over in een netwerk van de allerkleinste bloedvaten, de haarvaten of capillai-
ren. Hier vindt de uitwisseling plaats van stoffen tussen het bloed en de weefsels.
Vanuit de capillairen wordt het bloed afgevoerd door kleine aders (venulen) die
samenvloeien tot grote aders (venen). Door deze venen wordt het bloed terug geleid
naar het hart.

De bloeddruk is het hoogst in de arteriën en het laagst in de venen. De druk in
de capillairen is ongeveer 20% van de bloeddruk in de arteriën.

De door6/oedm£ uctn de sAe/efspier

Een skeletspier heeft als functie het bewegen van het skelet, zoals tijdens lopen,
zwemmen en schrijven, en is opgebouwd uit langwerpige spiervezels. Elke spier-
vezel is omringd door capillairen die evenwijdig aan de vezels lopen. De capillairen
zyn dunne vaten met een doorsnede (diameter) van 3 tot 7 um (= 0.003-0.007 mm)
terwijl de lengte van een capillair wel 1000 um (= 1 mm) kan zijn. De wand van een
capillair is erg dun, en bestaat uit één laag cellen (endotheelcellen), omgeven door
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arteriole
endotheelcel kernen

rode bloedcellen

/. Sc/iema<iscAe /eAcnm^ uan een arterio/e en fu/ee capi//ajren me< daarin
sfromende rode 6/oedce//en. De diameters i>an capi//airen zyn Alein en som»
onre£cJma<i# door aanwezi^neid i;an uitput/ende Aernen van ercdo*/iee/ce//en. /n
de dunne capi/Zairen ueruormen de rode MoedceZZen.

een vliesje, de basaal membraan. Net zoals bijna elk type cel heeft de endotheelcel
een kern die uit onvervormbaar materiaal bestaat. De kernen bepalen in belangrijke
mate het uitsteken van de endotheelcellen in het vat. Het oppervlak aan de binnen-
kant van een capillair is daardoor onregelmatig (zie figuur 1).

De diameter van een capillair is zo klein dat de grootste deeltjes in het bloed, de
rode en witte bloedcellen, flink moeten vervormen als ze zich in een capillair bege-
ven. Voor de rode bloedcellen is dit geen probleem omdat ze zeer vervormbaar zijn
(zie figuur 1). De witte bloedcellen zijn groter en stijver, en hebben meer moeite een
capillair te passeren. Ze verplaatsen zich vrij traag en kunnen een capillair tijdelijk
verstoppen. Dit leidt meestal echter niet tot storingen in de doorbloeding van de
spier. De bloedplaatjes zijn zo klein dat ze ongestoord door de capillairen kunnen
stromen.

De doorbloeding van een spier kan sterk variëren. Tijdens inspanning, bijvoor-
beeld hardlopen, neemt de hoeveelheid bloed die per tijdseenheid door de skeletspie-
ren van de benen stroomt, sterk toe om aan de toegenomen behoefte aan energie
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capillair netwerk

arteriole
f i

venule

PA

Perfusiedruk =

Figuur 2. Sc/iema<tsc/ie M;eer#at;e uan een capiZ/air netu;erA mef een aanuoerend
ua< (arterio/e,) en een a/boerend nat (KenuZej. De capiZZaire door&Zoedin^ ts
a/7ianAeZi/'A fan de per/usiedrufc. PA = bZoeddrufc aan de arterioZaire zt/'de uan ne<
ne£u>er&; Py = Woeddrufc aan de uenu/a/re zi/'de i>an /ie/ neftferA. Pi/7</'es geuen de
slroomrtc/ifmg aan.

(voedingsstoffen en zuurstof) te voldoen. De drijvende kracht voor het stromen van
bloed is een druk verschil: het bloed stroomt van een plaats waar de druk hoog is
naar een plaats waar een lagere druk heerst. Voor de doorbloeding van de capillai-
ren geldt dat de drijvende kracht gelijk is aan de bloeddruk aan de arteriolaire zijde
van het capillaire netwerk minus de bloeddruk aan de venulaire zijde van het
netwerk. Dit verschil in druk wordt de perfusiedruk genoemd (perfusie = doorbloe-
ding; zie figuur 2). Wanneer de perfusiedruk stijgt, neemt ook de snelheid toe waar-
mee het bloed door de capillairen stroomt. De perfusiedruk, en dus de doorbloeding
van capillairen, wordt voornamelijk geregeld door de arteriolen die voor het capil-
lair netwerk liggen. Arteriolen kunnen hun diameter veranderen door de gladde
spiercellen in hun wand samen te trekken of te ontspannen. Wanneer de gladde
spiercellen zich ontspannen, neemt de diameter van de arteriolen toe. In dit geval
zal het stromende bloed minder weerstand ondervinden in de arteriolen. De bloed-
druk aan de arteriolaire zijde van de capillairen en dus ook de perfusiedruk nemen
toe en de capillaire doorbloeding stijgt.

In tegenstelling tot de arteriolen hebben capillairen geen gladde spiercellen in
hun vaatwand. Daardoor kunnen capillairen normaal gesproken niet zelf (actief)
hun diameter veranderen. Bloedvaten zonder gladde spiercellen in hun vaatwanden
kunnen echter wel onder invloed van drukveranderingen (passief) van diameter
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Transmurale druk = Pj

vaatwand

Figuur 3. Sc/iemahsc/ie dwarsdoorsnede uan een (passie/) e/asfiscn 6/oedi>af. De
diameter ts a/nanJfee/i/'Jfe uan de transmura/e rfruA. Pj - drwA in ne< ca/; Pft -

veranderen als ze een elastische vaatwand hebben. Zo zal een (passief) elastisch vat
zonder glad spierweefsel zich verwijden wanneer de druk in het vat (bloeddruk) toe-
neemt of de druk buiten het vat (veroorzaakt door omliggende strukturen zoals orga-
nen of weefsels) afneemt; een elastisch vat zal zich vernauwen wanneer de druk in
het vat afneemt of die buiten het vat toeneemt. Het verschil tussen de druk in het vat
en de druk buiten het vat wordt de transmurale druk genoemd (zie figuur 3). Bij
elastische vaten zal een verandering in transmurale druk dus leiden tot een veran-
dering in diameter. Dit heeft weer gevolgen voor de doorbloeding. Wanneer de dia-
meter toeneemt zal de weerstand van het vat afnemen en dus de doorbloeding toene-
men. Of de diameter van capillairen ook afhangt van de transmurale druk is niet
geheel duidelijk. Capillairen worden over het algemeen gezien als starre buizen die
nauwelijks van diameter kunnen veranderen. Verklaringen hiervoor zijn dat de
wanden van capillairen weinig elastisch zijn en/of het weefsel waarin de capillai-
ren zijn ingebed voor de stijfheid zorgt. Er zijn echter toch aanwijzingen dat capil-
lairen wel degelijk van diameter kunnen veranderen.
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Het onderzoek

"Aderverkalking" is een ziekte waarbij de diameters van arteriën sterk kun-
nen afnemen door afzettingen van allerlei stoffen tegen de vaatwand en door een
afname in elasticiteit van de vaatwand. De vernauwing van de arteriën leidt tot een
weerstandstoename voor het stromende bloed. Het gevolg is dat stroomafwaarts van
de vernauwing de transmurale druk, de perfusiedruk, en de bloedstroomsnelheid
afnemen. "Aderverkalking" kan gepaard gaan met doorbloedingsstoornissen in
organen waardoor ze slechter gaan functioneren. De verlaagde perfusiedruk is
wellicht een factor voor het optreden van deze doorbloedingsstoornissen.

Experimenten, waarbij gebruik werd gemaakt van een diermodel, toonden aan
dat wanneer de perfusiedruk wordt verlaagd door geleidelijke afsluiting van de
grote lichaamsslagader (aorta) de rode bloedcellen in capillairen van de skeletspier
op een gegeven moment kunnen gaan stoppen met stromen. Wanneer de cellen stil
gaan staan is er nog steeds een perfusiedruk aanwezig, welliswaar sterk verlaagd.
Dit is opmerkelijk, want er is nog steeds een (lage) drijvende kracht aanwezig om
het bloed (langzaam) te laten stromen. Het tot stilstand komen van de capillaire
doorbloeding bij verlaagde perfusiedrukken wordt het 'flow cessation fenomeen'
genoemd (flow = bloeddoorstroming; cessa t ion = tot stilstand komen). In het
vervolg van dit verhaal zal de engelse term 'flow cessation' gebruikt blijven worden.
Waarom de bloeddoorstroming stopt bij lage perfusiedrukken is niet bekend. Omdat
tijdens flow cessation ook de transmurale druk afneemt, was één van de mogelijke
verklaringen dat de arteriolen zich sluiten en op die manier de bloeddoorstroming
belemmeren. Deze theorie blijkt echter niet te kloppen. Experimenten hebben aan-
getoond dat de diameter van arteriolen tijdens een verlaagde perfusiedruk niet af-
neemt, zoals bij (passief) elastische vaten, maar juist toeneemt. De verlaagde perfu-
siedruk is een prikkel voor de arteriolen om zich te verwijden in een poging de
capillaire doorbloeding te handhaven. Het is gebleken dat ook venulen open blijven
staan tijdens verlaagde perfusiedrukken en dus verlaagde transmurale drukken.
Het ligt nu voor de hand de oorzaak van het flow cessation fenomeen bij de capillai-
ren zelf te zoeken. Het is mogelijk dat de bloeddoorstroming stopt doordat de diame-
ters van capillairen afnemen door een afname in transmurale druk. Dit betekent
echter wel dat de capillairen (passief) elastisch moeten zyn.
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Doel van het onderzoek

Het doel van de studie in dit proefschrift was antwoorden te krijgen op de
volgende vragen:

• verandert de diameter van capillairen in de skeletspier wanneer de transmura-
le druk van het vat verandert. Met andere woorden: zijn capillairen (passief)
elastisch?

• kan het flow cessation fenomeen verklaard worden door een diameterafname
van de capillairen?

In een vroeg stadium van onze experimenten bleek dat het optreden van flow ces-
sation tijdens lage perfusiedrukken afhankelijk was van de hoeveelheid zuurstof in
de vloeistof die op het spiertje werd gedruppeld. Daarom vroegen we ons ook af:

• wat is de relatie tussen het optreden van flow cessation en de zuurstofconcentra-
tie in de vloeistof?

• zijn de diameters van capillairen bij een bepaalde transmurale druk afhankelijk
van de zuurstofconcentratie in de vloeistof?

Methode

In deze studie werden de vaten bestudeerd van de tenuissimus spier, een dun
skeletspiertje gelegen in de achterpoot van het konijn. Vlak voor de experimenten
werd het konijn verdoofd en vervolgens onderworpen aan een aantal chirurgische
ingrepen. In een aantal bloedvaten werden catheters aangebracht om de hartslag
en bloeddruk van het dier te kunnen registreren gedurende het experiment. Teven»
werd er een soort ringvormig ballonnetje (occluder) rond de aorta gelegd, dat met
behulp van een kleine pomp opgeblazen kon worden en op die manier de aorta dicht
kon drukken. Afsluiting (occlusie) van de aorta heeft tot gevolg dat de bloedtoevoer
naar de achterpoten en dus ook naar de tenuissimusspier wordt verminderd. Als
laatste werd in de linker achterpoot de tenuissimus spier blootgelegd, zonder daarbij
de zenuw- en vaatvoorziening van de spier te beschadigen, door een deel van de huid
en een bovenliggende spier weg te klappen.

Na deze handelingen, werd de linker achterpoot in een afsluitbare doos ge-
plaatst en onder de spier werd een lichtgeleider aangebracht om de spier van onder-
af te belichten. Daarna werd het konijn overgebracht naar de microscoop om de va-
ten van de spier te bestuderen. Met behulp van een videocamera werden de micro-
scopische beelden geprojecteerd op een TV scherm en opgenomen op video. De video-
opnamen gaven ons de gelegenheid de beelden na het experiment nog eens te
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bestuderen.

Met behulp van de microscoop werden kleine gebieden van de spier geselec-
teerd met duidelijk zichtbare arteriolen en capillairen. Deze vaten werden opgeno-
men op video tijdens een controle periode (2 tot 5 minuten), tijdens een totale occlusie
van de aorta (2 minuten), en na het abrupt opheffen van de occlusie (2 minuten). In
figuur 4 is de stroomsnelheid van de rode bloedcellen in een capillair weergegeven
tijdens dit protocol. Gedurende de controle periode zien we een wisselende snelheid
die het gevolg is van diameterveranderingen in de aanvoerende arteriolen. Tijdens
occlusie, en dus tijdens een verlaagde perfusiedruk en transmurale druk, neemt de
stroomsnelheid sterk af. Na occlusie neemt de snelheid sterk toe en stijgt boven de
controle-snelheden uit. Deze versnelde doorbloeding is een reactie op de tijdelijke
occlusie en wordt reactieve hyperemie genoemd. Tijdens de reactieve hyperemie
stijgen ook de perfusiedruk en de transmurale druk boven de controle drukken uit.

In een aantal experimenten werd er tevens een oplossing met adenosine op het
spiertje gedruppeld. Adenosine is een vaatverwijder, dat wil zeggen dat in aan-
wezigheid van deze stof de gladde spiercellen in de wanden van de arteriolen zich
ontspannen en de arteriolen dus sterk verwijden. In aanwezigheid van adenosine
nemen de transmurale druk, de perfusiedruk en dus ook de bloedstroomsnelheden
in de bloedvaten van de spier sterk toe.

(O

E

controle periode occlusie

60 120 180 240

tijd (sec)

300 360

Figuur 4. De sfroomsne/neid van rode 6/oedceZ/en in een capt/Zatr gedurende een
confro/e periode zonder inferuenfte, occ/uste en reac(jei;e /typeremte
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Tenslotte werd in sommige experimenten de zuurstofconcentratie gevarieerd
in de vloeistof die continu op het spiertje werd gedruppeld. Dit gebeurde zeer locaal.
Alleen in het deel van de vloeistof tussen de microscooplens en de spier werd de
zuurstofconcentratie gevarieerd. De rest van de spier werd in een zuurstofarme om-
geving gehouden door stikstofgas in de doos te blazen opdat de zuurstof verdreven
werd.

Resultaten

uare capt//airen

Onze eerste vraag was of capillairen in de skeletspier (passief) elastisch zijn en
dus van diameter veranderen als de perfusiedruk, en daarmee de transmurale
druk, verandert. Om deze vraag te beantwoorden, zijn de diameters van een grote
groep capillairen gemeten tijdens een controle periode, tijdens occlusie (verlaagde
transmurale druk), en tijdens reactieve hyperemie (verhoogde transmurale druk).
Als we een hele set capillairen in beschouwing nemen, dan zien we dat de diameter
afneemt met 6% tijdens occlusie en toeneemt met maximaal 12% tijdens reactieve
hyperemie. De capillairen kunnen dus van diameter veranderen. Het bleek dat de
diameter van een capillair niet overal in gelijke mate veranderde. De diameter
veranderingen aan de arteriolare zijde van een capillair waren groter dan die aan
de venulaire zijde van het capillair. De veranderingen in weerstand van de capil-
lairen als gevolg van de diameterveranderingen, kunnen berekend worden. Tijdens
occlusie neemt de weerstand toe met ongeveer 27% (bij een diameterafname van 6%)
en tijdens reactieve hyperemie af met ongeveer 36% (by een diametertoename van
12%). De geringe diameterveranderingen leiden dus tot aanzienlijke weerstands-
veranderingen.

F/oif cessation en diametera/hame van capiWairen

Vervolgens is onderzocht of het flow cessation fenomeen verklaard kan worden
door een diameterafname van de capillairen als gevolg van de verlaagde transmu-
rale drukken. We vonden dat de vernauwing van de capillairen tijdens occlusie over
het algemeen niet zó sterk was dat het leidde tot een directe obstructie voor rode
bloedcellen. Slechts in een enkel geval was een capillair plaatselijk ernstig
vernauwd door een sterk opgebolde endotheelcelkern die daardoor flink in het vat
uitstak. In deze gevallen konden de zeer flexibele rode bloedcellen meestal toch
passeren, hoewel duidelijk met moeite. We vonden ook dat de diameters en diame-
terafname tijdens occlusie niet verschilden tussen de capillairen waarin de rode
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bloedcellen stil stonden en de capillairen waarin het bloed nog langzaam bleef
stromen. Dit betekent dat het flow cessation fenomeen niet uitsluitend verklaard kan
worden door een diameterafname van de capillairen. Omdat de diameterafname
van capillairen resulteert in een aanzienlijke toename in weerstand, kan het wel
bijdragen tot het optreden van flow cessation.

F/ou; cessation en zuurste/"

Een verrassende bevinding in ons onderzoek was dat het aantal capillairen
waarin flow cessation optrad afhing van de locale zuurstofconcentratie in de vloei-
stof op de spier. Bij lage zuurstofconcentraties trad er nauwelijks flow cessation op
tijdens verlaagde perfusie drukken: in bijna alle capillairen bleven de rode bloed-
cellen langzaam stromen. Verhoging van de zuurstofconcentratie leidde uiteinde-
lijk tot flow cessation in alle capillairen. Het is moeilijk een verklaring te vinden
voor de afhankelijkheid van het flow cessation fenomeen voor zuurstof. Het kan niet
toegeschreven worden aan verschillen in diameterafname van de capillairen omdat
de diameterafname niet veranderde onder verschillende zuurstofconcentraties. Het
is echter bekend dat arteriolen gevoelig zijn voor zuurstof en zich vernauwen
wanneer er veel zuurstof aanwezig is. Dit betekent dat in een situatie waarbij de
perfusiedruk is verlaagd, de arteriolen zich minder verwijden bij hoge zuurstof-
concentraties dan bij lagere concentraties. Een kleinere diameter van arteriolen zou
kunnen leiden tot een groter aantal capillairen met flow cessation. Om dit te
onderzoeken werd adenosine op het spiertje gedruppeld dat er voor zorgde dat de
arteriolen ongevoelig werden voor zuurstof en zich sterk verwijden. In aanwe-
zigheid van adenosine en een hoge zuurstofconcentratie nam het aantal capillairen
met flow cessation af van 100% tot 20-30%. Dit duidt er op dat onvoldoende verwijding
van arteriolen mogelijk een rol speelt in het flow cessation fenomeen. We vonden
echter dat de diameters van capillairen ook toenamen in aanwezigheid van adeno-
sine door een toename in transmurale druk van de capillairen. We denken dat de
toename in capillaire diameter een groter effect heeft op het afgenomen aantal
capillairen met flow cessation dan de toename in arteriolaire diameter, omdat de
interactie (wrijving) tussen rode bloedcellen en vaatwand een grotere rol speelt in de
dunne capillairen. Dit zou dus weer een aanwijzing kunnen zijn dat de diameters
van capillairen een rol spelen in het flow cessation fenomeen.

Omdat bij verhoogde zuurstofconcentraties en in aanwezigheid van adenosine
toch nog flow cessation optrad in zo'n 20 tot 30% van de capillairen, kan de zuurstof-
afhankelijke vernauwing van arteriolen in ieder geval niet alles verklaren. Er moet
nog een ander mechanisme zijn dat ervoor zorgt dat het aantal capillairen met flow
cessation toeneemt bij verhoogde zuurstofconcentraties. Een mogelijkheid is dat de
vervormbaarheid van rode bloedcellen afneemt bij verhoogde zuurstofconcentraties
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waardoor ze moeilijker een capillair in kunnen en sneller vastlopen.

Adenosme en diameterueraneterin^en con captV/airen

Het viel op dat in aanwezigheid van adenosine de diametertoename van de
capillairen groter was dan kon worden verwacht op grond van een stijging in trans-
murale druk alleen. Dit is waarschijnlijk het gevolg van de langdurige blootstelling
(ongeveer 20 minuten) aan een hoge transmurale druk die resulteert in een afname
in dikte van de vaatwand waardoor de diameters van de capillairen extra toenemen.

Capi/Zaire /uncfione/e (fic/iMeief

Tenslotte is ook stil gestaan bij de betekenis van capillaire diameterveran-
deringen voor de functionele capillaire dichtheid, oftewel het aantal capillairen
waarin het bloed stroomt per mm^ spier. De functionele capillaire dichtheid wordt
vaak gebruikt als maat voor: 1) de hoeveelheid bloed die per tijdseenheid door de
capillairen kan stromen, en 2) de hoeveelheid stoffen die uitgewisseld worden
tussen het bloed en de weefsels. Deze parameters zullen beiden toenemen als de
diameter van de capillairen toeneemt. Immers, als de diameters zijn vergroot dan
kan er meer bloed in 1 capillair en is het oppervlak waarover er uitwisseling plaats
vindt, vergroot. Dit betekent dat als de functionele capillaire dichtheid gebruikt
wordt als maat voor de hoeveelheid doorbloeding en uitwisseling in gevallen dat de
diameters van de capillairen variëren, de diameters van capillairen ook bepaald
moeten worden.

Conclusies

Capillairen in de skeletspier zijn (passief) elastisch, hetgeen van grote
betekenis is voor de doorbloeding van het orgaan. De afwezigheid van de bloeddoor-
stroming in capillairen (flow cessation) tijdens verlaagde perfusiedrukken kan niet
volledig verklaard worden door een diameterafname van de capillairen. Het flow
cessation fenomeen is waarschijnlijk het gevolg van een combinatie van een aantal
factoren, waarvan de diameterafname van de capillairen er één is. Andere factoren
die mogelijk een rol spelen zijn: 1) de verlaagde perfusie druk, 2) de relatief kleine
diameters van arteriolen tijdens verhoogde zuurstofconcentraties, 3) de verminder-
de vervormbaarheid van rode bloedcellen tijdens verhoogde zuurstofconcentraties,
en 4) de toename in stroperigheid van het bloed tijdens de verlaagde stroomsnelhe-
den.
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Chapter 1

General introduction



TO Chapfer

In resting skeletal muscle of young rabbits, perfusion of the smallest blood
vessels (capillaries) is intermittent: red blood cells speed up and slow down at a rate
of 5-30 times per minute. The intermittency of capillary blood flow is caused by
diameter changes of vessels upstream, the arterioles. The driving force for blood to
flow through muscle is the perfusion pressure, i.e., the pressure difference between
the sites of arterial inflow and venous outflow. There are several clinical syndromes
in which reduced perfusion pressure results in disturbed perfusion of skeletal
muscle, such as compartment syndrome (Reneman, 1975), lower limb ischemia
(Ubbink et a/, 1992), and intermittent claudication (Bollinger and Fagrell, 1990).

Direct intravital microscopic observation of skeletal muscle capillaries revealed
that gradual reduction of perfusion pressure may lead to complete cessation of
capillary red blood cell flow at a finite perfusion pressure. This is called the flow
cessation phenomenon (Reneman e< a/, 1980, Slaaf e< aZ, 1986). The cause of the flow
cessation phenomenon is still not clear. An early explanation that flow would cease
at finite perfusion pressure was given by Burton (1951) who proposed that
microvessel8 would collapse as perfusion pressure was lowered. Diameter of
microvessels is governed by the equilibrium between extending forces resulting
from transmural pressure (i.e., the pressure difference between the inside and
outside of the vessel) and wall tension. According to Burton's hypothesis, micro-
vessels that have walls containing active smooth muscle cells, would become unsta-
ble when transmural pressure falls below a critical value (critical closing pressure),
resulting in a sudden collapse; the transmural pressure can no longer equilibrate
the constricting forces. This closure of vessels would cause cessation of blood flow.
This theoretical concept of critical closure, however, could not be confirmed experi-
mentally. Microscopic observations revealed that during flow cessation feeding
arterioles (pre-capillary vessels) dilate and draining venules (post-capillary vessels)
do not clearly change in diameter (Reneman el a/, 1980, Slaaf ef a/, 1986). The
autoregulatory response of arterioles to reduction in transmural pressure reduces
vessel tone, minimizing the constricting forces and rendering vessel collapse virtu-
ally impossible.

The remaining site for diameter reduction to such an extent that it would
hamper red blood cell flow would be the capillary. Under normal conditions, capil-
lary diameters are so small (between 3 and 7 urn) that red blood cells have to deform
to pass the capillaries. The critical diameter of a straight tube for red blood cell flow
is about 2.8 urn (Henquell e< a/, 1976, Chien et a/, 1984). In vivo, the critical diameter
may be larger because of the presence of electrostatic repulsive forces between red •
blood cells and negatively charged surface of the capillary wall, which increases the
resistance for red blood cell flow (Vink ef a/, 1995). Capillary diameter reduction to
values below this critical diameter could lead to cessation of blood cells in capillar-
ies.
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Whether capillary diameter actually decreases with reduced perfusion pres-
sure and, hence, transmural pressure, is not yet clear. It is generally accepted that
in skeletal muscle capillary diameter only slightly changes under physiological
conditions. The capillary is supposed to act as a rigid tube which means that diame-
ter changes due to transmural pressure changes are negligible. The apparent rigid-
ity of capillaries may be caused by a stiff wall (Murphy and Johnson, 1975) and/or by
support of the surrounding tissue (Fung ef a/, 1966). The idea of indistensible capil-
laries is based on direct microscopic observations (Nichol ef a/, 1951, Baez ef a/,
1960). However, more recent studies, in which a higher optic resolution was
achieved, demonstrated that capillaries are physiologically distensible. Smoje and
colleagues (1980) found that the small transmural pressure fluctuations occurring
during the cardiac cycle made capillaries expand end recoil (less than 1%). Others
showed that capillary diameters clearly increased when the transmural pressure
was considerably increased step-wise (Skalak and Schmid-Schönbein, 1986fc. Davis,
1988, Bouskela and Wiederhielm, 1989, Swaynec* a/, 1989). When the extent of capil-
lary transmural pressure reduction during flow cessation is comparable with these
pressure changes, capillary diameters could substantially decrease during lower-
ing of perfusion pressure, and actually lead to flow cessation.

In preliminary experiments, we found a positive relationship between oxygen
tension in the solution dripping on the muscle and incidence of capillary flow
cessation. This relationship might be explained by smaller diameters of micro-
vessels under higher oxygen tensions.

The studies described in this thesis were performed to gather more insight into
the relationship between the incidence of flow cessation and capillary diameter
reductions and, in addition, into the change of capillary diameter, if any, under low
perfusion pressures and subsequent reactive hyperemia. Also, the role of oxygen in
the flow cessation phenomenon was investigated. The experiments were performed
in situ on skeletal (tenuissimus) muscle in the rabbit left hind limb. Microvessels
were visualized by means of intravital video microscopy. Perfusion pressure in the
muscle was reduced by complete occlusion of the descending aorta. During complete
aortic occlusion, perfusion pressure remained positive due to collateral circulation.

In chapter 2 of this thesis, the anatomy and physiology of skeletal muscle is
briefly described. In addition, a survey is given of the present and most relevant
knowledge on the flow cessation phenomenon.

In c/iapter 3, the changes in capillary diameters are described during low
perfusion pressure (complete aortic occlusion) and during reactive hyperemia, i.e., a
phase of increased blood flow after release of the occlusion. Because of the large
dispersion in diameter response, the extent of diameter changes at the arteriolar
end of the capillaries was compared with that at the venular end.
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C/iapter 4 describes the relationship between the extent of capillary diameter
reduction and minimally attained capillary diameters during aortic occlusion on
the one hand and the incidence of capillary flow cessation on the other. Also, the
influence of oxygen tension on the incidence of flow cessation is described, as well as
the influence of oxygen tension on capillary diameter during flow cessation.

C/mp/er 5 evaluates the consequence of changes in capillary diameter and
number of capillaries perfused during low perfusion pressures and reactive hyper-
emia under various oxygen tensions for functional capillary density (the number of
perfused capillaries per unit tissue). Functional capillary density is generally used
as a determinant for tissue exchange surface area and capillary volume flow.

In addition, experiments were performed in the presence of topically applied
adenosine, a vasodilator which eliminates the arteriolar activity resulting in pas-
sive, vasodilated arterioles.

C/iap/er 6 describes capillary diameter changes under adenosine (at low
oxygen tensions) since it is known that arteriolar vasodilation results in an increase
in capillary transmural pressure.

In chapter 7, the incidence of capillary flow cessation during aortic occlusion
and the concomitant changes in diameters of arterioles and capillaries are com-
pared in a normal and a vasodilated (due to adenosine) vascular bed. Additionally,
the influence of oxygen in the presence of adenosine on the incidence of flow
cessation is described at two oxygen tensions, i.e., an intermediate and a maximal
oxygen tension considering the incidence of flow cessation in the absence of adeno-
sine.

C/iapter 8 is the general discussion in which the results described in the exper-
imental chapters (3-7) are put into perspective.

The thesis is concluded with a summary.



Chapter 2

Blood flow in skeletal muscle

An overview
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In this chapter a short overview is given of the most relevant literature
regarding skeletal muscle blood flow. Special attention is paid to perfusion pressure-
flow relationships and the observation of zero arterial inflow during positive
perfusion pressures in whole-organ studies. Finally, the present knowledge on the
flow cessation phenomenon is given and possible explanations for the occurrence of
this phenomenon are discussed.

2.1 Vascular architecture of tenuissimus muscle

The tenuissimus muscle, which is used in the experiments of the present
thesis, is often taken as a typical example to describe skeletal muscle vasculature.
The tenuissimus muscle is a thin, airfoil-shaped skeletal muscle in the hind limb of
cats and rabbits, containing a mixture of red and white muscle fibers (Eriksson and
Myrhage, 1972, Childs and Arfors, 1976, Myrhage, 1978). The microvascular bed
consists of arterioles, capillaries, and venules. Arterioles feed the capillary network
while venules drain blood from the capillaries. In the capillary network exchange of
fluid, nutrients, and waste products between blood and tissue takes place. In the
tenuissimus muscle, the microcirculation is supplied by one central artery which
runs longitudinally through the thickest part of the muscle, parallel to the muscle
fibers (see figure 2.1). From this artery, several branches originate that run oblique
to the muscle fibers. These branches and their major dichotomies are called
transverse arterioles. In resting tenuissimus muscle, mean caliber of transverse
nrterioles ranges from 6 to 45 um (Reneman et a/, 1980, Lindbom and Arfors, 1984,

capfflaries ^
central vein-7^-

central arter'^—

transverse arteriole

2.2. Se/iemafic drawing o/" tne uascu/ature in rabbit tenuissimus muse/*.
Arrows in tne cesse/s indicate direction o/"/7ou>.
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Tangelder er a/, 1984, Slaaf e* a/, 1987c, Meyer rt a/, 1988, Oude Vrielink e/ a/, 1989,
Borgström ef a/, 19906). Transverse arterioles frequently form arcades with neigh-
boring transverse arterioles. Transverse arterioles mostly end in the connective
tissue near the muscle where they form short shunt-like connections with draining
venules which return into the muscle tissue (Lindbom and Arfors, 1984). From one
transverse arteriole several smaller arterioles, the first order side branches (FOS),
branch off. These FOS, with diameters between 4 and 12 urn (Tangelder ef a/, 1984,
Oude Vrielink ef a/, 1989) divide several times and end in capillaries. These
arteholes may also be directly connected to the venules by so-called thoroughfare
channels (Slaaf ef a/, 1987a) which are often twice as wide as a capillary (Lindbom
and Arfors, 1984). The FOS are the main controllers of capillary perfuaion and are
therefore functionally considered as terminal arterioles (Johnson, 1980, Slaaf <•< a/,
1987c, Sweeny and Sarelius, 1989). More than 50 capillaries may branch from one
terminal arteriole (Lindbom and Arfors, 1985). The capillaries run parallel to the
muscle fibers and are about 1000 nm long. Several interconnections between
adjacent capillaries may exist. Each muscle fiber is surrounded by 3 to 4 capillaries
(Eriksson and Myrhage, 1972). The capillary density (i.e., the number of capillaries
per mm2 tissue cross-section) is about 657 (Myrhage, 1978). The diameter of
capillaries is about 3 to 7 um. Capillary flow collects in small venules which unite in
transverse venules. Tranverse venules end in the central vein which drains the
blood from the muscle.

The wall of arterioles, the thickness of which may be as much as half the
luminal diameter, contains a layer of endothelial cells, one or two layers of smooth
muscle cells, collagen fibers, and connective tissue. The capillary wall, however, is
very thin: it consist of only a single layer of endothelial cells surrounded by a thin
basal membrane which splits to enclose occasional cells called pericytes (see figure
2.2). Therefore, the boundary between arteriole and capillary is relatively sharp, and
marked by the disappearance of smooth muscle cells. Walls of venules do not have a
confluent layer of smooth muscle cells but possess a discontinuous layer of pericytes
or primitive smooth muscle cells. As a consequence, the transition from capillary to
venule is morphologically less defined and occurs gradually (Simionescu and
Simionescu, 1984).

The vascular architecture of tenuissimus muscle is comparable to that of other
skeletal muscles used in intravital microscopic studies. In skeletal muscle, vessels
are organized in sharply defined areas called vascular units (Eriksson and
Myrhage, 1972). Each vascular unit is supplied with blood by one arteriole while no
interconnections between adjacent units exists (Roller c< aZ, 1987). The arterioles
branch from a large arcading arterial system, which is fed by several arteries
entering the muscle. The relatively small tenuissimus muscle represents one
vascular unit (Eriksson and Myrhage, 1972). The division of repeating modules
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consisting of one transverse arteriole, its side branches, capillaries, collecting
venules and one or two transverse venules, is typical of all skeletal muscles (Skalak
and Schmid-Schonbein, 1986a).

2.2 Pressure distribution

The heart pumps blood through the vascular system. In large arteries, which
transport blood to the various organs, blood pressure is relatively high. In that way,
the input pressure of an organ is high enough to supply it with sufficient amounts
of blood. Capillary pressure, however, has to be low to prevent the thin-walled
capillaries from damaging and, in addition, to prevent excessive fluid filtration
(Renkin, 1984). The arterioles, which are also called resistance vessels, function as
separators of the high and low pressure part of the circulation. In figure 2.3, a
typical pressure distribution in skeletal muscle is presented; the largest pressure
drop occurs in the smallest arterioles. In tenuissimus muscle of the cat, the
pressure in the central artery is on the average about 95% of systemic blood
pressure, in transverse arterioles 70%, in the terminal arterioles 40%, and in the
smallest venules 24%. The pressure difference across the capillary network is
approximately 15 mmHg. In the middle of the capillary network, transmural
pressure (i.e., the pressure difference between the inside and outside of the vessel) is
estimated to be about 27 mmHg (Fronek and Zweifach, 1975).
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Figure 2.3. Pressure distribution in f/ie c<rcii/a/ion.

2.3 Blood flow in skeletal muscle

2.3.1 Poiseuille's law

The driving force for a fluid to flow through a cylindrical vessel is the pressure
gradient. The flowing fluid experiences resistance, the extent of which is deter-
mined by the geometry of the vessel, i.e., diameter and length, and by the viscosity of
the fluid. In case of a Newtonian fluid, such as blood plasma, the viscosity is not
dependent on the applied forces or the size of the vessel. For a Newtonian fluid, the
relationship between pressure and steady flow in a vessel is described by Poiseuille's
law (Fung, 1984), which states that the flow rate of a fluid, F, is directly proportional
to the pressure difference over the vessel, AP, and the fourth power of the uniform
vessel diameter, D, and inversely proportional to vessel length, L, and fluid viscosity,

F =7t-D«-AP
128-TI-L
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Vascular resistance (R) is equal to:

_ AP 128 T|L

Diameier. As flow rate is proportional to the fourth power of diameter, small
changes in vessel diameter will have a considerable effect on flow. A 10% increase
in vessel diameter will lead to a 46% increase in flow if the pressure difference over
the vessel remains unchanged. Similarly, decreasing vessel diameter by 10% will
cause a 53% increase in resistance and a reduction in flow by as much as 34%.

Viscosity. Blood is a viscous fluid composed of (deformable) cells suspended in
plasma. Red blood cells constitute more than 99% of the total cell volume and white
blood cells make up less than 1%. Due to the presence of cells, blood is a non-
Newtonian fluid. At low flows, red blood cells have the tendency to form aggregates
which leads to an increase in viscosity. With a decrease in vessel diameter, viscosity
decreases (Fahraeus-Lindqvist effect). This effect is attributed to the decrease in lo-
cal hematocrit with decreasing vessel diameter (Fahraeus effect), caused by the fact
that red blood cells preferentially flow in the center of the vessel where velocity is
highest. Hence, red blood cell velocity is higher than mean plasma velocity. As a
consequence, red blood cells pass a microvessel more rapidly than plasma leading to
reduction in mean local red blood cell concentration. In glass tubes, the decline in
viscosity progresses until the diameter reaches a value of about 5-7 urn. In tubes
with smaller diameters, a steep increase in viscosity occurs (Gaehtgens, 1980, Pries
cf a/, 1992). In vivo, however, minimal viscosities are reached at vessel diameters of
about 30 um (Pries e/ a/, 1994). Factors which may contribute to the discrepancy
between viscosity in vitro and in vivo are: interactions between blood and macro-
molecules on the inner endothelial surface of the vessel in vivo, the irregularity of
the inner vessel contour in contrast to the uniform diameter of a glass tube, the
average vessel length being shorter than that of tubes, and the presence of white
blood cells which are removed from the blood samples used in most tube flow
studies.

Because blood is a non-Newtonian fluid, Poiseuille's equation should be inter-
preted with caution when dealing with the flow of blood in blood vessels in vivo. If
one nevertheless calculates the viscosity of blood from Poiseuille's law, assuming
that it is independent of pressure gradient and diameter, the calculated viscosity
coefficient is called apparent viscosity.
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2.3.2 Active arteriolax diameter changes

In skeletal muscle, capillary perfusion pressure is mainly determined by up-
stream arteriolar resistance. An important factor which affects arteriolar resis-
tance is arteriolar diameter. Arterioles are able to change diameter actively by con-
traction of smooth muscle cells in the vessel wall. Smooth muscle contraction leads
to reduction in vessel diameter while relaxation of smooth muscle causes the vessel
to dilate. Under resting conditions, vascular smooth muscle cells are in a sustained
state of contraction, which is known as basal tone. Arteriolar tone and, thus, arteri-
olar diameter, are determined by an interplay between several factors such aa
neurogenic, metabolic, humoral, and hemodynamic factors.

A êr̂ ous con/ro/. Nervous control of arteriolar tone in skeletal muscle it
basically influenced by the sympathetic nervous system (Marshall and Hébort, 1986).
Neurotransmitters which are known to cause vasoconstriction in skeletal muscle
are norepinephrine and neuropeptide Y. Neurotransmitters which cause vaso-
dilation are epinephrine, acetylcholine, and substance P (Granger ?f a/, 1984, Ohlén
ef a/, 1988). Many investigators have attempted to elucidate the site of action of
vasoactive agents and the precise mechanism(s) involved in the arteriolar tone
response. It has been shown that acetylcholine and substance P act via vascular
endothelium, the cell layer at the luminal surface of a (micro)vessel (Pohl e< a/,
1987). The vasodilators elicit the release of endothelial EDRF (endothelium derived
relaxing factor), which induces relaxation of smooth muscle cells (Furchgott and
Zawadzki, 1980). The main candidate for EDRF is nitric oxide (Persson e« a/, 1990,
Moncada e< a/, 1991).

Meta6o/tc and Aumora/ coniroZ. Regarding the metabolic and humoral factors,
a large number of elements has been identified to influence arteriolar diameter:
oxygen, CO2, pH, potassium, inorganic phosphate, lactate, adenosine, cata-
cholamines, serotonin, angiotensin, histamine, bradykinin, and vasopressin.
Metabolic factors play an important role in blood flow regulation in skeletal muscle
during exercise (Hudlicka and el Khelly, 1985). To meet the increased need for nu-
trients and oxygen during muscle contraction, arterioles dilate, leading to increased
blood flow (functional hyperemia; Hester and Duling, 1988). Arteriolar dilation may
be triggered by a reduced concentration of nutrients and oxygen in muscle tissue
and/or by an accumulation of waste products. It is proposed that oxygen is one of the
key elements in metabolic flow control. In skeletal muscle, arterioles dilate at low
oxygen tensions in blood and tissue, and constrict in response to elevation of oxygen
tension (Lindbom e< a/, 1980, Sullivan and Johnson, 1981). The mechanism of the
oxygen-induced change in arteriolar tone is unclear. Recently, Pries and colleagues
(1995) found that the dilatory effects of EDRF in skeletal muscle are strongly depen-
dent on the oxygen tension in the tissue. The release of adenosine, which is a potent
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vasodilator, increases when skeletal muscle contracts (Boekman ef a/, 1975) ani,
hence, may play a role in functional hyperemia. Adenosine may also modula'.e
vascular tone in resting skeletal muscle under normal circumstances (Gustafsscn
ef a/, 1990) and during systemic hypoxia (Mian and Marshall, 1991).

//emodynamic con/ro/. Hemodynamic factors which affect arteriolar tone are
transmural pressure (myogenic control) and flow velocity. Myogenic reactivity in a
blood vessel is defined as the ability of vascular smooth muscle to contract in
response to an increase in transmural pressure or to stretch (Johnson, 1980). Moit
likely, endothelial cells are not involved in the myogenic response since removal of
endothelium (Falcone e* a/, 1991) and inhibition of nitric oxide (Ekelund e< a/, 1992)
do not affect the response. This suggests that vascular smooth muscle itself acts ts
the sensor in the myogenic response. Arterioles dilate when flow velocity increases
(Roller and Kaley, 1990a, 19906, Roller ef a/, 1993). This microvascular flov-
dependent dilation is mediated by vasodilator prostaglandins released from the
endothelium (Roller e/ a/, 1993) and may play a role in functional hyperemia
(Dulinge/a/, 1987).

Arterio/ar and capi/Zary communication. Highly localized stimuli can induce
responses that spread rapidly over arteriolar segments encompassing several mil-
limeters in fength. This is explained by conductance of vasomotor responses along
the arteriolar wall, which may be mediated via smooth muscle and/or endothelial
cell-to-cell communication (Segal and Duling, 1989). In addition, Dietrich and Tyml
(1992a) found that local microapplication of norepinephrine to a rat or frog skeletal
muscle capillary up to 1 mm downstream from the supplying arterioles caused con-
striction of arterioles. They suggested that the retrograde propagation of the stimuli
indicates that the capillary itself can function as a communicating system (Dietrich
and Tyml, 19926). A more recent study of Song and Tyml (1993) demonstrated that
capillaries can sense also various other vasoactive agents, such as acetylcholine,
adenosine, and potassium. In addition, this study showed that capillaries are able to
integrate biological signals because dual application of norepinephrine on two capil-
laries fed by the same arteriole resulted in a greater response than in case of single
norepinephrine application. It is proposed that oxygen sensors are located down-
stream of the arterioles, for example, at the site of the capillaries, and the initiated
oxygen response is conducted along the vessel towards the arterioles (Jackson, 1987).

2.3.3 Passive diameter changes

Due to elastic properties of the vessel wall, large arteries distend when trans-
mural pressure increases. The increase in vessel diameter leads to a decrease in
resistance to flow and, hence, results in an increase in flow. Vascular distensibility
is expressed as the fractional increase in volume for each millimeter mercury
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(mmHg) rise in pressure. The term vascular compliance is also used; it is defined
as the increase in volume divided by the increase in pressure.

Initially, research regarding the distensibility of microvessels concerned the
mesentery because this tissue is relatively easily accessible for studying the micro-
circulation. Arterioles and venules are found to be distensible in the mesentery
(Wiederhielm, 1965, Gaehtgens and Uekermann, 1971), and it has been accepted that
these microvessels are also distensible in any other tissue. Whether capillaries can
generally be assumed as physiologically distensible is still a matter of debate. Baez
and co-workers (1960) observed in rat mesentery no change in capillary diameter
with elevation of transmural pressure to 90 mmHg. Fung and colleagues (1966)
proposed a mathematical model to explain this observed rigidity of the capillary.
They suggested that surrounding tissue (gel) provides for the support of the
capillary, and therefore the capillary remains a relatively fixed structure in size (see
figure 2.4). Consistent with this tunnel-in-gel theory was the observation that
alveolar lung capillaries, which are not completely surrounded by tissue but partly
exposed to air, are distensible (Fung and Sobin, 1972). Besides the support of
surrounding tissue, it has been suggested that capillary rigidity is due to stiffness of
the basement membrane in the vessel wall, which contains collagen (tunnel in a

Two concepts of an idealized capillary

Surrounding tissue

Wall ———

Tube in a liquid Tunnel in a gel

2.4. CctpiZZary rt£i'di<y expZained fey too f/ieortes. 7"u&e in a /t'gui'd </ieory
states fAai <ne capiZZary carries i<s ou;n rigidity, /or exawipZe, </irou#/i s<i/7" coZZagen
in £ne icaZZ; funneZ in a geZ ineory states £na£ support ta <ne capiZZary is giuen fey </rc
surrounding tissue. P = intrauascuZar pressure.
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liquid theory; Murphy and Johnson, 1975).
The idea that capillaries are nondistensible had more or less become conven-

tion and has dominated general concepts of capillary dynamics for many years.
However, it must be clarified that in the study of Baez and co-workers (1960) the ac-
curacy of the diameter measurements was only 2.75 um. This degree of resolution is
insufficient to detect diameter changes of the size expected to occur in capillaries
due to distensibility. In the past years, new methods have been developed to measure
capillary diameters with higher accuracy leading to an increasing support that cap-
illaries are, in general, physiological distensible. Smaje and co-workers (1980) mea-
sured the in vivo oscillation of red blood cells in cat mesentery capillaries occluded
at one end, and demonstrated that capillaries expand and recoil with pressure
fluctuations during systole and diastole. In this study, the change in capillary
diameter was estimated to be 0.06 um for a 3.2 mmHg pressure change. By
measuring the change in position of the interface between two immiscible oils
injected into capillaries at known pressures, it was shown that frog mesenteric
capillaries are distensible (Smaje and Swayne, 1984, Swayne e£ a/, 1989). Baldwin
and Gore (1989) also found that capillaries in frog mesentery are distensible. They
measured the length of an oil-drop injected into a capillary occluded at one end at
various applied pressures. Besides in mesentery, capillaries in a few other tissues
were also found to be distensible. In cat and rat brain, capillaries are wider when
exposed to higher perfusion pressures induced by increased levels of blood CO2 as
compared to control circumstances (Atkinson ef a/, 1990, Duelli and Kuschinsky,
1993). In connective tissue of the bat wing, capillary diameter increases when
increasing steps of transmural pressure are applied (Davis, 1988, Bouskela and
Wiederhielm, 1989). In this preparation, a greater distensibility was observed at the
arteriolar end of the capillary than at the venular end (Bouskela and Wiederhielm,
1989). Skalak and Schmid-Schönbein (19866) demonstrated that capillaries in
skeletal muscle of the rat are less distensible than arterioles, but more distensible
than venules. These investigators also showed that the diameter response of
microvessels to an applied pressure step consists of an initial distension followed by
a non-linear creep in time due to viscoelastic properties of the vessel wall. Skeletal
muscle capillaries with a diameter of 6 um increased by 0.048 um and 0.57 um when
a pressure step was applied of 0-10 mmHg and 0-50 mmHg, respectively.

When comparing capillary distensibility data derived from various tissues, it
has to be taken into account that the relationship between microvessel distensibility
and pressure is non-linear: vessel distensibility decreases with increasing pressure
because the vessel wall stiffens at higher pressures (Wiederhielm, 1965, Baldwin
and Gore, 1989). Considering the data of the above mentioned studies, capillaries in
skeletal muscle are stiffer than those in mesentery. At low pressures, Skalak and
Schmid-Schönbein (19866) found that skeletal muscle capillaries are about 40% less
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distensible than mesentery capillaries in the study of Baldwin and Gore (1989).
Capillaries in bat wing show the greatest distensibility: the increase in diameter of a
6.1 nm capillary was 1.7 um and 3.7 um when pressure was increased by 14 mmHg
and 50 mmHg, respectively (Bouskela and Wiederhielm, 1989). The difference in
distensibility between capillaries in the various tissues may be due to differences in
the amount and/or properties of surrounding tissues, and/or in wall stiffness.

2.3.4 Capillary blood flow in resting skeletal muscle

Blood flow is usually not uniformly distributed in resting skeletal muscle.
Capillary flow may vary from area to area or even between two neighboring capillar-
ies (Eriksson and Myrhage, 1972, Tyml <?< a/, 1981, Lindbom and Arfors, 1985). ThiB
so-called spatial heterogeneity of capillary blood flow is due to local differences in
resistance of capillaries within one network, and is influenced by geometrical
factors, such as diameter and length of the capillary (Fung, 1973, Damon and
Duling, 1985, Groom e/ a/, 1986). Rheological factors may also play a role, like the
relative amount of red (Fung, 1973, Vicaut e* a/, 1987) and white (Schmid-Schönbein,
1987a) blood cells. Especially the large and stiff white blood cells greatly influence
capillary blood flow. When a white blood cell enters a capillary, it is deformed just
like red blood cells. Under normal flow conditions, the time for a white blood cell to
deform at the entry of a capillary is about 1000 times longer than for a red blood cell,
leading to temporary obstruction of the capillary and, thus, to impedance of the blood
flow. Once inside the capillary, white cells generally travel slowly creating an empty
plasma column in front and a train of red cells behind them. Some evidence suggest
that because white blood cells are shunted through channels with the fastest flow,
low flow regions, for example, capillaries in resting muscle, are not perfused by
white blood cells for prolonged periods of time (Schmid-Schönbein, 1987a).

In a few skeletal muscle tissues, it has been demonstrated that non-perfused
capillaries in resting conditions will be perfused in situations of increased flow
demand, for example, during muscle exercise. This spatial capillary recruitment is
supposed to be caused by arteriolar dilation (Honig e< a/, 1980, Lindbom <?< a/, 1982).
However, in tenuissimus muscle of young rabbits, as used in this thesis, spatial
recruitment does not occur (Oude Vrielink e* a/, 1987).

In addition to spatial heterogeneity, blood flow within one capillary varies with
time (temporal heterogeneity; Johnson, 1980, Lindbom e< a/, 1980, Oude Vrielink e*
a/, 1990, Tyml c< a/, 1981). Red blood cells flow through the capillaries with periodic
changes in velocity (see figure 2.5). Figure 2.6 presents microscopic images of a
bifurcating capillary exhibiting an intermittent flow pattern. During low velocities,
individual red blood cells can be observed to deform while flowing through the capil-
lary. During high velocities, red blood cells can be identified only as streaks. The
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Figure 2.5. 7Vacm# o/" red 6/ood cc// i/e/ocify tra a captZZary o/" resting sAeZelaZ
muscZe.

intermittent perfusion is also called flowmotion (Tangelder e* aZ, 1984). Flowmotion
results from vasomotion, i.e., spontaneous, often rhythmic diameter changes in up-
stream arterioles (Lindbom e< aZ, 1980, Tangelder e* aZ, 1984, Lund et aZ, 1987, Slaaf
ct a/, 1987c, Meyer el a/, 1988). An arteriole with vasomotion generally causes
synchronous flowmotion patterns in downstream capillaries (Tangelder et aZ, 1984).
In tenuissimus muscle, vasomotion is present in transverse arterioles and FOS.
During vasomotion, a FOS may completely close resulting in transient cessation of
red blood cell flow in downstream capillaries (Tangelder el aZ, 1984). Vasomotion
frequencies may vary between arterioles within one muscle. The flowmotion pattern
in figure 2.5 shows higher frequency peaks superimposed on low frequency compo-
nents and, hence, discloses two vasomotion frequencies probably originating from
different types of arterioles. In most cases, however, the capillary flowmotion
pattern is completely dominated by the shorter vasomotion cycle of the FOS (Slaaf ef
aZ, 1987c).

Fluctuations in flow velocity may have a positive effect on capillary fluid
exchange (Intaglietta, 1981). At low flow, capillary hydrostatic pressure is relatively
low enhancing removal of waste products from the tissue. The relatively high



ö/ood flow /n stofefa/ muscfe

DI-EH IH! I l : ia
1-

ï \

2.6. Microscopic i'ma^rs o/" a fej/urcafin# capiZZary s/iowin^ jnterrmMpn/ rrtf
b/ood ceW /7ou>. Le/Ï pane/: Zou; red 6/ood ce// ueZocify. Ai£nl pane/: /tt£ra red ftZood
ce/Z üeZoctïy. Bar represente iO /lm.

hydrostatic pressure at high flow facilitates uptake of nutrients by the tissue. The
pulsatile flow may also be important for displacement of plugging white blood cells.

2.3.5 Reactive hyperemia

Reactive hyperemia is the increased blood flow seen in tissue, which has tem-
porarily been deprived of its blood supply, for example, due to arterial occlusion, and
serves to quickly repay the blood flow debt and to restore the flow/metabolism bal-
ance. The early phase of reactive hyperemia is characterized by a transient peak
flow. Reactive hyperemia following short periods of flow arrest is due to arteriolar
dilation which is primarily myogenic in origin. At longer occlusion periods
metabolic factors come into play (Tuma e< aZ, 1977, Björnberg e* aZ, 1990). With in-
creasing occlusion durations, a progressive increase in hyperemia peak velocity,
hyperemia duration, and excess flow occurs in skeletal muscle (Myrhe, 1975,
Johnson ef aZ, 1976, Klabunde and Johnson, 1977, Björnberg e< aZ, 1990). Small arte-
rioles are primarily responsible for the decrease in arteriolar network resistance
and subsequent reactive hyperemia following occlusion (Meininger, 1987, Björnberg
ef aZ, 1990). EDRF is probably not involved in the reactive hyperemia response in
skeletal muscle (Björnberg e« aZ, 1990).
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2.4 Pressure - flow relationships

2.4.1 Autoregulation

Optimal exchange of nutrients, waste products, and fluid between blood and
tissue is of utmost importance for skeletal muscle well-being and functioning. When
perfusion pressure is changed, skeletal muscle will maintain a relatively constant
capillary blood flow and capillary transmural pressure to keep optimal fluid
exchange conditions. This is mainly accomplished by adjustment of arteriolar
diameter to the altered perfusion pressure, and is known as autoregulation. In
figure 2.7, perfusion pressure-flow relationships are illustrated in an active and
passive vascular bed. In an active vascular bed with flow regulation, flow remains
relatively constant over a large pressure range: arterioles dilate when perfusion
pressure decreases and constrict when perfusion pressure increases keeping
microvascular pressures constant (Borgström e< aZ, 19906) Only when perfusion
pressure exceeds or falls below certain critical values, flow changes are directly
proportional to pressure changes. In a passive vascular bed without active arterio-
lar diameter changes and, hence, without flow regulation, flow is directly related to
perfusion pressure. As shown in the figure, the line reflecting the pressure-flow
relationship steepens when distensibility of the vascular bed increases. At low flows,
pressure-flow relationships in skeletal muscle are often curvilinear with a
convexity to the pressure axis (not shown in the figure; Sutton and Schmid-
Schönbein, 1991).

Two mechanisms have been proposed to be responsible for autoregulation
when perfusion pressure is altered. The myogenic hypothesis attributes the
regulation of blood flow to a direct effect of transmural pressure changes on vessel
wall stress and, hence, on vascular smooth muscle reactivity (Folkow, 1964,
Johnson, 1980). In contrast, the metabolic hypothesis proposes that arterioles are
modulated through the release of some vasoactive substances of which
concentration changes with tissue metabolism (Berne, 1964). Both mechanisms may
contribute to the autoregulatory responses (Morff and Granger, 1982).

2.4.2 Zero flow pressures in whole-organ studies

In the past, much attention has been paid to the relationship between perfusion
pressure and blood flow in various vascular beds (for a review, see Hoffman and
Spaan. 1990). In these relationships, arterial inflow or venous outflow of a vascular
bed is assessed. A common feature of perfusion pressure-flow relationships is the
positive intercept at the pressure axis, the zero flow pressure (P^/", see figure 2.7),
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indicating that at low perfusion pressures blood flow ceases while perfusion pres-
sure is still finite.

Each type of vascular bed has its own pressure-flow relationship with a certain
slope and P^f value. Also, within one vascular bed the course of pressure-flow
relationships may vary, depending on the way it is assessed. Interpretations should
account for the actually applied measurements. For instance, P /̂" is higher in an
instantaneous (dynamic) than in a steady state pressure-flow relationship (Sutton
and Schmid-Schönbein, 1989, Braakman ef a/, 1990). This difference is due to
adaptation of the vascular bed (autoregulation) under steady state conditions. Using
a variety of skeletal muscle vascular beds, investigators have found positive P^/"
values ranging from 8 to 54 mmHg (Nichol e< a/, 1951, Ehrlich e* a/, 1980, Sherman
e< a/, 1980, Brunner e* a/, 1983, Pantely e* a/, 1988, Braakman e* a/, 1990, Magder,
1990,Shriere<a/, 1993).
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The cause of zero flow at positive perfusion pressures is imperfectly understood
and a subject of dispute for many decades. A few theories have been proposed.

Vascu/ar u;a<er/h//. The first explanation for the positive P /̂" is the presence of
a vascular waterfall or Starling resistor in vascular beds. This theory states that at
low perfusion pressures, arterial inflow becomes zero due to collapse of the vascular
bed in that region where intravascular pressure falls below tissue pressure.
Vascular waterfall refers to the point of collapse. Blood flow through the (partially)
collapsed vascular bed is independent of outflow pressure, just as the flow over a
waterfall is independent of the height of the falls. The slope of the pressure-flow j
relationship reflects vascular conductance, the reverse of resistance. A waterfall
located at the venous level has been proposed for both heart (Downey and Kirk, 1975)
and skeletal muscle (Braakman e< a/, 1990). In addition, it was suggested that
skeletal muscle arterioles act as a vascular waterfall because a decrease in i
arteriolar tone led to a decrease in P*/" (Braakman e* a/, 1990, Magder, 1990, Shrier
e* a/, 1993).

Crimea/ c/osing Z/ieory- The second mechanism which may explain cessation of
arterial inflow at positive perfusion pressures is the critical closing theory, proposed
by Burton (1951) and Nichol and colleagues (1951). In this casp. thp rollnpso of
vessels is generated by the vessel wall itself and not by the surrounding tissue. It
was hypothesized that normally arterioles remain open because transmural
pressure and active tension of smooth muscle in the wall are well-balanced. Within
a limited range of pressures and active tensions, various levels of equilibrium are
possible due to automatic adjustment of wall tension with stretch (elasticity). In this
way, arteriolar diameter can easily vary without total closing or blowing out.
However, if perfusion pressure, and thus transmural pressure, falls below a certain
critical value, the elastic component in the arteriolar wall becomes unstable, which
leads to closure of the arteriole resulting in cessation of flow. According to this
theory, the P*/" was called critical closing pressure. The critical closing mechanism
has been criticized by Azuma and Oka (1971), who contended that closure of the
arteriolar lumen is dependent only on whether the developed active tension exceeds
a critical value and is not dependent on whether the transmural pressure is less
than a critical value.

Vascu/ar comp/iance. A third mechanism which may cause a positive P /̂" is
vascular compliance or capacitance due to elasticity of vessel walls. It is important
to realize that compliance may play a role only in dynamic pressure-flow relation-
ships. Spaan (1985) proposed that coronary flow of the heart ceases at positive low
perfusion pressures during diastole because of compliance of intramyocardial
vessels. In diastole, intramyocardial blood volume and blood pressure change more
slowly than arterial pressure due to large time constants for charging and dis-
charging the intramyocardial compliance. Blood flow into the organ ceases when
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arterial pressure becomes equal to intramyocardial blood pressure. Venous outflow
remains present, although at a strongly reduced level. Within a few seconds, the
intramyocardial cessels have addapted to the new situation of reduced perfusion
pressure, which leads to restart of arterial flow at the P*/\ Hence, when transient
changes are not allowed to pass, a finite arterial pressure is observed when flow is
zero. Vascular compliance has also been proposed to explain the P*/" in skeletal
muscle (Schmid-Schönbein et a/, 1989, Lee and Schmid-Schönbein, 1990, Magder,
1990).

/nter/bcta/ /brces. The positive P*/" may also be due to interfacial forces acting
between blood and vascular endothelium which cause capillaries to collapse at a
critical transmural pressure (Nichol et a/, 1951, Sherman ef a/, 1980).

/?Aeo/o£Jca/ /actors. The rheological properties of blood may also play a role in
the cessation of arterial inflow at low perfusion pressures. Schmid-Schönbein (1976)
hypothesized that when the driving pressure reaches a certain low value, it is no
longer capable of desaggregating or deforming blood cells, which then obstruct mi-
crovessels, especially the narrow capillaries. This idea is supported by n few studies
performed on skeletal muscle: a positive correlation was found between hemntocrit
and Pz/"(Benis et a/, 1970, Brunner e< a/, 1983), and between red blood cell aggrega-
tion and P /̂" (Sutton and Schmid-Schönbein, 1989). In addition, Lee and Schmid-
Schönbein (1990) suggested that the P /̂" during pulsatile arterial pressure is the
consequence of the interaction of vessel distensibility and viscous properties of blood.
On the other hand, in cat heart, a possible role of blood cells could not be demonstra-
ted since P ^ did not change after transition from blood to perfusion with Tyrode's
solution (van Dijk e( a/, 1988).

A/u/iip/e inpwte. An alternative explanation for a positive Pz/" is the existence of
connections between the investigated vascular bed and the central circulation via
collaterals (Sutton and Schmid-Schönbein, 1989). In that case, the vascular bed is not
completely isolated, which leads to an observation of zero arterial inflow at a positive
pressure caused by hidden inputs still feeding the vascular bed. Observation of
capillaries should reveal perfusion in the absence of inflow through the main feeder
vessel.

2.5 Flow cessation phenomenon

Flow cessation is defined as the cessation of red blood cell flow in capillaries
when capillary perfusion pressure is still finite. Flow cessation pressure differs
from the zero flow pressure as obtained in whole-organ studies where arterial
inflow or venous outflow is considered. In rabbit tenuissimus muscle, capillary flow
cessation may occur during reduced perfusion pressure induced by arterial pres-



Chapter 2

sure reduction, for example, due to occlusion of the aorta, or by venous pressure in-
crease due to elevation of muscle tissue pressure.

2.5.1 Arterial pressure reduction

In the rabbit, occlusion of the descending aorta distal to the renal arteries leads
to pressure reduction in downstream femoral arteries supplying the hind limbs
and, hence, the tenuissimus muscle (Tangelder et a/, 1984, Slaaf et a/, 1986). Step-
wise reduction of arterial pressure results in an increase in mean diameter of both
transverse arterioles and FOS, and in an alteration of the vasomotion pattern: both
cycle length and amplitude increase (Oude Vrielink et a/, 1990). When further
decreasing arterial pressure, vasomotion abruptly disappears and diameters of
arterioles show an additional increase or stay at a value of about that of peak
diameter during vasomotion (see figure 2.8; Tangelder et a/, 1984, Slaaf et a/, 1987c,
Meyer et a/, 1988, Oude Vrielink et a/, 1989, Borgstrom et a/, 19906). Vessel segments
showing no vasomotion also increase in diameter during pressure reduction. Due to
the cessation of vasomotion, flow in capillaries becomes stationary (Slaaf et a/, 1986).
At further pressure reduction, blood flow velocity decreases and aggregates of red
blood cells are formed in arterioles and venules (Tangelder et a/, 1984). Reversal of
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Figure 2.8. Diameters o/" a transverse arferto/e and fne concomitant /irst order side
6ranc/i plotted against time. Vasomotion is present during tne control period and
disappears cfurin^ reduction in arteria/ pressure fPaj due to occ/usion o/* Me aorta,
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flow may occur in capillaries and in arterioles if they are part of an arcade.
Eventually, red blood cells may stop flowing in the capillaries. Cessation of flow does
not start in all capillaries simultaneously. The flow cessation pressure of capillaries
stemming from the same terminal arteriole is reproducible and shows a narrow
distribution. When arterial pressure is reduced in steps, a median flow cessation
pressure is achieved of about 18 mmHg (Slaaf ef a/, 1986). Blood flow is still present
in some transverse arterioles and venules when capillary blood flow has stopped.
This flow bypasses the muscle capillaries because part of the transverse arterioles is
leaving the muscle and is supplying the connective tissue with blood (Lindbom ef a/,
1980). No changes in diameters of venules could be detected during capillary flow
cessation (Slaaf W a/, 1986).

2.5.2. Venous pressure elevation

In skeletal muscle, venous pressure increases when tissue pressure increases.
An increase in tissue pressure may occur after severe exercise due to accumulation
of fluid, and will lead to a disturbed perfusion of the muscle (compartment syn-
drome; Reneman, 1975). To increase tissue pressure in rabbit tenuissimus muscle,
the hind limb is placed in a pressure box while the body of the animal is kept under
atmospheric pressure outside the box. By pressurizing the box, tissue pressure and
venous pressure in the hind limb increase almost to the same extent as box pres-
sure. Arterial pressure remains virtually unaffected. Hence, the decrease in perfu-
sion pressure is directly proportional to the applied pressure in the box (see figure
2.9; Reneman eJ a/, 1980, Tangelder e£ a/, 1984, Slaaf e< a/, 1986). When increasing
box pressure, a similar sequence of phenomena occurs as during aortic occlusion:
loss of arteriolar vasomotion, arteriolar dilation, and ultimately, cessation of capil-
lary flow. Capillary flow ceases at a median pressure of about 25 mmHg, which is
higher than the flow cessation pressure during aortic occlusion (Slaaf e< a/, 1986).
The mechanism responsible for this difference is not known.

When box pressure is subsequently lowered, which means that perfusion pres-
sure increases, capillary flow starts at a significantly higher perfusion pressure
than the value at which flow stops. The difference between start and stop pressures
is about 7 mmHg (Reneman e< a/, 1980). This finding confirms to the possible exis-
tence of yield stress in microvessels determined by the characteristics of blood and
local geometry of the microvasculature (Slaaf e< a/, 1986).

Comparable observations, such as the occurrence of flow cessation during
reduced perfusion pressures and the existence of yield stress, are made in the
tensor plagiopatagii muscle in the wings of unanesthetized bats. Reduced perfusion
pressures in the muscle are obtained by placing the body of the bat in a box, while
the wing with the muscle is kept outside under atmospheric conditions. Suction
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applied to the box results in a decrease in arterial pressure while venous pressure
just outside the box remains a few mmHg above atmospheric pressure. As a
consequence, perfusion pressure is diminished (Slaaf e* a/, 1987a, 19876).

2.5.3 Explanations for the flow cessation phenomenon

The cause of red blood cell flow cessation in capillaries at finite perfusion
pressures is not clear. The flow cessation phenomenon may be explained by an
increased resistance in the upstream arteriolar network and/or in the downstream
venular network. Cessation of capillary flow may also be due to an increase in
resistance at the capillary level itself.

Arterio/es
Burton (1951) suggested that arterioles collapse and completely close when

transmural pressure falls below a critical value, resulting in a flow stop. However,
direct microscopic observation revealed that arterioles increase in diameter when
perfusion and transmural pressure are reduced, leading to a decrease in arteriolar
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resistance during capillary flow cessation (Reneman ef a/, 1980, Tangelder «t oi,
1984, Slaaf et a/, 1986). This indicates that arterioles are not the limiting factor
determining cessation of capillary blood flow under these circumstances.

Venu/e»
According to the Waterfall theory, cessation of blood flow during reduced

perfusion pressures is due to venular collapse because tissue pressure exceeds
intravascular pressure. This explanation has been rejected by microscopic observa-
tions: no gross changes in venular diameter are observed during reduced perfusion
pressures (Reneman et a/, 1980, Tangelder et a/, 1984, House and Johnson, 1986,
Slaaf ef a/, 1986). Hence, capillary flow cessation cannot be explained by an increase
in venular resistance due to a decrease in diameter.

Recently, it has been suggested that an increase in sedimentation and aggrega-
tion of red blood cells in venules contributes to the cessation of capillary flow during
reduced perfusion pressures (Schmid-Schönbein ef a/, 1995). At normal flows,
venular blood viscosity is relatively high because blood cell velocities in venules are
relatively low. During reduced perfusion pressures, when blood cell velocities are
also reduced, vascular resistance increases, especially at the venous level (House
and Johnson, 1986, Lipowsky, 1986). This is caused by an increase in sedimentation
and aggregation of red blood cells in post-capillary vessels (compaction stasis;
Schmid-Schönbein, 1988, Göbel e< aZ, 1989).

CapiZZaries
A possible explanation for the flow cessation phenomenon may be found at the

level of the capillaries. In favor of this suggestion is the observation of flowing red
blood cells in arterioles and venules during capillary flow cessation (Reneman c< a/,
1980).

Capillary flow cessation may be due to an increase in capillary resistance by a
reduction in diameter. Normally, blood cells have to deform to travel through the
narrow capillaries. Hence, small changes in capillary diameter may easily affect
blood flow. The major part of cells traversing capillaries are red blood cells since
99% of total blood cell volume consists of red blood cells. Red blood cells are highly
deformable because they do not possess a nucleus, the cytoplasmic viscosity is low,
the ratio of surface area to cell volume is high, and the membrane is viscoelastic. A
red blood cell can pass through short, tiny pores of less than 1 [im in diameter
because enough membrane surface is available to allow for the required folds on
either side of the pore to transport its content. When a red blood cell passes through
a tube, however, the volume-to-surface area ratio becomes the limiting factor. The
critical diameter for a red blood cell to flow through a tube is about 2.8 urn (Henquell
e* a/, 1976, Chien e* a/, 1984). Hence, when capillary diameters are reduced to 2.8 um
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or below, red blood cell flow may cease. It has recently been shown that endothelial
cells of the capillary wall and red blood cells both bear a net negative charge on their
surface. As a consequence, electrostatic repulsive forces exist between the two cell
types, increasing the resistance for red blood cell flow within capillaries (Vink e£ o/,
1995). Therefore, the critical diameter inhibiting red blood cell flow may be larger in
blood vessels than in tubes. Mechanisms which may reduce capillary diameter are
passive recoil, active constriction, and thickening of the capillary wall.

Passiue capiZZary diameter cAan^es. Evidence is accumulating that capillaries
are distensible (see paragraph 2.3.3). When capillaries in rabbit tenuissimus muscle
are distensible, capillary diameter will decrease during reduced perfusion pressure
and transmural pressure. This leads to an increase in capillary resistance and may
cause flow cessation.

Ac/ii>e capiZZary diameter c/ianges. Capillaries are generally assumed to be
passive vessels since their walls lack the presence of smooth muscle cells. However,
there are some indications that capillaries are able to decrease in diameter by active
contraction of endothelial cells and thereby playing a role in blood flow regulation.
Ultrastructurally, endothelial cells contain filaments and contractile components,
like myo8in, actin, and tropomyosin (Hammersen, 1980). Studies with cultured cells
showed actual endothelial contractions after pharmacological stimulation (De
Clerck <>/ a/, 1981, Kelley ef a/, 1987, Morel e< a/, 1990, Boswell e/ aZ, 1992). In venules,
in vivo, endothelial contraction can be evoked by application of inflammatory
mediators like bradykinin and histamine in rat muscle (Majno ei aZ, 1969), rat
mesentery (Joris ef oZ, 1972, Fox and Wayland, 1979), frog mesentery (Weigelt and
Schwarzmann, 1981), and rat skin (De Clerck e* aZ, 1985). Application of epinephrine
causes capillary contraction in frog mesentery, but not in rat mesentery (Wolff and
Dietrich, 1985, Dietrich, 1989). In addition, electrical stimulation of capillaries in
mesentery and muscle of frogs causes a reduction in luminal diameter, probably
due to endothelial cell contraction (Lubbers e< aZ, 1979, Tyml and Weigelt, 1982).
Spontaneous contractions of the capillary wall have been observed in mouse
pancreas (McCuskey and Chapman, 1969) and in mouse and rat spleen (Ragan et
aZ, 1988). In the latter experiments, cyclic contractions of endothelial cells were
observed causing the nuclear region to bulge into the lumen and to stop the flow.
Protrusion of the nucleus into the capillary lumen during endothelial contraction
can be explained by the fact that contractile filaments and contractile proteins are
mainly situated around the nucleus (De Clerck ef a/, 1981).

It has also been postulated that pericyte contraction modulates microvascular
flow. Along the length of a capillary a few pericytes can be observed in the wall. In
skeletal muscle of the rat about one-fifth of the capillary circumference is covered by
pericytes (Tilton <?f aZ, 1979a, 19796). Pericytes partly encircle the capillary and
pericyte contraction would lead to local constriction of the capillary.
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The possibility that active capillary diameter reductions are responsible for
flow cessation in capillaries in muscle is rather speculative, but it cannot be
excluded. In this respect one could think of active capillary constriction triggered by
reduced transmural pressure, oxygen depletion, decrease in pH, or accumulation of
waste products. These interactions, however, are hypothetical and need exploration.

Capi//ary u>a// f/iidkenintf. Capillary narrowing caused by endothelial cell
swelling has been shown to occur during hemorrhagic shock (Mazzoni ef a/, 1989,
Messmer and Kreimeier, 1989), hypoxia (Ward and Firth, 1989), and ischemia
(Armiger and Gavin, 1975, Gidlöf ct a/, 1987). The endothelial cells swell due to an
influx of sodium and water. Mazzoni and colleagues (1992) suggested a primary role
for sodium-hydrogen exchange in endothelial cell swelling, possibly as a means to
regulate cellular pH, which may become acidic during ischemia. Complete flow
cessation is observed in some capillaries with reduced diameters due to swollen
endothelial cells (Mazzoni <?< a/, 1989). Recently, Lee and Schmid-Schönbein (1995)
found that when a capillary is exposed to low transmural pressures for about 15
minutes, capillary wall thickens due to an increase in number and size of vesicles
in endothelial cells. The swelling observed in shock and ischemia may in part be
due to the incorporation of vesicles. Conversely, during prolonged exposure to high
transmural pressures, number and size of endothelial vesicles decrease.
Membranes of vesicles are converted into the endothelial cell membrane and the
endothelial cell becomes thinner. Under these circumstances, capillary diameter
increased, primarily due to an increase in surface area of the endothelial cell
membrane rather than due to stretch.

An increase in capillary wall thickness either due to combined influx of
sodium and water or to incorporation of vesicles, does not occur immediately but
takes some time to develop. Therefore, one may wonder whether an increase in
capillary wall thickness can explain the acute occurrence of capillary flow cessation
during low perfusion pressures.

/rregu/ariftes o/" capi/Zary Zu/nen. Based on a theoretical analysis, Secomb and
colleagues (Secomb e< a/, 1987, Secomb, 1987) concluded that capillary flow cessation
may occur during low perfusion pressures due to an increase in blood viscosity
during low flow rates in combination with the irregular character of capillary
lumen cross-section due to the presence of bulging endothelial nuclei. At moderate
or high blood cell velocities, red blood cells are deformed so much that a plasma
layer exists between the cell and the capillary wall. At lower velocities, red cells
widen and approach the wall more closely resulting in an increased friction. It was
predicted that flow cessation would not occur in uniform tubes. When the lumen of
the tube is irregular, however, a greater pressure difference is required to drive red
blood cells past the irregularities which may result in cessation of capillary flow at
low driving pressures.
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In addition, it has been shown that during prolonged (about 15 min) low
transmural pressures, the irregularity of the capillary lumen may increase because
of endothelial pseudopod formation, i.e., sheet-like cytoplasmatic projections into the
lumen (Lee and Schmid-Schönbein, 1995). It is likely that this process does not occur
during the flow cessation phenomenon since the endothelial cells will not have
sufficient time to form pseudopods. 1

WA/te 6/oorf ce// p/uggmg. Although white blood cells appear in the circulation
in modest numbers as compared with red blood cells, they may play an important
role in microvascular perfusion. White blood cells are large and stiff cells, and they
may become stuck in the capillaries at low perfusion pressures (Schmid-Schönbein,
1987a). Capillary white blood cell plugging has been observed during hemorrhagic
shock (Bagge e£ a/, 1980, Hansell e< a/, 1993) and during reperfusion after ischemia
(Schmid-Schönbein, 19876, Hansell e* a/, 1993). Hansell and co-workers (1993)
suggested that this plugging is mainly due to the prevailing low perfusion
pressures under these circumstances. This means that white blood cell plugging
may also occur during the flow cessation phenomenon. However, under the
pathological conditions of shock and ischemia, white blood cell adhesion to the
endothelium could be activated which may not be the case during the flow cessation
phenomenon.

7?erf Mood ce// (fe/brmabi/ity. Red blood cell flexibility is important in
maintaining capillary blood flow. When red blood cells become less flexible, vascular
resistance increases (Pantely et a/, 1988). Hakim and Macek (1988) demonstrated
that red blood cells stiffen during hypoxia. Hence, the hypoxic condition during
reduced perfusion pressures may cause a reduction in red blood cell deformability
leading to capillary obstruction and flow cessation.
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3.1 Introduction

Microvascular perfusion is mainly regulated at the arteriolar level by active
changes of the vessel diameter. Besides active diameter changes, blood flow can be
influenced by passive diameter changes due to transmural pressure changes.
Although capillaries are known to be distensible, for practical consideration of
tissue perfusion, capillary diameters are usually assumed to be invariant. Fung and
colleagues (1966) suggested that the apparent rigidity of capillaries is determined by
the support of the surrounding tissue. Murphy and Johnson (1975), on the contrary,
suggested that the capillary wall carries its own rigidity through collagen in the
basement membrane.

More recent studies have shown a relatively large variation in capillary disten-
sibility, depending on the type of tissue and/or species investigated. In cat and frog
mesentery, the supporting tissue and/or the capillary wall seems to be so rigid that
during physiological stimuli the capillary diameter changes remain submicro-
scopic (Smaje e* a/, 1980, Baldwin and Gore, 1989, Swayne e< a/, 1989). Capillaries in
connective tissue of the bat wing seem far more distensible (Davis, 1988, Bouskela
nnrl Wipdprhielm. 1989). In these experiments, increasing capillary transmural
pressure by about 14 mmHg resulted, on the average, in midcapillary diameter
increases of about 28 %.

We used the rabbit tenuissimus muscle to evaluate whether the transmural
pressure changes as induced by aortic occlusion and reactive hyperemia after
subsequent deflation of the occluder around the aorta lead to observable diameter
changes in muscle capillaries. Diameters of capillary segments were measured
using bright-field microscopy (resolution: = 0.3 urn). Diameter changes of capillary
segments at the arteriolar and venular ends were compared for possible differences,
because Bouskela and Wiederhielm (1989) found the distensibility of capillaries in
bat wing connective tissue to vary along the vessel, with more distensibility at the
arteriolar end of the capillary than at the venular end. To assess whether capillary
diameter changes are related to changes in blood flow velocity, similar to flow
induced dilation in arteries (Pohl e< a/, 1986) and arterioles (Roller e* a/, 1993),
capillary blood cell velocities were measured. Finally, the consequences of capillary
diameter changes for vascular resistance during occlusion and reactive hyperemia
are considered.

3.2 Materials and methods

ffohfti'fs. The experiments were performed on 29 young (5 to 6-wk-old) New
Zealand White rabbits (0.8-1.1 kg body wt) of either sex. The rabbits were premedi-
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cated with 5 mg of diazepam (Valium, Roche) intramuscularly. After 30 min, the
animals were anesthetized with 4 ml of a 20% urethane solution injected through a
lateral ear vein. Throughout the experimental period, anesthesia was maintained
with additional doses of urethane (about 0.4 ml per 30 min) administered through a
catheter (PE 50) in the right femoral vein. A tracheal cannula was inserted to
facilitate breathing. For recording of arterial blood pressure (external pressure
transducer, model CP-01, CTC) and heart rate, the right carotid artery was
canulated (PE 60). To keep arterial catheters patent, they were perfused with saline
at 2.5 ml/h.

Figure 3.1 shows the experimental set-up. Complete aortic occlusion WM
induced by inflation of a cuff, placed retroperitoneaily around the aorta distal to the
renal arteries, with use of a servo-controlled pump (Prinzen e< a/, 1987). Arterial
pressure downstream of the cuff was measured through a catheter (PE 50) in the
femoral artery of the contralateral (right) hind limb. During complete aortic
occlusion, in most cases the tenuissimus muscle was still perfused, though at a
strongly reduced level, probably through collaterals.

musc/e. The preparation procedure of the tenuissimuH muscle
has been described in detail elsewhere (Reneman e< a/, 1980). The muscle of the left
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3.2. ScAema/ic representation o/"£ne experiment/ sef-up.
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hind limb was exposed for in situ observation with minimal trauma, with its fascia,
tendons, innervation, and the supplying and draining blood vessels left intact.
During preparation, the muscle was superfused with physiological saline at room
temperature (20-23°C) and exposed to air.

Next, the leg with the exposed muscle was placed in a box that could be sealed
to control the gas environment. A light pipe was placed underneath the muscle for
transillumination (Reneman e< a/, 1980). During the experiment, body temperature
of the rabbit was kept at 38°C with use of an infrared heating lamp and an anal
temperature probe as a reference. Arterial blood gas and pH values were assessed
with an acid-base analyzer (Model ABL 3, Radiometer, Copenhagen, Denmark).

After the box was sealed, the muscle was allowed to recover from surgery and
to equilibrate to the standard experimental conditions for 30 min. Muscle superfu-
8ion was performed with a Krebs solution (composition in mM: NaHCOg, 25;
KHgPO^, 1.2; KC1, 4.8; CaClg, 2.5; MgSO ,̂ 1.2; NaCl, 118.4) with a pH of about 7.4 and a
temperature of about 37°C. The Krebs solution was bubbled with 95% Ng and 5%
COg. The same gas mixture was led through the box. This results in low oxygen
tensions in the box and the fluid surrounding the muscle (<23 mmHg) to guarantee
adequate perfusion of the muscle (Lindbom el a/, 1980).

Microscope and experiment/ procedure. For microscopic observations, we
used a Leitz intravital microscope adapted for telescopic imaging (Slaaf el a/, 1982).
Images were projected on a television camera (Bosch Ultricon 4532, 1 inch), dis-
played on a monitor (Sony), and recorded on videotape (Sony Betamax). Final optical
magnification at the front plane of the television camera was x52 and xlO4 using
Leitz saltwater immersion objectives of x25 (free working distance 1.67 mm,
numerical aperture [NA] 0.6) or x50 (free working distance 0.75 mm, NA 1.0),
respectively. This yielded 230 and 115 |im wide fieds of view, respectively, on the
monitor. Transillumination was performed with a 100 Watt mercury arc through a
Calflex filter, a KG-1 heat filter, and a glass fiber optic with a condenser system
positioned in front of the light pipe (Reneman el a/, 1980). If necessary, neutral
density filters were placed in the illuminating pathway to reduce the light intensity
to the lowest level that still yielded good quality of the video image.

After the 30 min stabilization period, the muscle was explored (using the x25
objective) for capillaries with clearly visible walls at least for part of their length.
The selected capillaries met the following criteria: (1) capillaries run for their
longest part parallel to the muscle fibers, (2) red blood cells move in single file, and
(3) the vessel wall consists of only one layer of endothelial cells. With use of the x50
objective, video recordings were made of individual capillaries with focus on one
capillary segment per field of view. Resolution of the microscope was calculated to be
about 0.3 pm. Capillary segments were aligned vertically on the video screen by



D/stens/£w7rfy o/ cap//terios 4 f

means of a Leitz K-mirror, which allows for optical rotation of the image. Video
recordings were made under control conditions (over 2-5 min), during complete
aortic occlusion (2 min), and during reactive hyperemia following release of the
occluder (at least the first 2 min). Complete aortic occlusion resulted in a rapid
decrease of median femoral artery pressure to 17 mmHg (range 4-22 mmHg). The
variation in minimally achieved femoral artery pressures is probably due to
variability in collateral circulation. Subsequent occlusion runs were at least 5 min
apart. During one occlusion run, recordings were made of one capillary segment.
Femoral artery pressure was allowed to restore at preocclusion levels before the
next run was carried out. No more than 10 occlusion runs were performed during
one experiment.

Three sets of experiments were performed. In the first set, in which we inves-
tigated whether capillary diameter changed during the interventions, the capillary
segments were sampled randomly, i.e., independent of their position within the
vascular tree. To evaluate whether there is a relationship between the extent of
diameter change and the position of the capillary segment in the vascular tree,
segments of capillaries located near their feeding terminal arteriole (capA) or near
their draining venule (capV) were selected. Finally, to exclude possible differences
in capillary diameter changes due to variations in feeding arterioles and draining
venules, we compared the data obtained in segments on the arteriolar and the venu-
lar side of the same capillary (capAp and capVp̂  respectively).

Diameter measurements. Inner capillary diameter was measured off-line
using a home-built image-shearing device (Intaglietta and Tompkins, 1973).
Diameter measurements were performed on clear parts of the capillary walls at 4
sites along a capillary segment of about 20 to 40 urn, including a nucleus of an
endothelial cell. Measurements were made four to six moments before, four to five
moments during, and four to nine moments after occlusion. Reliable measurements
could be made only when the capillary wall was in focus. The resolution on the video
screen was about 0.3 um per video line and matched the optical resolution of the
microscope. For each capillary segment, we calculated mean diameter (i.e., average
of diameters at the 4 measuring sites) at the various moments. Control diameters
for a given capillary segment were defined as the average of these calculated mean
diameters at four moments during the control period. Occlusion diameters were
obtained from the average of the calculated instantaneous mean diameters (at least
2) during the last min of occlusion. Because reactive hyperemia is a dynamic
process, we considered only the maximal diameter, i.e., the largest mean diameter
measured after deflation of the occluder.



Chapter 3

CaZcuZatton o/"cap:Z/ary resistance. Relative resistance (Rrel) during occlusion
and peak reactive hyperemia was estimated using the following equation:

in which Drel is the diameter relative to control diameter. Median Rrel
calculated as the median of the Rrel of all 120 capillaries investigated.

fled 6/oorf ce/Z ueZocity measurements. Capillary red blood cell velocities were
measured off-line using the dual-window technique (Slaaf et a/, 1984) and the
Capiflow temporal correlation software (SIM, Kista, Sweden) during control period,
aortic occlusion, and reactive hyperemia. For every measurement, we adjusted
width, length, interwindow distance and the time constant to obtain an optimal
cross-correlation between the intensity signals of the two windows. Usually, window
width was of about the same size as capillary diameter and window length of about
feaJf iJ»i «ize. Depending on Wood cell velocity, the interwindow distance was varied
15-25 |im, and a time constant of 1 or 2 s was chosen. The two windows were located
in the central part of the capillary segments, thus measuring the velocity at the sites
of diameter measurement. During the early phase of reactive hyperemia (peak
flow), it was difficult to measure red blood cell velocities because of movement of the
preparation directly after release of the occluder. In some cases, however, the capil-
laries were in focus for a short moment (about 1 or 2 s), and using a time constant of
0.1 s, we were able to measure red blood cell velocity during peak flow. The use of
such a small time constant, however, may increase the chance of artifacts in the
velocity data. Therefore measurements were performed at least in triplicate, and we
gave special attention to the reliability of the velocity recordings by checking repro-
ducibility and the correllogram. Because the velocity measurements are obtained at
one moment during peak flow, the value may be an underestimation of the actual
maximal peak flow velocity.

fi/ooci /7ou> ca/cu/afion. Blood flow in the capillaries (Q) during the control
period, aortic occlusion, and peak reactive hyperemia was calculated from the
velocity data and the diameter measurements as follows

= v 7t(If
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where v is red blood cell velocity, D is mean capillary diameter, and JI [D/2]2 is cross-
sectional area of the vessel. We assumed that plug flow, i.e., measured red blood cell
velocity, equals mean blood flow velocity, and we neglected the possibility that
plasma velocity may have been different from red blood cell velocity.

presentation. When data of all capillaries (all caps) are presented, they
comprise the data of all three sets of experiments, irrespective of the position within
the capillary bed. When comparing the data of capA and capV, we show data of the
second and third set of experiments. Only when mentioned in the text, we used cnpA
and capV of the third set in which the A and V segments were measured in the
same capillary; they are indicated as capAp and capVp, respectively.

analysis. Group data are presented as medians and ranges. Data
are presented individually by means of scatter plots. Box plots are used to display
groups of data (Tukey, 1977). A box plot shows the median, interquartile range (box)
and the range minus the stray values, which are indicated separately. For
statistical tests, we used SPSS-PC+ statistical package (SPSS, Chicago, 111., USA).
The Mann-Whitney U-test was used to compare independent data groups. Paired
data (paired capA and capV segments) were compared using the Wilcoxon signed-
rank test. Differences were considered to be significantly different for P<0.05.

3.3 Results

During the experiments, arterial blood PO2 and PCO2 were 73.8 mmHg (range
60-97.5 mmHg) and 40.3 mmHg (range 32.9-45.7 mmHg), respectively, and pH was
7.37 (range 7.28-7.45). Mean control carotid artery pressures were 74-106 mmHg
(median 88 mmHg) and mean control femoral artery pressures were 71-100 mmHg
(median 83 mmHg). Heart rate was 260-355 beats/min (median 306 beats/min).

One hundred twenty capillary segments were investigated. The position in the
capillary network of 66 segments was not determined (unidentified capillary seg-
ments; capU). Twenty five segments were located near the feeding arterioles (capA)
and 29 near the draining venules (capV). In 14 of these capillaries, a segment at the
arteriolar end and at the venular end (capAp and capVp, respectively) were investi-
gated.

Figure 3.2 shows one capillary segment during the control period, aortic
occlusion, and reactive hyperemia.

Figure 3.3 shows diameter measurements at four sites within a particular
about 20 um long capillary segment during the control period, 2 min of complete
aortic occlusion, and reactive hyperemia. After onset of occlusion, the capillary
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occ/usion (B), and peaA reactiue Ayperemia ('CA /n C, </ie image Aas moued. Arroius
indicate 2 sites o/" diameter measurements. Compared witn contro/ period, capi//ary
diameter teas decreased during occ/usion and increased during reactive
nyperemia. •; Endotne/ia/ nuc/eus. Sca/e fear, iO /im.

diameter decreased at three of four measuring sites (sites 1, 2 and 4). At site 3, no
clear diameter change occurred during occlusion. During minute 2 of occlusion, the
diameter remained under the control value at sites 1 and 4. During reactive
hyperemia, after deflation of the occluder, the diameter increased and exceeded the
control diameter, with the increase most pronounced at sites 1 and 4. The maximal
diameter was reached at all sites during peak flow velocity 15-35 s after release of
the occluder (see concomitant velocity tracing in figure 3.3). Within 2 min, the
diameters returned to control values. The observed heterogeneity in this particular
experiment is representative of the heterogeneity in all experiments. To compare the
diameter response of different capillary segments, three examples are illustrated in
figure 3.4. The tendency of mean diameter response is clear in all three segments: a
diameter decrease during aortic occlusion and a diameter increase during reactive
hyperemia. On the other hand, the moments at which the maximal responses are
reached vary between the capillary segments during aortic occlusion and reactive
hyperemia.
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3.3. A: diameter measurements at 4 sites (7-4) a/ong tne /engt/i o/" 2 capi//ary
segment during contro/ period, 2 min o/" complete aortic occ/usion, and reactive
Ayperemia. Das/ied boxes contain data points used /or ca/cu/ation o/" contro/,
occ/usion, and maxima/ reactiue Ziyperemia diameters. B: red 6/ood ce// i;e/ocity
TiïBCJ trace recorded simu/taneous/y u;itn data in A. ATote presence o/"a /ast- and a
s/ou;-u>ai>e /Zou;motion component.

During the control period, the variation in diameter at a particular site of a
capillary as measured at several moments (temporal heterogeneity) is small. When
all capillary segments are considered, the (temporal) standard deviation was 0.05-
0.42 nm (median 0.13 p ) , whereas the (temporal) coefficient of variation was 0-0.08
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Figure 3.4. Diameters during confro/, aorfic occ/usion, and reacfiue Avperemia o/"
3 eapi//ary se^mente fCap 2.2.3J. DasAeci /inc. confro/ diameter.

(median 0.03). The variation in diameter is close to the resolution of the combined
optical and electronic system (i.e., about 0.3 um), and therefore most of the variation
likely results from measurement inaccuracies. The capillary diameter varied along
a segment. When all segments are considered, the (spatial) standard deviation was
0.05-1.22 um (median 0.44 um), whereas the (spatial) coefficient of variation was 0.01-
0.29 (median 0.10).
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The diameters during the control period, aortic occlusion, and reactive
hyperemia are presented in table 3.1 for all capillary segments (All caps), the
unidentified capillaries (capU), the two groups capA and capV, and the subset of
paired capAp and capVp. Control capillary diameter of the whole group (n«120) was
3.2-6.9 um (median 4.4 um). Control diameter did not differ significantly between
capA and capV or between the paired capAp and capVp.

Capi/Zary rfiamerer c/ian^es during aortic occ/usion. Within 20 s of complete
aortic occlusion, femoral artery pressures decreased to a median value of 17 mmHg
(range 4-22 mmHg), leading to a considerable decrease in capillary blood flow
velocity (see figure 3.3; table 3.2). In figure 3.5, the control diameter is plotted against
the occlusion diameter. As is evident from the shift of the set of data points with
respect to the line of identity, during occlusion the decrease in capillary diameter is
significant (P<0.0001). About one-half of the data points, however, are located within
the stippled area (y = x ± 0.3 um), possibly because of inaccuracies in the
measurements. It is therefore uncertain whether these points represent real
diameter changes. The diameters in the group of capA and capV also decreased
significantly (P<0.0001; table 3.1).

Figure 3.6 shows the relative changes in diameter during occlusion. When all
capillary segments are considered, diameter decreases by a median of 6% during

2 3 4 5

control diameter

3.5. Diameters during aortic occ/usion p/otted against t/ieir contro/ c/a/ues
/"or a// capi/Zary segments (AM caps=120j. Stippted area Ty=x± 0.03 /wnj indicates
inaccuracy in measurements.
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occlusion. The relative diameter decreases in the capA are significantly larger than
those in the capV (6 and 4% of control for capA and capV, respectively [P<0.01],
median values). This difference did not reach the level of significance if only the
subset of paired segments was considered. The absence of a significant difference in
response in the subset of paired segments is possibly due to the small number in
this subset.

Capi//ary diameter c/ian#«?s during reactive Ayperemia. Within a few seconds
after abrupt deflation of the occluder, femoral artery pressures increased to about
90% of control pressures, after which pressure increased more gradually, reaching
control values in about 1 min. About 10 s after release of the occluder in most
capillaries blood flow velocity was increased and exceeded control flow velocity
(reactive hyperemia: see figure 3.3; table 3.2). In figure 3.7, the maximal diameters
during reactive hyperemia are plotted against control diameters. A significant
increase in capillary diameter during reactive hyperemia (P<0.0001) is observed.
Note that, like in figure 3.5, about 20% of the data points are situated within the stip-
pled area. In the groups capA and capV, the diameters were also increased signifi-
cantly (P<0.0001) during reactive hyperemia (table 3.1).

In figure 3.8, the relative maximal capillary diameter increases during
reactive hyperemia are shown for all capillary segments, capA, and capV. The
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Ta6/c 3.2. .Red Wood ce/Z t>e/ocity parameters.

control (mean)

occlusion (last 30 s)

peak RH

All caps

(n=57)

0.17

(0.04-0.98)

0.03°

(0.0-0.15)

0.82"

(0.3-1.8)

capA

(n=18)

0.18

(0.05-0.71)

0.04°

(0.0-0.12)

0.8°

(0.3-1.8)

capV

(n=21)

0.135

(0.04-0.98)

0.03°

(0.0-0.15)

0.9°

(0.3-1.6)

Va/ues are presented as medians and ranges Tin parenf/iesesj, and expressed in
mm/s. °. Signi/ïcanf/y di/jferenf /rom mean confro/ Y

diameter increase during reactive hyperemia is maximally 12% (median value)
when all capillary segments are considered. The maximal diameter increases of
capA and capV segments were 4-28% (median 14%) and 0-26% (median 8%),
respectively. The relative maximal diameter increase is significantly (P<0.005)
larger in capA than in capV. The maximal diameter increases during reactive
hyperemia were also significantly (P<0.05) larger in the capAp than in the capVp
segments.

Resistance c/ianges during occlusion and reactive Ayperemia. Because of the
capillary diameter changes, capillary resistance was estimated to increase by 27%
(from -16 to +96%, stray values +117, +117, +121, +140%) during aortic occlusion and
to decrease maximally by 36% (from 1 to 67%) during reactive hyperemia.

Red 6/ood ce// oe/ocifies during occ/usion and reactive /lyperemia. To investi-
gate the possible relationship between the extent of diameter change and the flow
velocity pattern, we assessed red blood cell velocity during the control period, aortic
occlusion, and reactive hyperemia.

Red blood cell velocity in capillaries was 0.04-0.98 mm/s during the control
period (see table 3.2). Usually, flowmotion was present (figure 3.3). During occlusion,
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3.7. Maxima/ diame/ers cfurtn^ rcacfiye /i^peremia f/ÏW^ p/oMed
//icir contro/ va/ues /br a/f capj//ary se^merefs fAZZ caps-720/ S<<ppZed area
(y=x±0.03 /imj indicates inaccuracy in measurements.
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red blood cell velocity diminished and flowmotion disappeared. In a few seconds
after deflation of the occluder, red blood cell velocity increased, showing an early
peak followed by reappearance of flowmotion. Peak velocities ranged between 0.3-1.8
mm/s, with a median increase of 450% (table 3.2). Capillary diameter changes
tended to parallel the velocity changes that attend the transmural pressure changes
(figure 3.3).

Cap///ary t;o/ume /Zou; during reac*it>e Ayperemta. In the control period,
capillary blood flow was 0.4-21.0 pl/s (median 2.7 pl/s; n=57). During occlusion, blood
flow dropped to 0.5 pl/s (range 0-2.9 pl/s). During peak reactive hyperemia, capillary
flow increased to a median of 14.8 pl/s (range 1.5 to 70.0 pl/s). Without the increase in
cross-sectional area of 23%, red blood cell velocity should have increased to 547%,
instead of the assessed 450%, to produce these volume flow values.

3.4 Discussion

In tenuissimus muscle of young rabbits, capillary diameter is reduced during
low perfusion pressure and increased during reactive hyperemia after the release of
complete aortic occlusion. Because of the diameter changes, capillary resistance is
estimated to increase during occlusion (by a factor of about 1.3) and to decrease
during reactive hyperemia (maximally by a factor of about 1.5). The reduced
resistance and increased cross-sectional area during reactive hyperemia may
result in smaller changes in transmural pressure than expected on the basis of
invariant capillary diameter. It might be an additional mechanism to stabilize
capillary pressure. The diameter response of segments located at the arteriolar end
of the capillary is significantly larger than that of segments at the venular end.

The capillary diameter changes in the present study likely result from capil-
lary transmural pressure changes. Bjornberg and colleagues (1990) demonstrated
in cat muscle that capillary pressure decreases during arterial occlusion and
increases after release of the occlusion. The findings in our study agree with several
other studies showing capillary diameter changes due to transmural pressure
changes (bat wing: Davis, 1988, Bouskela and Wiederhielm, 1989; rat trapezius
muscle: Skalak and Schmid-Schönbein, 19866; cat and frog mesentery: Smaje el a/,
1980, Baldwin and Gore, 1989, Swayne e< a/, 1989). The extent of capillary diameter
increase during reactive hyperemia of about 0.5 um in the present study is
comparable to the 0.8 urn reported by Sarelius (1990), although in that study no
statistical significance was reached. Sarelius compared small populations of
capillaries during a control period and during hyperemia under 10~^M adenosine in
hamster cremaster muscle.
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The relatively small changes in capillary diameter lead to an estimated in-
crease in capillary resistance by 27% during aortic occlusion and an estimated max-
imal decrease in capillary resistance by 36* during reactive hyperemia. This
means that during aortic occlusion the resistance for blood cells to flow through the
capillaries is enhanced, which is most critical for the relatively large and stiff white
blood cells, which may plug capillaries under low flow conditions (Hansell et a/,
1993). In our experiments, we never observed permanent plugging of capillaries by
leukocytes. This is also expressed by the fact that in most capillaries no complete
cessation of flow was observed. Another consequence of the increased resistance to
flow is that the reduction in capillary pressure resulting from the decreased blood
flow velocity is attenuated. During reactive hyperemia, resistance fell by 36%, thus
providing an extra means of accommodating the high flow. The interplay between
resistance and the resulting (limited) increase in flow most probably results in a
smaller increase in transmural pressure than expected on the basis of invariant
capillary diameters. Therefore, passive distension of capillaries can be considered to
be an additional mechanism to stabilize capillary pressure.

In the present study, no differences in control diameter were found between the
arteriolar and venular capillary segments. This finding is consistent with observa-
tions in hamster cremaster muscle (Klitzman and Johnson, 1982) but does not agree
with other reports that capillaries have a smaller diameter at the arteriolar than at
the venular end (connective tissue of bat wing: Bouskela and Wiederhielm, 1989; cat
tenuissimus muscle: Eriksson and Myrhage, 1972; rat cremaster muscle: Smaje c<
a/, 1970). This discrepancy may be explained by tissue and/or species differences.

In our study, capillary segments on the arteriolar side showed a larger
response than those on the venular side during occlusion and reactive hyperemia.
The difference in response may result from a difference in distensibility (defined as
the ratio of change in capillary diameter to change in transmural pressure) or from
a difference in transmural pressure change along the capillary. The distensibility of
the capillaries may be determined by the properties of the capillary wall (Murphy
and Johnson, 1975) or the properties of the surrounding tissue (Fung ef a/, 1966).
Differences in composition of the capillary wall between the arteriolar and venular
side have been suggested by Bouskela and Wiederhielm (1989) to be the cause of the
difference in distensibility between both ends of the capillary. We found the diameter
change between the various measuring sites along a capillary segment to be
heterogeneous (figure 3.3). If the local change in capillary diameter, i.e., at one
particular site, is only determined by the properties of the capillary wall (and not by
a difference in transmural pressure), for each measuring site one would expect a
correlation between the diameter reduction during occlusion and the diameter
increase during reactive hyperemia. However, no such correlation was found at any
of the measuring sites (figure 3.9). An alternative explanation may be the
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surrounding tissues, which might exert a different local resistance to diameter
changes by varying arrangements of the muscle fibers. A capillary that is loosely
embedded between muscle fibers would experience less counteraction than a tightly
embedded one. The same holds for the attachment of the capillary wall to the
surrounding tissue. Since such mechanisms may substantially vary locally, both
mechanisms could be the origin of the heterogeneity in the local diameter changes.
Alternatively, the difference in changes in diameter between the arteriolar and
venular side of the capillaries may be caused by differences in transmural pressure
changes during aortic occlusion and reactive hyperemia on both sides, with greater
changes on the arteriolar than on the venular side of the capillary. This difference
could result from changes in postcapillary resistance and/or capillary flow velocity
and resistance. The actual transmural pressure changes are the result of a compli-
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cated interplay between the mentioned factors, and can directly be assessed only by
micropressure measurements.

During aortic occlusion, the time course of diameter reduction varied among
the individual capillary segments. Some capillaries showed a constant reduction in
diameter during the whole occlusion period, whereas others showed a diameter
reduction during the first half of the occlusion period and then a (partial) return to
control (see figure 3.4). The latter response, occurring without a change in femoral
artery pressure, may result from ongoing changes in transmural pressure due to
changes in arteriolar diameter, because during the major part of the occlusion
period ongoing increases in arteriolar diameter were observed in experiments
where we recorded a terminal arteriole feeding a capillary.

The fact that we hardly observed flow cessation during complete aortic
occlusion is in contrast to earlier experiments from our laboratory, where capillary
flow cessation during aortic occlusion was commonly found (Slaaf ft a/, 1986). This
contradiction can likely be explained by the fact that in the former experiments the
oxygen tension in the superfusion solution was about 78 mmHg, whereas it was less
than 23 mmHg in the present experiments. We have indeed found that the occur-
rence of flow cessation is positively correlated with the oxygen tension in the super-
fusion solution (Bosman e< a/, 1992). The lower oxygen tension in the superfusion
solution in the present study is likely to be a better approach to the prevailing
conditions of unexposed tissues. This suggests that reduction of arterial pressure
does not induce capillary flow cessation in unexposed rabbit tenuissimus muscle.

Determination of capillary diameter by assessing the distance between the
opposite inner walls requires a very clear image. The quality of the images was good
enough to select clear parts. We did not use red blood cell diameter as a marker of
capillary diameter, because at higher velocities a thin lubricating layer of plasma
will be present at the wall (Secomb, 1987), thus introducing artifacts. A limitation in
our experiments is the resolution of about 0.3 um, which is inherent to the use of an
optical microscope (NA 1.0). Some diameter changes during the interventions fell
within the resolution range of 0.3 um, but the results are consistent: at nearly all
measuring sites a decrease during occlusion and an increase during reactive hy-
peremia. This indicates that capillary diameter changes during occlusion and
reactive hyperemia are a real phenomenon.

In conclusion, in rabbit tenuissimus muscle, capillary diameter varies with
the transmural pressure changes as induced by aortic occlusion and release of the
occluder. The reduced resistance and increased cross-sectional area during reactive
hyperemia result in smaller changes in transmural pressure than when capillary
diameter would have been invariant and may be an additional mechanism to
stabilize capillary pressure.
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3.5 Summary

Capillary diameter changes were studied in the tenuissimus muscle of 29
urethane-anesthetized New Zealand White rabbits. Capillaries were visualized with
transillumination bright-field microscopy (saltwater lens, x50; resolution = 0.3 um).
Median capillary diameter during the control period was 4.4 um (range 3.2-6.9 um).
Complete aortic occlusion resulted in a reduction of median femoral artery pressure
to 17 mmHg (range 4-22 mmHg). During 2 min of occlusion, capillary diameter
decreased by 6% with greater change on the arteriolar side of the capillary than on
the venular side. During reactive hyperemia after release of the occluder, capillary
diameter maximally increased by 12% compared with the control period, with a
larger reponse at the arteriolar end of the capillary than at the venular end. Median
capillary resistance was estimated to increase by 27% during occlusion and to
decrease by 36% during peak reactive hyperemia. The observed diameter changes
are compatible with the idea that capillaries change their diameter relative to
changes in transmural pressure.
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4.1 Introduction

When perfusion pressure is reduced, red blood cell flow in the capillaries of
skeletal muscle ceases at a positive pressure difference across the vascular bed. In
rabbit tenuissimus muscle this flow cessation phenomenon (i.e., the cessation of red
blood cell flow) occurs at a transmural arterial pressure of about 17 mmHg when
pressure is reduced by arterial occlusion (Slaaf et a/, 1986). When tissue pressure
and venous pressure are elevated simultaneously, flow cessation occurs at a trans-
mural arterial pressure of about 25 mmHg (Reneman ef a/, 1980, Slaaf e* a/, 1986).
In human skin, flow in nail fold capillaries ceases at a mean arterial pressure of
27-40 mmHg (Gaskell and Krisman, 1958). In all these experiments flow cessation
was assessed by actual observation of capillary flow. In whole-organ studies
addressing the cessation of flow at finite perfusion pressure, flow ircto the organs is
measured. In these studies, pressure-flow curves usually intercept the pressure
axis at a positive value, indicating cessation of flow at a positive pressure gradient
across the vascular bed of those organs. This phenomenon is often called the critical
closure phenomenon after the explanation given by Burton (1951) that below a
critical trans-mural pressure vessels would close completely. Other explanations
offered are a compliance effect, as has been suggested for intramyocardial vessels
(Spaan, 1985), hidden inputs, the flows of which are not measured but that actually
still feed and perfuse a muscle, or red blood cell aggregation and unsteady perfusion
(Sutton and Schmid-Schönbein, 1989).

The intravital microscopic observations that at flow cessation in muscle capil-
laries terminal arterioles, controlling capillary perfusion, are dilated and venular
diameters are unchanged, while some flow is maintained in the transverse arteri-
oles and venules, suggests that the main obstruction to flow occurs at the capillary
level (Reneman ef a/, 1980, Slaaf e* a/, 1987a). The remaining flow probably runs
through short connective tissue shunts (Lindbom e/ a/, 1980).

It is known that capillary diameters may vary with changes in transmural
pressure. In cat mesentery, capillary diameter varies (although submicroscopi-
cally) with the small transmural pressure changes occurring during the cardiac
cycle (Smaje e* a/, 1980). In batwing connective tissue, capillaries are more distensi-
ble and vary by about 28% at transmural pressure changes of about 14 mmHg
(Davis, 1988, Bouskela and Wiederhielm, 1989). It seems conceivable that capillary
diameter decreases during (partial) aortic occlusion and in this way capillaries
may play a role in the flow cessation phenomenon.

The aim of the present study was to assess whether flow cessation at the level
of the capillaries, as induced by lowering arterial pressure, can be explained by
capillary luminal diameter reductions. In preliminary experiments in the rabbit
tenuissimus muscle, we found the incidence of flow cessation in the capillaries to be
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dependent on the oxygen tension (PO2* >" th* solution superfusing the tissue under
observation. We explored this further, and therefore, investigated whether pQo
affects capillary diameter during flow cessation. Since the diameter of the terminal
arterioles determines to a large extent whether capillaries are perfused, and
arterioles are known to constrict in response to oxygen (Duling, 1972, Lindbom <»f a/,
1980, Sullivan and Johnson, 1981), in a subset of experiments we assessed also the
arteriolar diameter at various oxygen levels.

4.2 Materials and methods

/?a6fti/s. Forty two young (5 - 6 weeks) New Zealand White rabbits of either sex
and ranging in weighing between 0.8-1.1 kg were used. All experimental procedures
were approved by the Institutional Animal Care and Use Committee of the
University of Limburg and complied with the "principles of laboratory animal
care". The rabbits were sedated with 5 mg diazepam (Valium, Roche) i.m. Thirty
min later anesthesia was induced by injection of 4 ml of a 20% urethane solution
through a lateral ear vein. Throughout the experiment, additional doses of urethane
were given through a catheter (PE 50) in the right femoral vein (0.4 ml/30 min). To
facilitate breathing, the trachea was canulated. A catheter (PE 60) was placed in the
right carotid artery for the recording of arterial blood pressure and heart rate. To
change perfusion pressure in the muscle, a cuff was placed retroperitoneally
around the descending aorta distal to the renal arteries. Arterial pressure down-
stream from the cuff was measured through a catheter (PE 50) in the femoral artery
of the contralateral (right) hind limb.

Tenuissimus musc/e. The preparation procedure has been described in detail
elsewhere (Lindbom e< a/, 1980, Reneman ef a/, 1980). In short, the tenuissimus
muscle of the left hind limb was exposed for in situ observation by careful prepara-
tion without touching the muscle itself and leaving its fascia, tendons, innervation
and the supplying and draining blood vessels intact. During the preparation the
muscle was exposed to air and superfused with a 0.9% NaCl solution at room
temperature (20-23°C).

The leg with the exposed muscle was placed in a box which could be sealed to
control the gas environment; rubber slaps connected the box with lens and light
guide, respectively (Reneman e* a/, 1980). A light pipe was placed underneath the
muscle for transillumination. During the experiment, body temperature of the
rabbit was kept at 38°C using an infrared heating lamp in combination with a rectal
temperature probe and a feedback system. Arterial blood gas and pH values were
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assessed during the experiment by means of an acid-base analyzer (model ABL 3,
Radiometer, Copenhagen, Denmark).

After sealing the box, a mixture of 95% Ng and 5% COg was continuously led
through the box. In the box, the muscle was superfused with a Krebs solution (rate
of flow: about 3 ml/min; composition in mM: NaHCOg, 25; KHgPO^, 1.2; KC1, 4.8;
CaClg, 2.5; MgSO^, 1.2; NaCl, 118.4), with a pH of 7.4 and a temperature of 37OC. The
Krebs solution was bubbled with a mixture of two gases: 95% Ng with 5% COg and
95% O„ with 5% CO„. By varying the flow ratio of these two gases, different PO2
values in the superfusion solution were achieved, while the constant COg concentra-
tion of 5% kept its pH constant. Each new gas mixture was allowed to equilibrate
with the solution for at least 30 min. The muscle was allowed to recover and equili-
brate to the specific experimental conditions for a period of 30 min.

Since the gas mixture flowing through the box (95% Ng, 5% COg) was deprived
of oxygen, it removed most of the oxygen from the superfusate where it was flowing
in a thin layer over the muscle. Between lens and muscle, however, a thicker layer
of fluid was present and was continuously refreshed by the superfusion solution
dripping onto the muscle via the objective lens with only a limited exchange with
the gas mixture flowing through the box. We assessed the relationship between the
POo in the dripping solution just before entering the box and that of the solution
under the objective lens in seperate experiments. The PO2 in the solution before
entering the box, as measured with an acid-base analyzer, was varied from 10 to 160
mmllg. The PO2 below the objective lens on the surface of a plastic 20 ml syringe
was determined by means of an oxygen needle electrode (Diamond General, Mich.,
USA) coupled to a Strathkelvin oxymeter (Glasgow, UK). The p£>2 (in millimetres of
mercury) underneath the objective lens (y) correlated well with that of the solution
entering the box (x) according to: y=0.36+0.89x (r=0.99; P<0.001). In the rabbit exper-
iments, this equation was used to calculate the PO2 at the muscle surface under
observation from the actual measurements in the superfusion solution. We
assumed that changes in PO2 in the drop underneath the lens due to oxygen
consumption by the resting muscle are negligible, taking into account that the
solution is continuously refreshed. In one experiment, we also measured the PO2 of
the solution in the box at some distance from the lens. With a p£>2 of 50 mmHg in the
dripping solution, a PO2 of 19-25 mmHg was measured about 2 cm from the lens,
indicating that oxygen was indeed applied rather locally. This may explain our
Finding that capillary perfusion still existed at control perfusion pressures in most
muscles exposed to higher PO2 in the superfusion solution entering the box.

Microscope and experimen/a/ procedure. The rabbits were placed under a Leitz
intravital microscope adapted to telescopic imaging (Slaaf e/ a/, 1982). Images were
displayed through a TV camera (Bosch Ultricon 4532, 1 inch) on a monitor (Sony)
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and recorded on videotape (Sony Betamax). Final optical magnification at the front
plane of the TV camera was x52 and xlO4 using a saltwater immersion objective of
x25 (numerical aperture 0.6) and x50 (numerical aperture 1.0), respectively. This
yielded a field of view on the monitor of 230 and 115 urn horizontal width, respec-
tively. Transillumination was provided by a 100 Watt mercury arc, with a Calflex
and a KG-1 heat filter, a fiber optic and a condenser system positioned in front of the
light pipe (Reneman et a/, 1980). When necessary, neutral density filters were
placed in the illuminating pathway to reduce light intensity to the lowest level still
yielding a good video image. Video recordings of capillaries were made before and
during reduced arterial pressure. Femoral artery pressure was reduced within 20 s
by complete aortic occlusion, lasting 2 min. The time interval between successive
occlusions was at least 5 min.

Three sets of experiments were performed. In the first set of experiments we
examined the relationship between local PO2 (&t the site of the objective) and the
number of capillaries exhibiting flow cessation during arterial pressure reductions.
Using the x25 objective, we selected capillary beds containing between three and six
capillaries per field of view running parallel to the muscle fibers and in which red
blood cells could clearly be seen flowing. In each muscle, we investigated from two
to seven capillary fields. In each bed, we counted off-line the number of the capillar-
ies exhibiting flow and the number that subsequently exhibited flow cessation. In
the second set of experiments, we investigated whether capillary luminal diameters
changed during reduced arterial pressure, and whether there was a relationship
between this diameter change on the one hand and PO2 at the site of the objective
and capillary flow cessation on the other. In addition, we assessed capillary red
blood cell velocity during the interventions. The x25 objective was used to select a
capillary running within the focal plane for a considerable part of the field of view.
The selected capillaries had to meet the following criteria: (1) capillaries run for
their longest part parallel to the muscle fibers, (2) red blood cells move in single file,
and (3) the vessel wall consists of only one layer of cells. In the capillary segments
local thickening of the wall was present in all cases, probably reflecting the
presence of the nucleus of an endothelial cell. The capillary was aligned vertically
on the videoscreen by means of a K-mirror. Subsequently, the capillary was recorded
using the x50 objective (with a field of view of 80 urn height) during control and
during reduced pressure at various oxygen levels. The inner diameter was
measured off-line, using a home-built image-shearing device (Intaglietta and
Tompkins, 1973). At various moments before (4-6 times) and during (4-6 times)
occlusion, the measurements were performed at four sites along each capillary
segment. One of the four measuring sites was located at the site of an endothelial
nucleus. In a pilot study, we found that the greatest diameter changes occurred at
the latter site. The capillary wall was usually very thin and its thickness could only
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accurately be measured at the site of the endothelial nuclei. The resolution was
about 0.3 Jim per video line, which matches the optical resolution of the microscope
system. During control, we calculated for each measuring site the control diameter,
i.e., the average of the instantaneous diameters at the various intervals. Mean
control diameter for a given capillary segment was calculated as the average of the
control diameters at the four sites. Control equivalent diameter (Deq, see below) was
calculated as the time average of the instantaneous values of Deq during the control
period. During occlusion, capillary diameter changes varied between the various
measuring sites of one capillary segment. We therefore considered the maximal
diameter changes of all measuring sites (= minimal diameter) and the maximal
change in Deq (= minimal Deq) of each segment.

Capillary red blood cell velocities were measured off-line, using the dual win-
dow technique (Slaaf e£ a/, 1984) and the Capiflow temporal correlation software
(SIM, Kista, Sweden). For every measurement, we adjusted width, length, and in-
terwindow distance of the windows and the time constant to obtain an optimal
cross-correlation between the intensity signals of the two windows. Usually, window
width was set to about the same size as capillary diameter and window length to
about half that size. Dependent on red blood cell velocity, the interwindow distance
was varied between 15 and 25 |im and a time constant of 1 or 2 s was chosen.
Velocity tracings exhibited flowmotion, i.e., variation in blood flow velocity due to
vasomotion. Often a superposition of slow (due to vasomotion at the orifice of the
transverse arteriole) and fast (due to vasomotion of the terminal arterioles) wave
flowmotion was present. We analyzed these flowmotion cycle lengths by calculating
the average valley-to-valley time difference.

In the third set of experiments we investigated whether terminal arterioles
were open or closed (fully constricted) during aortic occlusion at various pc«2- Using
the x25 objective, terminal arterioles were recorded during control conditions and
during two min of occlusion. Off-line arteriolar diameters were assessed by means
of the image-shearing device (see capillary diameter measurements).

Ca/cu/alton o/" capiZ/ary resistance. To estimate capillary resistance, Deq
values were used. Assuming that the measurements at the various positions along
the capillary are representative of the actual diameter distribution along the
capillary, one can calculate Deq for each capillary by putting segments (of equal
length) of each of the measured diameters in series (Miles and Nuttall, 1991). The
Deq of the segment studied is defined as the uniform diameter of the segment that
results in the same resistance. Assuming Poiseuille flow conditions without any
change in apparent blood viscosity, one can calculate the resistance of the original
capillary and that of the equivalent one. From that it follows that:
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D - n
n

.•=1

where Di is capillary diameter at site i, and n the number of observations. The
relative Deq during occlusion was defined as the Deq during occlusion divided by the
Deq before occlusion. Relative Deq was used to calculate the relative resistance,
which is proportional to (relative Deq)"*. Viscosity may increase during low flow
states and reduced capillary diameter. Our calculations relate to geometrical differ-
ences for Newtonian fluids only. Exclusion of the viscous effects result in underes-
timation of the actual change in resistance.

ana/ysts. Data are presented as medians and ranges (within paren-
theses). For statistical tests and curve fitting we used the SPSS-PC+ statistical pack-
age (SPSS, Chicago, 111., USA). In all tests the level of significance (P) was set at 5%.
Paired data were compared using the Wilcoxon signed-rank test. To calculate the
extent of linear relationship between two data sets, the Pearson correlation coeffi-
cient was used. Stray values were defined according to Tukey (1977).

4.3 Results

Arterial PO2 and PCO2 ^ ^ e ?4 mmHg (58-88 mmHg) and 39 mmHg (34-
45 mmHg), respectively, while pH was 7.4 (7.30-7.45) (n=42). Mean carotid artery
pressures were 70-107 mmHg (median 86 mmHg) and increased only slightly (1-
2 mmHg) during aortic occlusion. Mean control femoral artery pressures were
slightly below the carotid pressure values and ranged from 67 to 105 mmHg
(median 84 mmHg). Heart rate was 252-380 beats/min (median 314 beats/min). All
preparations fulfilled the inclusion criteria of Borgström and colleagues (1990a) for
mean arterial pressure (above 60 mmHg), heart rate (above 240 beats/min), and
arterial PCO2 (below 45 mmHg). Seven of the preparations did not fulfill the
inclusion criterion of arterial PO2 greater than 70 mmHg. However, the results
obtained from those seven preparations did not differ from the other ones and there-
fore were not excluded from the study.

In most of the capillaries studied, flowing red blood cells could be observed
during control femoral artery pressures, although at the higher pOo •" the super-
fusion solution (above 55 mmHg) capillary blood flow was usually rather slow and
could even cease. In those cases, the PO2 •" the superfusion solution was reduced
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until flow reappeared before the experimental protocol was performed. The depen-
dency of capillary blood flow velocity on PO2 is described in more detail below.

F/ou; cessation and PO2- Complete occlusion of the aorta resulted in femoral
artery pressures of 8-22 mmHg (median 15 mmHg). Minimal pressures were
attained within 16-20 s after onset of occlusion. During 2 min of complete aortic
occlusion, capillary perfusion decreased and in some capillaries blood flow stopped
completely within 16-43 s after onset of aortic occlusion. Figure 4.1 shows the
relative (percentage) number of capillaries per field of observation that exhibited
flow cessation at complete aortic occlusion as a function of the local pQo in the
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Figure 4.1. /fe/atiue number o/" capiZZaries exni6itm£ /Zou; cessation per /leZd o/"
observation at compZete aortic occ/usion, /"or various oxygen tensions ( p o ^ »'" '«*
siijocr/w.sKm .so/ufion uncferneat/i tne 06/ectife Zens; PO2 ""** " ' w ' 20 mm//; in t/te
super/usion so/ution over tne remainder o/" tne muscZe. Number o/* capi/Zary /IeZd«:
59; totaZ number o/" capiZZaries examined is 256. 77ie number 25 (arrouij re/ers to 25
measurements u'jtAout /7ou» cessation at f/iaf position on tne xaris. Tne soZui Zine
is tne /ttted curt^e, equation Zower
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superfusion solution at the site of the objective. At local p<>2 of 20 mmHg and less, no
flow cessation could be observed in any of the capillaries in 25 out of 33 capillary beds
(see arrow in figure 4.1). In the remaining eight beds, flow stopped in some
capillaries, but not in all. Increasing local PO2 resulted in a higher percentage of
flow cessation. At local PO2 of about 70 mmHg and higher, flow ceased in all
capillaries at the reduced perfusion pressure. To get an impression about the con-
centration/response relationship, the curve of figure 4.1 could be described by the
following equation:

,_/i_e-0.035x+0.526j

where y is percentage of capillaries exhibiting flow cessation and x is poo in mmHg
(r=0.77). The relative number of capillaries exhibiting flow cessation was not
dependent on the level of femoral artery pressure obtained during complete aortic
occlusion (r = 0.02). The incidence of capillary flow cessation also did not correlate
with any of the systemic blood gas values, heart rate, or carotid artery pressure. In
the 48 capillaries that exhibited cessation of red blood cell flow and the wall of which
was clearly visible, in only 4 cases did a red blood cell stop at the site of an
endothelial nucleus.

Capi/fary diameter and PO2- ^ '̂ ® second set of experiments we investigated
capillary segments (n=54) with a local PO2 •" the superfusion solution in the range
16-50 mmHg. The correlation between capillary diameter changes and local pOo
was investigated. Furthermore, we evaluated whether the smallest diameters
attained were always associated with flow cessation in the same capillary.

Capillary diameters during control and during aortic occlusion are summa-
rized in table 4.1. Mean control capillary diameter was 3.2-6.0 nm (median 4.2 (im)
during normal femoral artery pressure. Deq was 3.1-5.8 nm (median 4.0 nm) during
control. The minor difference between mean diameter and Deq indicates that the
relative spatial heterogeneity of the capillary diameter along the observed length of
the vessel is minimal. During the control situation, the variation in diameter at a
particular site of a capillary as measured at several moments (temporal
heterogeneity) is small. Considering all capillary segments, the (temporal) standard
deviation was 0-0.29 urn (median 0.13 nm). The variation in diameter is close to the
resolution of the combined optical and electronical system (i.e., 0.3 (lm) and,
therefore, most of the variation likely results from measurement inaccuracies.
Capillary diameter varied along a segment. When all segments are considered, the
(spatial) standard deviation was 0.1-1.09 |im (median 0.52
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Ta&Ze 4./ . Diame/ers o/" capiZZary segments (̂ «=5^ during confroZ and aorfic
occZusion. LocaZ oxygen tension ranged /"rom 20 to 50

Control diameter

mean 4.2 um (3.2-6.0 urn)

equivalent 4.0 um (3.1-5.8 urn)

Occlusion diameter

minimal 3.3 um (1.9-4.9 um)°

minimal equivalent 3.7 um (2.6-5.6 um)°

<*.P<0.0007 us. confroZ diameters

Control capillary diameter did not depend on the local PO2 over the range of 16
to 50 mmHg. No significant changes in diameter were found when prior to
occlusion PO2 was increased or decreased by 5-26 mmHg; measurements in six
capillaries at between two and five different PO2 values within this range showed no
significant differences.

CapiZZary diameter and /7ou> cessation. Figure 4.2a presents an example of
diameter measurements at four sites within a particular capillary segment with a
length of about 20 um during control and during 2 min of complete aortic occlusion.
After onset of occlusion, capillary red blood cell velocity rapidly decreased (see
concomitant velocity tracing in figure 4.2b) and capillary diameter decreased at all
measuring sites. At the end of the occlusion period, at one site the diameter in-
creased, reaching the control level again. This was observed in more experiments.
The observed heterogeneity in magnitude of the diameter response at the various
sites in this particular experiment is indicative of the heterogeneity in all experi-
ments.

Figure 4.3a,b shows that the minimum capillary Deq values attained were not
related to local poj- Also, no correlation was observed between the extent of maxi-
mal diameter change and local pQg (figure 4.3c). From figure 4.3c and table 4.1 it
can bo concluded that capillary diameters were significantly (P<0.0001) reduced
during aortic occlusion over the entire PQ2- Considering the sites at which the
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4.2. Diameter measurements at /bur sites fdi/7eren< symfco/sj a/ong one
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diameter change was the greatest, capillary diameter changed by -0.55 um (range
from -0.2 to -1.1 um; stray values -1.53 um and -1.75 um).

From figure 4.3a it can be concluded that, during occlusion, 14 capillary seg-
ments had sites with minimal diameters less than 2.8 um, the critical diameter
below which red blood cells may be obstructed (Henquell e* a/, 1976, Chien et a/,
1984). In only four of these, red blood cell flow ceased and in only one of these four
segments could a red blood cell be observed that actually stopped flowing at the site
of smallest diameter. Considering the Deq (figure 4.3b), two segments had diameters
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less than 2.8 urn. This indicates that in most of the 14 segments, the minimum
diameters attained were rather local. In fact, they extended not more than nbout
5 urn along the length of the capillary. In 10 out of the 14 segments, red blood cells
were still able to deform sufficiently to pass the site of smallest diameter. Hence, we
can not demonstrate a direct obstruction in the capillary for red blood cells to pass,
which might explain the flow cessation phenomenon.

During control, the site of the nucleus was always the site of smallest capillary
diameter. During aortic occlusion, the diameter reduction was greatest at the site of
a nucleus. The thickness of the nucleus was increased and, therefore, the nucleus
bulged into the capillary lumen. This is illustrated in figure 4.4 in which the actual
relative minimal diameters are shown as a function of PO2- 1" figure 4.4a
measurements are presented with the nucleus sites included, and in figure 4.4b the
measurements with the nucleus sites excluded. Comparison of the two data sets
reveals that in 10 out of 54 experiments the diameter reduction was clearly larger at
the nucleus site; in all other capillaries the change at the site of the nucleus did not
differ from that of the mean of the other sites. Hence, capillary diameter reductions
due to bulging of the endothelial nucleus are not a prominent phenomenon under
these conditions.

Arferio/ar dtameier during aortic occ/usion and PO2- Diameters of terminal ar-
terioles (n=16) were assessed at local PO2 values of 20-50 mmHg. Control arteriolar
diameter was 3.9-8.2 Jim (median 5.6 urn). During occlusion, arteriolar diameters
significantly increased by 0.9 um (range 0.1-1.9 urn, P<0.001). Hence, also at the
higher local p(>2> arterioles dilated during aortic occlusion.

Capt/Zary resistance. Capillary resistance during control and during aortic
occlusion was estimated using Deq (see Materials and methods). In figure 4.5,
relative capillary resistance is plotted against local pc«2- During aortic occlusion,
resistance increased by a median value of 40% (range 0-144%; stray values 294% and
577%, P<0.0001). No correlation was found between resistance increases and local

capi/Zaries u>it/i /Zou; /*n=397, so/id «ymoo/s represen* capillaries in u/Atcn /Zou; nad
ceased /n=J57. 77ie dasAed norizonta/ fine in A and B indicates fAe critica/
diameter /or red 6/ood ce// passage. T"ne s/iacfed area in C indicate»
measurement inaccuracy.
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Red 6Zood ce/Z ueZociiy and p0£- In figure 4.2, the flow velocity pattern of one
capillary segment during control and aortic occlusion is presented. During control,
flow velocity exhibited slow and fast wave flowmotion. Flowmotion cycle length of
the slow waves was 8.9-37.5 s (median 23.9 s) and that of the fast waves 2.7-6.9 s
(median 4.6 s). Flowmotion cycle length did not correlate with PO2- During
occlusion, flow velocity diminished and flowmotion disappeared. Mean control
velocity varied between 0.01 and 0.49 mm/s (median 0.13 mm/s). After onset of the
occlusion, blood flow velocity decreased in all capillaries within 15 s. During the last
30 s of occlusion, capillary velocity was significantly (P<0.001) reduced compared
with mean control velocity to a median value of 0.03 mm/s. From figure 4.2 it is
obvious that, during occlusion, the diameter reduction is parallel to the reduction of
red blood cell velocity. When, however, the whole population of capillary segments is
considered, no correlation exists between the extent of (relative) diameter reduction
and the extent of (relative) velocity reduction (figure 4.6a). The four relative velocity



Chapfer 4

I

g

110-,

90-

70-

50-

• t v
1

CD

O

—1 1

O
O O

—1 1—

A

o o
o o

r=0.14
P=0.33

1 1 1

-10 10 30 50 70 90

velocity (%)

110 130 150

| 0.4 +

if
I E 0.2 +

10

o
o

8*
O Qö

o w
• — h -

o

—0- .
0° • o

1

o

CV—.

O

y= -0.004.x
r=0.39
P=0.0059

•*-$-
H - •

B

+ 0.253

.—
1

20 30

pO2 (mmHg)

40 50

0.2 x
o flow

• flow stop

0.1 0.2 0.3 0.4

control mean velocity (mm/s)

4.6. A. fte/attue eguiua/enf rfiameter fre/afii>e to control as /imcfion o/"
ye/ocity Cre/a<jue to con fro/; during occ/usion. B. Confro/ mean oe/octty as /unction of
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values above 100% indicate an increase in velocity during occlusion. This is caused
by the presence of prolonged periods of low velocity due to flowmotion during control.
In figure 4.6b, PO2 >s plotted against control mean velocity. At lower PO2 values (i.e.
below 20 mmHg) mean control velocity was rather variable, while at the higher PQ«
velocity was lower than 0.2 mm/s in most capillaries. The relationship between local
PO2 and mean capillary velocity was weak (r=0.39; P<0.01).

No correlation was found between the velocities during control and during the
last 30 s of occlusion, as can be seen in figure 4.6c. In this figure, five data points are
situated above the line of identity, which indicates that in these capillaries mean
velocity during the last 30 s of occlusion was higher than mean control velocity. The
local PO2 at which these velocities were observed was 16-45 mmHg. During control,
the velocity tracings of these five capillaries exhibited flowmotion. After the onset of
occlusion, velocity decreased and flowmotion disappeared. During the 2nd min of
occlusion, velocity increased and exceeded mean control velocity. It is possible that
these capillaries are so-called thoroughfare channels in which red blood cells prefer
to flow at low perfusion pressures. Diameter response of these five capillaries was
not different from that of the whole group of capillaries.

4.4 Discussion

The findings in the present study show that capillary red blood cell flow
cessation, induced by arterial pressure reduction, is dependent on the local pOo in
the superfusion solution (underneath the objective). In most of the capillaries, red
blood cell flow stops at a local PO2 of 40 mmHg or higher, while complete capillary
red blood cell flow cessation occurs at a local PO2 above 70 mmHg, in the presence of
dilated arterioles. During arterial pressure reduction, capillary Deq decreases by
about 8%, leading to resistance increases of about 40%. The capillary diameter
reduction does not depend on local PO2' *"*d is probably due to passive recoil. Red
blood cell flow cessation was not always present in capillaries with the smallest
diameters observed. Although the increased resistance will be an additive mecha-
nism to hamper flow, capillary red blood cell flow cessation cannot be explained
solely by the observed capillary diameter reductions.

In our preparation, capillary diameters are significantly reduced during
arterial pressure reduction while the diameter reduction is not related to local

confro/ uefocify. Open sym6o/s represent capi//art«s u>i<A /7ou> /n=.?9/, so/icf «ymftoto
capt/lartis in iwAic/i /Zou; /uuf ceaseii /n=257.
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Usually, arterioles dilate during arterial pressure reduction to maintain constant
capillary pressures. It is likely that during complete aortic occlusion, which leads to
a dramatic arterial pressure reduction, arteriolar dilation is not sufficient to
compensate for this reduction, resulting in a decrease in capillary transmural
pressure. This has actually been demonstrated in cat muscle (Bjornberg e< a/, 1990).
Therefore, the capillary diameter decreases during pressure reduction may be due
to passive recoil caused by reduced transmural pressure. The fact that, in our
preparation, capillaries are compliant, is consistent with several other studies
showing capillary diameter changes as a consequence of changes in transmural
pressure (bat wing: Davis, 1988, Bouskela and Wiederhielm, 1989; rat trapezius
muscle: Skalak and Schmid-Schönbein, 19866; cat and frog mesentery: Smaje e* a/,
1980, Baldwin and Gore, 1989, Swayne e* a/, 1989).

In this study, most of the capillary segments exhibited a rather heterogeneous
diameter response at the four measuring sites. For instance, in a few capillary seg-
ments, the diameter at the site of an endothelial nucleus was far more reduced than
at the sites where the endothelial cell consisted of only a thin layer of cytoplasm.
This can be explained by the fact that, due to a general diameter reduction as a
result of passive recoil, the mass of the nucleus is pushed into the lumen of the
capillary. This causes an extra local diameter reduction. Other local differences in
capillary wall geometry, like thickness of the endothelial cytoplasmic layer and
basal membrane, may also play a role in the local heterogeneity in diameter
response. Furthermore, the surrounding tissue might cause a different local
diameter response by varying arrangements of the muscle fibers. A capillary that is
loosely attached to muscle fibers will experience less counteraction than a tightly
attached one.

The significantly reduced diameter of the capillaries of the rabbit tenuissimus
muscle during complete aortic occlusion induces a considerable increase in capil-
lary resistance, not always resulting in flow cessation. The diameter reductions
were apparently not dramatic enough to result in a direct obstruction for red blood
cells, i.e., a situation in which the red blood cell surface area-to-volume ratio be-
comes the limiting factor for passage The smallest capillary diameter through
which a rabbit red blood cell can pass with the prevalent pressure gradient is not
known. Human red blood cells can not pass through a capillary smaller than 2.7
|im (Chien e/ a/, 1984). Henquell and co-workers (1976) have shown that single red
blood cells of the rat can flow through a pipette with a diameter of 2.8 um under a
pressure gradient of only 0.17 mmHg. Assuming that red blood cells of rabbits are
comparable, the findings of Chien (1984) and Henquell and co-workers (1976) indi-
cate that, in our preparation, capillary diameters must be smaller than about 2.8
Um before red blood cells are prevented from flowing. This situation was generally
not reached in our experiments. In 14 out of 54 capillaries, diameters were reduced
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below 2.8 Jim, but these reductions were only local and did not extend over more
than about 5 nm. In 10 of these 14 vessels, red blood cells continued to flow, although
they seemed to have some difficulty in passing the site of smallest diameter. In only
one case did a red blood cell actually stop at such a site. This indicates that the
decrease in capillary diameters during aortic occlusion contributes to a reduction in
capillary perfusion, but cannot explain solely the flow cessation phenomenon.

With our method, using a high magnification, we can observe only short
segments of the capillary during each occlusion run. It can be argued that we could
have missed local regions with small diameters. In the current study, however,
capillary segments which always contained a nucleus were investigated. Local
minimal diameters along the length of a capillary were usually present at the sites
of endothelial nuclei. With this in mind, we analyzed the first set of experiments,
performed at intermediate magnification, to determine whether the nucleus is a
site at which the red blood cells preferentially stop flowing. Some 48 of the
capillaries exhibiting flow cessation could be analyzed reliably in this manner. In
only four of these capillaries did a red blood cell actually stop at the site of a nucleus.
This is approximately the number that one would expect if red blood cells were to
stop at random positions. Hence, we found no correlation between the position of
stationary red blood cells and the site of the nucleus and, therefore, with that of
minimal diameter.

The role of oxygen in the flow cessation phenomenon is puzzling. Arterioles
and venules are not the flow-limiting factor, and no relationship between capillary
diameter and local p£>2 could be demonstrated. Resistance of capillaries to blood flow
is not only determined by capillary geometry, but also by the viscosity of the flowing
blood. Availability of oxygen is known to decrease local hematocrit, but this results
in a lower viscosity and, therefore, a lower resistance, rather than an increased
resistance to flow (Desjardins and Duling, 1987). Hence, it is unlikely that changes
in hematocrit due to changes in PO2 P'av a role in the flow cessation phenomenon.
A possible explanation for the occurrence of capillary flow cessation at high pQ^ is
the generation of oxygen free radicals by endothelial cells at the higher PO2- Oxygen
free radicals are known to decrease red blood cell deformability (Uyesaka e< a/, 1992)
causing an increase in resistance to flow, and so contributing to flow cessation.

It cannot be excluded that the flow cessation occasionally observed in capillar-
ies at low pog (below 20 mmHg) is caused by leukocyte plugging (Bagge and Braide,
1982). Differences in flow cessation between various capillaries might also be due to
differences in geometry as indicated by observations in the bat wing. Although part
of the same feeding and draining network, flow cessation occurred in the capillaries
of the tensor plagiopatagii muscle, whereas flow was maintained in the connective
tissue capillaries and the thoroughfare channels in the web (Slaaf e< a/, 19876).
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In most of our experiments under control pressure conditions, capillary flow
persisted even during application of higher local PO2 (50 mmHg), while the remain-
der of the muscle was exposed to a low (less than 20 mmHg) pQ2- In this situation,
the terminal arterioles, which control capillary perfusion, were probably located
outside the small area exposed to high PO2- This is not in disagreement with the
observation of Lindbom and colleagues (1980), who have reported closure of terminal
arterioles when the whole muscle was exposed to higher PO2 (65 mmHg). Indeed,
when in our experiments a gas mixture with a PO2 of 40 mmHg was led through
both the superfusate and the box, thereby applying a PO2 of 40 mmHg not only
locally, but to the whole muscle, flow in the capillaries also stopped at control blood
pressures.

Arterioles constrict when exposed to oxygen (Duling, 1972, Lindbom ef a/, 1980,
Sullivan and Johnson, 1981) and dilate during arterial pressure reduction (Slaaf e*
a/, 1986, Borgström e< a/, 19906). Our experiments show that terminal arterioles
actually dilate during arterial pressure reduction at local PO2 values of 20-50
mmHg. In an earlier study (Reneman e£ a/, 1980), which was performed at a local
PO2 of about 80 mmHg, we found that transverse arterioles also dilate during
capillary flow cessation. Furthermore, the fact that blood is still flowing through
connective tissue during capillary flow cessation also indicates that the larger
arterioles remain patent (Reneman et a/, 1980, Slaaf e* a/, 1987a). Therefore, the
cause of flow cessation cannot be attributed to arterioles. On the other hand,
Sullivan and Johnson (1981) have shown that arterioles constrict slightly (5-10%) at
control arterial pressures, when completely exposed to a PO2 of 66 mmHg. When at
this PO2 arterial pressure was reduced to 40 mmHg by aortic occlusion, no change
in diameter occurred: the autoregulatory dilation was abolished in all vessel orders.
We made no attempt to verify whether, and if so, to what extent, the arteriolar
response is attenuated by local PO2 in our experiments.

At control blood pressures, capillary red blood cell velocity was often slow at the
higher PO2 in the superfusion solution. The low velocities in the capillaries result in
a higher apparent viscosity, which leads to an increase in capillary resistance
(Secomb, 1987). However, no correlation was found between control blood flow
velocity and the incidence of flow cessation. Therefore, flow cessation at high PO2
cannot be explained by the initially lower blood flow velocities. Furthermore, no
relationship between the flowmotion patterns and local PO2 exists, which agrees
with the study of Prewitt and Johnson (1976), who described no changes in velocity
patterns with changes in PO2-

The mechanism(s) responsible for capillary flow cessation still remain(s) to be
elucidated. We can only speculate about this mechanism. We think that flow cessa-
tion occurs only when several changes occur simultaneously. Factors involved in
flow cessation could be reduced arterial pressure, reduced capillary diameters (this
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study), attenuated arteriolar dilator response at high PO2 (Sullivan and Johnson,
1981), and an increased viscosity at the venular level (Gobel ef a/, 1989). Each of these
factors probably does not induce flow cessation by itself but, when all are present at
the same time, they may lead to flow cessation.

In conclusion, capillary luminai diameter reductions may facilitate capillary
flow cessation, as induced by arterial pressure reduction. Although oxygen plays a
role in the capillary flow cessation phenomenon, it does not affect the extent of capil-
lary diameter changes.

4.5 Summary

When perfusion pressure is reduced, red blood cell flow in the capillaries of
skeletal muscle ceases at a positive pressure difference across the vascular bed,
while arterioles dilate and venules are not constricted. This flow cessation (i.e.,
cessation of red blood cell flow) and luminai diameter changes in capillaries follow-
ing femoral arterial pressure reduction were investigated in the rabbit tenuissimus
muscle in situ (n=42) using intravital video microscopy. Arterial pressure was
reduced by occlusion of the aorta distal to the renal arteries. During the experi-
ments, leg and muscle were placed in a sealed box. The muscle was exposed to low
oxygen by leading a gas mixture deprived of oxygen through the box. Locally at the
muscle surface, i.e., under the microscope objective, oxygen tension (PO2) ^^^ varied
by varying the PO2 in the superfusion solution. In all experiments, the remainder of
the muscle was kept at low (<20 mmHg) PO2- The incidence of flow cessation was
virtually zero at low (<20 mmHg) local PO2 and became almost 100% at local values
above 70 mmHg. Initial equivalent capillary diameters ranged between 3.1 and
5.8 urn (median 4.0 urn) and did not correlate with local PO2- During aortic
occlusion, capillary diameters significantly (P<0.0001) decreased by a median value
of 8% at all PO2 values; in 14 out of 54 capillaries local diameter became less than
2.8 urn. The extent of diameter reduction did not correlate with PC>2- *" *"* 1*
capillaries in which the diameter became less than 2.8 (im, flow cessation occurred
in only four cases. The minimal diameter reached was always at the site of an
endothelial nucleus. The capillary diameter reductions are probably due to passive
recoil. In the 48 capillaries in which flow ceased, only in four cases did a red blood
cell stop at the site of the nucleus. We conclude that capillary diameter reductions
(local and generalized) lead to a considerable increase in capillary resistance,
which contributes to the occurrence of flow cessation but cannot solely explain it.
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5.1 Introduction

Capillary perfusion is an important determinant of tissue oxygenation
(Renkin, 1984). The number (and length) of capillaries in a tissue are a measure for
perfusion and exchange capacity. Anatomical capillary density is usually defined
as the number of capillaries in a unit of cross-sectional area or volume of tissue
(Hudlicka, 1984). The anatomical presence of capillaries does not necessarily imply
that these capillaries actually carry flow and are involved in the perfusion or ex-
change process. A certain number of capillaries may be deprived of blood flow. This
spatial heterogeneity in perfusion may vary with time. An important effector of this
temporal heterogeneity of capillary perfusion is vasomotion, i.e., the more or less
rhythmic diameter variation in (terminal) arterioles (Meyer et a/, 1987, Slaaf ef a/,
1987c, Oude Vrielink e* a/, 1989). Counting only the capillaries attended by red blood
cells (RBCs) in stained cross-sections and comparing that with the total number of
capillaries present is not a suitable method to assess the fraction of actually per-
fused capillaries, because capillaries containing RBCs may not be perfused, and
variations in hematocrit due to vasomotion in the terminal arterioles may result in
perfused capillaries without RBCs. Therefore, functional capillary density is often
used to describe the number of capillaries in a certain volume of tissue that are
being perfused with RBCs (Damon and Duling, 1984). One should bear in mind,
however, that according to this definition, transport and exchange capacity can
change without a change in functional capillary density, for example, when capil-
lary diameters are not invariant. This is not necessarily the case. Davis (1988) and
Bouskela and Wiederhielm (1989) demonstrated that in connective tissue in the bat
wing, capillaries are distensible and that they actually change diameter at varia-
tions in transmural pressure within the physiological range. This implies that
functional capillary density is not the only variable determining tissue flow capacity
or exchange surface area.

Data obtained from preliminary experiments suggest that in skeletal muscle
capillary diameter might vary not only with transmural pressure, but also with
local oxygen tension; capillary perfusion appeared to be strongly related to locally
applied oxygen tension, while the arterioles were always open to perfusion (Bosman
e/ ai, 1992).

In this paper, studies are described in which perfusion and diameter of capil-
laries of the tenuissimus muscle of young anesthetized rabbits were investigated
during control, low perfusion pressure, and subsequent reactive hyperemia. Special
attention was paid to possible changes in diameter and the influence of oxygen on
the relative number of capillaries still perfused during complete aortic occlusion.
The findings are discussed in relation to perfusion and exchange capacity.
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5.2 Materials and methods

Aa66(te. Experiments were performed on young (5-6 weeks, 0.8-1.1 kg weight)
New Zealand White rabbits of both sexes. All experimental procedures were
approved by the Institutional Animal Care and Use Committee of the University of
Limburg. The rabbits were premedicated with diazepam (5 mg; Valium, Roche),
intramuscularly. Half an hour later, anesthesia was induced by injection of
urethane (4 ml of a 20% solution) through a lateral ear vein. Anesthesia was
maintained throughout the experiment with additional doses of urethane (about
0.4 ml/30 min) through a catheter in the right femoral vein, if necessary.

A trachea cannula was inserted to facilitate breathing. Arterial blood pressure
(external pressure transducer, model CP-01, CTC) and heart rate were recorded
through a catheter placed in the right carotid artery.

Perfusion pressure in the tenuissimus muscle was reduced by inflating n cuff
placed around the aorta distal to the renal arteries. When the cuff was inflated, the
aorta occluded completely. Arterial pressure downstream of the cuff was measured
through a catheter in the femoral artery of the (contralateral) right hind limb. Both
arterial catheters were perfused with saline (0.9% NaCl) at a rate of 2.5 ml/h to keep
them patent.

In the control period, mean carotid artery pressure was 70-107 mmHg, and
mean femoral artery pressure was 67-105 mmHg. Heart rate varied between 252 and
380 beats/min. Body temperature was kept at 38°C throughout the experiment.
Arterial blood gas and pH values were assessed with an acid-base analyzer (model
ABL 3, Radiometer, Copenhagen, Denmark). Arterial pc«2 and PCO2 were 74 mmHg
(58-88 mmHg) and 38 mmHg (34-45 mmHg), respectively, and pH was 7.37 (7.28-7.45).

Tenuissimus musc/e. The preparation procedure has been described in detail
elsewhere (Reneman ef a/, 1980). In short, the muscle of the left hind paw was
carefully exposed for in situ microscopic observation. The muscle itself was not
touched, and fascia, tendons, innervation, and supplying and draining blood vessels
were left intact. During the preparation, the muscle was superfused with a 0.9%
NaCl solution at room temperature (20-23°C). Subsequently, the leg was positioned
in a sealable box to enable control of the gas environment. A light pipe was placed
underneath the muscle for transillumination (Reneman et a/, 1980).

The box was sealed and a gas mixture of 95% Ng and 5% COg was led through
the box. Muscle superfusion in the box was performed at 37°C with a Krebs solution
(composition in mM: NaHCOg, 25; KlljPO,, 1.2; KC1, 4.8; CaCLj, 2.5; MgSO ,̂ 1.2; NaCl,
118.4). The pH of this solution was kept at 7.4±0.5, by bubbling with a gas mixture
containing 5% COg. The remainder of this gas composition could be varied between

j and 95% Oj, keeping pH constant. The muscle was allowed to recover and
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equilibrate to each specific experimental condition for a period of about 30 min.
Applying a superfusion solution with a certain oxygen tension (pOô  ̂ ° 'he muscle,
while passing a gas mixture without oxygen through the box, led to a p o ,
concentration in the solution under the microscope objective of 89% compared to the
concentration in the superfusion solution just prior to entrance into the box. The
remainder of the muscle was exposed to low (<20 mmHg) pQ«2 due to oxygen
washout from the superfusate by the oxygen free gas mixture flowing through the
box. The oxygen concentrations reported in the results section are the corrected
ones. Oxygen is known to induce vasoconstriction in arterioles leading to cessation
of capillary perfusion (Lindbom e£ a/, 1980). In the present experiments with the
local application of oxygen, however, capillary flow was usually present. This
suggests that the terminal arterioles were located outside the area effectively
exposed to the elevated

Microscope and experiment/ procedure. A Leitz microscope adapted for
tefescwpfc rrnagmg' was casxsvf &r iTri\rm5ropi\r abtsOTvatia'?.? /SJAS/ *>/ «/, J3S2A Images
were projected on a TV camera, displayed on a video monitor, and stored on
videotape. Final optical magnification at the front plane of the camera was x52 or
xl04, using salt water immersion objectives of x25 (numerical aperture 0.6) and x50
(numerical aperture 1.0), respectively. This yielded a field of view on the monitor of
230 and 115 |im horizontal width, respectively. Transillumination was performed
with a 100 Watt mercury arc with appropriate heat filters, a fiber optic, and a
condensor system positioned in front of the light pipe (Reneman el a/, 1980). Neutral
density filters were used to adjust light levels to the lowest level still yielding good
images.

Video recordings were made before, during, and after complete aortic
occlusion at various local PO2 After a control period of at least 2 min, the aorta was
completely occluded for 2 min. Within about 20 s, occlusion resulted in a low femoral
artery pressure (4-22 mmHg). This variability in femoral artery pressures attained
is due to collateral circulation. The time interval between successive occlusions was
at least 5 min.

Two sets of experiments were performed. In the first set we assessed the rela-
tive number of capillaries per field of view that were still perfused with RBCs
during complete aortic occlusion, compared to the control, using the x25 objective.
Each field studied contained 3-6 capillaries. At control arterial pressure, flow was
present in all capillaries. The experiments were performed at various local oxygen
tensions. Counts of capillaries carrying flow were performed off-line.

In another set of experiments, we measured capillary diameter along short
segments of a capillary. We selected capillaries that (1) ran for their longest part
parallel to the muscle fibers, (2) contained RBCs flowing in single file, and (3) were
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in focus for a considerable length. The capillaries were oriented vertically on the
monitor screen using a K-mirror. Using the x50 objective lens, recordings of capil-
laries were made during control (2 min), occlusion (2 min), and reactive hyperemia
after release of the occluder (2 min) at various local oxygen tensions. Resolution of
the microscope-camera-monitor system was about 0.3 jim.

Diameter measurements. Inner capillary diameter was assessed off-line
using a home-built image-shearing device (Intaglietta and Tompkins, 1973).
Measurements were performed at several sites (4-6, clearly in focus) along each
capillary and repeated at various moments during control period (4-6 times), aortic
occlusion (4-6 times), and reactive hyperemia (4-8 times). During the control period,
we calculated the mean control diameter for a given segment as the mean of the
various sites at the various moments. To estimate the consequences for resistance to
flow, we calculated equivalent diameter as the mean of the instantaneous equivalent
diameter values. Equivalent diameter is defined as the diameter of a uniform vessel
having the same resistance to flow as the vessel studied. It can be calculated from
the following relationship (Miles and Nuttall, 1991):

1

[4
D«,=

where Di is capillary diameter at site i, and n the number of observations along the
segment. Equivalent diameter is a measure of the influence of the geometry on
vascular resistance.

Relative Deq (compared to control) was used to calculate the (relative)
resistance, which is proportional to (relative) Deq'^-

5/ood ce/Z velocity measurements. Blood cell velocities in the capillaries were
measured off-line, using the dual window technique (Slaaf et a/, 1984) and the
Capiflow temporal correlation software. Settings of the windows and the correlation
process were optimized for each measurement.

Data presentation and statistical ana/ysis. Data are presented as medians
and ranges. For statistical analysis, we used the SPSS-PC+ statistical package
(SPSS, Chicago, 111., USA). The Mann-Whitney U-test was used to compare
independent data groups. Paired data were compared using the Wilcoxon signed-
rank test. In all tests the level of significance was set at 5%.
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5.3 Results and discussion

In young rabbit tenuissimus muscle, capillaries exhibit flowmotion (Tangelder
ef a/, 1984), i.e., more or less rhythmic changes in capillary blood cell velocity (figure
5.1). We observed a fast- (median cycle length 4.6 s; 2.7- 6.9 s) and a slow-wave (24 s; 9-
38 s) component. Oude Vrielink and colleagues (1987) found that the number of
perfused capillaries originating from a certain terminal arteriole during control
did not differ from the number during complete vasodilation during superfusion
with adenosine (lO'^M). They also demonstrated that all terminal arterioles were
perfused, albeit intermittently. These data indicate that no anatomical recruitment
is present in the tenuissimus muscle of young rabbits. When considered over a
prolonged period of time, functional capillary density is in this case 100% of
anatomical capillary density. Instantaneous functional capillary density, however,
never equals anatomical capillary density due to the presence of flowmotion. For
total flow calculations through a tissue, one takes this into account by multiplying
functional capillary density by mean velocity.

Reduction of perfusion pressure initially leads to increased vasomotion and
flowmotion amplitude (Oude Vrielink et a/, 1989), and subsequently to disappear-
ance of vasomotion and to continuous perfusion of the capillaries (this study). When
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the muscle is exposed to low oxygen in the superfusion solution, (low remains pre-
sent in almost all capillaries during low perfusion pressures (figure 5.2). At any
moment during this intervention, instantaneous functional capillary density now
approximates anatomical capillary density. To keep perfusion at the required level
at these low driving pressures, all capillaries have been made available for continu-
ous perfusion in order to obtain the lowest resistance: temporal recruitment.

During reactive hyperemia following release of the occluder, capillary flow
velocity becomes very high and subsequently returns to control values. During the
later phase of reactive hyperemia, flowmotion reappears (see figure 5.1). Therefore,
instantaneous capillary density during reactive hyperemia equals anatomical
capillary density until flowmotion reappears.

Functional capillary density is usually used as an indicator to compare flow
carrying capacity or exchange surface area in various situations. In the case of
invariant capillary diameter, multiplication of functional capillary density with

Capillaries with flow during aortic occlusion
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mean capillary flow velocity suffices to estimate total tissue flow, while capillary
density can be used directly to compare exchange surface area. If, however, there
are differences in capillary diameter between the situations under investigation
(figure 5.3), one should take these differences into account. During occlusion, mean
equivalent capillary diameter is reduced by 8%, leading to a reduction in exchange
surface area of 8% and in flow carrying capacity of 16%. During reactive hyperemia,
mean equivalent diameter is increased by 12% as compared with the control. In this
situation, the increase in exchange surface area is 12% and that in flow carrying
capacity, 24%. Therefore, a mere comparison of capillary densities leads to consid-
erable errors.

When the muscle is exposed to elevated ZocaZ PO2 under the microscope lens
only, capillary diameter during complete aortic occlusion decreased to the same
extent as it did without local exposure to high PO2- Therefore, local exposure to
elevated PO2 does not influence capillary diameter and cross-sectional area. Under
these same conditions, the number of capillaries still carrying flow (during
complete aortic occlusion) decreased with increasing po2- When locally exposed to
high PO2 (more than 70 mmHg), occlusion of the aorta led to cessation of flow in
virtually all capillaries. Instantaneous functional capillary density was reduced to
0% of anatomical capillary density. At intermediate local PC>2> * graded reduction in
(instantaneous) functional capillary density was present (see figure 5.2). The
presence of local oxygen causes instantaneous functional capillary density to
deviate from anatomical capillary density. Local application of oxygen only

40 -1

occlusion RH

Figure 5.3. CTianges in capi/Zary diameter frefatiue to control diameter) during
occ/usjon and reactiue Ayperemia 6R/£). Box p/ots represent median, interguarti/e
ran£e, and toto/ ran#e. Tne dots indicate stray i>a/ues.
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influences instantaneous functional capillary density, but not capillary diameter.
It is known that functional capillary density is oxygen dependent. When a

muscle is completely exposed to high pc^. the arterioles gradually constrict, which
results in a gradually increasing number of downstream capillaries where flow
ceases (Lindbom ef a/, 1980). Sullivan and Johnson (1981) demonstrated that when
rat skeletal muscle is completely exposed to 66 mmHg of po->> arterioles constrict
slightly (5-10%) at control pressures. When arterial pressure was reduced to 40
mmHg at the same p(>2> "° changes in arteriolar diameter occurred: the auto-
regulatory dilation was abolished in all arterioles. In our experiments, however, we
demonstrated that when exposed to increasing (up to 50 mmHg) levels of locally
applied pc^. the arterioles are all open and effectively dilated by 12% (1-43%) at
complete aortic occlusion, probably because they are located outside the effective
oxygenation zone.

In the evaluation of experiments on tissue perfusion in which capillary diame-
ter is not invariant, one should not only take into account anatomical capillary den-
sity and the relative number of perfused capillaries, but also the relative capillary
diameter. Functional capillary density should only be used to compare the number
of capillaries perfused with the number of capillaries anatomically present. For tis-
sue flow and tissue exchange surface area, one should demonstrate the invariance
of capillary diameter if only functional capillary density is used for comparison.

In conclusion, functional capillary density provides the number of capillaries
accessible to flow with respect to the process under study. Besides the relative num-
ber of capillaries perfused, one should also assess capillary diameter (and where
appropriate capillary perimeter or cross-sectional area) for comparison of experi-
mental conditions, since capillaries are not necessarily invariant in diameter.

5.4 Summary

Perfusion of capillaries was investigated in the tenuissimus muscle of young
anesthetized New Zealand White rabbits during control conditions, complete aortic
occlusion, and reactive hyperemia at various local oxygen tensions (pOo)-
Capillaries were visualized with bright-field microscopy. The number of capillaries
perfused under experimental conditions was compared with that during control
conditions. Capillary diameter was measured to assess whether the interventions
caused changes in luminal diameter. During control conditions at a local PO2 of
about 20 mmHg, capillary perfusion fluctuates; instantaneous capillary density is
smaller than anatomical capillary density. When the aorta is (partially) occluded,
capillary perfusion becomes continuous and instantaneous capillary density equals
anatomical capillary density. The latter is also observed during the early phase of
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reactive hyperemia, prior to the reappearance of flowmotion. Capillary diameter is
not invariant during these interventions, but decreases by 8% during occlusion and
increases by 12% during reactive hyperemia. The concomitant change in perimeter
and cross-sectional area should be factored in with functional capillary density,
when tissue exchange surface area or volume flow are considered. When during
control conditions the muscle becomes locally (under the microscope lens) exposed
to a elevated p()2> capillary diameter does not change. However, the relative number
of capillaries perfused at complete aortic occlusion is unity at low local oxygen, and
diminishes with increasing local oxygen to become 0 at an PO2 of about 70 mmHg.
In preparations in which capillary diameter is not invariant under the experimen-
tal conditions, functional capillary density can only be used to compare the number
of perfused capillaries with the number of capillaries anatomically present.
Capillary diameter has to be factored in when tissue perfusion or exchange surface
area are considered.
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6.1 Introduction o

Evidence is accumulating that capillary diameter varies with changes in cap-
illary transmural pressure, probably due to passive recoil. Smaje and colleagues
(1980) observed small, heart rate synchronous changes in capillary diameter in cat
mesentery due to the pressure fluctuations during the cardiac cycle. In connective
tissue of the bat wing, capillary diameter increased by about 28% when transmural
pressure was increased by about 14 mmHg (Bouskela and Wiederhielm, 1989). In
tenuissimus muscle of young rabbits, capillary diameter decreased during low arte-
rial pressure (complete aortic occlusion; Bosman e/ a/, 1992) and increased during
subsequent reactive hyperemia (Bosman et a/, 1994).

Local application of a vasodilator like adenosine (ADO) induces dilation of
arterioles and venules (Oude Vrielink e* a/, 1990, Mian and Marshall, 1991) The
vessels lose their tone, which may ultimately result in a passive vascular bed. As a
consequence, the transmural pressures in the capillaries will increase, as has been
demonstrated for the vasodilator papaverine (Fronek and Zweifach, 1975, Mellander
c< a/, 1987). Hence, capillary diameter in the presence of ADO may be increased due
to an increased capillary transmural pressure. An indication of the fact that capil-
lary diameter might increase under ADO has been given by a study of Sarelius
(1990). In hamster cremaster muscle, mean capillary diameter increased by 0.8 um
under ADO but no statistical significance was reached probably because small
populations of capillaries were compared during control and under ADO.

The aim of the present study was to investigate whether, and to what extent,
capillary diameters in rabbit tenuissimus muscle increase when the vasculature is
dilated with ADO. Capillary diameters were measured during control blood pres-
sures, complete aortic occlusion, and reactive hyperemia, without and with locally
applied ADO. To verify whether ADO application led to complete vasodilation, we
also assessed diameters of terminal arterioles, the main controllers of capillary flow
(Johnson, 1980, Slaaf et a/, 1987c), during the same interventions.

6.2 Materials and methods

New Zealand White rabbits of either sex (5-6 weeks; 0.8-0.9 kg; n=7)
were prcmedicated with 5 mg i.m. diazepam (Valium, Roche). After 30 min, 4.0 ml
i.v. of a urethane solution (20% in physiological saline) were administered.
Additional doses of urethane (about 0.4 ml/h) were given during surgery and exper-
iment. To facilitate breathing, a cannula was inserted into the trachea. Arterial
blood pressures were recorded via catheters placed in the right carotid artery (PE 60)
and the right femoral artery (PE 50), using CTC CP-01 pressure transducers. To
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keep arterial catheters patent, they were continuously perfused with physiological
saline (2.5 ml/h through each catheter).

Perfusion pressure in the muscle was reduced by inflating a cuff placed retro-
peritoneally around the descending aorta distal to the renal arteries, with the use of
a servo-controlled pump (Prinzen ef a/, 1987). The aorta was occluded completely,
which in most cases (with or without ADO application) did not lead to total cessation
of capillary flow, due to collateral circulation. Arterial pressure downstream of the
cuff was measured through the catheter in the femoral artery of the contralateral
right hind limb.

Tenutssimus muse/*?. Preparation of the tenuissimus muscle in the left hind
limb has been described in detail elsewhere (Reneman el a/, 1980). With minimal
trauma, the muscle was carefully exposed for in situ investigation. Fascia, tendons,
innervation, and supplying and draining blood vessels of the muscle were left intact.
The exposed muscle was suffused with physiological saline (room temperature: 20-
23OC).

Subsequently, the left hind paw was placed in a box which could be sealed to
control the gas environment of the muscle. A light pipe for transillumination was
placed underneath the muscle. The box was carried onto the stage of the microscope
and the muscle was suffused with a Krebs solution (rate of flow: about 3 ml/min;
composition in mM: NaHCOg, 25; KHjPO ,̂ 1.2; KC1, 4.8; CaClj, 2.5; MgSO<, 1.2; NaCl,
118.4), with a pH of about 7.4 and a temperature of 37°C. The Krebs solution was
saturated with a gas mixture of 95% Ng and 5% COg. The same gas mixture was
also flowing through the box. This resulted in low oxygen tensions (<20 mmHg) in
the box and the fluid surrounding the muscle to obtain adequate perfusion of the
muscle (Lindbom e* a/, 1980). The muscle was allowed to stabilize for 30 min.

During the experiment, rabbit body temperature was kept at 38°C, using an
infrared heating lamp and an anal probe as a reference. Arterial blood gas and pH
values were assessed with an acid-base analyzer (Model ABL 3, Radiometer,
Copenhagen, Denmark).

Microscope and experimen/a/ procedure. The experiments were performed
using a Leitz intravital microscope which was adapted to telescopic imaging (Slaaf
e( a/, 1982). Leitz saltwater immersion objectives (SW25, numerical aperture=0.6, or
SW50, numerical aperture=1.0) were used. Microscopic images were projected on a
TV camera (Bosch Ultricon 4532, 1 inch), displayed on a monitor (Sony), and
recorded on videotape (Sony Betamax) for off-line analysis. Total optical magnifica-
tion at the front plane of the TV camera was x52 (SW25) and xlO4 (SW50), respec-
tively. This resulted in a field of view on the monitor of about 175 and 85 urn vertical
height, respectively. Transillumination was performed with a 100 Watt mercury
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arc. The light was led to a light pipe underneath the muscle through a Calflex and a
KG-1 heat filter, a fiber optic, and a condenser system which was positioned in front
of the light pipe (Reneman e/ a/, 1980). Neutral density filters were placed in the
illuminating pathway to reduce light intensity to the lowest level still yielding a good
video image.

After stabilization, the muscle was explored (using the SW25 objective) for ar-
terioles with branching capillaries which had clearly visible walls at least for part of
their length. The selected capillaries had to meet the following criteria: (1) capillar-
ies run for their longest part parallel to the muscle fibers, (2) red blood cells move in
single file, and (3) the vessel wall consists of only a single layer of cells. Using the
SW50 objective, video recordings were made of an arteriolar segment or of a segment
of two downstream capillaries. The arteriolar segment was part of a first-order side
branch (FOS) of a transverse arteriole. A FOS can functionally be considered as a
terminal arteriole (Slaaf e< a/, 1987c). The resolution of the microscope was calcu-
lated to be about 0.3 |tm. Each field of view contained one segment in focus which
was aligned vertically on the video screen by means of a K-mirror (Leitz) allowing
for optical rotation of the image. The segments were recorded under control condi-
tions (for 2 min), during complete aortic occlusion (2 min), and during at least the
first 2 min of reactive hyperemia following deflation of the occluder. Complete aortic
occlusion resulted in a rapid decrease of femoral artery pressure to a median value
of 18 mmHg (range 13-23 mmHg). The variation in minimally achieved femoral
artery pressures is probably due to variability in collateral circulation. In each
preparation, the arteriole and two downstream capillaries were recorded in random
order. The time interval between subsequent occlusion runs was at least 5 min.
Next, the muscle was exposed to ADO to obtain complete vasodilation. ADO was
topically applied by adding it to the Krebs superfusion solution at a concentration of
10"^M. Before recording started, the muscle was allowed to stabilize under ADO
conditions for 15 min. The occlusion protocol was then repeated for the same
arteriole and two capillaries. After the recordings, ADO was removed from the
muscle by superfusion of Krebs without ADO during at least 20 min. On-line
diameter measurements of the vessels displayed on the monitor by means of a ruler
showed that capillary and arteriolar diameters returned to the control levels before
addition of ADO. The protocol was then repeated for another arteriole and two
branching capillaries in the same muscle.

Diameter measurements. Inner diameters of arterioles and capillaries were
measured off-line using a home-built image-shearing device (Intaglietta and
Tompkin8, 1973). In the absence and presence of ADO, diameters were measured 4,
4-5, and 6-8 times during, the control period, during occlusion, and after occlusion,
respectively. The diameter measurements of the various segments were done at
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about the same instances relative to onset of occlusion. The time intervals taken
between the measurements are illustrated in figure 6.1. Because several arterioles
exhibited vasomotion, continuous diameter recordings were made of arteriolar
segments during the control period without ADO to assess mean diameter and the
amplitude of vasomotion, the latter being defined as the difference between peak and
trough diameters. The resolution on the video screen was about 0.3 |im per video line
and matched the optical resolution of the microscope. Arteriolar diameter was
measured at a single site along each segment; capillary diameter was measured at
4 sites. At each point in time, capillary diameter was calculated by taking the mean
of the diameters assessed at the 4 sites. We defined control diameter as the average
diameter of these mean values before aortic occlusion. The control diameters were
compared with the diameters during occlusion or reactive hyperemia. The mean
diameter during occlusion was obtained by averaging the diameters measured at 2
or 3 instances during the last min of aortic occlusion. The maximum diameter
value after occlusion was considered to represent the diameter during reactive
hyperemia.

o/" capiZZary resistance. Relative resistance (RreD of single capil-
laries during each intervention (i.e., occlusion, reactive hyperemia, and ADO appli-
cation) was estimated using the following equation:

4 -
rel

in which Drel is the diameter relative to control diameter without ADO.

anaZysis. Data are presented as medians and ranges (within
parentheses). Box plots are used to display groups of data (Tukey, 1977). A box plot
shows the median, interquartile range (box) and the range, minus the stray values
which are indicated separately (open circles). For statistical tests, we used SPSS-
PC+ statistical package (SPSS, Chicago, 111., USA). Data were compared using the
Wilcoxon signed-rank test. Differences were considered to be significantly different
for P<0.05.
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6.3 Results v>

Genera/. During control conditions, mean carotid artery pressures ranged
between 83 to 97 mmHg (median 87 mmHg) and femoral artery pressures between
82 to 96 mmHg (median 83 mmHg). Heart rate was 285 beats/min (range 270-355
beats/min). Arterial blood p£>2 and PCO2 were 72 mmHg (70-98 mmHg) and
38 mmHg (35-42 mmHg), respectively, and pH was 7.35 (7.30-7.38).

Complete aortic occlusion resulted in a reduction of femoral artery pressure
to 18 mmHg (13-23 mmHg). Standard deviation of minimally achieved femoral
artery pressure during one experiment was 1.86 mmHg (0.61-2.54 mmHg), and the
coefficient of variation was 0.09 (0.04-0.14). There was a small but significant
(P<0.005) difference between the lowest femoral artery pressures reached in the
absence and in the presence of ADO (without ADO: 19 mmHg (17-23 mmHg); with
ADO: 18 mmHg (13-23 mmHg)).

Figure 6.1 shows an example of the diameter variations of a terminal arteri-
ole and of a downstream capillary during control, aortic occlusion, and the first
2 min of reactive hyperemia, before and after ADO application. Capillary diameter
remained constant during the control situation. During aortic occlusion, capillary
diameter decreased, while during reactive hyperemia it increased and temporarily
exceeded control diameter. The feeding arteriole exhibited vasomotion during the
control period. During aortic occlusion, vasomotion disappeared (not shown in the
figure) and the arteriolar diameter increased. After release of the occluder the
arteriole dilated further. Within about 30 s after the release, vasomotion usually
reappeared and diameters returned to control level within 2 min.

Exposure of the muscle to ADO QO'^M) induced an increase in capillary and
arteriolar diameter. Arteriolar vasomotion disappeared under ADO. Aortic occlu-
sion in the presence of ADO resulted in a diameter decrease of both vessel types.
After release of the occluder, diameters subsequently returned to control levels.
Neither arteriolar nor capillary diameter clearly exceeded the control diameter as
they did during reactive hyperemia without ADO.

Capi7/ary diameter. The total number of capillary segments studied was 27.
Capillary diameter data are presented in table 6.1. Median control capillary diame-
ter was 4.3 urn. During the control period without ADO, no capillary diameter
changes were observed, irrespective of the absence or presence of vasomotion in the
feeding arterioles. As compared to control, aortic occlusion led to a significant
(P<0.0001) decrease in diameter to a median value of 3.9 |im, whereas peak reactive
hyperemia resulted in a significantly (P<0.0001) increased median diameter of
5.2 urn. Addition of ADO to the supervision solution induced a significant (P<0.0001)
median increase in the control diameter of 27% (9-42%, stray values 46, 54, 72%)
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resulting in a median diameter of 5.5 um. When compared to ADO control, aortic
occlusion caused a significant (P<0.0001) decrease in median capillary diameter to
4.7 um. Subsequent deflation of the occluder resulted in a small but significant
diameter increase by a maximum of 3% (median; range -1.0 to +8.5%, stray value
•10.0%, P<0.0001) as compared to ADO control diameter. Median capillary diameter
was 11% (-4 to +28%, stray values +33,+39,+43%, P<0.0001) larger during aortic
occlusion in the presence of ADO than during control without ADO. The diameter
response to aortic occlusion and ADO did not differ between capillaries supplied by
arterioles that showed vasomotion and those supplied by arterioles without
vasomotion.

Under ADO, no clear changes in muscle fiber shape were observed so that
capillary dimensions were probably not influenced by such shape changes.

CapiZZary resistance. Figure 6.2 illustrates the relative changes in capillary
resistance during the various interventions. Capillary resistance during control
blood pressure in the absence of ADO was set at 100%. Without ADO, median
capillary resistance significantly (P<0.0001) increased by 48% (a factor 1.5) during
aortic occlusion and significantly (P<0.0001) decreased by 46% (a factor 2) during
reactive hyperemia. Addition of ADO caused a significant (P<0.0001) decrease in
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median resistance of 61% at control femoral artery pressure. Subsequent aortic
occlusion resulted in an increase of resistance as compared to ADO control but
remained 34% (median value) lower (P<0.0001) than during control without ADO.
During peak reactive hyperemia under ADO resistance only slightly differed from
ADO control; the median resistance reduction was 65% (P<0.0001), as compared to
control without ADO.

Arterto/ar diameter. To verify whether application of 10"̂ M ADO leads to
complete vasodilation, we assessed the diameters of terminal arterioles. In table 6.1
arteriolar diameters are summarized. Without ADO, the average arteriolar
diameter during the control period was 5.9 urn (median value). Vasomotion was
observed in 8 out of 14 arterioles. Amplitude of the vasomotion pattern ranged from
1.9 to 3.9 Jim (median 2.6 um; n=8). The median diameter of the subset showing
vasomotion was 6.6 um (range 5.6-7.7 urn). During aortic occlusion, arteriolar
vasomotion disappeared and diameters significantly increased to a median value of
6.7 um (P<0.005). During reactive hyperemia, the diameters further increased to a
median value of maximally 8.6 um (P<0.005). Exposure of the muscle to ADO
resulted in a loss of arteriolar vasomotion and an increase in arteriolar diameters
by 48% (range 20-105%, stray value 139%, P<0.005) to a median diameter of 9.9 urn.
Subsequent aortic occlusion induced a decrease in diameter to a median value of
8.7 um (P<0.005), which indicates that the arterioles had become passive under the
influence of ADO. After deflation of the occluder diameters increased and returned
to control diameters (with ADO). Arteriolar diameters did not clearly exceed the
control diameter as they did during reactive hyperemia without ADO, indicating
that the arterioles were fully dilated during control pressure under ADO conditions.

6.4 Discussion

In tenuissimus muscle of young rabbits, topical application of ADO, leading to
vasodilation of the arterioles, induced an increase in median capillary diameter of
27%. This led to a decrease in estimated capillary resistance by a median factor of
2.5. In the presence of ADO, complete aortic occlusion resulted in a capillary
diameter reduction of 11% which was comparable to the reduction in capillary
diameter during complete aortic occlusion in the absence of ADO (9%). This resulted
in absolute diameters during occlusion without and with ADO of 3.9 and 4.7 um,
respectively. The latter diameter is larger than the control diameter without ADO
(4.3 um). In the absence of ADO, deflation of the occluder resulted in a transient
increase of capillary diameter to values above control, and subsequent restoration of
capillary diameter to preocclusion values. In the presence of ADO, deflation of the
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occluder restored capillary diameter to preocclusion values without a transient
increase.

At first sight, the capillary diameter changes observed in the present study
can be explained by passive recoil due to transmural pressure changes, i.e., passive
adaptation of capillary diameter to transmural pressure. During vasodilation, as
induced by the vasodilator papaverine, capillary transmural pressure was found to
increase (Fronek and Zweifach, 1975, Mellander */ a/, 1987). Therefore, the increase
in capillary diameter during ADO administration, which causes pronounced
vasodilation, can be explained by an increase in capillary transmural pressure. On
the other hand, the decrease in capillary diameter during aortic occlusion, both in
the absence and presence of ADO, can be explained by a decrease in capillary
transmural pressure for Björnberg and colleagues (1990) showed that in cat muscle
capillary pressure was reduced during complete arterial occlusion. Indeed, in our
experiments, capillary transmural pressure must have been below 18 mmHg, the
pressure level recorded in the feeding femoral artery. This is well below the
capillary pressures reported for skeletal muscle, which range between about 21 and
27 mmHg (Fronek and Zweifach, 1975, Bohlen <?< a/, 1977, Slaaf ef a/, 19876, Maspers
e/ a/, 1990). The increase in capillary diameter during reactive hyperemia in the
absence of ADO may also be explained by increased transmural pressure, for
Björnberg and colleagues (1990) found that capillary pressure was increased in cat
muscle during reactive hyperemia. In the presence of ADO, the arteriolar
vasodilation was probably complete, given that arteriolar diameter during reactive
hyperemia was no larger than that recorded after ADO application before aortic
occlusion. Therefore, one might expect that during reactive hyperemia, capillary
transmural pressure was no greater than during control. This complies with the
observation that during reactive hyperemia, capillary diameter was restored to
preocclusion values.

Comparison of capillary diameter during the control period without ADO and
during occlusion in the presence of ADO, however, reveals an unexpected difference
(figure 6.3), which does not comply with the idea that the diameter changes were
proportional to the transmural pressure changes. The capillary diameter during
occlusion with ADO was 11% larger than during the control period without ADO,
even though one might assume that capillary transmural pressure at control
femoral artery pressure was higher than at the low femoral artery pressure exist-
ing during aortic occlusion in the presence of ADO. As indicated above, if no active
process was involved, this finding suggests the presence of a hysteresis loop in the
relationship between capillary diameter and transmural pressure. This could be
explained if the capillary wall becomes extra stretched due to prolonged exposure to
the high transmural pressure induced by ADO. Then, after acute reduction of
transmural pressure by complete aortic occlusion, the capillary diameters would be
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expected to remain larger than if they had been pre-exposed to a more normal pres-
sure. This effect might only disappear when capillary transmural pressure is nor-
malized for a prolonged period.

In accord with this idea, Lee and Schmid-Schönbein (1995) recently found that
exposure for 10 to 15 min to transmural pressure above normal leads to structural
changes of the capillary wall: the membranes of vesicles in the endothelial cells are
converted to cell membrane and, in addition, the vesicles become more unfolded,
resulting in an increased luminal and abluminal membrane surface area. By this
means, the increase of cell membrane surface area was 18% when transmural
pressure was raised from 18 to 37 mmHg and this led to larger capillary diameters.
This configurational change of the capillary wall is considerable and might explain
the relatively large changes in capillary diameters observed under ADO in the
present study. In the present experiments, the period of exposure to ADO before the
diameter measurements was at least 15 min, and therefore should be long enough
for such membrane changes to occur. The study of Lee and Schmid-Schönbein
reports data for exposures to high transmural pressure for 10-15 min, but does not
reveal how rapidly the membrane conversion and unfolding can occur, nor whether
or not the process is reversible. If membrane conversion is responsible for the larger
capillary diameters in the presence of ADO, the 2-min aortic occlusion that led to
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lower transmural pressure may have been too short to induce restoration of the wall
to its original shape, explaining the larger diameter seen during occlusion under
ADO. However, we did observe that after removing ADO from the superfusion
solution, capillary diameters returned to the control values that had existed before
ADO application within about 20 min. This implies that, if the pressure induced
membrane conversion does indeed occur under ADO, membrane conversion is
reversible. Confirmation of this interpretation will, however, require simultaneous
measurements of capillary transmural pressure and diameter.

It is interesting that the capillary diameter response to the various interven-
tions used in the present study showed substantial variability. This may be ex-
plained by changes in capillary luminal shape when transmural pressure is
altered. At low transmural pressure the shape of the capillary lumen is likely to be
more elliptical, at high transmural pressure the shape probably becomes more
circular. Diameter values obtained by means of light microscopy are dependent on
the focal plane and, when the luminal shape is elliptical, by the orientation of the
ellipse. We assume the elliptical luminal shape orientations of capillaries to be
randomly distributed over the muscle, which means that possible underestimationa
or overestimations in diameter and resistance changes also occur at random. Since
we have considered the median diameter response and resistance changes of a set
of capillaries, possible luminal shape changes do not influence our interpretation of
the data.

In conclusion, capillary diameter changes were induced by complete aortic
occlusion, subsequent reactive hyperemia and by application of ADO. The capillary
diameter changes during these interventions were probably caused by passive recoil
due to capillary transmural pressure changes. It is proposed that sustained high
transmural pressure may induce an extra increase in capillary diameter due to
configurational changes in the capillary endothelium. In a substantially dilated
vascular bed, as produced by ADO, not only arterioles and venules are dilated but
capillaries also have increased diameters and, hence, may contribute to the
resistance decrease of the whole microvascular bed.

6.5 Summary

The effects of locally applied adenosine (ADO) and/or femoral artery pressure
reductions (induced by complete aortic occlusion) on capillary diameter were inves-
tigated in the tenuissimus muscle of anesthetized rabbits. Capillaries were visual-
ized by means of intravital video microscopy. Diameters were measured using an
image-shearing device.



Chapter

During control femoral artery pressure (median 83 mmHg) and without
ADO, capillary diameter was 4.3 um (median; range 3.2-5.3 fim; 27 capillaries in 7
animals). Complete aortic occlusion (median femoral artery pressure 18 mmHg)
resulted in a reduction of capillary diameter to 3.9 um (2.7-4.7 um, P<0.0001).
Subsequent reactive hyperemia resulted in an increase in diameter to 5.2 nm (3.7-
6.0 um, P<0.0001). Locally applied ADO (lO'^M) probably led to complete vasodilation
of the arterioles, because their diameters did not further increase during reactive
hyperemia after complete occlusion. ADO (10"^M) induced an increase of control
capillary diameter to 5.5 urn (4.1-6.4 um; median relative increase 27%; P<0.0001),
resulting in a decrease of capillary resistance by 61%. In the presence of ADO, aortic
occlusion resulted in a capillary diameter decrease to 4.7 um (3.4-6.1 um, P<0.0001).
Subsequent reactive hyperemia resulted in an increase to maximally 5.6 um (4.3-
6.4 |im, P<0.0001). This diameter was approximately the same as the control
diameter during ADO. During occlusion in the presence of ADO, capillary diameter
was significantly larger (11%, P<0.0001) than during control without ADO.

The capillary diameter changes induced by the various interventions were
mainly passive, i.e., proportional to capillary transmural pressure changes.
However, capillary diameter was larger during aortic occlusion in the presence of
ADO than during control femoral artery pressures without ADO, even though
capillary pressure was probably higher in the latter case. It is proposed that the
prolonged increase in transmural capillary pressure due to ADO may induce
changes in capillary wall configuration, leading to larger diameters.



Chapter 7

The influence of adenosine on red blood
cell flow cessation in skeletal muscle

Jacqueline Bosman, Geert-Jan Tangelder, Mirjam G. A. oude Egbrink,
Robert S. Reneman, and Dick W. Slaaf

International Journal of Microcirculation Clinical and Experimental
(in press)



104 Chapter 7

7.1 Introduction

When perfusion pressure in skeletal muscle is reduced, red blood cell flow in
capillaries may cease at perfusion pressures above zero. This so-called flow
cessation phenomenon occurs while arterioles are effectively dilated and venular
diameters are unaltered (Reneman et a/, 1980, Slaaf et a/, 1986). The flow cessation
phenomenon is likely to be present in clinical syndromes in which reduced
perfusion pressure results in disturbed perfusion of skeletal muscle, such as
compartment syndromes (Reneman, 1975), lower limb ischemia (Ubbink et a/, 1992),
and intermittent claudication (Bollinger and Fagrell, 1990). Recently, we demon-
strated that in rabbit skeletal muscle, capillary diameters decrease at low perfusion
pressures induced by aortic occlusion (Bosman et a/, 1995b). Although the critical
diameter for red blood cell flow (Henquell et a/, 1976, Chien et a/, 1984) was usually
not reached, it was suggested that the capillary diameter reduction contributes to
the incidence of flow cessation.

The same study also showed that the extent of capillary flow cessation depends
on the local oxygen tension (Po2^ ' " the superfusion solution between objective lens
and muscle (Bosman et a/, 1995b). During complete aortic occlusion, resulting in
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femoral artery pressures of about 18 mmHg, flow did not cease in most capillaries at
a local P02 of 20 mmHg and below. Increasing the local P02 led to an increase in the
incidence of flow cessation up to 100% at a local P02 of about 70 mmHg and higher
(see figure 7.1). The dependency of the incidence of flow cessation on the local P02
cannot be explained by capillary diameter changes since they did not correlate with
the local P02 (Bosman ef a/, 19956). In contrast, oxygen is known to induce
constriction of arterioles (Duling, 1972, Lindbom ef a/, 1980, Sullivan and Johnson,
1981), and the vasodilatory response of arterioles to arterial pressure reduction is
diminished at higher P02 (Sullivan and Johnson, 1981). This indicates that an
elevated local P02 may increase the arteriolar tone, thereby reducing arteriolar
relaxation during aortic occlusion and increasing the incidence of capillary flow
cessation.

The aim of the present study was to investigate in rabbit tenuissimus muscle
whether the increase in the incidence of capillary flow cessation during aortic
occlusion at an elevated P02 may be attributed to an increase in arteriolar tone,
resulting in reduced arteriolar relaxation at low perfusion pressures. Experiments
were performed on normal vascular beds and on vascular beds in which the
arterioles were dilated by topical application of 10'̂ M adenosine (ADO). The role of
oxygen in the incidence of flow cessation was investigated by performing the
experiments at a P02 in the superfusate of 40 and 100 mmHg. Capillary flow
cessation and arteriolar and capillary diameters were assessed by means of
intravital microscopy, since they have been shown to alter under ADO (Bosman e<
a/, 1995a).

7.2 Materials and methods

preparation. New Zealand White rabbits of either sex (n=15; age: 5-6
weeks; 0.8 - 1.0 kg body weight) were sedated intramuscularly with 5 mg diazepam
(Valium, Roche). After half an hour, the rabbits were anesthetized with 4 ml 20%
urethane solution, administered through a lateral ear vein. To maintain anesthesia
throughout surgery and experiment, additional doses of urethane were given
through a PE 50 catheter in the right femoral vein, if needed. To facilitate breathing,
the trachea was cannulated. A catheter (PE 60) was inserted into the right common
carotid artery to record systemic arterial pressure (external pressure transducer,
model CP-01, CTC) and heart rate.

Pressure in the arteries supplying the hind limbs could be reduced by inflating
a cuff placed retroperitoneally around the aorta distal to the renal arteries. The cuff
was inflated until the aorta was completely occluded. Generally, the muscle was
still perfused during complete aortic occlusion, albeit at a strongly reduced level,
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due to the presence of collateral circulation. A catheter (PE 50) was inserted into the
right femoral artery to measure arterial pressures downstream of the cuff. Arterial
catheters were perfused with physiological saline (rate: 2.5 ml/h) to keep them
patent and to compensate for respiratory fluid losses.

The preparation of the tenuissimus muscle of the left hind limb has been
described in detail elsewhere (Reneman e* a/, 1980). In short, after making a skin
incision and cutting the subcutaneous tissue, the muscle was exposed by reflection
of the biceps femoris muscle. Fascia, tendons, innervation, and the supplying and
draining blood vessels of the muscle remained intact. After first exposure, the
muscle was suffused with physiological saline. To allow for transillumination of the
muscle an incision was made in the connective tissue posterior to the tenuissimus
muscle. Subsequently, the hind limb was placed in a box that could be sealed in
order to control the gas environment. For transillumination, a light pipe was
positioned underneath the muscle (Reneman e< a/, 1980). The box was mounted on
the stage of the microscope, and suffusion of the muscle was performed with a
Krebs solution (composition in mM: NaHCOg, 25; KHgPO^, 1.2; KC1, 4.8; CaClg, 2.5;
MgSO^, 1.2; NaCl, 118.4). This solution had a temperature of 37°C and a pH of about
7.4. Initially, the Krebs solution was saturated with a gas mixture of 95% Ng and 5%
COj- This gas mixture was also led through the box. Under these conditions the
preparation was allowed to stabilize for 30 min. During the experiment, the body
temperature of the rabbit was kept at 38°C, using an infrared heating lamp and a
rectal temperature probe as a reference. Arterial blood gas and pH values were
assessed with an acid-base analyzer (Model ABL 3, Radiometer, Copenhagen,
Denmark).

Microscope. The microvessels of the muscle were visualized using a Leitz in-
travital microscope adapted for telescopic imaging (Slaaf e* a/, 1982). Images were
displayed through a TV camera (Bosch Ultricon 4532, 1 inch) on a monitor (Sony)
and recorded on videotape (Sony Betamax). Final optical magnification at the front
plane of the TV camera was x52 and xlO4 using a salt water immersion objective of
x25 (numerical aperture 0.6) and x50 (numerical aperture 1.0), respectively.
Transillumination was performed with a 100 Watt mercury arc, with a Calflex and
a KG-1 heat filter, a fiber optic and a condenser system positioned in front of the
light pipe (Reneman c< a/, 1980). Neutral density filters were placed in the
illuminating pathway to reduce light intensity to a minimum while still yielding a
good video image.

Oxygen tension. After a stabilization period of 30 min, the Krebs solution was
bubbled with a mixture of two gasses: 1) 95% Ng and 5% COg, and 2) 95% O„ and 5%

. By varying the flow ratio of these two gasses, various P02 levels in the super-
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fusion solution could be created. The invariant COg level at 5% served to keep the pH
of the solution constant.

Oxygen was only locally applied to the surface of the muscle via the super-
fusate. Because the gas in the box was deprived of oxygen (i.e., 95% Ng and 5% CO,),
most of the oxygen diffused out of the superfusate, where it was flowing in a thin
layer over the muscle. Between objective lens and muscle, however, a thicker layer of
superfusate was present, which was maintained without interruption by a
continuous flow of superfusion solution between the muscle surface and the
objective lens. Between objective lens and muscle, there was only limited exchange
of oxygen with the gas mixture flowing through the box. In an earlier study
(Bosman ef a/, 19956) it was assessed that the P(>2 in the solution underneath the
lens was only 11% lower than that in the superfusion solution just before entering
the box. Oxygen tension values reported in this study are corrected for this loss.
When changing the local pQ2> the muscle was allowed to stabilize for at least 30 min.

Adenosine. ADO (Merck, Darmstadt, Germany), in a concentration of 10~4M,

was added to the superfusion solution and, hence, was topically applied to the
muscle surface to achieve complete vasodilation of its vascular bed (Oude Vrielink el
a/, 1990). The preparation was allowed to stabilize under ADO conditions for at least
20 min.

protoco/. Two sets of experiments were performed. The first set
was performed to investigate arteriolar diameters and the incidence of flow
cessation in a downstream field of capillaries during complete aortic occlusion
under three experimental conditions: 1) at a local P02 of 40 mmHg without addition
of ADO in the superfusion solution, 2) at a local P02 of 40 mmHg in the presence of
10-4M ADO, and 3) at a local pog of 100 mmHg in the presence of 10-4M ADO. Using
a x25 objective, a segment of a first order side branch of a transverse arteriole, which
functions as the terminal arteriole (Johnson, 1980, Slaaf e/ a/, 1987c) and a field of
downstream capillaries were recorded during control conditions to obtain an overall
picture and to assess perfusion of the capillaries. Next, the following occlusion
protocol was performed: the arteriolar segment was recorded during a control
period of 2 min. Subsequently, the aorta was completely occluded for 2 min, resulting
in femoral artery pressures of about 18 mmHg. After the onset of occlusion a clear
vasodilation of the arterioles was observed with a maximal dilation after about 50-
60 s. One min after the onset of occlusion, the objective lens was moved downstream
towards a field of 5 to 8 capillaries (field of view: 230 urn horizontal width), which
ran parallel to the muscle fibers, and were all supplied by the same arteriole
recorded. The capillary field was recorded until the end of the occlusion period and
during two min after deflation of the occluder (reactive hyperemia). During each
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experiment, the occlusion protocol was performed successively on one arteriole and
a related field of downstream capillaries under all three experimental conditions
(see above). The interval between successive occlusion runs was 30-40 min.

The second set of experiments was performed to investigate individual capillary
diameters. Capillary segments were visualized using the SW x50 objective
(resolution « 0.3 |im) and were aligned vertically on the monitor by means of a K-
mirror (field of view: about 80 um height). Initially, capillaries were only recorded at
a local P02 of 100 mmHg in the presence of ADO at control pressures and during
complete aortic occlusion. When it became evident that capillary diameters
increased in the presence of ADO, the protocol was further extended: capillary
diameters were also assessed during control femoral artery pressures at a pQo of
40 mmHg in the absence and presence of ADO. Because we were not able to perform
the whole protocol on each capillary, a variable number of capillaries was measured
at each intervention (see results section).

O/f-ünc measurements. For each capillary field, we assessed the relative
capillary flow cessation, defined as the number of capillaries exhibiting flow cessa-

control femoral artery pressures. Only capillaries in which red blood cells could
clearly be seen flowing were included as being perfused.

In addition, inner diameters of arterioles and capillaries were assessed using a
home-built image shearing device (Intaglietta and Tompkins, 1973). Terminal
arteriolar diameter was assessed at one site close to its bifurcation from the
transverse arteriole. During control femoral artery pressures, continuous diameter
recordings were made to assess the amplitude of the vasomotion pattern of the
arterioles, defined as the difference between peak and trough diameter. Because
vasomotion disappeared during aortic occlusion and during ADO application,
subsequent diameter measurements were performed at the same time as the
capillary diameter measurements. Capillary diameter was assessed at four sites
along each segment, 4 times during the control period and 4 or 5 times during aortic
occlusion. Each time, we calculated the mean capillary diameter, i.e., the average
diameter of the four sites assessed along the length of a segment. Control diameter
was defined as the average of the mean diameter values during the two min control
period, and occlusion diameter as the average of the mean diameter values during
the last min of occlusion. We did not detect changes in capillary diameters related to
arteriolar vasomotion. In the results section, diameters are presented as relative
diameters. The control diameters at a P02 of 40 mmHg in the absence of ADO were
set at 100%.

ana/ysis. Data are presented as medians and ranges (within
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parentheses). Box plots are used to display groups of data (Tukey, 1977). A box plot
shows the median, interquartile range (box) and the range, minus the stray values
which are indicated separately. For statistical tests, we used the SPSS-PC+
statistical package (SPSS, Chicago, 111., USA). The Wilcoxon signed-rank test was
used to compare the paired data. Differences were considered to be significantly
different for P<0.05.

7.3 Results

Rabbit arterial blood P02 and PCO2 were 74 mmHg (64-83 mmHg) and 40 mmHg
(34-47 mmHg), respectively, and pH ranged from 7.3 to 7.4 (median 7.34). Mean con-
trol carotid artery pressure ranged between 73 and 89 mmHg (median 83 mmHg)
and mean control femoral artery pressure between 70 and 86 mmHg (median
81 mmHg). Heart rate was 265-370 beats/min (median 318 beats/min).

At a local P02 of 40 mmHg in the absence of ADO, capillary perfusion was
present in all preparations during control femoral artery pressures. Usually,
capillary perfusion was characterized by an intermittent flow pattern caused by
upstream arteriolar vasomotion.

F/ou; cessation. During complete aortic occlusion, the lowest femoral artery
pressures ranged from 15 to 23 mmHg (median 18 mmHg) and did not differ
between the three experimental protocols. Variations in femoral artery pressure
during aortic occlusion may be due to differences in collateral circulation. After the
onset of aortic occlusion, capillary red blood cell velocity rapidly decreased and a
transition from intermittent to continuous flow was observed. Figure 7.2 shows the
incidence of capillary flow cessation during aortic occlusion as assessed per
capillary field (n=15) during the three conditions. At a local pQg of 40 mmHg without
ADO, flow cessation occurred in about 50% of the capillaries. After subsequent
deflation of the occluder, red blood cell velocity increased, and all capillaries were
perfused (reactive hyperemia). Exposure of the muscle to ADO resulted in an
increase in control capillary blood cell velocities: blood cells on the TV monitor could
no longer be identified individually, but only as streaks. The addition of ADO at a
local PQ2 of 40 mmHg led to a significant (P<0.05) reduction in the incidence of
capillary flow cessation during occlusion to about 20%. In the presence of ADO, the
incidence of capillary flow cessation tended to increase to about 30% when the local
PO2 was raised from 40 to 100 mmHg, but a significant difference was not reached
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Arterio/ar diameter. Figure 7.3 presents relative diameters of terminal
arterioles during the three experimental interventions, at control femoral artery
pressures and during aortic occlusion. At a local P02 of 40 mmHg, mean control
arteriolar diameters varied between 4.0 and 7.8 |im (median 6.1 um; n=15). Nine out
of these 15 arterioles exhibited vasomotion with an amplitude of 2.1 |im (range 1.2-
2.9 |im), while the mean control diameter of this subset was 6.4 um (range 4.4-
7.8 um). During aortic occlusion, vasomotion disappeared and the relative arteriolar
diameter increased to a median value of 118% of control (P<0.001). After deflation of
the occluder, arteriolar vasomotion reappeared within about 30 s. Addition of ADO
resulted in a loss of arteriolar vasomotion and an increase of relative control
diameters to 220% (median value; P<0.001). Because the transmural pressure
induced dilation had been eliminated due to the presence of ADO, aortic occlusion
now resulted in a significant (P<0.001) decrease in relative arteriolar diameter from
220 to 196%. Hence, arteriolar diameter was still increased (P<0.001) as compared to
the diameter during control pressures and during occlusion without ADO. Raising
the local P02 to 100 mmHg did not lead to a significant change in arteriolar control
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diameter in the presence of ADO. The arteriolar diameter reduction during aortic
occlusion was comparable at a local P02 of 40 and 100 mmHg in the presence of
ADO.

CapiZZary diameter. Figure 7.4 shows a capillary segment in the absence and
presence of ADO. Addition of ADO induced an increase in capillary diameter and
red blood cell velocity. Control capillary diameters at a local P02 of 40 mmHg without
ADO ranged from 3.5 to 6.9 )im (median 4.9 urn; n=15). In figure 7.5, relative
capillary diameters are presented. Addition of ADO to the superfusate led to a
significant (P<0.05; n=8) increase of relative capillary diameter to 121% (median
value). When the local P02 was subsequently elevated from 40 to 100 mmHg in the
presence of ADO, the capillary diameter did not change (n=5). In the presence of
ADO, aortic occlusion resulted in a capillary diameter reduction of 9% (range 1-20%,
P<0.001; n=27). These capillary diameters were still significantly (P<0.05; n=10)
larger (7%; median value) during occlusion than those during control at a P02 of
40 mmHg without ADO. Cessation of red blood cell flow in these capillaries was not
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7.4. Capiï/ctry segment during contro/ /emora/ artery pressures a£ a /oca/ p ^
o/" 40 mm//# in <Ae aftsence o/" ADO (A> and at a /oca/ p ^ o/" i00 mmJ/g in t/ie
presence o/" iO"^M ADO (B.). A/"ter addition o/" ADO, capi//ary diameter c/earfy
increased. Bar represents 5 /am.

correlated with capillary diameter during occlusion, or with the extent of the
diameter change.

7.4 Discussion

In rabbit tenuissimus muscle, loss of arteriolar tone induced by ADO led to a
reduction in the incidence of red blood cell flow cessation in capillaries during
complete aortic occlusion. In addition to the increase in arteriolar diameter under
ADO, capillary diameters were also increased, most likely due to an increase in
capillary transmural pressure. The elevation of local P02 from 40 to 100 mmHg in
the presence of ADO did not lead to a significant change in incidence of capillary
flow cessation or to diameter changes in arterioles and capillaries.

The reduced incidence of capillary flow cessation after the addition of ADO may
be caused by a decrease in vascular resistance due to the increased diameters of
arterioles and capillaries. The elimination of tone as induced by ADO led to such an
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increase in arteriolar diameter that the diameters during occlusion under ADO
remained considerably larger than those in the absence of ADO. This also holds for
the capillaries; capillary diameter during aortic occlusion under ADO was larger
than control diameter without ADO, while it was previously shown that capillary
diameter decreases during occlusion in the absence of ADO (Bosman e< a/, 19956).

With respect to the reduced incidence of capillary flow cessation under ADO, it
is likely that the increase in diameter plays a more important role in capillaries
than in arterioles. In skeletal muscle, blood cells have to deform when passing a
capillary because of its small lumen and irregularities due to protrusion of nuclei of
endothelial cells. At low flows, red blood cells distend and come closer to the
capillary wall, leading to increased interaction between cells and vessel wall
(Secomb, 1987), which may be an important factor in causing flow cessation at low
perfusion pressures. An increase in capillary diameter, as observed during
occlusion under ADO, will lead to a reduced interaction between blood cells and the
capillary wall, and most likely to a reduced incidence of flow cessation. Although the
diameter of arterioles increased considerably more than that of capillaries, the
interaction between blood cells and vessel wall is less pronounced. An increase in
arteriolar diameter will most probably increase perfusion pressure, which will lead
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to a reduction in the incidence of flow cessation. Whether capillary perfusion
pressure actually changes under ADO during occlusion depends on the actual
resistance changes in arterioles, capillaries, and venules. To assess the actual
changes in perfusion pressure, micropressure measurements are needed.

In our preparation, permanent white blood cell plugging was hardly ever
observed in the capillaries during flow cessation. In addition, massive sticking of
white blood cells in venules did not occur at low flows. It cannot be excluded,
however, that the incidence of capillary flow cessation is influenced by an increase
in red blood cell compaction stasis in venules at low flows (Gobel e< a/, 1989). When
the addition of ADO to the superfusate leads to an increase in perfusion pressure,
compaction stasis will probably diminish which results in a decrease in the
incidence of capillary flow cessation.
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The influence of oxygen on the incidence of flow cessation (Bosman ef a/, 19956)
was attenuated by the presence of ADO. This is illustrated in figure 7.6. We assume
that the incidence of flow cessation under ADO at a local poo of 20 mmHg is zero,
equal to the condition without ADO. In the presence of ADO, the incidence of flow
cessation is reduced, but still 20 to 30% of the capillaries exhibit flow cessation at a
local P02 between 40 and 100 mmHg. Assuming a total loss of arteriolar tone under
ADO, this suggests that the incidence of flow cessation is, at least partly,
independent of arteriolar tone.

A mechanism which might explain the increased incidence of capillary flow
cessation at an elevated local P02 is a reduction in red blood cell deformability in-
duced by oxygen free radicals (Powell e< a/, 1991, Uyesaka e< a/, 1992). It is possible
that under high P02 the production of oxygen free radicals is increased. Stiffening of
red blood cells will lead to an increased friction between the cells and the capillary
wall, which likely results in an increased incidence of flow cessation. The attenu-
ated effect of oxygen on flow cessation under ADO may be explained by the increase
in capillary diameter, which will reduce friction between the (stiff) red blood cells
and the capillary wall.

At first sight, the capillary diameter increase in the presence of ADO is easily
explained by a proportionally increased capillary transmural pressure. However,
capillary diameters were 7% (P<0.05) larger during complete aortic occlusion with
ADO than in the control situation without ADO, while capillary transmural
pressures during aortic occlusion (certainly less than 18 mmHg) were likely to be
lower than those reported in the literature under control circumstances (about 21 to
27 mmHg; Bohlen ef a/, 1977, Mellander et a/, 1987, Maspers <?< a/, 1990, Slaaf e< a/,
19876). In an earlier study, we found a comparable capillary diameter response to
ADO at a local P02 of 20 mmHg (Bosman e* a/, 1995a). A possible explanation for the
relatively large capillary diameters under ADO is the increase in endothelial
surface membrane induced by prolonged exposure to high transmural pressures
(Lee and Schmid-Schonbein, 1995). For this membrane recruitment, endothelial
vesicle membranes serve as a reservoir.

The variability in capillary diameter response in the present study may be ex-
plained by changes in the capillary luminal shape, which cannot be discriminated
by means of light microscopy. At low transmural pressures, the shape of the
capillary lumen may be more elliptical; at high transmural pressures, the shape
may become more circular (Lee and Schmid-Schönbein, 1995). Assuming the
orientations of capillary ellipticity to be randomly distributed over the muscle,
possible underestimations or overestimations of diameter changes by performing
the measurements without taking into account this orientation also occur at
random. Since in our study the median diameter response of a set of capillaries was
considered, we feel that luminal shape changes, if any, will only minimally affect
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the essence of our conclusions.
In conclusion, the reduced incidence of capillary flow cessation under ADO is

attended by an increase in arteriolar and capillary diameters. We propose that
especially capillary diameter changes influence flow cessation. The attenuated
arteriolar diameter response is probably only partly responsible for the increased
incidence of flow cessation at elevated oxygen tensions in the absence of ADO.

7.5. Summary

The observed positive correlation between cessation of red blood cell flow in
capillaries at low perfusion pressures and the oxygen tension (po2^ i" *he
superfusion solution may be due to oxygen dependent arteriolar constriction. To test
this hypothesis, we investigated capillary flow cessation during aortic occlusion and
concomitant changes in diameters of terminal arterioles and capillaries in normal
and vasodilated vascular beds of rabbit tenuissimus muscle (n=15) by means of video
intravital microscopy. In the vasodilated bed, arteriolar tone was eliminated by local
application of 10'^M adenosine (ADO). The P02 in the superfusate was varied locally,
i.e., in the solution between objective lens and muscle surface. At a local p©2 of 40
mmHg without ADO, flow ceased in about 50% of the capillaries during aortic
occlusion while the arterioles dilated to 118% of control (median; P<0.001). Addition
of ADO led to an increase in arteriolar and capillary diameter to 220% (median;
P<0.001) and 121% (median; P<0.05), respectively. Under ADO the incidence of
capillary flow cessation was reduced (P<0.05) to about 20%. The elevation of the local
PO2 from 40 to 100 mmHg in the presence of ADO did not lead to a significant change
in the incidence of flow cessation, nor to changes in arteriolar or capillary diameter.
In the presence of ADO, median arteriolar and capillary diameters during aortic
occlusion were 96% (P<0.001) and 7% (P<0.05) larger than their control diameters
without ADO, respectively.

In summary, it is suggested that the incidence of flow cessation may depend on
both the arteriolar and the capillary diameter. Of these two factors, capillary
diameter may be the most important one because its changes affect the interaction
between red blood cells and the vessel wall in the narrow capillaries, and, hence, the
resistance to flow. In the presence of ADO, at elevated local P02 levels flow cessation
still occurs in about 20-30% of the capillaries, suggesting that arteriolar contraction
is only in part responsible for the incidence of flow cessation.
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General discussion
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In capillaries, red blood cell flow may cease at a reduced but still positiv<
perfusion pressure. In skeletal muscle, this so-called flow cessation phenomenor
occurs in combination with upstream arteriolar dilation in response to the concomi
tant reduction in transmural pressure and no clear change in diameter of down
stream venules (Reneman e< a/, 1980, Tangelder e< a/, 1984, Slaaf e* aZ, 1986). Ir
rabbit tenuissimus muscle, it has often been noticed that red blood cell flow ceases ir
capillaries while blood remains flowing from transverse arterioles to venules, by-
passing the muscle capillary network (Reneman e* a/, 1980) through vessels located
in the connective tissue near the muscle (Lindbom and Arfors, 1984). These ob
servations indicate that the cause of the flow cessation phenomenon must be found
at the capillary level. Therefore, the major aims of the present thesis were to inves
tigate whether capillary diameter varies with perfusion pressure, and thus trans-
mural pressure, and whether the occurrence of capillary flow cessation at low driv-
ing pressures can be explained by capillary diameter reduction. Special attention
was paid to local narrowing of the capillary lumen by protrusion of endothelial
nuclei, which could induce localized obstructions for red blood cell passage. In
addition, the positive correlation between the incidence of flow cessation and local

oxygen tension (pOo^ i-®-« ̂ *e PO2 *" ^® superfusion solution between objective lens
and muscle surface, as found in preliminary experiments was further explored.
Experiments were performed on the tenuissimus muscle of young rabbits with the
use of intravital video-microscopy. Capillary perfusion pressure in the muscle was
reduced by complete occlusion of the descending aorta. Capillary diameters were
measured by means of light microscopy during various interventions. Capillary
diameter can be expressed as mean diameter (i.e., the average diameter of several
sites along the capillary) or as equivalent diameter which is a weighted mean
diameter. Both expressions were used to calculate resistance. The way of expressing
resistance does not lead to substantial differences in the results.

The findings in chapter 3 show that in young rabbit tenuissimus muscle,
capillary diameter varies with perfusion pressure: capillary diameter decreases by
about 6% during aortic occlusion and increases by about 12% during peak reactive
hyperemia after release of occlusion, leading to a calculated capillary resistance
increase of 27% and a decrease of 36%, respectively. In cat muscle Bjornborg and
colleagues (1990) showed that capillary transmural pressure decreases during
arterial occlusion and increases during reactive hyperemia. Hence, our observed
diameter changes are likely to be passive, following capillary transmural pressure
changes, which means that the capillaries are distensible. The diameter changes
are greater at the arteriolar end than at the venular end of the capillary, which may
be due to a difference in transmural pressure change and/or in distensibility of both
capillary ends. Local variations in distensibility within a short capillary segment
might be explained by local differences in wall composition (for example, absence or
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presence of an endothelial nucleus) and/or in capillary attachment to muscle fibers.
If we knew the capillary transmural pressures changes, we would be able to

calculate the distensibility of the capillaries. However, since direct micropressure
measurements to asses actual transmural pressures are not available, we esti-
mated the transmural pressure changes from literature data. Assuming that
transmural pressure is elevated by about 14 mmHg during reactive hyperemia, sim-
ilar to the increase in capillary pressure in a vasodilated bed of cat muscle (Maspers
el a/, 1990), a capillary diameter increase of about 12% per 14 mmHg rise in pres-
sure may be anticipated in rabbit tenuissimus muscle. This compares favorably
with findings of Lee and Schmid-Schönbein (1995) in a transmission electron micro-
scopic study in rat skeletal muscle. In this preparation capillary diameter increased
by 19% when transmural pressure was elevated from 18 to 36 mmHg.

In the study described in chapter 4, the role of capillary diameter reductions in
the flow cessation phenomenon was investigated. The capillary diameter reduction
during aortic occlusion is characterized by a general decrease along the whole
length of the capillary, sometimes accompanied by an additional local decrease
caused by intraluminal protrusion of an endothelial nucleus. However, the critical
diameter (2.8um), inhibiting red blood cells from flowing, is usually not reached. As
a consequence, a direct obstruction for red blood cell passage is hardly ever observed
in capillaries exhibiting flow cessation. The capillary diameter and the extent of its
reduction during aortic occlusion do not differ between capillaries with and without
flow cessation. Therefore, we conclude that capillary diameter reductions cannot
solely explain the flow cessation phenomenon. We propose that capillary diameter
reductions contribute to the incidence of flow cessation because they lead to a
considerable increase in capillary resistance. The lack of correlation between capil-
lary diameter reductions and the incidence of flow cessation may be due to a specific
role of red blood cells. It is feasible that red blood cells become more rigid at high
oxygen levels (see below) making their passage through capillaries more difficult.

In addition to diameter changes, the shape of the capillary lumen may alter
with transmural pressure. We occasionally observed that the endothelial nucleus
bulged into the capillary lumen during aortic occlusion and flattened during
reactive hyperemia. In addition, Lee and Schmid-Schönbein (1995) showed that
capillary luminal shape is elliptical at low transmural pressures and becomes
more circular at high transmural pressures. The transition from a more circular to
a more elliptical capillary lumen and its increased irregularity at low transmural
pressures will lead to an extra increase in resistance besides diameter reduction.
The diameter measurements as obtained by means of light microscopy do not allow
assessment of these luminal shape changes. Assuming that the elliptical orienta-
tions of capillaries are randomly distributed, the median diameter change of a large
set of capillaries provide a good estimation of the actual changes in mean capillary
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diameter and cross-sectional area.
Permanent white blood cell plugging in capillaries at low perfusion pressures

is rarely observed in our preparation and, hence, does not play a role in the flow ces-
sation phenomenon. In contrast, white blood cell plugging in capillaries is a major
phenomenon causing skeletal muscle blood flow disturbances during ischemia-
reperfusion (Schmid-Schönbein, 1987ft) and hemorrhagic shock (Bagge e< a/, 1980),
which may be explained by an increased number of recruited white blood cells
and/or an increased adhesion of white blood cells to the endothelium under these
circumstances.

The observation that the incidence of flow cessation depends on the local PO2»
prompted us to investigate this in more detail. The findings described in chapter 4
show that the incidence of flow cessation during 2 minutes of aortic occlusion
depends on local PO2' ^ * local PO2 of 20 mmHg or below flow is continuous in most
capillaries, while at a local PO2 of 70 mmHg or higher flow ceases in all capillaries.
This means that flow cessation during aortic occlusion only occurs at elevated local
PC>2. which may suggest that reduction of arterial pressure to 15-18 mmHg does not
induce an over-all capillary flow cessation in unexposed tissues.

The positive correlation between the incidence of capillary flow cessation and
local PO2 cannot be explained by capillary diameter reductions because capillary
diameter and its reduction do not depend on local PO2- A possible explanation for
this observation is an attenuated arteriolar dilator response to transmural pressure
reduction at elevated local PO2 due to oxygen dependent vasoconstriction (Sullivan
and Johnson, 1981). In the study presented in chapter 7, adenosine (lO'^M) was
topically applied to the muscle surface, which induces loss of oxygen dependent tone
resulting in dilated arterioles. The reduced incidence of flow cessation at elevated
local PO2 •" the presence of adenosine implies that arteriolar diameter is probably a
factor in the flow cessation phenomenon. The arterioles are apparently not fully
dilated at low pressures in a high oxygen environment in the absence of adenosine.
However, besides the increase in arteriolar diameter the application of adenosine
also leads to an increase in capillary diameter probably caused by an increase in
capillary transmural pressure. The latter observation supports the hypothesis that
capillary diameter influences capillary flow cessation. Because capillary diameter
is smaller than arteriolar diameter, the interaction between red blood cells and
vessel wall will be more pronounced in capillaries. In capillaries, friction between
red blood cells and vessel wall plays an important role as well as the red blood cell
repulsion from the wall because of the negative charge on the surface of both
endothelial cells and red blood cells (Vink ef a/, 1995). Therefore, the observed
increase in capillary diameter will likely have a greater effect on the reduced
incidence of flow cessation than the increase in arteriolar diameter. The increase in
arteriolar diameter may only affect the incidence of flow cessation by an increase in
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perfusion pressure, i.e., an increase in driving pressure, which also results in a
reduced cell - wall interaction in capillaries due to an increase in blood velocity
(Secomb, 1987). The extent to which perfusion pressure changes under adenosine
depends on the mutual differences in diameter increase between arterioles,
capillaries and venules. To verify this, micropressure measurements are needed.

The study in chapter 7 shows that in a vasodilated bed as induced by adenosine,
flow cessation still occurs in 20-30% of the capillaries at elevated local pOg while in a
non-dilated vascular bed flow cessation is absent at low local PO2 (<20mmHg;
chapter 4). Because the resistance is low in a vasodilated bed compared to that in a
non-dilated vascular bed, we suggest that oxygen affects the flow cessation
phenomenon not (only) by oxygen dependent arteriolar constriction, but (also) by
another mechanism, which is as yet unknown. We speculate that elevated local PO2
induces release of endothelial free oxygen radicals, which will reduce the
deformability of red blood cells (Powell <?< a/, 1991, Uyesaka et a/, 1992), leading to an
increase in blood flow resistance. Another possibility is that red blood cells of young
rabbits still possess some fetal hemoglobin, the oxidation of which might account for
the generation of dense and rigid red blood cells (Advani el a/, 1992).

One may argue that capillary flow cessation is influenced by an increase in
resistance downstream, i.e., in the venular bed, but no gross changes in venular
diameter are observed at low perfusion pressures (Reneman ef a/, 1980, Slaaf <?< a/,
1986). Also, massive white blood cell sticking does not occur at low perfusion
pressures. However, blood viscosity in venules may be increased by an increase in
red blood cell aggregation and sedimentation in venules at low flows (compaction
stasis; Göbel <?< a/, 1989).

Taking our findings and those reported in the literature into account, we
suggest that the occurrence of red blood cell flow cessation in capillaries cannot be
attributed to one specific factor but is due to several factors that have to be present at
the same time. Each factor contributes to an increase in blood flow resistance but
when present alone it cannot cause flow cessation. Factors involved are: reduced
perfusion pressure, reduced capillary diameters due to reduced capillary trans-
mural pressures, increased venular viscosity at low flows, attenuated arteriolar
dilator response at elevated p(>2> and possibly decreased red blood cell deformability
at elevated poo- Of these factors, oxygen seems to be the decisive one, since the flow
cessation phenomenon only occurs at elevated local PO2-

In whole-organ studies, the cause of cessation of arterial inflow or venous
outflow at positive low perfusion pressures is incompletely understood. One of the
explanations proposed is closure of microvessels. According to the critical closing
theory (Burton, 1951) arterioles close when transmural pressure falls below a
critical value. However, this theory was challenged by Azuma and Oka (1971), while
several microscopic studies showed that arterioles dilate rather than close at
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reduced perfusion pressures (Reneman e£ a/, 1980,Slaaf e/ a/, 1986, Borgström e/ ai
1990). Closure of venules according to the Waterfall theory (Downey and Kirk, 1975
Braakman et a/, 1990) or closure of capillaries due to interfacial forces (Nichol e< a<
1951, Sherman e< a/, 1980) as explanations for the positive zero flow pressures cai
also be rejected by microscopic observations showing that these vessels remaii
patent at reduced perfusion pressures (Reneman ef a/, 1980, House and Johnson
1986, Slaaf <?* a/, 1986, present study). In fact, MacPhee and Michel (1995) recentl
reported that negative transmural pressures are required to close venules ant
capillaries. Hence, microvessel closure cannot explain the positive zero flow pres
sures in whole-organ studies. Whether factors such as compliance, rheological fac
tors, and multiple inputs play a role, depends on the experimental conditions.

The study presented in chapter 6 shows that the increase in capillary diamete
under adenosine is greater than can be expected on the basis of an increase ii
trans-mural pressure alone. These unexpectedly large diameters may be explainei
by a dependency on the duration of exposure to transmural pressure. Prolonged ex
posure (>20 min) may lead to an extra increase in diameter by the incorporation o
endothelial vesicle membranes into the cell membrane, result.inp' in an incrpnspt

surface area of the endothelial cell membrane and thus to larger capillary
diameters (Lee and Schmid-Schönbein, 1995). This means that the history and
duration of transmural pressure exposure are crucial for the extent of capillary
distension: 2 minutes aortic occlusion leads to larger diameters when capillaries
are pre-exposed to high rather than to low transmural pressures for a prolonged
period of time.

It is tempting to speculate that the extra increase in capillary diameter under
adenosine is due to a direct dilator effect of adenosine. There is some evidence that
endothelial cells in the capillary wall contract under certain conditions (see chap-
ter 2). Adenosine may induce relaxation of the endothelial contractile components,
similar to the relaxation of vascular smooth muscle cells in the arteriolar wall.
Observation of capillary diameters directly from the onset of adenosine application
may reveal whether the diameter increase occurs acutely due to a direct effect of
adenosine or gradually due to the indirect effect of prolonged exposure to high pres-
sures.

The finding that capillaries in skeletal muscle are distensible is also of physio-
logical importance. A consequence of capillary distensibility is that it stabilizes cap-
illary transmural pressure: during aortic occlusion the decrease in capillary diam-
eter leads to a reduction of transmural pressure decrease, while during reactive
hyperemia the increase in capillary diameter leads to a decrease in transmural
pressure increase. Blood flow is facilitated by the increased capillary cross-sectional
area during reactive hyperemia, which means more flow against less resistance,
and may be an additional mechanism besides arteriolar dilation. Also, capillary
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diameter should be factored in when volume blood flow is considered during trans-
mural pressure changes since it influences flow carrying capacity and resistance
considerably (chapter 5). The additional increase in capillary diameter during
prolonged high transmural pressures could be beneficial in muscle exercise in
general. The extra increase in capillary diameter may also be a means to facilitate
muscle fiber repair (Peeze Binkhorst et a/, 1989).

In conclusion, the major findings of the studies described in this thesis are:
• Capillary diameter varies with capillary transmural pressure changes during

aortic occlusion, subsequent reactive hyperemia, and vasodilation as induced by
adenosine.

- Capillary diameter reductions during aortic occlusion may contribute to the
occurrence of flow cessation.

- At low local PO2 (<20 mmHg) flow cessation is virtually absent, while the incidence
of flow cessation increases at elevated local PO2-

- The incidence of flow cessation decreases in a vasodilated bed as induced by
adenosine.
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In such clinical syndromes as compartment syndrome, intermittent claudica-
tion, and lower limb ischemia, reduced perfusion pressure results in disturbed per-
fusion of the skeletal muscle. Under these circumstances skeletal muscle blood flow
may cease despite a significant pressure difference across the microvascular bed.
Animal studies revealed that flow cessation occurs at the microcirculatory level.
During this so-called flow cessation phenomenon arterioles dilate and venules do
not change in diameter. This indicates that the cause of flow cessation is to be found
at the capillary level. The major aims of the present study were to investigate (1)
whether red blood cell flow cessation in skeletal muscle capillaries at low driving
pressures may be explained by capillary diameter reduction and (2) to what extent
capillary diameter varies with perfusion pressure, and thus transmural pressure.
Since in preliminary experiments we found a positive correlation between the inci-
dence of flow cessation and local oxygen tension (pQ )̂» '•*•> the PO2 in the superfu-
sion solution between objective lens and muscle surface, we also investigated
whether there is a relation between this local PO2' capillary diameter, and flow ces-
sation. Experiments were performed in situ on the tenuissimus muscle in the hind
limb of young rabbits using intravital video-microscopy. Capillary perfusion pres-
sure, and thus capillary transmural pressure, was varied by 1) two minutes of com-
plete aortic occlusion, 2) subsequent (sudden) release of the occluder, resulting in
reactive hyperemia, and 3) local application of adenosine for at least 20 minutes.
Capillary perfusion pressure and capillary transmural pressure are likely to de-
crease during aortic occlusion and increase during reactive hyperemia and adeno-
sine application.

The study described in chapter 3 shows that capillary diameters decreased by
6% during aortic occlusion (femoral artery pressure = 17 mmHg) and increased by
maximally 12% during peak reactive hyperemia when compared with the control
period. The diameter changes were greater at the arteriolar end of the capillaries
than at the venular end. As a consequence of the diameter changes, capillary resis-
tance was estimated to increase by 27% during occlusion and to decrease by 36%
during reactive hyperemia.

The role of capillary diameter reductions in the flow cessation phenomenon
was investigated in the study described in chapter 4. The capillary diameter reduc-
tion during aortic occlusion was characterized by a general decrease along the
whole length of the capillary, sometimes attended by a local extra decrease due to in-
traluminal protrusion of an endothelial nucleus. Usually, the capillary diameter
reduction did not lead to an obstruction for red blood cell passage. In addition, the
capillary diameter and extent of its reduction during aortic occlusion did not differ
between capillaries with and without flow cessation. This indicates that the flow
cessation phenomenon cannot be explained solely by capillary diameter reductions.
Because the diameter reductions result in considerable resistance increases, they
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may contribute to the occurrence of flow cessation.
Also in chapter 4, the relationship between local po„ and the incidence of flow

cessation is presented. During aortic occlusion, red blood cells remained flowing
through almost all capillaries when the local PO2 was 20 mmHg or below, while ele-
vation of local PO2 to 70 mmHg led to flow cessation in all capillaries. The depen-
dency of the incidence of flow cessation on local PO2 cannot be attributed to differ-
ences in capillary diameter since capillary diameter and its reduction did not
correlate with local PO2 (chapter 4). In the study presented in chapter 7, it was
investigated whether this dependency could be explained by oxygen dependent
arteriolar constriction. If this is the case, the arteriolar dilation in reaction to
reduced perfusion pressure would be impaired under high local PO2> leading to
smaller arteriolar diameters. Therefore, adenosine was applied on top of the muscle
surface to induce loss of oxygen dependent tone, resulting in dilated arterioles. The
incidence of flow cessation at elevated local PO2 was found to decrease from 100% to
20-30% in the presence of adenosine. This suggests that the increase in incidence of
flow cessation under high local PO2 '̂ , at least partly, due to impaired arteriolar
dilation. Besides the increase in arteriolar diameter, capillary diameters also
increased in the presence of adenosine probably due to an increase in capillary
transmural pressure. It is suggested that the increase in capillary diameter has a
greater effect on the reduced incidence of flow cessation under adenosine than the
increase in arteriolar diameter, because the interaction between red blood cells and
vessel wall is more pronounced in the narrow capillaries.

The finding that in a vasodilated bed, as induced by adenosine, flow cessation
still occurred in 20-30% of the capillaries at elevated local PO2 (chapter 7) and in a
non-dilated vascular bed flow cessation was absent at low local pOg (chapter 4), sug-
gests that oxygen affects the flow cessation phenomenon not (only) by oxygen depen-
dent arteriolar constriction but (also) by another as yet unknown mechanism.

Under adenosine, the increase in capillary diameter was greater than could be
expected on the basis of a mere increase in transmural pressure (chapter 6). Based
on the findings of Lee and Schmid-Schönbein (Ann Biomed Eng 23: 226-246, 1995) it
is proposed that prolonged exposure to a high transmural pressure in the presence
of adenosine, induces changes in capillary wall configuration, leading to larger
diameters. This extra stretch remains during transient transmural pressure
changes and only disappears after considerable time (about 15 minutes) when re-
turning to control pressures.

Chapter 5 deals with the consequence of capillary diameter changes for func-
tional capillary density, in case it is used as a determinant for capillary volume flow
and tissue exchange surface area. It is suggested that when functional capillary
density is assessed during interventions where capillary diameter may be expected
not to be invariant, capillary diameters have to be taken into account.
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In conclusion, distensibility of capillaries in skeletal muscle is of physiologies
importance. Capillary diameter reductions, which occur at low perfusion pressure
and, hence, low transmural pressure, cannot solely explain the cessation of re<
blood cell flow in capillaries at low perfusion pressures, but may contribute to it. Th
flow cessation phenomenon may be due to a combination of factors such as reduce^
perfusion pressure, reduced capillary diameters, increased venular viscosity al lo\
flows, attenuated arteriolar dilator response at elevated PO2> ^id, possibly, a de
creased red blood cell deformability at elevated
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Flow cessation en diameterveranderingen
van de capillairen in de skeletspier

Inleiding

fl/oed en

Ons lichaam is opgebouwd uit miljarden cellen die allen voedingsstoffen en
zuurstof nodig hebben om in leven te blyven. Deze stoffen worden aangevoerd door
het bloed dat bovendien de afvalprodukten van de cellen afvoert. In het bloed zijn
deze stoffen opgelost in de bloedvloeistof (plasma) of opgenomen in bloedcellen en
bloedplaatjes. Het grootste deel (99%) van de bloedcellen zijn rode bloedcellen die
zorg dragen voor het zuurstof- en koolzuurtransport. Slechts 1% bestaat uit witte
bloedcellen dip tot. t.nnk hphhpn het lichaam t.p hpschprmp.n tjyp.n infp-ri.ip.s p.n AnrW*»

schadelijke invloeden. De kleinere bloedplaatjes spelen een centrale rol in de bloed-
stolling.

Het bloed bevindt zich in ons lichaam in een stelsel van buizen, het bloed-
vatenstelsel, en wordt rondgepompt door het hart. Vanuit het hart stroomt het bloed
onder hoge druk in de grote slagaders (arteriën) die zich vertakken om de weefsels
en organen van bloed te voorzien. In de organen en weefsels vertakken de arteriën
zich in steeds kleiner wordende slagaders (arteriolen). Deze arteriolen gaan vervol-
gens over in een netwerk van de allerkleinste bloedvaten, de haarvaten of capillai-
ren. Hier vindt de uitwisseling plaats van stoffen tussen het bloed en de weefsels.
Vanuit de capillairen wordt het bloed afgevoerd door kleine aders (venulen) die
samenvloeien tot grote aders (venen). Door deze venen wordt het bloed terug geleid
naar het hart.

De bloeddruk is het hoogst in de arteriën en het laagst in de venen. De druk in
de capillairen is ongeveer 20% van de bloeddruk in de arteriën.

De door6/oedm£ uctn de sAe/efspier

Een skeletspier heeft als functie het bewegen van het skelet, zoals tijdens lopen,
zwemmen en schrijven, en is opgebouwd uit langwerpige spiervezels. Elke spier-
vezel is omringd door capillairen die evenwijdig aan de vezels lopen. De capillairen
zyn dunne vaten met een doorsnede (diameter) van 3 tot 7 um (= 0.003-0.007 mm)
terwijl de lengte van een capillair wel 1000 um (= 1 mm) kan zijn. De wand van een
capillair is erg dun, en bestaat uit één laag cellen (endotheelcellen), omgeven door
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arteriole
endotheelcel kernen

rode bloedcellen

/. Sc/iema<iscAe /eAcnm^ uan een arterio/e en fu/ee capi//ajren me< daarin
sfromende rode 6/oedce//en. De diameters i>an capi//airen zyn Alein en som»
onre£cJma<i# door aanwezi^neid i;an uitput/ende Aernen van ercdo*/iee/ce//en. /n
de dunne capi/Zairen ueruormen de rode MoedceZZen.

een vliesje, de basaal membraan. Net zoals bijna elk type cel heeft de endotheelcel
een kern die uit onvervormbaar materiaal bestaat. De kernen bepalen in belangrijke
mate het uitsteken van de endotheelcellen in het vat. Het oppervlak aan de binnen-
kant van een capillair is daardoor onregelmatig (zie figuur 1).

De diameter van een capillair is zo klein dat de grootste deeltjes in het bloed, de
rode en witte bloedcellen, flink moeten vervormen als ze zich in een capillair bege-
ven. Voor de rode bloedcellen is dit geen probleem omdat ze zeer vervormbaar zijn
(zie figuur 1). De witte bloedcellen zijn groter en stijver, en hebben meer moeite een
capillair te passeren. Ze verplaatsen zich vrij traag en kunnen een capillair tijdelijk
verstoppen. Dit leidt meestal echter niet tot storingen in de doorbloeding van de
spier. De bloedplaatjes zijn zo klein dat ze ongestoord door de capillairen kunnen
stromen.

De doorbloeding van een spier kan sterk variëren. Tijdens inspanning, bijvoor-
beeld hardlopen, neemt de hoeveelheid bloed die per tijdseenheid door de skeletspie-
ren van de benen stroomt, sterk toe om aan de toegenomen behoefte aan energie
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capillair netwerk

arteriole
f i

venule

PA

Perfusiedruk =

Figuur 2. Sc/iema<tsc/ie M;eer#at;e uan een capiZ/air netu;erA mef een aanuoerend
ua< (arterio/e,) en een a/boerend nat (KenuZej. De capiZZaire door&Zoedin^ ts
a/7ianAeZi/'A fan de per/usiedrufc. PA = bZoeddrufc aan de arterioZaire zt/'de uan ne<
ne£u>er&; Py = Woeddrufc aan de uenu/a/re zi/'de i>an /ie/ neftferA. Pi/7</'es geuen de
slroomrtc/ifmg aan.

(voedingsstoffen en zuurstof) te voldoen. De drijvende kracht voor het stromen van
bloed is een druk verschil: het bloed stroomt van een plaats waar de druk hoog is
naar een plaats waar een lagere druk heerst. Voor de doorbloeding van de capillai-
ren geldt dat de drijvende kracht gelijk is aan de bloeddruk aan de arteriolaire zijde
van het capillaire netwerk minus de bloeddruk aan de venulaire zijde van het
netwerk. Dit verschil in druk wordt de perfusiedruk genoemd (perfusie = doorbloe-
ding; zie figuur 2). Wanneer de perfusiedruk stijgt, neemt ook de snelheid toe waar-
mee het bloed door de capillairen stroomt. De perfusiedruk, en dus de doorbloeding
van capillairen, wordt voornamelijk geregeld door de arteriolen die voor het capil-
lair netwerk liggen. Arteriolen kunnen hun diameter veranderen door de gladde
spiercellen in hun wand samen te trekken of te ontspannen. Wanneer de gladde
spiercellen zich ontspannen, neemt de diameter van de arteriolen toe. In dit geval
zal het stromende bloed minder weerstand ondervinden in de arteriolen. De bloed-
druk aan de arteriolaire zijde van de capillairen en dus ook de perfusiedruk nemen
toe en de capillaire doorbloeding stijgt.

In tegenstelling tot de arteriolen hebben capillairen geen gladde spiercellen in
hun vaatwand. Daardoor kunnen capillairen normaal gesproken niet zelf (actief)
hun diameter veranderen. Bloedvaten zonder gladde spiercellen in hun vaatwanden
kunnen echter wel onder invloed van drukveranderingen (passief) van diameter
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Transmurale druk = Pj

vaatwand

Figuur 3. Sc/iemahsc/ie dwarsdoorsnede uan een (passie/) e/asfiscn 6/oedi>af. De
diameter ts a/nanJfee/i/'Jfe uan de transmura/e rfruA. Pj - drwA in ne< ca/; Pft -

veranderen als ze een elastische vaatwand hebben. Zo zal een (passief) elastisch vat
zonder glad spierweefsel zich verwijden wanneer de druk in het vat (bloeddruk) toe-
neemt of de druk buiten het vat (veroorzaakt door omliggende strukturen zoals orga-
nen of weefsels) afneemt; een elastisch vat zal zich vernauwen wanneer de druk in
het vat afneemt of die buiten het vat toeneemt. Het verschil tussen de druk in het vat
en de druk buiten het vat wordt de transmurale druk genoemd (zie figuur 3). Bij
elastische vaten zal een verandering in transmurale druk dus leiden tot een veran-
dering in diameter. Dit heeft weer gevolgen voor de doorbloeding. Wanneer de dia-
meter toeneemt zal de weerstand van het vat afnemen en dus de doorbloeding toene-
men. Of de diameter van capillairen ook afhangt van de transmurale druk is niet
geheel duidelijk. Capillairen worden over het algemeen gezien als starre buizen die
nauwelijks van diameter kunnen veranderen. Verklaringen hiervoor zijn dat de
wanden van capillairen weinig elastisch zijn en/of het weefsel waarin de capillai-
ren zijn ingebed voor de stijfheid zorgt. Er zijn echter toch aanwijzingen dat capil-
lairen wel degelijk van diameter kunnen veranderen.
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Het onderzoek

"Aderverkalking" is een ziekte waarbij de diameters van arteriën sterk kun-
nen afnemen door afzettingen van allerlei stoffen tegen de vaatwand en door een
afname in elasticiteit van de vaatwand. De vernauwing van de arteriën leidt tot een
weerstandstoename voor het stromende bloed. Het gevolg is dat stroomafwaarts van
de vernauwing de transmurale druk, de perfusiedruk, en de bloedstroomsnelheid
afnemen. "Aderverkalking" kan gepaard gaan met doorbloedingsstoornissen in
organen waardoor ze slechter gaan functioneren. De verlaagde perfusiedruk is
wellicht een factor voor het optreden van deze doorbloedingsstoornissen.

Experimenten, waarbij gebruik werd gemaakt van een diermodel, toonden aan
dat wanneer de perfusiedruk wordt verlaagd door geleidelijke afsluiting van de
grote lichaamsslagader (aorta) de rode bloedcellen in capillairen van de skeletspier
op een gegeven moment kunnen gaan stoppen met stromen. Wanneer de cellen stil
gaan staan is er nog steeds een perfusiedruk aanwezig, welliswaar sterk verlaagd.
Dit is opmerkelijk, want er is nog steeds een (lage) drijvende kracht aanwezig om
het bloed (langzaam) te laten stromen. Het tot stilstand komen van de capillaire
doorbloeding bij verlaagde perfusiedrukken wordt het 'flow cessation fenomeen'
genoemd (flow = bloeddoorstroming; cessa t ion = tot stilstand komen). In het
vervolg van dit verhaal zal de engelse term 'flow cessation' gebruikt blijven worden.
Waarom de bloeddoorstroming stopt bij lage perfusiedrukken is niet bekend. Omdat
tijdens flow cessation ook de transmurale druk afneemt, was één van de mogelijke
verklaringen dat de arteriolen zich sluiten en op die manier de bloeddoorstroming
belemmeren. Deze theorie blijkt echter niet te kloppen. Experimenten hebben aan-
getoond dat de diameter van arteriolen tijdens een verlaagde perfusiedruk niet af-
neemt, zoals bij (passief) elastische vaten, maar juist toeneemt. De verlaagde perfu-
siedruk is een prikkel voor de arteriolen om zich te verwijden in een poging de
capillaire doorbloeding te handhaven. Het is gebleken dat ook venulen open blijven
staan tijdens verlaagde perfusiedrukken en dus verlaagde transmurale drukken.
Het ligt nu voor de hand de oorzaak van het flow cessation fenomeen bij de capillai-
ren zelf te zoeken. Het is mogelijk dat de bloeddoorstroming stopt doordat de diame-
ters van capillairen afnemen door een afname in transmurale druk. Dit betekent
echter wel dat de capillairen (passief) elastisch moeten zyn.
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Doel van het onderzoek

Het doel van de studie in dit proefschrift was antwoorden te krijgen op de
volgende vragen:

• verandert de diameter van capillairen in de skeletspier wanneer de transmura-
le druk van het vat verandert. Met andere woorden: zijn capillairen (passief)
elastisch?

• kan het flow cessation fenomeen verklaard worden door een diameterafname
van de capillairen?

In een vroeg stadium van onze experimenten bleek dat het optreden van flow ces-
sation tijdens lage perfusiedrukken afhankelijk was van de hoeveelheid zuurstof in
de vloeistof die op het spiertje werd gedruppeld. Daarom vroegen we ons ook af:

• wat is de relatie tussen het optreden van flow cessation en de zuurstofconcentra-
tie in de vloeistof?

• zijn de diameters van capillairen bij een bepaalde transmurale druk afhankelijk
van de zuurstofconcentratie in de vloeistof?

Methode

In deze studie werden de vaten bestudeerd van de tenuissimus spier, een dun
skeletspiertje gelegen in de achterpoot van het konijn. Vlak voor de experimenten
werd het konijn verdoofd en vervolgens onderworpen aan een aantal chirurgische
ingrepen. In een aantal bloedvaten werden catheters aangebracht om de hartslag
en bloeddruk van het dier te kunnen registreren gedurende het experiment. Teven»
werd er een soort ringvormig ballonnetje (occluder) rond de aorta gelegd, dat met
behulp van een kleine pomp opgeblazen kon worden en op die manier de aorta dicht
kon drukken. Afsluiting (occlusie) van de aorta heeft tot gevolg dat de bloedtoevoer
naar de achterpoten en dus ook naar de tenuissimusspier wordt verminderd. Als
laatste werd in de linker achterpoot de tenuissimus spier blootgelegd, zonder daarbij
de zenuw- en vaatvoorziening van de spier te beschadigen, door een deel van de huid
en een bovenliggende spier weg te klappen.

Na deze handelingen, werd de linker achterpoot in een afsluitbare doos ge-
plaatst en onder de spier werd een lichtgeleider aangebracht om de spier van onder-
af te belichten. Daarna werd het konijn overgebracht naar de microscoop om de va-
ten van de spier te bestuderen. Met behulp van een videocamera werden de micro-
scopische beelden geprojecteerd op een TV scherm en opgenomen op video. De video-
opnamen gaven ons de gelegenheid de beelden na het experiment nog eens te
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bestuderen.

Met behulp van de microscoop werden kleine gebieden van de spier geselec-
teerd met duidelijk zichtbare arteriolen en capillairen. Deze vaten werden opgeno-
men op video tijdens een controle periode (2 tot 5 minuten), tijdens een totale occlusie
van de aorta (2 minuten), en na het abrupt opheffen van de occlusie (2 minuten). In
figuur 4 is de stroomsnelheid van de rode bloedcellen in een capillair weergegeven
tijdens dit protocol. Gedurende de controle periode zien we een wisselende snelheid
die het gevolg is van diameterveranderingen in de aanvoerende arteriolen. Tijdens
occlusie, en dus tijdens een verlaagde perfusiedruk en transmurale druk, neemt de
stroomsnelheid sterk af. Na occlusie neemt de snelheid sterk toe en stijgt boven de
controle-snelheden uit. Deze versnelde doorbloeding is een reactie op de tijdelijke
occlusie en wordt reactieve hyperemie genoemd. Tijdens de reactieve hyperemie
stijgen ook de perfusiedruk en de transmurale druk boven de controle drukken uit.

In een aantal experimenten werd er tevens een oplossing met adenosine op het
spiertje gedruppeld. Adenosine is een vaatverwijder, dat wil zeggen dat in aan-
wezigheid van deze stof de gladde spiercellen in de wanden van de arteriolen zich
ontspannen en de arteriolen dus sterk verwijden. In aanwezigheid van adenosine
nemen de transmurale druk, de perfusiedruk en dus ook de bloedstroomsnelheden
in de bloedvaten van de spier sterk toe.

(O

E

controle periode occlusie

60 120 180 240

tijd (sec)

300 360

Figuur 4. De sfroomsne/neid van rode 6/oedceZ/en in een capt/Zatr gedurende een
confro/e periode zonder inferuenfte, occ/uste en reac(jei;e /typeremte
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Tenslotte werd in sommige experimenten de zuurstofconcentratie gevarieerd
in de vloeistof die continu op het spiertje werd gedruppeld. Dit gebeurde zeer locaal.
Alleen in het deel van de vloeistof tussen de microscooplens en de spier werd de
zuurstofconcentratie gevarieerd. De rest van de spier werd in een zuurstofarme om-
geving gehouden door stikstofgas in de doos te blazen opdat de zuurstof verdreven
werd.

Resultaten

uare capt//airen

Onze eerste vraag was of capillairen in de skeletspier (passief) elastisch zijn en
dus van diameter veranderen als de perfusiedruk, en daarmee de transmurale
druk, verandert. Om deze vraag te beantwoorden, zijn de diameters van een grote
groep capillairen gemeten tijdens een controle periode, tijdens occlusie (verlaagde
transmurale druk), en tijdens reactieve hyperemie (verhoogde transmurale druk).
Als we een hele set capillairen in beschouwing nemen, dan zien we dat de diameter
afneemt met 6% tijdens occlusie en toeneemt met maximaal 12% tijdens reactieve
hyperemie. De capillairen kunnen dus van diameter veranderen. Het bleek dat de
diameter van een capillair niet overal in gelijke mate veranderde. De diameter
veranderingen aan de arteriolare zijde van een capillair waren groter dan die aan
de venulaire zijde van het capillair. De veranderingen in weerstand van de capil-
lairen als gevolg van de diameterveranderingen, kunnen berekend worden. Tijdens
occlusie neemt de weerstand toe met ongeveer 27% (bij een diameterafname van 6%)
en tijdens reactieve hyperemie af met ongeveer 36% (by een diametertoename van
12%). De geringe diameterveranderingen leiden dus tot aanzienlijke weerstands-
veranderingen.

F/oif cessation en diametera/hame van capiWairen

Vervolgens is onderzocht of het flow cessation fenomeen verklaard kan worden
door een diameterafname van de capillairen als gevolg van de verlaagde transmu-
rale drukken. We vonden dat de vernauwing van de capillairen tijdens occlusie over
het algemeen niet zó sterk was dat het leidde tot een directe obstructie voor rode
bloedcellen. Slechts in een enkel geval was een capillair plaatselijk ernstig
vernauwd door een sterk opgebolde endotheelcelkern die daardoor flink in het vat
uitstak. In deze gevallen konden de zeer flexibele rode bloedcellen meestal toch
passeren, hoewel duidelijk met moeite. We vonden ook dat de diameters en diame-
terafname tijdens occlusie niet verschilden tussen de capillairen waarin de rode
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bloedcellen stil stonden en de capillairen waarin het bloed nog langzaam bleef
stromen. Dit betekent dat het flow cessation fenomeen niet uitsluitend verklaard kan
worden door een diameterafname van de capillairen. Omdat de diameterafname
van capillairen resulteert in een aanzienlijke toename in weerstand, kan het wel
bijdragen tot het optreden van flow cessation.

F/ou; cessation en zuurste/"

Een verrassende bevinding in ons onderzoek was dat het aantal capillairen
waarin flow cessation optrad afhing van de locale zuurstofconcentratie in de vloei-
stof op de spier. Bij lage zuurstofconcentraties trad er nauwelijks flow cessation op
tijdens verlaagde perfusie drukken: in bijna alle capillairen bleven de rode bloed-
cellen langzaam stromen. Verhoging van de zuurstofconcentratie leidde uiteinde-
lijk tot flow cessation in alle capillairen. Het is moeilijk een verklaring te vinden
voor de afhankelijkheid van het flow cessation fenomeen voor zuurstof. Het kan niet
toegeschreven worden aan verschillen in diameterafname van de capillairen omdat
de diameterafname niet veranderde onder verschillende zuurstofconcentraties. Het
is echter bekend dat arteriolen gevoelig zijn voor zuurstof en zich vernauwen
wanneer er veel zuurstof aanwezig is. Dit betekent dat in een situatie waarbij de
perfusiedruk is verlaagd, de arteriolen zich minder verwijden bij hoge zuurstof-
concentraties dan bij lagere concentraties. Een kleinere diameter van arteriolen zou
kunnen leiden tot een groter aantal capillairen met flow cessation. Om dit te
onderzoeken werd adenosine op het spiertje gedruppeld dat er voor zorgde dat de
arteriolen ongevoelig werden voor zuurstof en zich sterk verwijden. In aanwe-
zigheid van adenosine en een hoge zuurstofconcentratie nam het aantal capillairen
met flow cessation af van 100% tot 20-30%. Dit duidt er op dat onvoldoende verwijding
van arteriolen mogelijk een rol speelt in het flow cessation fenomeen. We vonden
echter dat de diameters van capillairen ook toenamen in aanwezigheid van adeno-
sine door een toename in transmurale druk van de capillairen. We denken dat de
toename in capillaire diameter een groter effect heeft op het afgenomen aantal
capillairen met flow cessation dan de toename in arteriolaire diameter, omdat de
interactie (wrijving) tussen rode bloedcellen en vaatwand een grotere rol speelt in de
dunne capillairen. Dit zou dus weer een aanwijzing kunnen zijn dat de diameters
van capillairen een rol spelen in het flow cessation fenomeen.

Omdat bij verhoogde zuurstofconcentraties en in aanwezigheid van adenosine
toch nog flow cessation optrad in zo'n 20 tot 30% van de capillairen, kan de zuurstof-
afhankelijke vernauwing van arteriolen in ieder geval niet alles verklaren. Er moet
nog een ander mechanisme zijn dat ervoor zorgt dat het aantal capillairen met flow
cessation toeneemt bij verhoogde zuurstofconcentraties. Een mogelijkheid is dat de
vervormbaarheid van rode bloedcellen afneemt bij verhoogde zuurstofconcentraties
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waardoor ze moeilijker een capillair in kunnen en sneller vastlopen.

Adenosme en diameterueraneterin^en con captV/airen

Het viel op dat in aanwezigheid van adenosine de diametertoename van de
capillairen groter was dan kon worden verwacht op grond van een stijging in trans-
murale druk alleen. Dit is waarschijnlijk het gevolg van de langdurige blootstelling
(ongeveer 20 minuten) aan een hoge transmurale druk die resulteert in een afname
in dikte van de vaatwand waardoor de diameters van de capillairen extra toenemen.

Capi/Zaire /uncfione/e (fic/iMeief

Tenslotte is ook stil gestaan bij de betekenis van capillaire diameterveran-
deringen voor de functionele capillaire dichtheid, oftewel het aantal capillairen
waarin het bloed stroomt per mm^ spier. De functionele capillaire dichtheid wordt
vaak gebruikt als maat voor: 1) de hoeveelheid bloed die per tijdseenheid door de
capillairen kan stromen, en 2) de hoeveelheid stoffen die uitgewisseld worden
tussen het bloed en de weefsels. Deze parameters zullen beiden toenemen als de
diameter van de capillairen toeneemt. Immers, als de diameters zijn vergroot dan
kan er meer bloed in 1 capillair en is het oppervlak waarover er uitwisseling plaats
vindt, vergroot. Dit betekent dat als de functionele capillaire dichtheid gebruikt
wordt als maat voor de hoeveelheid doorbloeding en uitwisseling in gevallen dat de
diameters van de capillairen variëren, de diameters van capillairen ook bepaald
moeten worden.

Conclusies

Capillairen in de skeletspier zijn (passief) elastisch, hetgeen van grote
betekenis is voor de doorbloeding van het orgaan. De afwezigheid van de bloeddoor-
stroming in capillairen (flow cessation) tijdens verlaagde perfusiedrukken kan niet
volledig verklaard worden door een diameterafname van de capillairen. Het flow
cessation fenomeen is waarschijnlijk het gevolg van een combinatie van een aantal
factoren, waarvan de diameterafname van de capillairen er één is. Andere factoren
die mogelijk een rol spelen zijn: 1) de verlaagde perfusie druk, 2) de relatief kleine
diameters van arteriolen tijdens verhoogde zuurstofconcentraties, 3) de verminder-
de vervormbaarheid van rode bloedcellen tijdens verhoogde zuurstofconcentraties,
en 4) de toename in stroperigheid van het bloed tijdens de verlaagde stroomsnelhe-
den.
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Chapter 1

General introduction



TO Chapfer

In resting skeletal muscle of young rabbits, perfusion of the smallest blood
vessels (capillaries) is intermittent: red blood cells speed up and slow down at a rate
of 5-30 times per minute. The intermittency of capillary blood flow is caused by
diameter changes of vessels upstream, the arterioles. The driving force for blood to
flow through muscle is the perfusion pressure, i.e., the pressure difference between
the sites of arterial inflow and venous outflow. There are several clinical syndromes
in which reduced perfusion pressure results in disturbed perfusion of skeletal
muscle, such as compartment syndrome (Reneman, 1975), lower limb ischemia
(Ubbink et a/, 1992), and intermittent claudication (Bollinger and Fagrell, 1990).

Direct intravital microscopic observation of skeletal muscle capillaries revealed
that gradual reduction of perfusion pressure may lead to complete cessation of
capillary red blood cell flow at a finite perfusion pressure. This is called the flow
cessation phenomenon (Reneman e< a/, 1980, Slaaf e< aZ, 1986). The cause of the flow
cessation phenomenon is still not clear. An early explanation that flow would cease
at finite perfusion pressure was given by Burton (1951) who proposed that
microvessel8 would collapse as perfusion pressure was lowered. Diameter of
microvessels is governed by the equilibrium between extending forces resulting
from transmural pressure (i.e., the pressure difference between the inside and
outside of the vessel) and wall tension. According to Burton's hypothesis, micro-
vessels that have walls containing active smooth muscle cells, would become unsta-
ble when transmural pressure falls below a critical value (critical closing pressure),
resulting in a sudden collapse; the transmural pressure can no longer equilibrate
the constricting forces. This closure of vessels would cause cessation of blood flow.
This theoretical concept of critical closure, however, could not be confirmed experi-
mentally. Microscopic observations revealed that during flow cessation feeding
arterioles (pre-capillary vessels) dilate and draining venules (post-capillary vessels)
do not clearly change in diameter (Reneman el a/, 1980, Slaaf ef a/, 1986). The
autoregulatory response of arterioles to reduction in transmural pressure reduces
vessel tone, minimizing the constricting forces and rendering vessel collapse virtu-
ally impossible.

The remaining site for diameter reduction to such an extent that it would
hamper red blood cell flow would be the capillary. Under normal conditions, capil-
lary diameters are so small (between 3 and 7 urn) that red blood cells have to deform
to pass the capillaries. The critical diameter of a straight tube for red blood cell flow
is about 2.8 urn (Henquell e< a/, 1976, Chien et a/, 1984). In vivo, the critical diameter
may be larger because of the presence of electrostatic repulsive forces between red •
blood cells and negatively charged surface of the capillary wall, which increases the
resistance for red blood cell flow (Vink ef a/, 1995). Capillary diameter reduction to
values below this critical diameter could lead to cessation of blood cells in capillar-
ies.
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Whether capillary diameter actually decreases with reduced perfusion pres-
sure and, hence, transmural pressure, is not yet clear. It is generally accepted that
in skeletal muscle capillary diameter only slightly changes under physiological
conditions. The capillary is supposed to act as a rigid tube which means that diame-
ter changes due to transmural pressure changes are negligible. The apparent rigid-
ity of capillaries may be caused by a stiff wall (Murphy and Johnson, 1975) and/or by
support of the surrounding tissue (Fung ef a/, 1966). The idea of indistensible capil-
laries is based on direct microscopic observations (Nichol ef a/, 1951, Baez ef a/,
1960). However, more recent studies, in which a higher optic resolution was
achieved, demonstrated that capillaries are physiologically distensible. Smoje and
colleagues (1980) found that the small transmural pressure fluctuations occurring
during the cardiac cycle made capillaries expand end recoil (less than 1%). Others
showed that capillary diameters clearly increased when the transmural pressure
was considerably increased step-wise (Skalak and Schmid-Schönbein, 1986fc. Davis,
1988, Bouskela and Wiederhielm, 1989, Swaynec* a/, 1989). When the extent of capil-
lary transmural pressure reduction during flow cessation is comparable with these
pressure changes, capillary diameters could substantially decrease during lower-
ing of perfusion pressure, and actually lead to flow cessation.

In preliminary experiments, we found a positive relationship between oxygen
tension in the solution dripping on the muscle and incidence of capillary flow
cessation. This relationship might be explained by smaller diameters of micro-
vessels under higher oxygen tensions.

The studies described in this thesis were performed to gather more insight into
the relationship between the incidence of flow cessation and capillary diameter
reductions and, in addition, into the change of capillary diameter, if any, under low
perfusion pressures and subsequent reactive hyperemia. Also, the role of oxygen in
the flow cessation phenomenon was investigated. The experiments were performed
in situ on skeletal (tenuissimus) muscle in the rabbit left hind limb. Microvessels
were visualized by means of intravital video microscopy. Perfusion pressure in the
muscle was reduced by complete occlusion of the descending aorta. During complete
aortic occlusion, perfusion pressure remained positive due to collateral circulation.

In chapter 2 of this thesis, the anatomy and physiology of skeletal muscle is
briefly described. In addition, a survey is given of the present and most relevant
knowledge on the flow cessation phenomenon.

In c/iapter 3, the changes in capillary diameters are described during low
perfusion pressure (complete aortic occlusion) and during reactive hyperemia, i.e., a
phase of increased blood flow after release of the occlusion. Because of the large
dispersion in diameter response, the extent of diameter changes at the arteriolar
end of the capillaries was compared with that at the venular end.
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C/iapter 4 describes the relationship between the extent of capillary diameter
reduction and minimally attained capillary diameters during aortic occlusion on
the one hand and the incidence of capillary flow cessation on the other. Also, the
influence of oxygen tension on the incidence of flow cessation is described, as well as
the influence of oxygen tension on capillary diameter during flow cessation.

C/mp/er 5 evaluates the consequence of changes in capillary diameter and
number of capillaries perfused during low perfusion pressures and reactive hyper-
emia under various oxygen tensions for functional capillary density (the number of
perfused capillaries per unit tissue). Functional capillary density is generally used
as a determinant for tissue exchange surface area and capillary volume flow.

In addition, experiments were performed in the presence of topically applied
adenosine, a vasodilator which eliminates the arteriolar activity resulting in pas-
sive, vasodilated arterioles.

C/iap/er 6 describes capillary diameter changes under adenosine (at low
oxygen tensions) since it is known that arteriolar vasodilation results in an increase
in capillary transmural pressure.

In chapter 7, the incidence of capillary flow cessation during aortic occlusion
and the concomitant changes in diameters of arterioles and capillaries are com-
pared in a normal and a vasodilated (due to adenosine) vascular bed. Additionally,
the influence of oxygen in the presence of adenosine on the incidence of flow
cessation is described at two oxygen tensions, i.e., an intermediate and a maximal
oxygen tension considering the incidence of flow cessation in the absence of adeno-
sine.

C/iapter 8 is the general discussion in which the results described in the exper-
imental chapters (3-7) are put into perspective.

The thesis is concluded with a summary.
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Blood flow in skeletal muscle

An overview



Chapter 2

In this chapter a short overview is given of the most relevant literature
regarding skeletal muscle blood flow. Special attention is paid to perfusion pressure-
flow relationships and the observation of zero arterial inflow during positive
perfusion pressures in whole-organ studies. Finally, the present knowledge on the
flow cessation phenomenon is given and possible explanations for the occurrence of
this phenomenon are discussed.

2.1 Vascular architecture of tenuissimus muscle

The tenuissimus muscle, which is used in the experiments of the present
thesis, is often taken as a typical example to describe skeletal muscle vasculature.
The tenuissimus muscle is a thin, airfoil-shaped skeletal muscle in the hind limb of
cats and rabbits, containing a mixture of red and white muscle fibers (Eriksson and
Myrhage, 1972, Childs and Arfors, 1976, Myrhage, 1978). The microvascular bed
consists of arterioles, capillaries, and venules. Arterioles feed the capillary network
while venules drain blood from the capillaries. In the capillary network exchange of
fluid, nutrients, and waste products between blood and tissue takes place. In the
tenuissimus muscle, the microcirculation is supplied by one central artery which
runs longitudinally through the thickest part of the muscle, parallel to the muscle
fibers (see figure 2.1). From this artery, several branches originate that run oblique
to the muscle fibers. These branches and their major dichotomies are called
transverse arterioles. In resting tenuissimus muscle, mean caliber of transverse
nrterioles ranges from 6 to 45 um (Reneman et a/, 1980, Lindbom and Arfors, 1984,

capfflaries ^
central vein-7^-

central arter'^—

transverse arteriole

2.2. Se/iemafic drawing o/" tne uascu/ature in rabbit tenuissimus muse/*.
Arrows in tne cesse/s indicate direction o/"/7ou>.
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Tangelder er a/, 1984, Slaaf e* a/, 1987c, Meyer rt a/, 1988, Oude Vrielink e/ a/, 1989,
Borgström ef a/, 19906). Transverse arterioles frequently form arcades with neigh-
boring transverse arterioles. Transverse arterioles mostly end in the connective
tissue near the muscle where they form short shunt-like connections with draining
venules which return into the muscle tissue (Lindbom and Arfors, 1984). From one
transverse arteriole several smaller arterioles, the first order side branches (FOS),
branch off. These FOS, with diameters between 4 and 12 urn (Tangelder ef a/, 1984,
Oude Vrielink ef a/, 1989) divide several times and end in capillaries. These
arteholes may also be directly connected to the venules by so-called thoroughfare
channels (Slaaf ef a/, 1987a) which are often twice as wide as a capillary (Lindbom
and Arfors, 1984). The FOS are the main controllers of capillary perfuaion and are
therefore functionally considered as terminal arterioles (Johnson, 1980, Slaaf <•< a/,
1987c, Sweeny and Sarelius, 1989). More than 50 capillaries may branch from one
terminal arteriole (Lindbom and Arfors, 1985). The capillaries run parallel to the
muscle fibers and are about 1000 nm long. Several interconnections between
adjacent capillaries may exist. Each muscle fiber is surrounded by 3 to 4 capillaries
(Eriksson and Myrhage, 1972). The capillary density (i.e., the number of capillaries
per mm2 tissue cross-section) is about 657 (Myrhage, 1978). The diameter of
capillaries is about 3 to 7 um. Capillary flow collects in small venules which unite in
transverse venules. Tranverse venules end in the central vein which drains the
blood from the muscle.

The wall of arterioles, the thickness of which may be as much as half the
luminal diameter, contains a layer of endothelial cells, one or two layers of smooth
muscle cells, collagen fibers, and connective tissue. The capillary wall, however, is
very thin: it consist of only a single layer of endothelial cells surrounded by a thin
basal membrane which splits to enclose occasional cells called pericytes (see figure
2.2). Therefore, the boundary between arteriole and capillary is relatively sharp, and
marked by the disappearance of smooth muscle cells. Walls of venules do not have a
confluent layer of smooth muscle cells but possess a discontinuous layer of pericytes
or primitive smooth muscle cells. As a consequence, the transition from capillary to
venule is morphologically less defined and occurs gradually (Simionescu and
Simionescu, 1984).

The vascular architecture of tenuissimus muscle is comparable to that of other
skeletal muscles used in intravital microscopic studies. In skeletal muscle, vessels
are organized in sharply defined areas called vascular units (Eriksson and
Myrhage, 1972). Each vascular unit is supplied with blood by one arteriole while no
interconnections between adjacent units exists (Roller c< aZ, 1987). The arterioles
branch from a large arcading arterial system, which is fed by several arteries
entering the muscle. The relatively small tenuissimus muscle represents one
vascular unit (Eriksson and Myrhage, 1972). The division of repeating modules
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consisting of one transverse arteriole, its side branches, capillaries, collecting
venules and one or two transverse venules, is typical of all skeletal muscles (Skalak
and Schmid-Schonbein, 1986a).

2.2 Pressure distribution

The heart pumps blood through the vascular system. In large arteries, which
transport blood to the various organs, blood pressure is relatively high. In that way,
the input pressure of an organ is high enough to supply it with sufficient amounts
of blood. Capillary pressure, however, has to be low to prevent the thin-walled
capillaries from damaging and, in addition, to prevent excessive fluid filtration
(Renkin, 1984). The arterioles, which are also called resistance vessels, function as
separators of the high and low pressure part of the circulation. In figure 2.3, a
typical pressure distribution in skeletal muscle is presented; the largest pressure
drop occurs in the smallest arterioles. In tenuissimus muscle of the cat, the
pressure in the central artery is on the average about 95% of systemic blood
pressure, in transverse arterioles 70%, in the terminal arterioles 40%, and in the
smallest venules 24%. The pressure difference across the capillary network is
approximately 15 mmHg. In the middle of the capillary network, transmural
pressure (i.e., the pressure difference between the inside and outside of the vessel) is
estimated to be about 27 mmHg (Fronek and Zweifach, 1975).
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Figure 2.3. Pressure distribution in f/ie c<rcii/a/ion.

2.3 Blood flow in skeletal muscle

2.3.1 Poiseuille's law

The driving force for a fluid to flow through a cylindrical vessel is the pressure
gradient. The flowing fluid experiences resistance, the extent of which is deter-
mined by the geometry of the vessel, i.e., diameter and length, and by the viscosity of
the fluid. In case of a Newtonian fluid, such as blood plasma, the viscosity is not
dependent on the applied forces or the size of the vessel. For a Newtonian fluid, the
relationship between pressure and steady flow in a vessel is described by Poiseuille's
law (Fung, 1984), which states that the flow rate of a fluid, F, is directly proportional
to the pressure difference over the vessel, AP, and the fourth power of the uniform
vessel diameter, D, and inversely proportional to vessel length, L, and fluid viscosity,

F =7t-D«-AP
128-TI-L
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Vascular resistance (R) is equal to:

_ AP 128 T|L

Diameier. As flow rate is proportional to the fourth power of diameter, small
changes in vessel diameter will have a considerable effect on flow. A 10% increase
in vessel diameter will lead to a 46% increase in flow if the pressure difference over
the vessel remains unchanged. Similarly, decreasing vessel diameter by 10% will
cause a 53% increase in resistance and a reduction in flow by as much as 34%.

Viscosity. Blood is a viscous fluid composed of (deformable) cells suspended in
plasma. Red blood cells constitute more than 99% of the total cell volume and white
blood cells make up less than 1%. Due to the presence of cells, blood is a non-
Newtonian fluid. At low flows, red blood cells have the tendency to form aggregates
which leads to an increase in viscosity. With a decrease in vessel diameter, viscosity
decreases (Fahraeus-Lindqvist effect). This effect is attributed to the decrease in lo-
cal hematocrit with decreasing vessel diameter (Fahraeus effect), caused by the fact
that red blood cells preferentially flow in the center of the vessel where velocity is
highest. Hence, red blood cell velocity is higher than mean plasma velocity. As a
consequence, red blood cells pass a microvessel more rapidly than plasma leading to
reduction in mean local red blood cell concentration. In glass tubes, the decline in
viscosity progresses until the diameter reaches a value of about 5-7 urn. In tubes
with smaller diameters, a steep increase in viscosity occurs (Gaehtgens, 1980, Pries
cf a/, 1992). In vivo, however, minimal viscosities are reached at vessel diameters of
about 30 um (Pries e/ a/, 1994). Factors which may contribute to the discrepancy
between viscosity in vitro and in vivo are: interactions between blood and macro-
molecules on the inner endothelial surface of the vessel in vivo, the irregularity of
the inner vessel contour in contrast to the uniform diameter of a glass tube, the
average vessel length being shorter than that of tubes, and the presence of white
blood cells which are removed from the blood samples used in most tube flow
studies.

Because blood is a non-Newtonian fluid, Poiseuille's equation should be inter-
preted with caution when dealing with the flow of blood in blood vessels in vivo. If
one nevertheless calculates the viscosity of blood from Poiseuille's law, assuming
that it is independent of pressure gradient and diameter, the calculated viscosity
coefficient is called apparent viscosity.
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2.3.2 Active arteriolax diameter changes

In skeletal muscle, capillary perfusion pressure is mainly determined by up-
stream arteriolar resistance. An important factor which affects arteriolar resis-
tance is arteriolar diameter. Arterioles are able to change diameter actively by con-
traction of smooth muscle cells in the vessel wall. Smooth muscle contraction leads
to reduction in vessel diameter while relaxation of smooth muscle causes the vessel
to dilate. Under resting conditions, vascular smooth muscle cells are in a sustained
state of contraction, which is known as basal tone. Arteriolar tone and, thus, arteri-
olar diameter, are determined by an interplay between several factors such aa
neurogenic, metabolic, humoral, and hemodynamic factors.

A êr̂ ous con/ro/. Nervous control of arteriolar tone in skeletal muscle it
basically influenced by the sympathetic nervous system (Marshall and Hébort, 1986).
Neurotransmitters which are known to cause vasoconstriction in skeletal muscle
are norepinephrine and neuropeptide Y. Neurotransmitters which cause vaso-
dilation are epinephrine, acetylcholine, and substance P (Granger ?f a/, 1984, Ohlén
ef a/, 1988). Many investigators have attempted to elucidate the site of action of
vasoactive agents and the precise mechanism(s) involved in the arteriolar tone
response. It has been shown that acetylcholine and substance P act via vascular
endothelium, the cell layer at the luminal surface of a (micro)vessel (Pohl e< a/,
1987). The vasodilators elicit the release of endothelial EDRF (endothelium derived
relaxing factor), which induces relaxation of smooth muscle cells (Furchgott and
Zawadzki, 1980). The main candidate for EDRF is nitric oxide (Persson e« a/, 1990,
Moncada e< a/, 1991).

Meta6o/tc and Aumora/ coniroZ. Regarding the metabolic and humoral factors,
a large number of elements has been identified to influence arteriolar diameter:
oxygen, CO2, pH, potassium, inorganic phosphate, lactate, adenosine, cata-
cholamines, serotonin, angiotensin, histamine, bradykinin, and vasopressin.
Metabolic factors play an important role in blood flow regulation in skeletal muscle
during exercise (Hudlicka and el Khelly, 1985). To meet the increased need for nu-
trients and oxygen during muscle contraction, arterioles dilate, leading to increased
blood flow (functional hyperemia; Hester and Duling, 1988). Arteriolar dilation may
be triggered by a reduced concentration of nutrients and oxygen in muscle tissue
and/or by an accumulation of waste products. It is proposed that oxygen is one of the
key elements in metabolic flow control. In skeletal muscle, arterioles dilate at low
oxygen tensions in blood and tissue, and constrict in response to elevation of oxygen
tension (Lindbom e< a/, 1980, Sullivan and Johnson, 1981). The mechanism of the
oxygen-induced change in arteriolar tone is unclear. Recently, Pries and colleagues
(1995) found that the dilatory effects of EDRF in skeletal muscle are strongly depen-
dent on the oxygen tension in the tissue. The release of adenosine, which is a potent
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vasodilator, increases when skeletal muscle contracts (Boekman ef a/, 1975) ani,
hence, may play a role in functional hyperemia. Adenosine may also modula'.e
vascular tone in resting skeletal muscle under normal circumstances (Gustafsscn
ef a/, 1990) and during systemic hypoxia (Mian and Marshall, 1991).

//emodynamic con/ro/. Hemodynamic factors which affect arteriolar tone are
transmural pressure (myogenic control) and flow velocity. Myogenic reactivity in a
blood vessel is defined as the ability of vascular smooth muscle to contract in
response to an increase in transmural pressure or to stretch (Johnson, 1980). Moit
likely, endothelial cells are not involved in the myogenic response since removal of
endothelium (Falcone e* a/, 1991) and inhibition of nitric oxide (Ekelund e< a/, 1992)
do not affect the response. This suggests that vascular smooth muscle itself acts ts
the sensor in the myogenic response. Arterioles dilate when flow velocity increases
(Roller and Kaley, 1990a, 19906, Roller ef a/, 1993). This microvascular flov-
dependent dilation is mediated by vasodilator prostaglandins released from the
endothelium (Roller e/ a/, 1993) and may play a role in functional hyperemia
(Dulinge/a/, 1987).

Arterio/ar and capi/Zary communication. Highly localized stimuli can induce
responses that spread rapidly over arteriolar segments encompassing several mil-
limeters in fength. This is explained by conductance of vasomotor responses along
the arteriolar wall, which may be mediated via smooth muscle and/or endothelial
cell-to-cell communication (Segal and Duling, 1989). In addition, Dietrich and Tyml
(1992a) found that local microapplication of norepinephrine to a rat or frog skeletal
muscle capillary up to 1 mm downstream from the supplying arterioles caused con-
striction of arterioles. They suggested that the retrograde propagation of the stimuli
indicates that the capillary itself can function as a communicating system (Dietrich
and Tyml, 19926). A more recent study of Song and Tyml (1993) demonstrated that
capillaries can sense also various other vasoactive agents, such as acetylcholine,
adenosine, and potassium. In addition, this study showed that capillaries are able to
integrate biological signals because dual application of norepinephrine on two capil-
laries fed by the same arteriole resulted in a greater response than in case of single
norepinephrine application. It is proposed that oxygen sensors are located down-
stream of the arterioles, for example, at the site of the capillaries, and the initiated
oxygen response is conducted along the vessel towards the arterioles (Jackson, 1987).

2.3.3 Passive diameter changes

Due to elastic properties of the vessel wall, large arteries distend when trans-
mural pressure increases. The increase in vessel diameter leads to a decrease in
resistance to flow and, hence, results in an increase in flow. Vascular distensibility
is expressed as the fractional increase in volume for each millimeter mercury
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(mmHg) rise in pressure. The term vascular compliance is also used; it is defined
as the increase in volume divided by the increase in pressure.

Initially, research regarding the distensibility of microvessels concerned the
mesentery because this tissue is relatively easily accessible for studying the micro-
circulation. Arterioles and venules are found to be distensible in the mesentery
(Wiederhielm, 1965, Gaehtgens and Uekermann, 1971), and it has been accepted that
these microvessels are also distensible in any other tissue. Whether capillaries can
generally be assumed as physiologically distensible is still a matter of debate. Baez
and co-workers (1960) observed in rat mesentery no change in capillary diameter
with elevation of transmural pressure to 90 mmHg. Fung and colleagues (1966)
proposed a mathematical model to explain this observed rigidity of the capillary.
They suggested that surrounding tissue (gel) provides for the support of the
capillary, and therefore the capillary remains a relatively fixed structure in size (see
figure 2.4). Consistent with this tunnel-in-gel theory was the observation that
alveolar lung capillaries, which are not completely surrounded by tissue but partly
exposed to air, are distensible (Fung and Sobin, 1972). Besides the support of
surrounding tissue, it has been suggested that capillary rigidity is due to stiffness of
the basement membrane in the vessel wall, which contains collagen (tunnel in a

Two concepts of an idealized capillary

Surrounding tissue

Wall ———

Tube in a liquid Tunnel in a gel

2.4. CctpiZZary rt£i'di<y expZained fey too f/ieortes. 7"u&e in a /t'gui'd </ieory
states fAai <ne capiZZary carries i<s ou;n rigidity, /or exawipZe, </irou#/i s<i/7" coZZagen
in £ne icaZZ; funneZ in a geZ ineory states £na£ support ta <ne capiZZary is giuen fey </rc
surrounding tissue. P = intrauascuZar pressure.
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liquid theory; Murphy and Johnson, 1975).
The idea that capillaries are nondistensible had more or less become conven-

tion and has dominated general concepts of capillary dynamics for many years.
However, it must be clarified that in the study of Baez and co-workers (1960) the ac-
curacy of the diameter measurements was only 2.75 um. This degree of resolution is
insufficient to detect diameter changes of the size expected to occur in capillaries
due to distensibility. In the past years, new methods have been developed to measure
capillary diameters with higher accuracy leading to an increasing support that cap-
illaries are, in general, physiological distensible. Smaje and co-workers (1980) mea-
sured the in vivo oscillation of red blood cells in cat mesentery capillaries occluded
at one end, and demonstrated that capillaries expand and recoil with pressure
fluctuations during systole and diastole. In this study, the change in capillary
diameter was estimated to be 0.06 um for a 3.2 mmHg pressure change. By
measuring the change in position of the interface between two immiscible oils
injected into capillaries at known pressures, it was shown that frog mesenteric
capillaries are distensible (Smaje and Swayne, 1984, Swayne e£ a/, 1989). Baldwin
and Gore (1989) also found that capillaries in frog mesentery are distensible. They
measured the length of an oil-drop injected into a capillary occluded at one end at
various applied pressures. Besides in mesentery, capillaries in a few other tissues
were also found to be distensible. In cat and rat brain, capillaries are wider when
exposed to higher perfusion pressures induced by increased levels of blood CO2 as
compared to control circumstances (Atkinson ef a/, 1990, Duelli and Kuschinsky,
1993). In connective tissue of the bat wing, capillary diameter increases when
increasing steps of transmural pressure are applied (Davis, 1988, Bouskela and
Wiederhielm, 1989). In this preparation, a greater distensibility was observed at the
arteriolar end of the capillary than at the venular end (Bouskela and Wiederhielm,
1989). Skalak and Schmid-Schönbein (19866) demonstrated that capillaries in
skeletal muscle of the rat are less distensible than arterioles, but more distensible
than venules. These investigators also showed that the diameter response of
microvessels to an applied pressure step consists of an initial distension followed by
a non-linear creep in time due to viscoelastic properties of the vessel wall. Skeletal
muscle capillaries with a diameter of 6 um increased by 0.048 um and 0.57 um when
a pressure step was applied of 0-10 mmHg and 0-50 mmHg, respectively.

When comparing capillary distensibility data derived from various tissues, it
has to be taken into account that the relationship between microvessel distensibility
and pressure is non-linear: vessel distensibility decreases with increasing pressure
because the vessel wall stiffens at higher pressures (Wiederhielm, 1965, Baldwin
and Gore, 1989). Considering the data of the above mentioned studies, capillaries in
skeletal muscle are stiffer than those in mesentery. At low pressures, Skalak and
Schmid-Schönbein (19866) found that skeletal muscle capillaries are about 40% less
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distensible than mesentery capillaries in the study of Baldwin and Gore (1989).
Capillaries in bat wing show the greatest distensibility: the increase in diameter of a
6.1 nm capillary was 1.7 um and 3.7 um when pressure was increased by 14 mmHg
and 50 mmHg, respectively (Bouskela and Wiederhielm, 1989). The difference in
distensibility between capillaries in the various tissues may be due to differences in
the amount and/or properties of surrounding tissues, and/or in wall stiffness.

2.3.4 Capillary blood flow in resting skeletal muscle

Blood flow is usually not uniformly distributed in resting skeletal muscle.
Capillary flow may vary from area to area or even between two neighboring capillar-
ies (Eriksson and Myrhage, 1972, Tyml <?< a/, 1981, Lindbom and Arfors, 1985). ThiB
so-called spatial heterogeneity of capillary blood flow is due to local differences in
resistance of capillaries within one network, and is influenced by geometrical
factors, such as diameter and length of the capillary (Fung, 1973, Damon and
Duling, 1985, Groom e/ a/, 1986). Rheological factors may also play a role, like the
relative amount of red (Fung, 1973, Vicaut e* a/, 1987) and white (Schmid-Schönbein,
1987a) blood cells. Especially the large and stiff white blood cells greatly influence
capillary blood flow. When a white blood cell enters a capillary, it is deformed just
like red blood cells. Under normal flow conditions, the time for a white blood cell to
deform at the entry of a capillary is about 1000 times longer than for a red blood cell,
leading to temporary obstruction of the capillary and, thus, to impedance of the blood
flow. Once inside the capillary, white cells generally travel slowly creating an empty
plasma column in front and a train of red cells behind them. Some evidence suggest
that because white blood cells are shunted through channels with the fastest flow,
low flow regions, for example, capillaries in resting muscle, are not perfused by
white blood cells for prolonged periods of time (Schmid-Schönbein, 1987a).

In a few skeletal muscle tissues, it has been demonstrated that non-perfused
capillaries in resting conditions will be perfused in situations of increased flow
demand, for example, during muscle exercise. This spatial capillary recruitment is
supposed to be caused by arteriolar dilation (Honig e< a/, 1980, Lindbom <?< a/, 1982).
However, in tenuissimus muscle of young rabbits, as used in this thesis, spatial
recruitment does not occur (Oude Vrielink e* a/, 1987).

In addition to spatial heterogeneity, blood flow within one capillary varies with
time (temporal heterogeneity; Johnson, 1980, Lindbom e< a/, 1980, Oude Vrielink e*
a/, 1990, Tyml c< a/, 1981). Red blood cells flow through the capillaries with periodic
changes in velocity (see figure 2.5). Figure 2.6 presents microscopic images of a
bifurcating capillary exhibiting an intermittent flow pattern. During low velocities,
individual red blood cells can be observed to deform while flowing through the capil-
lary. During high velocities, red blood cells can be identified only as streaks. The
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Figure 2.5. 7Vacm# o/" red 6/ood cc// i/e/ocify tra a captZZary o/" resting sAeZelaZ
muscZe.

intermittent perfusion is also called flowmotion (Tangelder e* aZ, 1984). Flowmotion
results from vasomotion, i.e., spontaneous, often rhythmic diameter changes in up-
stream arterioles (Lindbom e< aZ, 1980, Tangelder e* aZ, 1984, Lund et aZ, 1987, Slaaf
ct a/, 1987c, Meyer el a/, 1988). An arteriole with vasomotion generally causes
synchronous flowmotion patterns in downstream capillaries (Tangelder et aZ, 1984).
In tenuissimus muscle, vasomotion is present in transverse arterioles and FOS.
During vasomotion, a FOS may completely close resulting in transient cessation of
red blood cell flow in downstream capillaries (Tangelder el aZ, 1984). Vasomotion
frequencies may vary between arterioles within one muscle. The flowmotion pattern
in figure 2.5 shows higher frequency peaks superimposed on low frequency compo-
nents and, hence, discloses two vasomotion frequencies probably originating from
different types of arterioles. In most cases, however, the capillary flowmotion
pattern is completely dominated by the shorter vasomotion cycle of the FOS (Slaaf ef
aZ, 1987c).

Fluctuations in flow velocity may have a positive effect on capillary fluid
exchange (Intaglietta, 1981). At low flow, capillary hydrostatic pressure is relatively
low enhancing removal of waste products from the tissue. The relatively high
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hydrostatic pressure at high flow facilitates uptake of nutrients by the tissue. The
pulsatile flow may also be important for displacement of plugging white blood cells.

2.3.5 Reactive hyperemia

Reactive hyperemia is the increased blood flow seen in tissue, which has tem-
porarily been deprived of its blood supply, for example, due to arterial occlusion, and
serves to quickly repay the blood flow debt and to restore the flow/metabolism bal-
ance. The early phase of reactive hyperemia is characterized by a transient peak
flow. Reactive hyperemia following short periods of flow arrest is due to arteriolar
dilation which is primarily myogenic in origin. At longer occlusion periods
metabolic factors come into play (Tuma e< aZ, 1977, Björnberg e* aZ, 1990). With in-
creasing occlusion durations, a progressive increase in hyperemia peak velocity,
hyperemia duration, and excess flow occurs in skeletal muscle (Myrhe, 1975,
Johnson ef aZ, 1976, Klabunde and Johnson, 1977, Björnberg e< aZ, 1990). Small arte-
rioles are primarily responsible for the decrease in arteriolar network resistance
and subsequent reactive hyperemia following occlusion (Meininger, 1987, Björnberg
ef aZ, 1990). EDRF is probably not involved in the reactive hyperemia response in
skeletal muscle (Björnberg e« aZ, 1990).
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2.4 Pressure - flow relationships

2.4.1 Autoregulation

Optimal exchange of nutrients, waste products, and fluid between blood and
tissue is of utmost importance for skeletal muscle well-being and functioning. When
perfusion pressure is changed, skeletal muscle will maintain a relatively constant
capillary blood flow and capillary transmural pressure to keep optimal fluid
exchange conditions. This is mainly accomplished by adjustment of arteriolar
diameter to the altered perfusion pressure, and is known as autoregulation. In
figure 2.7, perfusion pressure-flow relationships are illustrated in an active and
passive vascular bed. In an active vascular bed with flow regulation, flow remains
relatively constant over a large pressure range: arterioles dilate when perfusion
pressure decreases and constrict when perfusion pressure increases keeping
microvascular pressures constant (Borgström e< aZ, 19906) Only when perfusion
pressure exceeds or falls below certain critical values, flow changes are directly
proportional to pressure changes. In a passive vascular bed without active arterio-
lar diameter changes and, hence, without flow regulation, flow is directly related to
perfusion pressure. As shown in the figure, the line reflecting the pressure-flow
relationship steepens when distensibility of the vascular bed increases. At low flows,
pressure-flow relationships in skeletal muscle are often curvilinear with a
convexity to the pressure axis (not shown in the figure; Sutton and Schmid-
Schönbein, 1991).

Two mechanisms have been proposed to be responsible for autoregulation
when perfusion pressure is altered. The myogenic hypothesis attributes the
regulation of blood flow to a direct effect of transmural pressure changes on vessel
wall stress and, hence, on vascular smooth muscle reactivity (Folkow, 1964,
Johnson, 1980). In contrast, the metabolic hypothesis proposes that arterioles are
modulated through the release of some vasoactive substances of which
concentration changes with tissue metabolism (Berne, 1964). Both mechanisms may
contribute to the autoregulatory responses (Morff and Granger, 1982).

2.4.2 Zero flow pressures in whole-organ studies

In the past, much attention has been paid to the relationship between perfusion
pressure and blood flow in various vascular beds (for a review, see Hoffman and
Spaan. 1990). In these relationships, arterial inflow or venous outflow of a vascular
bed is assessed. A common feature of perfusion pressure-flow relationships is the
positive intercept at the pressure axis, the zero flow pressure (P^/", see figure 2.7),
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indicating that at low perfusion pressures blood flow ceases while perfusion pres-
sure is still finite.

Each type of vascular bed has its own pressure-flow relationship with a certain
slope and P^f value. Also, within one vascular bed the course of pressure-flow
relationships may vary, depending on the way it is assessed. Interpretations should
account for the actually applied measurements. For instance, P /̂" is higher in an
instantaneous (dynamic) than in a steady state pressure-flow relationship (Sutton
and Schmid-Schönbein, 1989, Braakman ef a/, 1990). This difference is due to
adaptation of the vascular bed (autoregulation) under steady state conditions. Using
a variety of skeletal muscle vascular beds, investigators have found positive P^/"
values ranging from 8 to 54 mmHg (Nichol e< a/, 1951, Ehrlich e* a/, 1980, Sherman
e< a/, 1980, Brunner e* a/, 1983, Pantely e* a/, 1988, Braakman e* a/, 1990, Magder,
1990,Shriere<a/, 1993).
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The cause of zero flow at positive perfusion pressures is imperfectly understood
and a subject of dispute for many decades. A few theories have been proposed.

Vascu/ar u;a<er/h//. The first explanation for the positive P /̂" is the presence of
a vascular waterfall or Starling resistor in vascular beds. This theory states that at
low perfusion pressures, arterial inflow becomes zero due to collapse of the vascular
bed in that region where intravascular pressure falls below tissue pressure.
Vascular waterfall refers to the point of collapse. Blood flow through the (partially)
collapsed vascular bed is independent of outflow pressure, just as the flow over a
waterfall is independent of the height of the falls. The slope of the pressure-flow j
relationship reflects vascular conductance, the reverse of resistance. A waterfall
located at the venous level has been proposed for both heart (Downey and Kirk, 1975)
and skeletal muscle (Braakman e< a/, 1990). In addition, it was suggested that
skeletal muscle arterioles act as a vascular waterfall because a decrease in i
arteriolar tone led to a decrease in P*/" (Braakman e* a/, 1990, Magder, 1990, Shrier
e* a/, 1993).

Crimea/ c/osing Z/ieory- The second mechanism which may explain cessation of
arterial inflow at positive perfusion pressures is the critical closing theory, proposed
by Burton (1951) and Nichol and colleagues (1951). In this casp. thp rollnpso of
vessels is generated by the vessel wall itself and not by the surrounding tissue. It
was hypothesized that normally arterioles remain open because transmural
pressure and active tension of smooth muscle in the wall are well-balanced. Within
a limited range of pressures and active tensions, various levels of equilibrium are
possible due to automatic adjustment of wall tension with stretch (elasticity). In this
way, arteriolar diameter can easily vary without total closing or blowing out.
However, if perfusion pressure, and thus transmural pressure, falls below a certain
critical value, the elastic component in the arteriolar wall becomes unstable, which
leads to closure of the arteriole resulting in cessation of flow. According to this
theory, the P*/" was called critical closing pressure. The critical closing mechanism
has been criticized by Azuma and Oka (1971), who contended that closure of the
arteriolar lumen is dependent only on whether the developed active tension exceeds
a critical value and is not dependent on whether the transmural pressure is less
than a critical value.

Vascu/ar comp/iance. A third mechanism which may cause a positive P /̂" is
vascular compliance or capacitance due to elasticity of vessel walls. It is important
to realize that compliance may play a role only in dynamic pressure-flow relation-
ships. Spaan (1985) proposed that coronary flow of the heart ceases at positive low
perfusion pressures during diastole because of compliance of intramyocardial
vessels. In diastole, intramyocardial blood volume and blood pressure change more
slowly than arterial pressure due to large time constants for charging and dis-
charging the intramyocardial compliance. Blood flow into the organ ceases when
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arterial pressure becomes equal to intramyocardial blood pressure. Venous outflow
remains present, although at a strongly reduced level. Within a few seconds, the
intramyocardial cessels have addapted to the new situation of reduced perfusion
pressure, which leads to restart of arterial flow at the P*/\ Hence, when transient
changes are not allowed to pass, a finite arterial pressure is observed when flow is
zero. Vascular compliance has also been proposed to explain the P*/" in skeletal
muscle (Schmid-Schönbein et a/, 1989, Lee and Schmid-Schönbein, 1990, Magder,
1990).

/nter/bcta/ /brces. The positive P*/" may also be due to interfacial forces acting
between blood and vascular endothelium which cause capillaries to collapse at a
critical transmural pressure (Nichol et a/, 1951, Sherman ef a/, 1980).

/?Aeo/o£Jca/ /actors. The rheological properties of blood may also play a role in
the cessation of arterial inflow at low perfusion pressures. Schmid-Schönbein (1976)
hypothesized that when the driving pressure reaches a certain low value, it is no
longer capable of desaggregating or deforming blood cells, which then obstruct mi-
crovessels, especially the narrow capillaries. This idea is supported by n few studies
performed on skeletal muscle: a positive correlation was found between hemntocrit
and Pz/"(Benis et a/, 1970, Brunner e< a/, 1983), and between red blood cell aggrega-
tion and P /̂" (Sutton and Schmid-Schönbein, 1989). In addition, Lee and Schmid-
Schönbein (1990) suggested that the P /̂" during pulsatile arterial pressure is the
consequence of the interaction of vessel distensibility and viscous properties of blood.
On the other hand, in cat heart, a possible role of blood cells could not be demonstra-
ted since P ^ did not change after transition from blood to perfusion with Tyrode's
solution (van Dijk e( a/, 1988).

A/u/iip/e inpwte. An alternative explanation for a positive Pz/" is the existence of
connections between the investigated vascular bed and the central circulation via
collaterals (Sutton and Schmid-Schönbein, 1989). In that case, the vascular bed is not
completely isolated, which leads to an observation of zero arterial inflow at a positive
pressure caused by hidden inputs still feeding the vascular bed. Observation of
capillaries should reveal perfusion in the absence of inflow through the main feeder
vessel.

2.5 Flow cessation phenomenon

Flow cessation is defined as the cessation of red blood cell flow in capillaries
when capillary perfusion pressure is still finite. Flow cessation pressure differs
from the zero flow pressure as obtained in whole-organ studies where arterial
inflow or venous outflow is considered. In rabbit tenuissimus muscle, capillary flow
cessation may occur during reduced perfusion pressure induced by arterial pres-
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sure reduction, for example, due to occlusion of the aorta, or by venous pressure in-
crease due to elevation of muscle tissue pressure.

2.5.1 Arterial pressure reduction

In the rabbit, occlusion of the descending aorta distal to the renal arteries leads
to pressure reduction in downstream femoral arteries supplying the hind limbs
and, hence, the tenuissimus muscle (Tangelder et a/, 1984, Slaaf et a/, 1986). Step-
wise reduction of arterial pressure results in an increase in mean diameter of both
transverse arterioles and FOS, and in an alteration of the vasomotion pattern: both
cycle length and amplitude increase (Oude Vrielink et a/, 1990). When further
decreasing arterial pressure, vasomotion abruptly disappears and diameters of
arterioles show an additional increase or stay at a value of about that of peak
diameter during vasomotion (see figure 2.8; Tangelder et a/, 1984, Slaaf et a/, 1987c,
Meyer et a/, 1988, Oude Vrielink et a/, 1989, Borgstrom et a/, 19906). Vessel segments
showing no vasomotion also increase in diameter during pressure reduction. Due to
the cessation of vasomotion, flow in capillaries becomes stationary (Slaaf et a/, 1986).
At further pressure reduction, blood flow velocity decreases and aggregates of red
blood cells are formed in arterioles and venules (Tangelder et a/, 1984). Reversal of

Dt*MCTER(|im)

control p*nod •ortic occlumion

Figure 2.8. Diameters o/" a transverse arferto/e and fne concomitant /irst order side
6ranc/i plotted against time. Vasomotion is present during tne control period and
disappears cfurin^ reduction in arteria/ pressure fPaj due to occ/usion o/* Me aorta,

/rom Tange/der and co/iea#ues
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flow may occur in capillaries and in arterioles if they are part of an arcade.
Eventually, red blood cells may stop flowing in the capillaries. Cessation of flow does
not start in all capillaries simultaneously. The flow cessation pressure of capillaries
stemming from the same terminal arteriole is reproducible and shows a narrow
distribution. When arterial pressure is reduced in steps, a median flow cessation
pressure is achieved of about 18 mmHg (Slaaf ef a/, 1986). Blood flow is still present
in some transverse arterioles and venules when capillary blood flow has stopped.
This flow bypasses the muscle capillaries because part of the transverse arterioles is
leaving the muscle and is supplying the connective tissue with blood (Lindbom ef a/,
1980). No changes in diameters of venules could be detected during capillary flow
cessation (Slaaf W a/, 1986).

2.5.2. Venous pressure elevation

In skeletal muscle, venous pressure increases when tissue pressure increases.
An increase in tissue pressure may occur after severe exercise due to accumulation
of fluid, and will lead to a disturbed perfusion of the muscle (compartment syn-
drome; Reneman, 1975). To increase tissue pressure in rabbit tenuissimus muscle,
the hind limb is placed in a pressure box while the body of the animal is kept under
atmospheric pressure outside the box. By pressurizing the box, tissue pressure and
venous pressure in the hind limb increase almost to the same extent as box pres-
sure. Arterial pressure remains virtually unaffected. Hence, the decrease in perfu-
sion pressure is directly proportional to the applied pressure in the box (see figure
2.9; Reneman eJ a/, 1980, Tangelder e£ a/, 1984, Slaaf e< a/, 1986). When increasing
box pressure, a similar sequence of phenomena occurs as during aortic occlusion:
loss of arteriolar vasomotion, arteriolar dilation, and ultimately, cessation of capil-
lary flow. Capillary flow ceases at a median pressure of about 25 mmHg, which is
higher than the flow cessation pressure during aortic occlusion (Slaaf e< a/, 1986).
The mechanism responsible for this difference is not known.

When box pressure is subsequently lowered, which means that perfusion pres-
sure increases, capillary flow starts at a significantly higher perfusion pressure
than the value at which flow stops. The difference between start and stop pressures
is about 7 mmHg (Reneman e< a/, 1980). This finding confirms to the possible exis-
tence of yield stress in microvessels determined by the characteristics of blood and
local geometry of the microvasculature (Slaaf e< a/, 1986).

Comparable observations, such as the occurrence of flow cessation during
reduced perfusion pressures and the existence of yield stress, are made in the
tensor plagiopatagii muscle in the wings of unanesthetized bats. Reduced perfusion
pressures in the muscle are obtained by placing the body of the bat in a box, while
the wing with the muscle is kept outside under atmospheric conditions. Suction



Chapter 2

Pressure

arterial press.

perfusion press.

venous
press

intramuscular press.

Box Pressure —•

Figure 2.9. Scnemafic representation o/" Éne c/iarage in fofa/ inframuscuZar
pressure, uenous pressure, and arferiaZ pressure in fne ra6fet< nimf /imfe pZaced in a

x, u>nen 6ox pressure is raised. From Tange/der and coZZea^ues

applied to the box results in a decrease in arterial pressure while venous pressure
just outside the box remains a few mmHg above atmospheric pressure. As a
consequence, perfusion pressure is diminished (Slaaf e* a/, 1987a, 19876).

2.5.3 Explanations for the flow cessation phenomenon

The cause of red blood cell flow cessation in capillaries at finite perfusion
pressures is not clear. The flow cessation phenomenon may be explained by an
increased resistance in the upstream arteriolar network and/or in the downstream
venular network. Cessation of capillary flow may also be due to an increase in
resistance at the capillary level itself.

Arterio/es
Burton (1951) suggested that arterioles collapse and completely close when

transmural pressure falls below a critical value, resulting in a flow stop. However,
direct microscopic observation revealed that arterioles increase in diameter when
perfusion and transmural pressure are reduced, leading to a decrease in arteriolar
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resistance during capillary flow cessation (Reneman ef a/, 1980, Tangelder «t oi,
1984, Slaaf et a/, 1986). This indicates that arterioles are not the limiting factor
determining cessation of capillary blood flow under these circumstances.

Venu/e»
According to the Waterfall theory, cessation of blood flow during reduced

perfusion pressures is due to venular collapse because tissue pressure exceeds
intravascular pressure. This explanation has been rejected by microscopic observa-
tions: no gross changes in venular diameter are observed during reduced perfusion
pressures (Reneman et a/, 1980, Tangelder et a/, 1984, House and Johnson, 1986,
Slaaf ef a/, 1986). Hence, capillary flow cessation cannot be explained by an increase
in venular resistance due to a decrease in diameter.

Recently, it has been suggested that an increase in sedimentation and aggrega-
tion of red blood cells in venules contributes to the cessation of capillary flow during
reduced perfusion pressures (Schmid-Schönbein ef a/, 1995). At normal flows,
venular blood viscosity is relatively high because blood cell velocities in venules are
relatively low. During reduced perfusion pressures, when blood cell velocities are
also reduced, vascular resistance increases, especially at the venous level (House
and Johnson, 1986, Lipowsky, 1986). This is caused by an increase in sedimentation
and aggregation of red blood cells in post-capillary vessels (compaction stasis;
Schmid-Schönbein, 1988, Göbel e< aZ, 1989).

CapiZZaries
A possible explanation for the flow cessation phenomenon may be found at the

level of the capillaries. In favor of this suggestion is the observation of flowing red
blood cells in arterioles and venules during capillary flow cessation (Reneman c< a/,
1980).

Capillary flow cessation may be due to an increase in capillary resistance by a
reduction in diameter. Normally, blood cells have to deform to travel through the
narrow capillaries. Hence, small changes in capillary diameter may easily affect
blood flow. The major part of cells traversing capillaries are red blood cells since
99% of total blood cell volume consists of red blood cells. Red blood cells are highly
deformable because they do not possess a nucleus, the cytoplasmic viscosity is low,
the ratio of surface area to cell volume is high, and the membrane is viscoelastic. A
red blood cell can pass through short, tiny pores of less than 1 [im in diameter
because enough membrane surface is available to allow for the required folds on
either side of the pore to transport its content. When a red blood cell passes through
a tube, however, the volume-to-surface area ratio becomes the limiting factor. The
critical diameter for a red blood cell to flow through a tube is about 2.8 urn (Henquell
e* a/, 1976, Chien e* a/, 1984). Hence, when capillary diameters are reduced to 2.8 um
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or below, red blood cell flow may cease. It has recently been shown that endothelial
cells of the capillary wall and red blood cells both bear a net negative charge on their
surface. As a consequence, electrostatic repulsive forces exist between the two cell
types, increasing the resistance for red blood cell flow within capillaries (Vink e£ o/,
1995). Therefore, the critical diameter inhibiting red blood cell flow may be larger in
blood vessels than in tubes. Mechanisms which may reduce capillary diameter are
passive recoil, active constriction, and thickening of the capillary wall.

Passiue capiZZary diameter cAan^es. Evidence is accumulating that capillaries
are distensible (see paragraph 2.3.3). When capillaries in rabbit tenuissimus muscle
are distensible, capillary diameter will decrease during reduced perfusion pressure
and transmural pressure. This leads to an increase in capillary resistance and may
cause flow cessation.

Ac/ii>e capiZZary diameter c/ianges. Capillaries are generally assumed to be
passive vessels since their walls lack the presence of smooth muscle cells. However,
there are some indications that capillaries are able to decrease in diameter by active
contraction of endothelial cells and thereby playing a role in blood flow regulation.
Ultrastructurally, endothelial cells contain filaments and contractile components,
like myo8in, actin, and tropomyosin (Hammersen, 1980). Studies with cultured cells
showed actual endothelial contractions after pharmacological stimulation (De
Clerck <>/ a/, 1981, Kelley ef a/, 1987, Morel e< a/, 1990, Boswell e/ aZ, 1992). In venules,
in vivo, endothelial contraction can be evoked by application of inflammatory
mediators like bradykinin and histamine in rat muscle (Majno ei aZ, 1969), rat
mesentery (Joris ef oZ, 1972, Fox and Wayland, 1979), frog mesentery (Weigelt and
Schwarzmann, 1981), and rat skin (De Clerck e* aZ, 1985). Application of epinephrine
causes capillary contraction in frog mesentery, but not in rat mesentery (Wolff and
Dietrich, 1985, Dietrich, 1989). In addition, electrical stimulation of capillaries in
mesentery and muscle of frogs causes a reduction in luminal diameter, probably
due to endothelial cell contraction (Lubbers e< aZ, 1979, Tyml and Weigelt, 1982).
Spontaneous contractions of the capillary wall have been observed in mouse
pancreas (McCuskey and Chapman, 1969) and in mouse and rat spleen (Ragan et
aZ, 1988). In the latter experiments, cyclic contractions of endothelial cells were
observed causing the nuclear region to bulge into the lumen and to stop the flow.
Protrusion of the nucleus into the capillary lumen during endothelial contraction
can be explained by the fact that contractile filaments and contractile proteins are
mainly situated around the nucleus (De Clerck ef a/, 1981).

It has also been postulated that pericyte contraction modulates microvascular
flow. Along the length of a capillary a few pericytes can be observed in the wall. In
skeletal muscle of the rat about one-fifth of the capillary circumference is covered by
pericytes (Tilton <?f aZ, 1979a, 19796). Pericytes partly encircle the capillary and
pericyte contraction would lead to local constriction of the capillary.
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The possibility that active capillary diameter reductions are responsible for
flow cessation in capillaries in muscle is rather speculative, but it cannot be
excluded. In this respect one could think of active capillary constriction triggered by
reduced transmural pressure, oxygen depletion, decrease in pH, or accumulation of
waste products. These interactions, however, are hypothetical and need exploration.

Capi//ary u>a// f/iidkenintf. Capillary narrowing caused by endothelial cell
swelling has been shown to occur during hemorrhagic shock (Mazzoni ef a/, 1989,
Messmer and Kreimeier, 1989), hypoxia (Ward and Firth, 1989), and ischemia
(Armiger and Gavin, 1975, Gidlöf ct a/, 1987). The endothelial cells swell due to an
influx of sodium and water. Mazzoni and colleagues (1992) suggested a primary role
for sodium-hydrogen exchange in endothelial cell swelling, possibly as a means to
regulate cellular pH, which may become acidic during ischemia. Complete flow
cessation is observed in some capillaries with reduced diameters due to swollen
endothelial cells (Mazzoni <?< a/, 1989). Recently, Lee and Schmid-Schönbein (1995)
found that when a capillary is exposed to low transmural pressures for about 15
minutes, capillary wall thickens due to an increase in number and size of vesicles
in endothelial cells. The swelling observed in shock and ischemia may in part be
due to the incorporation of vesicles. Conversely, during prolonged exposure to high
transmural pressures, number and size of endothelial vesicles decrease.
Membranes of vesicles are converted into the endothelial cell membrane and the
endothelial cell becomes thinner. Under these circumstances, capillary diameter
increased, primarily due to an increase in surface area of the endothelial cell
membrane rather than due to stretch.

An increase in capillary wall thickness either due to combined influx of
sodium and water or to incorporation of vesicles, does not occur immediately but
takes some time to develop. Therefore, one may wonder whether an increase in
capillary wall thickness can explain the acute occurrence of capillary flow cessation
during low perfusion pressures.

/rregu/ariftes o/" capi/Zary Zu/nen. Based on a theoretical analysis, Secomb and
colleagues (Secomb e< a/, 1987, Secomb, 1987) concluded that capillary flow cessation
may occur during low perfusion pressures due to an increase in blood viscosity
during low flow rates in combination with the irregular character of capillary
lumen cross-section due to the presence of bulging endothelial nuclei. At moderate
or high blood cell velocities, red blood cells are deformed so much that a plasma
layer exists between the cell and the capillary wall. At lower velocities, red cells
widen and approach the wall more closely resulting in an increased friction. It was
predicted that flow cessation would not occur in uniform tubes. When the lumen of
the tube is irregular, however, a greater pressure difference is required to drive red
blood cells past the irregularities which may result in cessation of capillary flow at
low driving pressures.
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In addition, it has been shown that during prolonged (about 15 min) low
transmural pressures, the irregularity of the capillary lumen may increase because
of endothelial pseudopod formation, i.e., sheet-like cytoplasmatic projections into the
lumen (Lee and Schmid-Schönbein, 1995). It is likely that this process does not occur
during the flow cessation phenomenon since the endothelial cells will not have
sufficient time to form pseudopods. 1

WA/te 6/oorf ce// p/uggmg. Although white blood cells appear in the circulation
in modest numbers as compared with red blood cells, they may play an important
role in microvascular perfusion. White blood cells are large and stiff cells, and they
may become stuck in the capillaries at low perfusion pressures (Schmid-Schönbein,
1987a). Capillary white blood cell plugging has been observed during hemorrhagic
shock (Bagge e£ a/, 1980, Hansell e< a/, 1993) and during reperfusion after ischemia
(Schmid-Schönbein, 19876, Hansell e* a/, 1993). Hansell and co-workers (1993)
suggested that this plugging is mainly due to the prevailing low perfusion
pressures under these circumstances. This means that white blood cell plugging
may also occur during the flow cessation phenomenon. However, under the
pathological conditions of shock and ischemia, white blood cell adhesion to the
endothelium could be activated which may not be the case during the flow cessation
phenomenon.

7?erf Mood ce// (fe/brmabi/ity. Red blood cell flexibility is important in
maintaining capillary blood flow. When red blood cells become less flexible, vascular
resistance increases (Pantely et a/, 1988). Hakim and Macek (1988) demonstrated
that red blood cells stiffen during hypoxia. Hence, the hypoxic condition during
reduced perfusion pressures may cause a reduction in red blood cell deformability
leading to capillary obstruction and flow cessation.
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3.1 Introduction

Microvascular perfusion is mainly regulated at the arteriolar level by active
changes of the vessel diameter. Besides active diameter changes, blood flow can be
influenced by passive diameter changes due to transmural pressure changes.
Although capillaries are known to be distensible, for practical consideration of
tissue perfusion, capillary diameters are usually assumed to be invariant. Fung and
colleagues (1966) suggested that the apparent rigidity of capillaries is determined by
the support of the surrounding tissue. Murphy and Johnson (1975), on the contrary,
suggested that the capillary wall carries its own rigidity through collagen in the
basement membrane.

More recent studies have shown a relatively large variation in capillary disten-
sibility, depending on the type of tissue and/or species investigated. In cat and frog
mesentery, the supporting tissue and/or the capillary wall seems to be so rigid that
during physiological stimuli the capillary diameter changes remain submicro-
scopic (Smaje e* a/, 1980, Baldwin and Gore, 1989, Swayne e< a/, 1989). Capillaries in
connective tissue of the bat wing seem far more distensible (Davis, 1988, Bouskela
nnrl Wipdprhielm. 1989). In these experiments, increasing capillary transmural
pressure by about 14 mmHg resulted, on the average, in midcapillary diameter
increases of about 28 %.

We used the rabbit tenuissimus muscle to evaluate whether the transmural
pressure changes as induced by aortic occlusion and reactive hyperemia after
subsequent deflation of the occluder around the aorta lead to observable diameter
changes in muscle capillaries. Diameters of capillary segments were measured
using bright-field microscopy (resolution: = 0.3 urn). Diameter changes of capillary
segments at the arteriolar and venular ends were compared for possible differences,
because Bouskela and Wiederhielm (1989) found the distensibility of capillaries in
bat wing connective tissue to vary along the vessel, with more distensibility at the
arteriolar end of the capillary than at the venular end. To assess whether capillary
diameter changes are related to changes in blood flow velocity, similar to flow
induced dilation in arteries (Pohl e< a/, 1986) and arterioles (Roller e* a/, 1993),
capillary blood cell velocities were measured. Finally, the consequences of capillary
diameter changes for vascular resistance during occlusion and reactive hyperemia
are considered.

3.2 Materials and methods

ffohfti'fs. The experiments were performed on 29 young (5 to 6-wk-old) New
Zealand White rabbits (0.8-1.1 kg body wt) of either sex. The rabbits were premedi-
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cated with 5 mg of diazepam (Valium, Roche) intramuscularly. After 30 min, the
animals were anesthetized with 4 ml of a 20% urethane solution injected through a
lateral ear vein. Throughout the experimental period, anesthesia was maintained
with additional doses of urethane (about 0.4 ml per 30 min) administered through a
catheter (PE 50) in the right femoral vein. A tracheal cannula was inserted to
facilitate breathing. For recording of arterial blood pressure (external pressure
transducer, model CP-01, CTC) and heart rate, the right carotid artery was
canulated (PE 60). To keep arterial catheters patent, they were perfused with saline
at 2.5 ml/h.

Figure 3.1 shows the experimental set-up. Complete aortic occlusion WM
induced by inflation of a cuff, placed retroperitoneaily around the aorta distal to the
renal arteries, with use of a servo-controlled pump (Prinzen e< a/, 1987). Arterial
pressure downstream of the cuff was measured through a catheter (PE 50) in the
femoral artery of the contralateral (right) hind limb. During complete aortic
occlusion, in most cases the tenuissimus muscle was still perfused, though at a
strongly reduced level, probably through collaterals.

musc/e. The preparation procedure of the tenuissimuH muscle
has been described in detail elsewhere (Reneman e< a/, 1980). The muscle of the left
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3.2. ScAema/ic representation o/"£ne experiment/ sef-up.
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hind limb was exposed for in situ observation with minimal trauma, with its fascia,
tendons, innervation, and the supplying and draining blood vessels left intact.
During preparation, the muscle was superfused with physiological saline at room
temperature (20-23°C) and exposed to air.

Next, the leg with the exposed muscle was placed in a box that could be sealed
to control the gas environment. A light pipe was placed underneath the muscle for
transillumination (Reneman e< a/, 1980). During the experiment, body temperature
of the rabbit was kept at 38°C with use of an infrared heating lamp and an anal
temperature probe as a reference. Arterial blood gas and pH values were assessed
with an acid-base analyzer (Model ABL 3, Radiometer, Copenhagen, Denmark).

After the box was sealed, the muscle was allowed to recover from surgery and
to equilibrate to the standard experimental conditions for 30 min. Muscle superfu-
8ion was performed with a Krebs solution (composition in mM: NaHCOg, 25;
KHgPO^, 1.2; KC1, 4.8; CaClg, 2.5; MgSO ,̂ 1.2; NaCl, 118.4) with a pH of about 7.4 and a
temperature of about 37°C. The Krebs solution was bubbled with 95% Ng and 5%
COg. The same gas mixture was led through the box. This results in low oxygen
tensions in the box and the fluid surrounding the muscle (<23 mmHg) to guarantee
adequate perfusion of the muscle (Lindbom el a/, 1980).

Microscope and experiment/ procedure. For microscopic observations, we
used a Leitz intravital microscope adapted for telescopic imaging (Slaaf el a/, 1982).
Images were projected on a television camera (Bosch Ultricon 4532, 1 inch), dis-
played on a monitor (Sony), and recorded on videotape (Sony Betamax). Final optical
magnification at the front plane of the television camera was x52 and xlO4 using
Leitz saltwater immersion objectives of x25 (free working distance 1.67 mm,
numerical aperture [NA] 0.6) or x50 (free working distance 0.75 mm, NA 1.0),
respectively. This yielded 230 and 115 |im wide fieds of view, respectively, on the
monitor. Transillumination was performed with a 100 Watt mercury arc through a
Calflex filter, a KG-1 heat filter, and a glass fiber optic with a condenser system
positioned in front of the light pipe (Reneman el a/, 1980). If necessary, neutral
density filters were placed in the illuminating pathway to reduce the light intensity
to the lowest level that still yielded good quality of the video image.

After the 30 min stabilization period, the muscle was explored (using the x25
objective) for capillaries with clearly visible walls at least for part of their length.
The selected capillaries met the following criteria: (1) capillaries run for their
longest part parallel to the muscle fibers, (2) red blood cells move in single file, and
(3) the vessel wall consists of only one layer of endothelial cells. With use of the x50
objective, video recordings were made of individual capillaries with focus on one
capillary segment per field of view. Resolution of the microscope was calculated to be
about 0.3 pm. Capillary segments were aligned vertically on the video screen by
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means of a Leitz K-mirror, which allows for optical rotation of the image. Video
recordings were made under control conditions (over 2-5 min), during complete
aortic occlusion (2 min), and during reactive hyperemia following release of the
occluder (at least the first 2 min). Complete aortic occlusion resulted in a rapid
decrease of median femoral artery pressure to 17 mmHg (range 4-22 mmHg). The
variation in minimally achieved femoral artery pressures is probably due to
variability in collateral circulation. Subsequent occlusion runs were at least 5 min
apart. During one occlusion run, recordings were made of one capillary segment.
Femoral artery pressure was allowed to restore at preocclusion levels before the
next run was carried out. No more than 10 occlusion runs were performed during
one experiment.

Three sets of experiments were performed. In the first set, in which we inves-
tigated whether capillary diameter changed during the interventions, the capillary
segments were sampled randomly, i.e., independent of their position within the
vascular tree. To evaluate whether there is a relationship between the extent of
diameter change and the position of the capillary segment in the vascular tree,
segments of capillaries located near their feeding terminal arteriole (capA) or near
their draining venule (capV) were selected. Finally, to exclude possible differences
in capillary diameter changes due to variations in feeding arterioles and draining
venules, we compared the data obtained in segments on the arteriolar and the venu-
lar side of the same capillary (capAp and capVp̂  respectively).

Diameter measurements. Inner capillary diameter was measured off-line
using a home-built image-shearing device (Intaglietta and Tompkins, 1973).
Diameter measurements were performed on clear parts of the capillary walls at 4
sites along a capillary segment of about 20 to 40 urn, including a nucleus of an
endothelial cell. Measurements were made four to six moments before, four to five
moments during, and four to nine moments after occlusion. Reliable measurements
could be made only when the capillary wall was in focus. The resolution on the video
screen was about 0.3 um per video line and matched the optical resolution of the
microscope. For each capillary segment, we calculated mean diameter (i.e., average
of diameters at the 4 measuring sites) at the various moments. Control diameters
for a given capillary segment were defined as the average of these calculated mean
diameters at four moments during the control period. Occlusion diameters were
obtained from the average of the calculated instantaneous mean diameters (at least
2) during the last min of occlusion. Because reactive hyperemia is a dynamic
process, we considered only the maximal diameter, i.e., the largest mean diameter
measured after deflation of the occluder.
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CaZcuZatton o/"cap:Z/ary resistance. Relative resistance (Rrel) during occlusion
and peak reactive hyperemia was estimated using the following equation:

in which Drel is the diameter relative to control diameter. Median Rrel
calculated as the median of the Rrel of all 120 capillaries investigated.

fled 6/oorf ce/Z ueZocity measurements. Capillary red blood cell velocities were
measured off-line using the dual-window technique (Slaaf et a/, 1984) and the
Capiflow temporal correlation software (SIM, Kista, Sweden) during control period,
aortic occlusion, and reactive hyperemia. For every measurement, we adjusted
width, length, interwindow distance and the time constant to obtain an optimal
cross-correlation between the intensity signals of the two windows. Usually, window
width was of about the same size as capillary diameter and window length of about
feaJf iJ»i «ize. Depending on Wood cell velocity, the interwindow distance was varied
15-25 |im, and a time constant of 1 or 2 s was chosen. The two windows were located
in the central part of the capillary segments, thus measuring the velocity at the sites
of diameter measurement. During the early phase of reactive hyperemia (peak
flow), it was difficult to measure red blood cell velocities because of movement of the
preparation directly after release of the occluder. In some cases, however, the capil-
laries were in focus for a short moment (about 1 or 2 s), and using a time constant of
0.1 s, we were able to measure red blood cell velocity during peak flow. The use of
such a small time constant, however, may increase the chance of artifacts in the
velocity data. Therefore measurements were performed at least in triplicate, and we
gave special attention to the reliability of the velocity recordings by checking repro-
ducibility and the correllogram. Because the velocity measurements are obtained at
one moment during peak flow, the value may be an underestimation of the actual
maximal peak flow velocity.

fi/ooci /7ou> ca/cu/afion. Blood flow in the capillaries (Q) during the control
period, aortic occlusion, and peak reactive hyperemia was calculated from the
velocity data and the diameter measurements as follows

= v 7t(If
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where v is red blood cell velocity, D is mean capillary diameter, and JI [D/2]2 is cross-
sectional area of the vessel. We assumed that plug flow, i.e., measured red blood cell
velocity, equals mean blood flow velocity, and we neglected the possibility that
plasma velocity may have been different from red blood cell velocity.

presentation. When data of all capillaries (all caps) are presented, they
comprise the data of all three sets of experiments, irrespective of the position within
the capillary bed. When comparing the data of capA and capV, we show data of the
second and third set of experiments. Only when mentioned in the text, we used cnpA
and capV of the third set in which the A and V segments were measured in the
same capillary; they are indicated as capAp and capVp, respectively.

analysis. Group data are presented as medians and ranges. Data
are presented individually by means of scatter plots. Box plots are used to display
groups of data (Tukey, 1977). A box plot shows the median, interquartile range (box)
and the range minus the stray values, which are indicated separately. For
statistical tests, we used SPSS-PC+ statistical package (SPSS, Chicago, 111., USA).
The Mann-Whitney U-test was used to compare independent data groups. Paired
data (paired capA and capV segments) were compared using the Wilcoxon signed-
rank test. Differences were considered to be significantly different for P<0.05.

3.3 Results

During the experiments, arterial blood PO2 and PCO2 were 73.8 mmHg (range
60-97.5 mmHg) and 40.3 mmHg (range 32.9-45.7 mmHg), respectively, and pH was
7.37 (range 7.28-7.45). Mean control carotid artery pressures were 74-106 mmHg
(median 88 mmHg) and mean control femoral artery pressures were 71-100 mmHg
(median 83 mmHg). Heart rate was 260-355 beats/min (median 306 beats/min).

One hundred twenty capillary segments were investigated. The position in the
capillary network of 66 segments was not determined (unidentified capillary seg-
ments; capU). Twenty five segments were located near the feeding arterioles (capA)
and 29 near the draining venules (capV). In 14 of these capillaries, a segment at the
arteriolar end and at the venular end (capAp and capVp, respectively) were investi-
gated.

Figure 3.2 shows one capillary segment during the control period, aortic
occlusion, and reactive hyperemia.

Figure 3.3 shows diameter measurements at four sites within a particular
about 20 um long capillary segment during the control period, 2 min of complete
aortic occlusion, and reactive hyperemia. After onset of occlusion, the capillary
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occ/usion (B), and peaA reactiue Ayperemia ('CA /n C, </ie image Aas moued. Arroius
indicate 2 sites o/" diameter measurements. Compared witn contro/ period, capi//ary
diameter teas decreased during occ/usion and increased during reactive
nyperemia. •; Endotne/ia/ nuc/eus. Sca/e fear, iO /im.

diameter decreased at three of four measuring sites (sites 1, 2 and 4). At site 3, no
clear diameter change occurred during occlusion. During minute 2 of occlusion, the
diameter remained under the control value at sites 1 and 4. During reactive
hyperemia, after deflation of the occluder, the diameter increased and exceeded the
control diameter, with the increase most pronounced at sites 1 and 4. The maximal
diameter was reached at all sites during peak flow velocity 15-35 s after release of
the occluder (see concomitant velocity tracing in figure 3.3). Within 2 min, the
diameters returned to control values. The observed heterogeneity in this particular
experiment is representative of the heterogeneity in all experiments. To compare the
diameter response of different capillary segments, three examples are illustrated in
figure 3.4. The tendency of mean diameter response is clear in all three segments: a
diameter decrease during aortic occlusion and a diameter increase during reactive
hyperemia. On the other hand, the moments at which the maximal responses are
reached vary between the capillary segments during aortic occlusion and reactive
hyperemia.
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3.3. A: diameter measurements at 4 sites (7-4) a/ong tne /engt/i o/" 2 capi//ary
segment during contro/ period, 2 min o/" complete aortic occ/usion, and reactive
Ayperemia. Das/ied boxes contain data points used /or ca/cu/ation o/" contro/,
occ/usion, and maxima/ reactiue Ziyperemia diameters. B: red 6/ood ce// i;e/ocity
TiïBCJ trace recorded simu/taneous/y u;itn data in A. ATote presence o/"a /ast- and a
s/ou;-u>ai>e /Zou;motion component.

During the control period, the variation in diameter at a particular site of a
capillary as measured at several moments (temporal heterogeneity) is small. When
all capillary segments are considered, the (temporal) standard deviation was 0.05-
0.42 nm (median 0.13 p ) , whereas the (temporal) coefficient of variation was 0-0.08
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Figure 3.4. Diameters during confro/, aorfic occ/usion, and reacfiue Avperemia o/"
3 eapi//ary se^mente fCap 2.2.3J. DasAeci /inc. confro/ diameter.

(median 0.03). The variation in diameter is close to the resolution of the combined
optical and electronic system (i.e., about 0.3 um), and therefore most of the variation
likely results from measurement inaccuracies. The capillary diameter varied along
a segment. When all segments are considered, the (spatial) standard deviation was
0.05-1.22 um (median 0.44 um), whereas the (spatial) coefficient of variation was 0.01-
0.29 (median 0.10).
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The diameters during the control period, aortic occlusion, and reactive
hyperemia are presented in table 3.1 for all capillary segments (All caps), the
unidentified capillaries (capU), the two groups capA and capV, and the subset of
paired capAp and capVp. Control capillary diameter of the whole group (n«120) was
3.2-6.9 um (median 4.4 um). Control diameter did not differ significantly between
capA and capV or between the paired capAp and capVp.

Capi/Zary rfiamerer c/ian^es during aortic occ/usion. Within 20 s of complete
aortic occlusion, femoral artery pressures decreased to a median value of 17 mmHg
(range 4-22 mmHg), leading to a considerable decrease in capillary blood flow
velocity (see figure 3.3; table 3.2). In figure 3.5, the control diameter is plotted against
the occlusion diameter. As is evident from the shift of the set of data points with
respect to the line of identity, during occlusion the decrease in capillary diameter is
significant (P<0.0001). About one-half of the data points, however, are located within
the stippled area (y = x ± 0.3 um), possibly because of inaccuracies in the
measurements. It is therefore uncertain whether these points represent real
diameter changes. The diameters in the group of capA and capV also decreased
significantly (P<0.0001; table 3.1).

Figure 3.6 shows the relative changes in diameter during occlusion. When all
capillary segments are considered, diameter decreases by a median of 6% during

2 3 4 5

control diameter

3.5. Diameters during aortic occ/usion p/otted against t/ieir contro/ c/a/ues
/"or a// capi/Zary segments (AM caps=120j. Stippted area Ty=x± 0.03 /wnj indicates
inaccuracy in measurements.
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occlusion. The relative diameter decreases in the capA are significantly larger than
those in the capV (6 and 4% of control for capA and capV, respectively [P<0.01],
median values). This difference did not reach the level of significance if only the
subset of paired segments was considered. The absence of a significant difference in
response in the subset of paired segments is possibly due to the small number in
this subset.

Capi//ary diameter c/ian#«?s during reactive Ayperemia. Within a few seconds
after abrupt deflation of the occluder, femoral artery pressures increased to about
90% of control pressures, after which pressure increased more gradually, reaching
control values in about 1 min. About 10 s after release of the occluder in most
capillaries blood flow velocity was increased and exceeded control flow velocity
(reactive hyperemia: see figure 3.3; table 3.2). In figure 3.7, the maximal diameters
during reactive hyperemia are plotted against control diameters. A significant
increase in capillary diameter during reactive hyperemia (P<0.0001) is observed.
Note that, like in figure 3.5, about 20% of the data points are situated within the stip-
pled area. In the groups capA and capV, the diameters were also increased signifi-
cantly (P<0.0001) during reactive hyperemia (table 3.1).

In figure 3.8, the relative maximal capillary diameter increases during
reactive hyperemia are shown for all capillary segments, capA, and capV. The
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Ta6/c 3.2. .Red Wood ce/Z t>e/ocity parameters.

control (mean)

occlusion (last 30 s)

peak RH

All caps

(n=57)

0.17

(0.04-0.98)

0.03°

(0.0-0.15)

0.82"

(0.3-1.8)

capA

(n=18)

0.18

(0.05-0.71)

0.04°

(0.0-0.12)

0.8°

(0.3-1.8)

capV

(n=21)

0.135

(0.04-0.98)

0.03°

(0.0-0.15)

0.9°

(0.3-1.6)

Va/ues are presented as medians and ranges Tin parenf/iesesj, and expressed in
mm/s. °. Signi/ïcanf/y di/jferenf /rom mean confro/ Y

diameter increase during reactive hyperemia is maximally 12% (median value)
when all capillary segments are considered. The maximal diameter increases of
capA and capV segments were 4-28% (median 14%) and 0-26% (median 8%),
respectively. The relative maximal diameter increase is significantly (P<0.005)
larger in capA than in capV. The maximal diameter increases during reactive
hyperemia were also significantly (P<0.05) larger in the capAp than in the capVp
segments.

Resistance c/ianges during occlusion and reactive Ayperemia. Because of the
capillary diameter changes, capillary resistance was estimated to increase by 27%
(from -16 to +96%, stray values +117, +117, +121, +140%) during aortic occlusion and
to decrease maximally by 36% (from 1 to 67%) during reactive hyperemia.

Red 6/ood ce// oe/ocifies during occ/usion and reactive /lyperemia. To investi-
gate the possible relationship between the extent of diameter change and the flow
velocity pattern, we assessed red blood cell velocity during the control period, aortic
occlusion, and reactive hyperemia.

Red blood cell velocity in capillaries was 0.04-0.98 mm/s during the control
period (see table 3.2). Usually, flowmotion was present (figure 3.3). During occlusion,
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control diameter
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3.7. Maxima/ diame/ers cfurtn^ rcacfiye /i^peremia f/ÏW^ p/oMed
//icir contro/ va/ues /br a/f capj//ary se^merefs fAZZ caps-720/ S<<ppZed area
(y=x±0.03 /imj indicates inaccuracy in measurements.
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3.8. J?eZa<iue maximaZ capiZZary diameter increases during
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capiZZary segments Zocated near /ceding arterioZe CcapA, n=25> or draining uenu/e
(Vcap, n=29;. CircZe, sfray uaZues.
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red blood cell velocity diminished and flowmotion disappeared. In a few seconds
after deflation of the occluder, red blood cell velocity increased, showing an early
peak followed by reappearance of flowmotion. Peak velocities ranged between 0.3-1.8
mm/s, with a median increase of 450% (table 3.2). Capillary diameter changes
tended to parallel the velocity changes that attend the transmural pressure changes
(figure 3.3).

Cap///ary t;o/ume /Zou; during reac*it>e Ayperemta. In the control period,
capillary blood flow was 0.4-21.0 pl/s (median 2.7 pl/s; n=57). During occlusion, blood
flow dropped to 0.5 pl/s (range 0-2.9 pl/s). During peak reactive hyperemia, capillary
flow increased to a median of 14.8 pl/s (range 1.5 to 70.0 pl/s). Without the increase in
cross-sectional area of 23%, red blood cell velocity should have increased to 547%,
instead of the assessed 450%, to produce these volume flow values.

3.4 Discussion

In tenuissimus muscle of young rabbits, capillary diameter is reduced during
low perfusion pressure and increased during reactive hyperemia after the release of
complete aortic occlusion. Because of the diameter changes, capillary resistance is
estimated to increase during occlusion (by a factor of about 1.3) and to decrease
during reactive hyperemia (maximally by a factor of about 1.5). The reduced
resistance and increased cross-sectional area during reactive hyperemia may
result in smaller changes in transmural pressure than expected on the basis of
invariant capillary diameter. It might be an additional mechanism to stabilize
capillary pressure. The diameter response of segments located at the arteriolar end
of the capillary is significantly larger than that of segments at the venular end.

The capillary diameter changes in the present study likely result from capil-
lary transmural pressure changes. Bjornberg and colleagues (1990) demonstrated
in cat muscle that capillary pressure decreases during arterial occlusion and
increases after release of the occlusion. The findings in our study agree with several
other studies showing capillary diameter changes due to transmural pressure
changes (bat wing: Davis, 1988, Bouskela and Wiederhielm, 1989; rat trapezius
muscle: Skalak and Schmid-Schönbein, 19866; cat and frog mesentery: Smaje el a/,
1980, Baldwin and Gore, 1989, Swayne e< a/, 1989). The extent of capillary diameter
increase during reactive hyperemia of about 0.5 um in the present study is
comparable to the 0.8 urn reported by Sarelius (1990), although in that study no
statistical significance was reached. Sarelius compared small populations of
capillaries during a control period and during hyperemia under 10~^M adenosine in
hamster cremaster muscle.
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The relatively small changes in capillary diameter lead to an estimated in-
crease in capillary resistance by 27% during aortic occlusion and an estimated max-
imal decrease in capillary resistance by 36* during reactive hyperemia. This
means that during aortic occlusion the resistance for blood cells to flow through the
capillaries is enhanced, which is most critical for the relatively large and stiff white
blood cells, which may plug capillaries under low flow conditions (Hansell et a/,
1993). In our experiments, we never observed permanent plugging of capillaries by
leukocytes. This is also expressed by the fact that in most capillaries no complete
cessation of flow was observed. Another consequence of the increased resistance to
flow is that the reduction in capillary pressure resulting from the decreased blood
flow velocity is attenuated. During reactive hyperemia, resistance fell by 36%, thus
providing an extra means of accommodating the high flow. The interplay between
resistance and the resulting (limited) increase in flow most probably results in a
smaller increase in transmural pressure than expected on the basis of invariant
capillary diameters. Therefore, passive distension of capillaries can be considered to
be an additional mechanism to stabilize capillary pressure.

In the present study, no differences in control diameter were found between the
arteriolar and venular capillary segments. This finding is consistent with observa-
tions in hamster cremaster muscle (Klitzman and Johnson, 1982) but does not agree
with other reports that capillaries have a smaller diameter at the arteriolar than at
the venular end (connective tissue of bat wing: Bouskela and Wiederhielm, 1989; cat
tenuissimus muscle: Eriksson and Myrhage, 1972; rat cremaster muscle: Smaje c<
a/, 1970). This discrepancy may be explained by tissue and/or species differences.

In our study, capillary segments on the arteriolar side showed a larger
response than those on the venular side during occlusion and reactive hyperemia.
The difference in response may result from a difference in distensibility (defined as
the ratio of change in capillary diameter to change in transmural pressure) or from
a difference in transmural pressure change along the capillary. The distensibility of
the capillaries may be determined by the properties of the capillary wall (Murphy
and Johnson, 1975) or the properties of the surrounding tissue (Fung ef a/, 1966).
Differences in composition of the capillary wall between the arteriolar and venular
side have been suggested by Bouskela and Wiederhielm (1989) to be the cause of the
difference in distensibility between both ends of the capillary. We found the diameter
change between the various measuring sites along a capillary segment to be
heterogeneous (figure 3.3). If the local change in capillary diameter, i.e., at one
particular site, is only determined by the properties of the capillary wall (and not by
a difference in transmural pressure), for each measuring site one would expect a
correlation between the diameter reduction during occlusion and the diameter
increase during reactive hyperemia. However, no such correlation was found at any
of the measuring sites (figure 3.9). An alternative explanation may be the
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surrounding tissues, which might exert a different local resistance to diameter
changes by varying arrangements of the muscle fibers. A capillary that is loosely
embedded between muscle fibers would experience less counteraction than a tightly
embedded one. The same holds for the attachment of the capillary wall to the
surrounding tissue. Since such mechanisms may substantially vary locally, both
mechanisms could be the origin of the heterogeneity in the local diameter changes.
Alternatively, the difference in changes in diameter between the arteriolar and
venular side of the capillaries may be caused by differences in transmural pressure
changes during aortic occlusion and reactive hyperemia on both sides, with greater
changes on the arteriolar than on the venular side of the capillary. This difference
could result from changes in postcapillary resistance and/or capillary flow velocity
and resistance. The actual transmural pressure changes are the result of a compli-
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cated interplay between the mentioned factors, and can directly be assessed only by
micropressure measurements.

During aortic occlusion, the time course of diameter reduction varied among
the individual capillary segments. Some capillaries showed a constant reduction in
diameter during the whole occlusion period, whereas others showed a diameter
reduction during the first half of the occlusion period and then a (partial) return to
control (see figure 3.4). The latter response, occurring without a change in femoral
artery pressure, may result from ongoing changes in transmural pressure due to
changes in arteriolar diameter, because during the major part of the occlusion
period ongoing increases in arteriolar diameter were observed in experiments
where we recorded a terminal arteriole feeding a capillary.

The fact that we hardly observed flow cessation during complete aortic
occlusion is in contrast to earlier experiments from our laboratory, where capillary
flow cessation during aortic occlusion was commonly found (Slaaf ft a/, 1986). This
contradiction can likely be explained by the fact that in the former experiments the
oxygen tension in the superfusion solution was about 78 mmHg, whereas it was less
than 23 mmHg in the present experiments. We have indeed found that the occur-
rence of flow cessation is positively correlated with the oxygen tension in the super-
fusion solution (Bosman e< a/, 1992). The lower oxygen tension in the superfusion
solution in the present study is likely to be a better approach to the prevailing
conditions of unexposed tissues. This suggests that reduction of arterial pressure
does not induce capillary flow cessation in unexposed rabbit tenuissimus muscle.

Determination of capillary diameter by assessing the distance between the
opposite inner walls requires a very clear image. The quality of the images was good
enough to select clear parts. We did not use red blood cell diameter as a marker of
capillary diameter, because at higher velocities a thin lubricating layer of plasma
will be present at the wall (Secomb, 1987), thus introducing artifacts. A limitation in
our experiments is the resolution of about 0.3 um, which is inherent to the use of an
optical microscope (NA 1.0). Some diameter changes during the interventions fell
within the resolution range of 0.3 um, but the results are consistent: at nearly all
measuring sites a decrease during occlusion and an increase during reactive hy-
peremia. This indicates that capillary diameter changes during occlusion and
reactive hyperemia are a real phenomenon.

In conclusion, in rabbit tenuissimus muscle, capillary diameter varies with
the transmural pressure changes as induced by aortic occlusion and release of the
occluder. The reduced resistance and increased cross-sectional area during reactive
hyperemia result in smaller changes in transmural pressure than when capillary
diameter would have been invariant and may be an additional mechanism to
stabilize capillary pressure.
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3.5 Summary

Capillary diameter changes were studied in the tenuissimus muscle of 29
urethane-anesthetized New Zealand White rabbits. Capillaries were visualized with
transillumination bright-field microscopy (saltwater lens, x50; resolution = 0.3 um).
Median capillary diameter during the control period was 4.4 um (range 3.2-6.9 um).
Complete aortic occlusion resulted in a reduction of median femoral artery pressure
to 17 mmHg (range 4-22 mmHg). During 2 min of occlusion, capillary diameter
decreased by 6% with greater change on the arteriolar side of the capillary than on
the venular side. During reactive hyperemia after release of the occluder, capillary
diameter maximally increased by 12% compared with the control period, with a
larger reponse at the arteriolar end of the capillary than at the venular end. Median
capillary resistance was estimated to increase by 27% during occlusion and to
decrease by 36% during peak reactive hyperemia. The observed diameter changes
are compatible with the idea that capillaries change their diameter relative to
changes in transmural pressure.
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4.1 Introduction

When perfusion pressure is reduced, red blood cell flow in the capillaries of
skeletal muscle ceases at a positive pressure difference across the vascular bed. In
rabbit tenuissimus muscle this flow cessation phenomenon (i.e., the cessation of red
blood cell flow) occurs at a transmural arterial pressure of about 17 mmHg when
pressure is reduced by arterial occlusion (Slaaf et a/, 1986). When tissue pressure
and venous pressure are elevated simultaneously, flow cessation occurs at a trans-
mural arterial pressure of about 25 mmHg (Reneman ef a/, 1980, Slaaf e* a/, 1986).
In human skin, flow in nail fold capillaries ceases at a mean arterial pressure of
27-40 mmHg (Gaskell and Krisman, 1958). In all these experiments flow cessation
was assessed by actual observation of capillary flow. In whole-organ studies
addressing the cessation of flow at finite perfusion pressure, flow ircto the organs is
measured. In these studies, pressure-flow curves usually intercept the pressure
axis at a positive value, indicating cessation of flow at a positive pressure gradient
across the vascular bed of those organs. This phenomenon is often called the critical
closure phenomenon after the explanation given by Burton (1951) that below a
critical trans-mural pressure vessels would close completely. Other explanations
offered are a compliance effect, as has been suggested for intramyocardial vessels
(Spaan, 1985), hidden inputs, the flows of which are not measured but that actually
still feed and perfuse a muscle, or red blood cell aggregation and unsteady perfusion
(Sutton and Schmid-Schönbein, 1989).

The intravital microscopic observations that at flow cessation in muscle capil-
laries terminal arterioles, controlling capillary perfusion, are dilated and venular
diameters are unchanged, while some flow is maintained in the transverse arteri-
oles and venules, suggests that the main obstruction to flow occurs at the capillary
level (Reneman ef a/, 1980, Slaaf e* a/, 1987a). The remaining flow probably runs
through short connective tissue shunts (Lindbom e/ a/, 1980).

It is known that capillary diameters may vary with changes in transmural
pressure. In cat mesentery, capillary diameter varies (although submicroscopi-
cally) with the small transmural pressure changes occurring during the cardiac
cycle (Smaje e* a/, 1980). In batwing connective tissue, capillaries are more distensi-
ble and vary by about 28% at transmural pressure changes of about 14 mmHg
(Davis, 1988, Bouskela and Wiederhielm, 1989). It seems conceivable that capillary
diameter decreases during (partial) aortic occlusion and in this way capillaries
may play a role in the flow cessation phenomenon.

The aim of the present study was to assess whether flow cessation at the level
of the capillaries, as induced by lowering arterial pressure, can be explained by
capillary luminal diameter reductions. In preliminary experiments in the rabbit
tenuissimus muscle, we found the incidence of flow cessation in the capillaries to be
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dependent on the oxygen tension (PO2* >" th* solution superfusing the tissue under
observation. We explored this further, and therefore, investigated whether pQo
affects capillary diameter during flow cessation. Since the diameter of the terminal
arterioles determines to a large extent whether capillaries are perfused, and
arterioles are known to constrict in response to oxygen (Duling, 1972, Lindbom <»f a/,
1980, Sullivan and Johnson, 1981), in a subset of experiments we assessed also the
arteriolar diameter at various oxygen levels.

4.2 Materials and methods

/?a6fti/s. Forty two young (5 - 6 weeks) New Zealand White rabbits of either sex
and ranging in weighing between 0.8-1.1 kg were used. All experimental procedures
were approved by the Institutional Animal Care and Use Committee of the
University of Limburg and complied with the "principles of laboratory animal
care". The rabbits were sedated with 5 mg diazepam (Valium, Roche) i.m. Thirty
min later anesthesia was induced by injection of 4 ml of a 20% urethane solution
through a lateral ear vein. Throughout the experiment, additional doses of urethane
were given through a catheter (PE 50) in the right femoral vein (0.4 ml/30 min). To
facilitate breathing, the trachea was canulated. A catheter (PE 60) was placed in the
right carotid artery for the recording of arterial blood pressure and heart rate. To
change perfusion pressure in the muscle, a cuff was placed retroperitoneally
around the descending aorta distal to the renal arteries. Arterial pressure down-
stream from the cuff was measured through a catheter (PE 50) in the femoral artery
of the contralateral (right) hind limb.

Tenuissimus musc/e. The preparation procedure has been described in detail
elsewhere (Lindbom e< a/, 1980, Reneman ef a/, 1980). In short, the tenuissimus
muscle of the left hind limb was exposed for in situ observation by careful prepara-
tion without touching the muscle itself and leaving its fascia, tendons, innervation
and the supplying and draining blood vessels intact. During the preparation the
muscle was exposed to air and superfused with a 0.9% NaCl solution at room
temperature (20-23°C).

The leg with the exposed muscle was placed in a box which could be sealed to
control the gas environment; rubber slaps connected the box with lens and light
guide, respectively (Reneman e* a/, 1980). A light pipe was placed underneath the
muscle for transillumination. During the experiment, body temperature of the
rabbit was kept at 38°C using an infrared heating lamp in combination with a rectal
temperature probe and a feedback system. Arterial blood gas and pH values were
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assessed during the experiment by means of an acid-base analyzer (model ABL 3,
Radiometer, Copenhagen, Denmark).

After sealing the box, a mixture of 95% Ng and 5% COg was continuously led
through the box. In the box, the muscle was superfused with a Krebs solution (rate
of flow: about 3 ml/min; composition in mM: NaHCOg, 25; KHgPO^, 1.2; KC1, 4.8;
CaClg, 2.5; MgSO^, 1.2; NaCl, 118.4), with a pH of 7.4 and a temperature of 37OC. The
Krebs solution was bubbled with a mixture of two gases: 95% Ng with 5% COg and
95% O„ with 5% CO„. By varying the flow ratio of these two gases, different PO2
values in the superfusion solution were achieved, while the constant COg concentra-
tion of 5% kept its pH constant. Each new gas mixture was allowed to equilibrate
with the solution for at least 30 min. The muscle was allowed to recover and equili-
brate to the specific experimental conditions for a period of 30 min.

Since the gas mixture flowing through the box (95% Ng, 5% COg) was deprived
of oxygen, it removed most of the oxygen from the superfusate where it was flowing
in a thin layer over the muscle. Between lens and muscle, however, a thicker layer
of fluid was present and was continuously refreshed by the superfusion solution
dripping onto the muscle via the objective lens with only a limited exchange with
the gas mixture flowing through the box. We assessed the relationship between the
POo in the dripping solution just before entering the box and that of the solution
under the objective lens in seperate experiments. The PO2 in the solution before
entering the box, as measured with an acid-base analyzer, was varied from 10 to 160
mmllg. The PO2 below the objective lens on the surface of a plastic 20 ml syringe
was determined by means of an oxygen needle electrode (Diamond General, Mich.,
USA) coupled to a Strathkelvin oxymeter (Glasgow, UK). The p£>2 (in millimetres of
mercury) underneath the objective lens (y) correlated well with that of the solution
entering the box (x) according to: y=0.36+0.89x (r=0.99; P<0.001). In the rabbit exper-
iments, this equation was used to calculate the PO2 at the muscle surface under
observation from the actual measurements in the superfusion solution. We
assumed that changes in PO2 in the drop underneath the lens due to oxygen
consumption by the resting muscle are negligible, taking into account that the
solution is continuously refreshed. In one experiment, we also measured the PO2 of
the solution in the box at some distance from the lens. With a p£>2 of 50 mmHg in the
dripping solution, a PO2 of 19-25 mmHg was measured about 2 cm from the lens,
indicating that oxygen was indeed applied rather locally. This may explain our
Finding that capillary perfusion still existed at control perfusion pressures in most
muscles exposed to higher PO2 in the superfusion solution entering the box.

Microscope and experimen/a/ procedure. The rabbits were placed under a Leitz
intravital microscope adapted to telescopic imaging (Slaaf e/ a/, 1982). Images were
displayed through a TV camera (Bosch Ultricon 4532, 1 inch) on a monitor (Sony)
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and recorded on videotape (Sony Betamax). Final optical magnification at the front
plane of the TV camera was x52 and xlO4 using a saltwater immersion objective of
x25 (numerical aperture 0.6) and x50 (numerical aperture 1.0), respectively. This
yielded a field of view on the monitor of 230 and 115 urn horizontal width, respec-
tively. Transillumination was provided by a 100 Watt mercury arc, with a Calflex
and a KG-1 heat filter, a fiber optic and a condenser system positioned in front of the
light pipe (Reneman et a/, 1980). When necessary, neutral density filters were
placed in the illuminating pathway to reduce light intensity to the lowest level still
yielding a good video image. Video recordings of capillaries were made before and
during reduced arterial pressure. Femoral artery pressure was reduced within 20 s
by complete aortic occlusion, lasting 2 min. The time interval between successive
occlusions was at least 5 min.

Three sets of experiments were performed. In the first set of experiments we
examined the relationship between local PO2 (&t the site of the objective) and the
number of capillaries exhibiting flow cessation during arterial pressure reductions.
Using the x25 objective, we selected capillary beds containing between three and six
capillaries per field of view running parallel to the muscle fibers and in which red
blood cells could clearly be seen flowing. In each muscle, we investigated from two
to seven capillary fields. In each bed, we counted off-line the number of the capillar-
ies exhibiting flow and the number that subsequently exhibited flow cessation. In
the second set of experiments, we investigated whether capillary luminal diameters
changed during reduced arterial pressure, and whether there was a relationship
between this diameter change on the one hand and PO2 at the site of the objective
and capillary flow cessation on the other. In addition, we assessed capillary red
blood cell velocity during the interventions. The x25 objective was used to select a
capillary running within the focal plane for a considerable part of the field of view.
The selected capillaries had to meet the following criteria: (1) capillaries run for
their longest part parallel to the muscle fibers, (2) red blood cells move in single file,
and (3) the vessel wall consists of only one layer of cells. In the capillary segments
local thickening of the wall was present in all cases, probably reflecting the
presence of the nucleus of an endothelial cell. The capillary was aligned vertically
on the videoscreen by means of a K-mirror. Subsequently, the capillary was recorded
using the x50 objective (with a field of view of 80 urn height) during control and
during reduced pressure at various oxygen levels. The inner diameter was
measured off-line, using a home-built image-shearing device (Intaglietta and
Tompkins, 1973). At various moments before (4-6 times) and during (4-6 times)
occlusion, the measurements were performed at four sites along each capillary
segment. One of the four measuring sites was located at the site of an endothelial
nucleus. In a pilot study, we found that the greatest diameter changes occurred at
the latter site. The capillary wall was usually very thin and its thickness could only
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accurately be measured at the site of the endothelial nuclei. The resolution was
about 0.3 Jim per video line, which matches the optical resolution of the microscope
system. During control, we calculated for each measuring site the control diameter,
i.e., the average of the instantaneous diameters at the various intervals. Mean
control diameter for a given capillary segment was calculated as the average of the
control diameters at the four sites. Control equivalent diameter (Deq, see below) was
calculated as the time average of the instantaneous values of Deq during the control
period. During occlusion, capillary diameter changes varied between the various
measuring sites of one capillary segment. We therefore considered the maximal
diameter changes of all measuring sites (= minimal diameter) and the maximal
change in Deq (= minimal Deq) of each segment.

Capillary red blood cell velocities were measured off-line, using the dual win-
dow technique (Slaaf e£ a/, 1984) and the Capiflow temporal correlation software
(SIM, Kista, Sweden). For every measurement, we adjusted width, length, and in-
terwindow distance of the windows and the time constant to obtain an optimal
cross-correlation between the intensity signals of the two windows. Usually, window
width was set to about the same size as capillary diameter and window length to
about half that size. Dependent on red blood cell velocity, the interwindow distance
was varied between 15 and 25 |im and a time constant of 1 or 2 s was chosen.
Velocity tracings exhibited flowmotion, i.e., variation in blood flow velocity due to
vasomotion. Often a superposition of slow (due to vasomotion at the orifice of the
transverse arteriole) and fast (due to vasomotion of the terminal arterioles) wave
flowmotion was present. We analyzed these flowmotion cycle lengths by calculating
the average valley-to-valley time difference.

In the third set of experiments we investigated whether terminal arterioles
were open or closed (fully constricted) during aortic occlusion at various pc«2- Using
the x25 objective, terminal arterioles were recorded during control conditions and
during two min of occlusion. Off-line arteriolar diameters were assessed by means
of the image-shearing device (see capillary diameter measurements).

Ca/cu/alton o/" capiZ/ary resistance. To estimate capillary resistance, Deq
values were used. Assuming that the measurements at the various positions along
the capillary are representative of the actual diameter distribution along the
capillary, one can calculate Deq for each capillary by putting segments (of equal
length) of each of the measured diameters in series (Miles and Nuttall, 1991). The
Deq of the segment studied is defined as the uniform diameter of the segment that
results in the same resistance. Assuming Poiseuille flow conditions without any
change in apparent blood viscosity, one can calculate the resistance of the original
capillary and that of the equivalent one. From that it follows that:
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D - n
n

.•=1

where Di is capillary diameter at site i, and n the number of observations. The
relative Deq during occlusion was defined as the Deq during occlusion divided by the
Deq before occlusion. Relative Deq was used to calculate the relative resistance,
which is proportional to (relative Deq)"*. Viscosity may increase during low flow
states and reduced capillary diameter. Our calculations relate to geometrical differ-
ences for Newtonian fluids only. Exclusion of the viscous effects result in underes-
timation of the actual change in resistance.

ana/ysts. Data are presented as medians and ranges (within paren-
theses). For statistical tests and curve fitting we used the SPSS-PC+ statistical pack-
age (SPSS, Chicago, 111., USA). In all tests the level of significance (P) was set at 5%.
Paired data were compared using the Wilcoxon signed-rank test. To calculate the
extent of linear relationship between two data sets, the Pearson correlation coeffi-
cient was used. Stray values were defined according to Tukey (1977).

4.3 Results

Arterial PO2 and PCO2 ^ ^ e ?4 mmHg (58-88 mmHg) and 39 mmHg (34-
45 mmHg), respectively, while pH was 7.4 (7.30-7.45) (n=42). Mean carotid artery
pressures were 70-107 mmHg (median 86 mmHg) and increased only slightly (1-
2 mmHg) during aortic occlusion. Mean control femoral artery pressures were
slightly below the carotid pressure values and ranged from 67 to 105 mmHg
(median 84 mmHg). Heart rate was 252-380 beats/min (median 314 beats/min). All
preparations fulfilled the inclusion criteria of Borgström and colleagues (1990a) for
mean arterial pressure (above 60 mmHg), heart rate (above 240 beats/min), and
arterial PCO2 (below 45 mmHg). Seven of the preparations did not fulfill the
inclusion criterion of arterial PO2 greater than 70 mmHg. However, the results
obtained from those seven preparations did not differ from the other ones and there-
fore were not excluded from the study.

In most of the capillaries studied, flowing red blood cells could be observed
during control femoral artery pressures, although at the higher pOo •" the super-
fusion solution (above 55 mmHg) capillary blood flow was usually rather slow and
could even cease. In those cases, the PO2 •" the superfusion solution was reduced



64 Chapter 4

until flow reappeared before the experimental protocol was performed. The depen-
dency of capillary blood flow velocity on PO2 is described in more detail below.

F/ou; cessation and PO2- Complete occlusion of the aorta resulted in femoral
artery pressures of 8-22 mmHg (median 15 mmHg). Minimal pressures were
attained within 16-20 s after onset of occlusion. During 2 min of complete aortic
occlusion, capillary perfusion decreased and in some capillaries blood flow stopped
completely within 16-43 s after onset of aortic occlusion. Figure 4.1 shows the
relative (percentage) number of capillaries per field of observation that exhibited
flow cessation at complete aortic occlusion as a function of the local pQo in the
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Figure 4.1. /fe/atiue number o/" capiZZaries exni6itm£ /Zou; cessation per /leZd o/"
observation at compZete aortic occ/usion, /"or various oxygen tensions ( p o ^ »'" '«*
siijocr/w.sKm .so/ufion uncferneat/i tne 06/ectife Zens; PO2 ""** " ' w ' 20 mm//; in t/te
super/usion so/ution over tne remainder o/" tne muscZe. Number o/* capi/Zary /IeZd«:
59; totaZ number o/" capiZZaries examined is 256. 77ie number 25 (arrouij re/ers to 25
measurements u'jtAout /7ou» cessation at f/iaf position on tne xaris. Tne soZui Zine
is tne /ttted curt^e, equation Zower
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superfusion solution at the site of the objective. At local p<>2 of 20 mmHg and less, no
flow cessation could be observed in any of the capillaries in 25 out of 33 capillary beds
(see arrow in figure 4.1). In the remaining eight beds, flow stopped in some
capillaries, but not in all. Increasing local PO2 resulted in a higher percentage of
flow cessation. At local PO2 of about 70 mmHg and higher, flow ceased in all
capillaries at the reduced perfusion pressure. To get an impression about the con-
centration/response relationship, the curve of figure 4.1 could be described by the
following equation:

,_/i_e-0.035x+0.526j

where y is percentage of capillaries exhibiting flow cessation and x is poo in mmHg
(r=0.77). The relative number of capillaries exhibiting flow cessation was not
dependent on the level of femoral artery pressure obtained during complete aortic
occlusion (r = 0.02). The incidence of capillary flow cessation also did not correlate
with any of the systemic blood gas values, heart rate, or carotid artery pressure. In
the 48 capillaries that exhibited cessation of red blood cell flow and the wall of which
was clearly visible, in only 4 cases did a red blood cell stop at the site of an
endothelial nucleus.

Capi/fary diameter and PO2- ^ '̂ ® second set of experiments we investigated
capillary segments (n=54) with a local PO2 •" the superfusion solution in the range
16-50 mmHg. The correlation between capillary diameter changes and local pOo
was investigated. Furthermore, we evaluated whether the smallest diameters
attained were always associated with flow cessation in the same capillary.

Capillary diameters during control and during aortic occlusion are summa-
rized in table 4.1. Mean control capillary diameter was 3.2-6.0 nm (median 4.2 (im)
during normal femoral artery pressure. Deq was 3.1-5.8 nm (median 4.0 nm) during
control. The minor difference between mean diameter and Deq indicates that the
relative spatial heterogeneity of the capillary diameter along the observed length of
the vessel is minimal. During the control situation, the variation in diameter at a
particular site of a capillary as measured at several moments (temporal
heterogeneity) is small. Considering all capillary segments, the (temporal) standard
deviation was 0-0.29 urn (median 0.13 nm). The variation in diameter is close to the
resolution of the combined optical and electronical system (i.e., 0.3 (lm) and,
therefore, most of the variation likely results from measurement inaccuracies.
Capillary diameter varied along a segment. When all segments are considered, the
(spatial) standard deviation was 0.1-1.09 |im (median 0.52
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Ta&Ze 4./ . Diame/ers o/" capiZZary segments (̂ «=5^ during confroZ and aorfic
occZusion. LocaZ oxygen tension ranged /"rom 20 to 50

Control diameter

mean 4.2 um (3.2-6.0 urn)

equivalent 4.0 um (3.1-5.8 urn)

Occlusion diameter

minimal 3.3 um (1.9-4.9 um)°

minimal equivalent 3.7 um (2.6-5.6 um)°

<*.P<0.0007 us. confroZ diameters

Control capillary diameter did not depend on the local PO2 over the range of 16
to 50 mmHg. No significant changes in diameter were found when prior to
occlusion PO2 was increased or decreased by 5-26 mmHg; measurements in six
capillaries at between two and five different PO2 values within this range showed no
significant differences.

CapiZZary diameter and /7ou> cessation. Figure 4.2a presents an example of
diameter measurements at four sites within a particular capillary segment with a
length of about 20 um during control and during 2 min of complete aortic occlusion.
After onset of occlusion, capillary red blood cell velocity rapidly decreased (see
concomitant velocity tracing in figure 4.2b) and capillary diameter decreased at all
measuring sites. At the end of the occlusion period, at one site the diameter in-
creased, reaching the control level again. This was observed in more experiments.
The observed heterogeneity in magnitude of the diameter response at the various
sites in this particular experiment is indicative of the heterogeneity in all experi-
ments.

Figure 4.3a,b shows that the minimum capillary Deq values attained were not
related to local poj- Also, no correlation was observed between the extent of maxi-
mal diameter change and local pQg (figure 4.3c). From figure 4.3c and table 4.1 it
can bo concluded that capillary diameters were significantly (P<0.0001) reduced
during aortic occlusion over the entire PQ2- Considering the sites at which the



Oxygen, flow cessafwn and capfllary diameter

5 j

3 4--

o
Ê 3 +
CO

occlusion

60 120 180 240

240

4.2. Diameter measurements at /bur sites fdi/7eren< symfco/sj a/ong one
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diameter change was the greatest, capillary diameter changed by -0.55 um (range
from -0.2 to -1.1 um; stray values -1.53 um and -1.75 um).

From figure 4.3a it can be concluded that, during occlusion, 14 capillary seg-
ments had sites with minimal diameters less than 2.8 um, the critical diameter
below which red blood cells may be obstructed (Henquell e* a/, 1976, Chien et a/,
1984). In only four of these, red blood cell flow ceased and in only one of these four
segments could a red blood cell be observed that actually stopped flowing at the site
of smallest diameter. Considering the Deq (figure 4.3b), two segments had diameters
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less than 2.8 urn. This indicates that in most of the 14 segments, the minimum
diameters attained were rather local. In fact, they extended not more than nbout
5 urn along the length of the capillary. In 10 out of the 14 segments, red blood cells
were still able to deform sufficiently to pass the site of smallest diameter. Hence, we
can not demonstrate a direct obstruction in the capillary for red blood cells to pass,
which might explain the flow cessation phenomenon.

During control, the site of the nucleus was always the site of smallest capillary
diameter. During aortic occlusion, the diameter reduction was greatest at the site of
a nucleus. The thickness of the nucleus was increased and, therefore, the nucleus
bulged into the capillary lumen. This is illustrated in figure 4.4 in which the actual
relative minimal diameters are shown as a function of PO2- 1" figure 4.4a
measurements are presented with the nucleus sites included, and in figure 4.4b the
measurements with the nucleus sites excluded. Comparison of the two data sets
reveals that in 10 out of 54 experiments the diameter reduction was clearly larger at
the nucleus site; in all other capillaries the change at the site of the nucleus did not
differ from that of the mean of the other sites. Hence, capillary diameter reductions
due to bulging of the endothelial nucleus are not a prominent phenomenon under
these conditions.

Arferio/ar dtameier during aortic occ/usion and PO2- Diameters of terminal ar-
terioles (n=16) were assessed at local PO2 values of 20-50 mmHg. Control arteriolar
diameter was 3.9-8.2 Jim (median 5.6 urn). During occlusion, arteriolar diameters
significantly increased by 0.9 um (range 0.1-1.9 urn, P<0.001). Hence, also at the
higher local p(>2> arterioles dilated during aortic occlusion.

Capt/Zary resistance. Capillary resistance during control and during aortic
occlusion was estimated using Deq (see Materials and methods). In figure 4.5,
relative capillary resistance is plotted against local pc«2- During aortic occlusion,
resistance increased by a median value of 40% (range 0-144%; stray values 294% and
577%, P<0.0001). No correlation was found between resistance increases and local

capi/Zaries u>it/i /Zou; /*n=397, so/id «ymoo/s represen* capillaries in u/Atcn /Zou; nad
ceased /n=J57. 77ie dasAed norizonta/ fine in A and B indicates fAe critica/
diameter /or red 6/ood ce// passage. T"ne s/iacfed area in C indicate»
measurement inaccuracy.
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Red 6Zood ce/Z ueZociiy and p0£- In figure 4.2, the flow velocity pattern of one
capillary segment during control and aortic occlusion is presented. During control,
flow velocity exhibited slow and fast wave flowmotion. Flowmotion cycle length of
the slow waves was 8.9-37.5 s (median 23.9 s) and that of the fast waves 2.7-6.9 s
(median 4.6 s). Flowmotion cycle length did not correlate with PO2- During
occlusion, flow velocity diminished and flowmotion disappeared. Mean control
velocity varied between 0.01 and 0.49 mm/s (median 0.13 mm/s). After onset of the
occlusion, blood flow velocity decreased in all capillaries within 15 s. During the last
30 s of occlusion, capillary velocity was significantly (P<0.001) reduced compared
with mean control velocity to a median value of 0.03 mm/s. From figure 4.2 it is
obvious that, during occlusion, the diameter reduction is parallel to the reduction of
red blood cell velocity. When, however, the whole population of capillary segments is
considered, no correlation exists between the extent of (relative) diameter reduction
and the extent of (relative) velocity reduction (figure 4.6a). The four relative velocity
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values above 100% indicate an increase in velocity during occlusion. This is caused
by the presence of prolonged periods of low velocity due to flowmotion during control.
In figure 4.6b, PO2 >s plotted against control mean velocity. At lower PO2 values (i.e.
below 20 mmHg) mean control velocity was rather variable, while at the higher PQ«
velocity was lower than 0.2 mm/s in most capillaries. The relationship between local
PO2 and mean capillary velocity was weak (r=0.39; P<0.01).

No correlation was found between the velocities during control and during the
last 30 s of occlusion, as can be seen in figure 4.6c. In this figure, five data points are
situated above the line of identity, which indicates that in these capillaries mean
velocity during the last 30 s of occlusion was higher than mean control velocity. The
local PO2 at which these velocities were observed was 16-45 mmHg. During control,
the velocity tracings of these five capillaries exhibited flowmotion. After the onset of
occlusion, velocity decreased and flowmotion disappeared. During the 2nd min of
occlusion, velocity increased and exceeded mean control velocity. It is possible that
these capillaries are so-called thoroughfare channels in which red blood cells prefer
to flow at low perfusion pressures. Diameter response of these five capillaries was
not different from that of the whole group of capillaries.

4.4 Discussion

The findings in the present study show that capillary red blood cell flow
cessation, induced by arterial pressure reduction, is dependent on the local pOo in
the superfusion solution (underneath the objective). In most of the capillaries, red
blood cell flow stops at a local PO2 of 40 mmHg or higher, while complete capillary
red blood cell flow cessation occurs at a local PO2 above 70 mmHg, in the presence of
dilated arterioles. During arterial pressure reduction, capillary Deq decreases by
about 8%, leading to resistance increases of about 40%. The capillary diameter
reduction does not depend on local PO2' *"*d is probably due to passive recoil. Red
blood cell flow cessation was not always present in capillaries with the smallest
diameters observed. Although the increased resistance will be an additive mecha-
nism to hamper flow, capillary red blood cell flow cessation cannot be explained
solely by the observed capillary diameter reductions.

In our preparation, capillary diameters are significantly reduced during
arterial pressure reduction while the diameter reduction is not related to local

confro/ uefocify. Open sym6o/s represent capi//art«s u>i<A /7ou> /n=.?9/, so/icf «ymftoto
capt/lartis in iwAic/i /Zou; /uuf ceaseii /n=257.
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Usually, arterioles dilate during arterial pressure reduction to maintain constant
capillary pressures. It is likely that during complete aortic occlusion, which leads to
a dramatic arterial pressure reduction, arteriolar dilation is not sufficient to
compensate for this reduction, resulting in a decrease in capillary transmural
pressure. This has actually been demonstrated in cat muscle (Bjornberg e< a/, 1990).
Therefore, the capillary diameter decreases during pressure reduction may be due
to passive recoil caused by reduced transmural pressure. The fact that, in our
preparation, capillaries are compliant, is consistent with several other studies
showing capillary diameter changes as a consequence of changes in transmural
pressure (bat wing: Davis, 1988, Bouskela and Wiederhielm, 1989; rat trapezius
muscle: Skalak and Schmid-Schönbein, 19866; cat and frog mesentery: Smaje e* a/,
1980, Baldwin and Gore, 1989, Swayne e* a/, 1989).

In this study, most of the capillary segments exhibited a rather heterogeneous
diameter response at the four measuring sites. For instance, in a few capillary seg-
ments, the diameter at the site of an endothelial nucleus was far more reduced than
at the sites where the endothelial cell consisted of only a thin layer of cytoplasm.
This can be explained by the fact that, due to a general diameter reduction as a
result of passive recoil, the mass of the nucleus is pushed into the lumen of the
capillary. This causes an extra local diameter reduction. Other local differences in
capillary wall geometry, like thickness of the endothelial cytoplasmic layer and
basal membrane, may also play a role in the local heterogeneity in diameter
response. Furthermore, the surrounding tissue might cause a different local
diameter response by varying arrangements of the muscle fibers. A capillary that is
loosely attached to muscle fibers will experience less counteraction than a tightly
attached one.

The significantly reduced diameter of the capillaries of the rabbit tenuissimus
muscle during complete aortic occlusion induces a considerable increase in capil-
lary resistance, not always resulting in flow cessation. The diameter reductions
were apparently not dramatic enough to result in a direct obstruction for red blood
cells, i.e., a situation in which the red blood cell surface area-to-volume ratio be-
comes the limiting factor for passage The smallest capillary diameter through
which a rabbit red blood cell can pass with the prevalent pressure gradient is not
known. Human red blood cells can not pass through a capillary smaller than 2.7
|im (Chien e/ a/, 1984). Henquell and co-workers (1976) have shown that single red
blood cells of the rat can flow through a pipette with a diameter of 2.8 um under a
pressure gradient of only 0.17 mmHg. Assuming that red blood cells of rabbits are
comparable, the findings of Chien (1984) and Henquell and co-workers (1976) indi-
cate that, in our preparation, capillary diameters must be smaller than about 2.8
Um before red blood cells are prevented from flowing. This situation was generally
not reached in our experiments. In 14 out of 54 capillaries, diameters were reduced
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below 2.8 Jim, but these reductions were only local and did not extend over more
than about 5 nm. In 10 of these 14 vessels, red blood cells continued to flow, although
they seemed to have some difficulty in passing the site of smallest diameter. In only
one case did a red blood cell actually stop at such a site. This indicates that the
decrease in capillary diameters during aortic occlusion contributes to a reduction in
capillary perfusion, but cannot explain solely the flow cessation phenomenon.

With our method, using a high magnification, we can observe only short
segments of the capillary during each occlusion run. It can be argued that we could
have missed local regions with small diameters. In the current study, however,
capillary segments which always contained a nucleus were investigated. Local
minimal diameters along the length of a capillary were usually present at the sites
of endothelial nuclei. With this in mind, we analyzed the first set of experiments,
performed at intermediate magnification, to determine whether the nucleus is a
site at which the red blood cells preferentially stop flowing. Some 48 of the
capillaries exhibiting flow cessation could be analyzed reliably in this manner. In
only four of these capillaries did a red blood cell actually stop at the site of a nucleus.
This is approximately the number that one would expect if red blood cells were to
stop at random positions. Hence, we found no correlation between the position of
stationary red blood cells and the site of the nucleus and, therefore, with that of
minimal diameter.

The role of oxygen in the flow cessation phenomenon is puzzling. Arterioles
and venules are not the flow-limiting factor, and no relationship between capillary
diameter and local p£>2 could be demonstrated. Resistance of capillaries to blood flow
is not only determined by capillary geometry, but also by the viscosity of the flowing
blood. Availability of oxygen is known to decrease local hematocrit, but this results
in a lower viscosity and, therefore, a lower resistance, rather than an increased
resistance to flow (Desjardins and Duling, 1987). Hence, it is unlikely that changes
in hematocrit due to changes in PO2 P'av a role in the flow cessation phenomenon.
A possible explanation for the occurrence of capillary flow cessation at high pQ^ is
the generation of oxygen free radicals by endothelial cells at the higher PO2- Oxygen
free radicals are known to decrease red blood cell deformability (Uyesaka e< a/, 1992)
causing an increase in resistance to flow, and so contributing to flow cessation.

It cannot be excluded that the flow cessation occasionally observed in capillar-
ies at low pog (below 20 mmHg) is caused by leukocyte plugging (Bagge and Braide,
1982). Differences in flow cessation between various capillaries might also be due to
differences in geometry as indicated by observations in the bat wing. Although part
of the same feeding and draining network, flow cessation occurred in the capillaries
of the tensor plagiopatagii muscle, whereas flow was maintained in the connective
tissue capillaries and the thoroughfare channels in the web (Slaaf e< a/, 19876).
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In most of our experiments under control pressure conditions, capillary flow
persisted even during application of higher local PO2 (50 mmHg), while the remain-
der of the muscle was exposed to a low (less than 20 mmHg) pQ2- In this situation,
the terminal arterioles, which control capillary perfusion, were probably located
outside the small area exposed to high PO2- This is not in disagreement with the
observation of Lindbom and colleagues (1980), who have reported closure of terminal
arterioles when the whole muscle was exposed to higher PO2 (65 mmHg). Indeed,
when in our experiments a gas mixture with a PO2 of 40 mmHg was led through
both the superfusate and the box, thereby applying a PO2 of 40 mmHg not only
locally, but to the whole muscle, flow in the capillaries also stopped at control blood
pressures.

Arterioles constrict when exposed to oxygen (Duling, 1972, Lindbom ef a/, 1980,
Sullivan and Johnson, 1981) and dilate during arterial pressure reduction (Slaaf e*
a/, 1986, Borgström e< a/, 19906). Our experiments show that terminal arterioles
actually dilate during arterial pressure reduction at local PO2 values of 20-50
mmHg. In an earlier study (Reneman e£ a/, 1980), which was performed at a local
PO2 of about 80 mmHg, we found that transverse arterioles also dilate during
capillary flow cessation. Furthermore, the fact that blood is still flowing through
connective tissue during capillary flow cessation also indicates that the larger
arterioles remain patent (Reneman et a/, 1980, Slaaf e* a/, 1987a). Therefore, the
cause of flow cessation cannot be attributed to arterioles. On the other hand,
Sullivan and Johnson (1981) have shown that arterioles constrict slightly (5-10%) at
control arterial pressures, when completely exposed to a PO2 of 66 mmHg. When at
this PO2 arterial pressure was reduced to 40 mmHg by aortic occlusion, no change
in diameter occurred: the autoregulatory dilation was abolished in all vessel orders.
We made no attempt to verify whether, and if so, to what extent, the arteriolar
response is attenuated by local PO2 in our experiments.

At control blood pressures, capillary red blood cell velocity was often slow at the
higher PO2 in the superfusion solution. The low velocities in the capillaries result in
a higher apparent viscosity, which leads to an increase in capillary resistance
(Secomb, 1987). However, no correlation was found between control blood flow
velocity and the incidence of flow cessation. Therefore, flow cessation at high PO2
cannot be explained by the initially lower blood flow velocities. Furthermore, no
relationship between the flowmotion patterns and local PO2 exists, which agrees
with the study of Prewitt and Johnson (1976), who described no changes in velocity
patterns with changes in PO2-

The mechanism(s) responsible for capillary flow cessation still remain(s) to be
elucidated. We can only speculate about this mechanism. We think that flow cessa-
tion occurs only when several changes occur simultaneously. Factors involved in
flow cessation could be reduced arterial pressure, reduced capillary diameters (this
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study), attenuated arteriolar dilator response at high PO2 (Sullivan and Johnson,
1981), and an increased viscosity at the venular level (Gobel ef a/, 1989). Each of these
factors probably does not induce flow cessation by itself but, when all are present at
the same time, they may lead to flow cessation.

In conclusion, capillary luminai diameter reductions may facilitate capillary
flow cessation, as induced by arterial pressure reduction. Although oxygen plays a
role in the capillary flow cessation phenomenon, it does not affect the extent of capil-
lary diameter changes.

4.5 Summary

When perfusion pressure is reduced, red blood cell flow in the capillaries of
skeletal muscle ceases at a positive pressure difference across the vascular bed,
while arterioles dilate and venules are not constricted. This flow cessation (i.e.,
cessation of red blood cell flow) and luminai diameter changes in capillaries follow-
ing femoral arterial pressure reduction were investigated in the rabbit tenuissimus
muscle in situ (n=42) using intravital video microscopy. Arterial pressure was
reduced by occlusion of the aorta distal to the renal arteries. During the experi-
ments, leg and muscle were placed in a sealed box. The muscle was exposed to low
oxygen by leading a gas mixture deprived of oxygen through the box. Locally at the
muscle surface, i.e., under the microscope objective, oxygen tension (PO2) ^^^ varied
by varying the PO2 in the superfusion solution. In all experiments, the remainder of
the muscle was kept at low (<20 mmHg) PO2- The incidence of flow cessation was
virtually zero at low (<20 mmHg) local PO2 and became almost 100% at local values
above 70 mmHg. Initial equivalent capillary diameters ranged between 3.1 and
5.8 urn (median 4.0 urn) and did not correlate with local PO2- During aortic
occlusion, capillary diameters significantly (P<0.0001) decreased by a median value
of 8% at all PO2 values; in 14 out of 54 capillaries local diameter became less than
2.8 urn. The extent of diameter reduction did not correlate with PC>2- *" *"* 1*
capillaries in which the diameter became less than 2.8 (im, flow cessation occurred
in only four cases. The minimal diameter reached was always at the site of an
endothelial nucleus. The capillary diameter reductions are probably due to passive
recoil. In the 48 capillaries in which flow ceased, only in four cases did a red blood
cell stop at the site of the nucleus. We conclude that capillary diameter reductions
(local and generalized) lead to a considerable increase in capillary resistance,
which contributes to the occurrence of flow cessation but cannot solely explain it.
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5.1 Introduction

Capillary perfusion is an important determinant of tissue oxygenation
(Renkin, 1984). The number (and length) of capillaries in a tissue are a measure for
perfusion and exchange capacity. Anatomical capillary density is usually defined
as the number of capillaries in a unit of cross-sectional area or volume of tissue
(Hudlicka, 1984). The anatomical presence of capillaries does not necessarily imply
that these capillaries actually carry flow and are involved in the perfusion or ex-
change process. A certain number of capillaries may be deprived of blood flow. This
spatial heterogeneity in perfusion may vary with time. An important effector of this
temporal heterogeneity of capillary perfusion is vasomotion, i.e., the more or less
rhythmic diameter variation in (terminal) arterioles (Meyer et a/, 1987, Slaaf ef a/,
1987c, Oude Vrielink e* a/, 1989). Counting only the capillaries attended by red blood
cells (RBCs) in stained cross-sections and comparing that with the total number of
capillaries present is not a suitable method to assess the fraction of actually per-
fused capillaries, because capillaries containing RBCs may not be perfused, and
variations in hematocrit due to vasomotion in the terminal arterioles may result in
perfused capillaries without RBCs. Therefore, functional capillary density is often
used to describe the number of capillaries in a certain volume of tissue that are
being perfused with RBCs (Damon and Duling, 1984). One should bear in mind,
however, that according to this definition, transport and exchange capacity can
change without a change in functional capillary density, for example, when capil-
lary diameters are not invariant. This is not necessarily the case. Davis (1988) and
Bouskela and Wiederhielm (1989) demonstrated that in connective tissue in the bat
wing, capillaries are distensible and that they actually change diameter at varia-
tions in transmural pressure within the physiological range. This implies that
functional capillary density is not the only variable determining tissue flow capacity
or exchange surface area.

Data obtained from preliminary experiments suggest that in skeletal muscle
capillary diameter might vary not only with transmural pressure, but also with
local oxygen tension; capillary perfusion appeared to be strongly related to locally
applied oxygen tension, while the arterioles were always open to perfusion (Bosman
e/ ai, 1992).

In this paper, studies are described in which perfusion and diameter of capil-
laries of the tenuissimus muscle of young anesthetized rabbits were investigated
during control, low perfusion pressure, and subsequent reactive hyperemia. Special
attention was paid to possible changes in diameter and the influence of oxygen on
the relative number of capillaries still perfused during complete aortic occlusion.
The findings are discussed in relation to perfusion and exchange capacity.
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5.2 Materials and methods

Aa66(te. Experiments were performed on young (5-6 weeks, 0.8-1.1 kg weight)
New Zealand White rabbits of both sexes. All experimental procedures were
approved by the Institutional Animal Care and Use Committee of the University of
Limburg. The rabbits were premedicated with diazepam (5 mg; Valium, Roche),
intramuscularly. Half an hour later, anesthesia was induced by injection of
urethane (4 ml of a 20% solution) through a lateral ear vein. Anesthesia was
maintained throughout the experiment with additional doses of urethane (about
0.4 ml/30 min) through a catheter in the right femoral vein, if necessary.

A trachea cannula was inserted to facilitate breathing. Arterial blood pressure
(external pressure transducer, model CP-01, CTC) and heart rate were recorded
through a catheter placed in the right carotid artery.

Perfusion pressure in the tenuissimus muscle was reduced by inflating n cuff
placed around the aorta distal to the renal arteries. When the cuff was inflated, the
aorta occluded completely. Arterial pressure downstream of the cuff was measured
through a catheter in the femoral artery of the (contralateral) right hind limb. Both
arterial catheters were perfused with saline (0.9% NaCl) at a rate of 2.5 ml/h to keep
them patent.

In the control period, mean carotid artery pressure was 70-107 mmHg, and
mean femoral artery pressure was 67-105 mmHg. Heart rate varied between 252 and
380 beats/min. Body temperature was kept at 38°C throughout the experiment.
Arterial blood gas and pH values were assessed with an acid-base analyzer (model
ABL 3, Radiometer, Copenhagen, Denmark). Arterial pc«2 and PCO2 were 74 mmHg
(58-88 mmHg) and 38 mmHg (34-45 mmHg), respectively, and pH was 7.37 (7.28-7.45).

Tenuissimus musc/e. The preparation procedure has been described in detail
elsewhere (Reneman ef a/, 1980). In short, the muscle of the left hind paw was
carefully exposed for in situ microscopic observation. The muscle itself was not
touched, and fascia, tendons, innervation, and supplying and draining blood vessels
were left intact. During the preparation, the muscle was superfused with a 0.9%
NaCl solution at room temperature (20-23°C). Subsequently, the leg was positioned
in a sealable box to enable control of the gas environment. A light pipe was placed
underneath the muscle for transillumination (Reneman et a/, 1980).

The box was sealed and a gas mixture of 95% Ng and 5% COg was led through
the box. Muscle superfusion in the box was performed at 37°C with a Krebs solution
(composition in mM: NaHCOg, 25; KlljPO,, 1.2; KC1, 4.8; CaCLj, 2.5; MgSO ,̂ 1.2; NaCl,
118.4). The pH of this solution was kept at 7.4±0.5, by bubbling with a gas mixture
containing 5% COg. The remainder of this gas composition could be varied between

j and 95% Oj, keeping pH constant. The muscle was allowed to recover and
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equilibrate to each specific experimental condition for a period of about 30 min.
Applying a superfusion solution with a certain oxygen tension (pOô  ̂ ° 'he muscle,
while passing a gas mixture without oxygen through the box, led to a p o ,
concentration in the solution under the microscope objective of 89% compared to the
concentration in the superfusion solution just prior to entrance into the box. The
remainder of the muscle was exposed to low (<20 mmHg) pQ«2 due to oxygen
washout from the superfusate by the oxygen free gas mixture flowing through the
box. The oxygen concentrations reported in the results section are the corrected
ones. Oxygen is known to induce vasoconstriction in arterioles leading to cessation
of capillary perfusion (Lindbom e£ a/, 1980). In the present experiments with the
local application of oxygen, however, capillary flow was usually present. This
suggests that the terminal arterioles were located outside the area effectively
exposed to the elevated

Microscope and experiment/ procedure. A Leitz microscope adapted for
tefescwpfc rrnagmg' was casxsvf &r iTri\rm5ropi\r abtsOTvatia'?.? /SJAS/ *>/ «/, J3S2A Images
were projected on a TV camera, displayed on a video monitor, and stored on
videotape. Final optical magnification at the front plane of the camera was x52 or
xl04, using salt water immersion objectives of x25 (numerical aperture 0.6) and x50
(numerical aperture 1.0), respectively. This yielded a field of view on the monitor of
230 and 115 |im horizontal width, respectively. Transillumination was performed
with a 100 Watt mercury arc with appropriate heat filters, a fiber optic, and a
condensor system positioned in front of the light pipe (Reneman el a/, 1980). Neutral
density filters were used to adjust light levels to the lowest level still yielding good
images.

Video recordings were made before, during, and after complete aortic
occlusion at various local PO2 After a control period of at least 2 min, the aorta was
completely occluded for 2 min. Within about 20 s, occlusion resulted in a low femoral
artery pressure (4-22 mmHg). This variability in femoral artery pressures attained
is due to collateral circulation. The time interval between successive occlusions was
at least 5 min.

Two sets of experiments were performed. In the first set we assessed the rela-
tive number of capillaries per field of view that were still perfused with RBCs
during complete aortic occlusion, compared to the control, using the x25 objective.
Each field studied contained 3-6 capillaries. At control arterial pressure, flow was
present in all capillaries. The experiments were performed at various local oxygen
tensions. Counts of capillaries carrying flow were performed off-line.

In another set of experiments, we measured capillary diameter along short
segments of a capillary. We selected capillaries that (1) ran for their longest part
parallel to the muscle fibers, (2) contained RBCs flowing in single file, and (3) were
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in focus for a considerable length. The capillaries were oriented vertically on the
monitor screen using a K-mirror. Using the x50 objective lens, recordings of capil-
laries were made during control (2 min), occlusion (2 min), and reactive hyperemia
after release of the occluder (2 min) at various local oxygen tensions. Resolution of
the microscope-camera-monitor system was about 0.3 jim.

Diameter measurements. Inner capillary diameter was assessed off-line
using a home-built image-shearing device (Intaglietta and Tompkins, 1973).
Measurements were performed at several sites (4-6, clearly in focus) along each
capillary and repeated at various moments during control period (4-6 times), aortic
occlusion (4-6 times), and reactive hyperemia (4-8 times). During the control period,
we calculated the mean control diameter for a given segment as the mean of the
various sites at the various moments. To estimate the consequences for resistance to
flow, we calculated equivalent diameter as the mean of the instantaneous equivalent
diameter values. Equivalent diameter is defined as the diameter of a uniform vessel
having the same resistance to flow as the vessel studied. It can be calculated from
the following relationship (Miles and Nuttall, 1991):

1

[4
D«,=

where Di is capillary diameter at site i, and n the number of observations along the
segment. Equivalent diameter is a measure of the influence of the geometry on
vascular resistance.

Relative Deq (compared to control) was used to calculate the (relative)
resistance, which is proportional to (relative) Deq'^-

5/ood ce/Z velocity measurements. Blood cell velocities in the capillaries were
measured off-line, using the dual window technique (Slaaf et a/, 1984) and the
Capiflow temporal correlation software. Settings of the windows and the correlation
process were optimized for each measurement.

Data presentation and statistical ana/ysis. Data are presented as medians
and ranges. For statistical analysis, we used the SPSS-PC+ statistical package
(SPSS, Chicago, 111., USA). The Mann-Whitney U-test was used to compare
independent data groups. Paired data were compared using the Wilcoxon signed-
rank test. In all tests the level of significance was set at 5%.
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5.3 Results and discussion

In young rabbit tenuissimus muscle, capillaries exhibit flowmotion (Tangelder
ef a/, 1984), i.e., more or less rhythmic changes in capillary blood cell velocity (figure
5.1). We observed a fast- (median cycle length 4.6 s; 2.7- 6.9 s) and a slow-wave (24 s; 9-
38 s) component. Oude Vrielink and colleagues (1987) found that the number of
perfused capillaries originating from a certain terminal arteriole during control
did not differ from the number during complete vasodilation during superfusion
with adenosine (lO'^M). They also demonstrated that all terminal arterioles were
perfused, albeit intermittently. These data indicate that no anatomical recruitment
is present in the tenuissimus muscle of young rabbits. When considered over a
prolonged period of time, functional capillary density is in this case 100% of
anatomical capillary density. Instantaneous functional capillary density, however,
never equals anatomical capillary density due to the presence of flowmotion. For
total flow calculations through a tissue, one takes this into account by multiplying
functional capillary density by mean velocity.

Reduction of perfusion pressure initially leads to increased vasomotion and
flowmotion amplitude (Oude Vrielink et a/, 1989), and subsequently to disappear-
ance of vasomotion and to continuous perfusion of the capillaries (this study). When
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the muscle is exposed to low oxygen in the superfusion solution, (low remains pre-
sent in almost all capillaries during low perfusion pressures (figure 5.2). At any
moment during this intervention, instantaneous functional capillary density now
approximates anatomical capillary density. To keep perfusion at the required level
at these low driving pressures, all capillaries have been made available for continu-
ous perfusion in order to obtain the lowest resistance: temporal recruitment.

During reactive hyperemia following release of the occluder, capillary flow
velocity becomes very high and subsequently returns to control values. During the
later phase of reactive hyperemia, flowmotion reappears (see figure 5.1). Therefore,
instantaneous capillary density during reactive hyperemia equals anatomical
capillary density until flowmotion reappears.

Functional capillary density is usually used as an indicator to compare flow
carrying capacity or exchange surface area in various situations. In the case of
invariant capillary diameter, multiplication of functional capillary density with

Capillaries with flow during aortic occlusion
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mean capillary flow velocity suffices to estimate total tissue flow, while capillary
density can be used directly to compare exchange surface area. If, however, there
are differences in capillary diameter between the situations under investigation
(figure 5.3), one should take these differences into account. During occlusion, mean
equivalent capillary diameter is reduced by 8%, leading to a reduction in exchange
surface area of 8% and in flow carrying capacity of 16%. During reactive hyperemia,
mean equivalent diameter is increased by 12% as compared with the control. In this
situation, the increase in exchange surface area is 12% and that in flow carrying
capacity, 24%. Therefore, a mere comparison of capillary densities leads to consid-
erable errors.

When the muscle is exposed to elevated ZocaZ PO2 under the microscope lens
only, capillary diameter during complete aortic occlusion decreased to the same
extent as it did without local exposure to high PO2- Therefore, local exposure to
elevated PO2 does not influence capillary diameter and cross-sectional area. Under
these same conditions, the number of capillaries still carrying flow (during
complete aortic occlusion) decreased with increasing po2- When locally exposed to
high PO2 (more than 70 mmHg), occlusion of the aorta led to cessation of flow in
virtually all capillaries. Instantaneous functional capillary density was reduced to
0% of anatomical capillary density. At intermediate local PC>2> * graded reduction in
(instantaneous) functional capillary density was present (see figure 5.2). The
presence of local oxygen causes instantaneous functional capillary density to
deviate from anatomical capillary density. Local application of oxygen only

40 -1

occlusion RH

Figure 5.3. CTianges in capi/Zary diameter frefatiue to control diameter) during
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influences instantaneous functional capillary density, but not capillary diameter.
It is known that functional capillary density is oxygen dependent. When a

muscle is completely exposed to high pc^. the arterioles gradually constrict, which
results in a gradually increasing number of downstream capillaries where flow
ceases (Lindbom ef a/, 1980). Sullivan and Johnson (1981) demonstrated that when
rat skeletal muscle is completely exposed to 66 mmHg of po->> arterioles constrict
slightly (5-10%) at control pressures. When arterial pressure was reduced to 40
mmHg at the same p(>2> "° changes in arteriolar diameter occurred: the auto-
regulatory dilation was abolished in all arterioles. In our experiments, however, we
demonstrated that when exposed to increasing (up to 50 mmHg) levels of locally
applied pc^. the arterioles are all open and effectively dilated by 12% (1-43%) at
complete aortic occlusion, probably because they are located outside the effective
oxygenation zone.

In the evaluation of experiments on tissue perfusion in which capillary diame-
ter is not invariant, one should not only take into account anatomical capillary den-
sity and the relative number of perfused capillaries, but also the relative capillary
diameter. Functional capillary density should only be used to compare the number
of capillaries perfused with the number of capillaries anatomically present. For tis-
sue flow and tissue exchange surface area, one should demonstrate the invariance
of capillary diameter if only functional capillary density is used for comparison.

In conclusion, functional capillary density provides the number of capillaries
accessible to flow with respect to the process under study. Besides the relative num-
ber of capillaries perfused, one should also assess capillary diameter (and where
appropriate capillary perimeter or cross-sectional area) for comparison of experi-
mental conditions, since capillaries are not necessarily invariant in diameter.

5.4 Summary

Perfusion of capillaries was investigated in the tenuissimus muscle of young
anesthetized New Zealand White rabbits during control conditions, complete aortic
occlusion, and reactive hyperemia at various local oxygen tensions (pOo)-
Capillaries were visualized with bright-field microscopy. The number of capillaries
perfused under experimental conditions was compared with that during control
conditions. Capillary diameter was measured to assess whether the interventions
caused changes in luminal diameter. During control conditions at a local PO2 of
about 20 mmHg, capillary perfusion fluctuates; instantaneous capillary density is
smaller than anatomical capillary density. When the aorta is (partially) occluded,
capillary perfusion becomes continuous and instantaneous capillary density equals
anatomical capillary density. The latter is also observed during the early phase of
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reactive hyperemia, prior to the reappearance of flowmotion. Capillary diameter is
not invariant during these interventions, but decreases by 8% during occlusion and
increases by 12% during reactive hyperemia. The concomitant change in perimeter
and cross-sectional area should be factored in with functional capillary density,
when tissue exchange surface area or volume flow are considered. When during
control conditions the muscle becomes locally (under the microscope lens) exposed
to a elevated p()2> capillary diameter does not change. However, the relative number
of capillaries perfused at complete aortic occlusion is unity at low local oxygen, and
diminishes with increasing local oxygen to become 0 at an PO2 of about 70 mmHg.
In preparations in which capillary diameter is not invariant under the experimen-
tal conditions, functional capillary density can only be used to compare the number
of perfused capillaries with the number of capillaries anatomically present.
Capillary diameter has to be factored in when tissue perfusion or exchange surface
area are considered.
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6.1 Introduction o

Evidence is accumulating that capillary diameter varies with changes in cap-
illary transmural pressure, probably due to passive recoil. Smaje and colleagues
(1980) observed small, heart rate synchronous changes in capillary diameter in cat
mesentery due to the pressure fluctuations during the cardiac cycle. In connective
tissue of the bat wing, capillary diameter increased by about 28% when transmural
pressure was increased by about 14 mmHg (Bouskela and Wiederhielm, 1989). In
tenuissimus muscle of young rabbits, capillary diameter decreased during low arte-
rial pressure (complete aortic occlusion; Bosman e/ a/, 1992) and increased during
subsequent reactive hyperemia (Bosman et a/, 1994).

Local application of a vasodilator like adenosine (ADO) induces dilation of
arterioles and venules (Oude Vrielink e* a/, 1990, Mian and Marshall, 1991) The
vessels lose their tone, which may ultimately result in a passive vascular bed. As a
consequence, the transmural pressures in the capillaries will increase, as has been
demonstrated for the vasodilator papaverine (Fronek and Zweifach, 1975, Mellander
c< a/, 1987). Hence, capillary diameter in the presence of ADO may be increased due
to an increased capillary transmural pressure. An indication of the fact that capil-
lary diameter might increase under ADO has been given by a study of Sarelius
(1990). In hamster cremaster muscle, mean capillary diameter increased by 0.8 um
under ADO but no statistical significance was reached probably because small
populations of capillaries were compared during control and under ADO.

The aim of the present study was to investigate whether, and to what extent,
capillary diameters in rabbit tenuissimus muscle increase when the vasculature is
dilated with ADO. Capillary diameters were measured during control blood pres-
sures, complete aortic occlusion, and reactive hyperemia, without and with locally
applied ADO. To verify whether ADO application led to complete vasodilation, we
also assessed diameters of terminal arterioles, the main controllers of capillary flow
(Johnson, 1980, Slaaf et a/, 1987c), during the same interventions.

6.2 Materials and methods

New Zealand White rabbits of either sex (5-6 weeks; 0.8-0.9 kg; n=7)
were prcmedicated with 5 mg i.m. diazepam (Valium, Roche). After 30 min, 4.0 ml
i.v. of a urethane solution (20% in physiological saline) were administered.
Additional doses of urethane (about 0.4 ml/h) were given during surgery and exper-
iment. To facilitate breathing, a cannula was inserted into the trachea. Arterial
blood pressures were recorded via catheters placed in the right carotid artery (PE 60)
and the right femoral artery (PE 50), using CTC CP-01 pressure transducers. To
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keep arterial catheters patent, they were continuously perfused with physiological
saline (2.5 ml/h through each catheter).

Perfusion pressure in the muscle was reduced by inflating a cuff placed retro-
peritoneally around the descending aorta distal to the renal arteries, with the use of
a servo-controlled pump (Prinzen ef a/, 1987). The aorta was occluded completely,
which in most cases (with or without ADO application) did not lead to total cessation
of capillary flow, due to collateral circulation. Arterial pressure downstream of the
cuff was measured through the catheter in the femoral artery of the contralateral
right hind limb.

Tenutssimus muse/*?. Preparation of the tenuissimus muscle in the left hind
limb has been described in detail elsewhere (Reneman el a/, 1980). With minimal
trauma, the muscle was carefully exposed for in situ investigation. Fascia, tendons,
innervation, and supplying and draining blood vessels of the muscle were left intact.
The exposed muscle was suffused with physiological saline (room temperature: 20-
23OC).

Subsequently, the left hind paw was placed in a box which could be sealed to
control the gas environment of the muscle. A light pipe for transillumination was
placed underneath the muscle. The box was carried onto the stage of the microscope
and the muscle was suffused with a Krebs solution (rate of flow: about 3 ml/min;
composition in mM: NaHCOg, 25; KHjPO ,̂ 1.2; KC1, 4.8; CaClj, 2.5; MgSO<, 1.2; NaCl,
118.4), with a pH of about 7.4 and a temperature of 37°C. The Krebs solution was
saturated with a gas mixture of 95% Ng and 5% COg. The same gas mixture was
also flowing through the box. This resulted in low oxygen tensions (<20 mmHg) in
the box and the fluid surrounding the muscle to obtain adequate perfusion of the
muscle (Lindbom e* a/, 1980). The muscle was allowed to stabilize for 30 min.

During the experiment, rabbit body temperature was kept at 38°C, using an
infrared heating lamp and an anal probe as a reference. Arterial blood gas and pH
values were assessed with an acid-base analyzer (Model ABL 3, Radiometer,
Copenhagen, Denmark).

Microscope and experimen/a/ procedure. The experiments were performed
using a Leitz intravital microscope which was adapted to telescopic imaging (Slaaf
e( a/, 1982). Leitz saltwater immersion objectives (SW25, numerical aperture=0.6, or
SW50, numerical aperture=1.0) were used. Microscopic images were projected on a
TV camera (Bosch Ultricon 4532, 1 inch), displayed on a monitor (Sony), and
recorded on videotape (Sony Betamax) for off-line analysis. Total optical magnifica-
tion at the front plane of the TV camera was x52 (SW25) and xlO4 (SW50), respec-
tively. This resulted in a field of view on the monitor of about 175 and 85 urn vertical
height, respectively. Transillumination was performed with a 100 Watt mercury
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arc. The light was led to a light pipe underneath the muscle through a Calflex and a
KG-1 heat filter, a fiber optic, and a condenser system which was positioned in front
of the light pipe (Reneman e/ a/, 1980). Neutral density filters were placed in the
illuminating pathway to reduce light intensity to the lowest level still yielding a good
video image.

After stabilization, the muscle was explored (using the SW25 objective) for ar-
terioles with branching capillaries which had clearly visible walls at least for part of
their length. The selected capillaries had to meet the following criteria: (1) capillar-
ies run for their longest part parallel to the muscle fibers, (2) red blood cells move in
single file, and (3) the vessel wall consists of only a single layer of cells. Using the
SW50 objective, video recordings were made of an arteriolar segment or of a segment
of two downstream capillaries. The arteriolar segment was part of a first-order side
branch (FOS) of a transverse arteriole. A FOS can functionally be considered as a
terminal arteriole (Slaaf e< a/, 1987c). The resolution of the microscope was calcu-
lated to be about 0.3 |tm. Each field of view contained one segment in focus which
was aligned vertically on the video screen by means of a K-mirror (Leitz) allowing
for optical rotation of the image. The segments were recorded under control condi-
tions (for 2 min), during complete aortic occlusion (2 min), and during at least the
first 2 min of reactive hyperemia following deflation of the occluder. Complete aortic
occlusion resulted in a rapid decrease of femoral artery pressure to a median value
of 18 mmHg (range 13-23 mmHg). The variation in minimally achieved femoral
artery pressures is probably due to variability in collateral circulation. In each
preparation, the arteriole and two downstream capillaries were recorded in random
order. The time interval between subsequent occlusion runs was at least 5 min.
Next, the muscle was exposed to ADO to obtain complete vasodilation. ADO was
topically applied by adding it to the Krebs superfusion solution at a concentration of
10"^M. Before recording started, the muscle was allowed to stabilize under ADO
conditions for 15 min. The occlusion protocol was then repeated for the same
arteriole and two capillaries. After the recordings, ADO was removed from the
muscle by superfusion of Krebs without ADO during at least 20 min. On-line
diameter measurements of the vessels displayed on the monitor by means of a ruler
showed that capillary and arteriolar diameters returned to the control levels before
addition of ADO. The protocol was then repeated for another arteriole and two
branching capillaries in the same muscle.

Diameter measurements. Inner diameters of arterioles and capillaries were
measured off-line using a home-built image-shearing device (Intaglietta and
Tompkin8, 1973). In the absence and presence of ADO, diameters were measured 4,
4-5, and 6-8 times during, the control period, during occlusion, and after occlusion,
respectively. The diameter measurements of the various segments were done at
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about the same instances relative to onset of occlusion. The time intervals taken
between the measurements are illustrated in figure 6.1. Because several arterioles
exhibited vasomotion, continuous diameter recordings were made of arteriolar
segments during the control period without ADO to assess mean diameter and the
amplitude of vasomotion, the latter being defined as the difference between peak and
trough diameters. The resolution on the video screen was about 0.3 |im per video line
and matched the optical resolution of the microscope. Arteriolar diameter was
measured at a single site along each segment; capillary diameter was measured at
4 sites. At each point in time, capillary diameter was calculated by taking the mean
of the diameters assessed at the 4 sites. We defined control diameter as the average
diameter of these mean values before aortic occlusion. The control diameters were
compared with the diameters during occlusion or reactive hyperemia. The mean
diameter during occlusion was obtained by averaging the diameters measured at 2
or 3 instances during the last min of aortic occlusion. The maximum diameter
value after occlusion was considered to represent the diameter during reactive
hyperemia.

o/" capiZZary resistance. Relative resistance (RreD of single capil-
laries during each intervention (i.e., occlusion, reactive hyperemia, and ADO appli-
cation) was estimated using the following equation:

4 -
rel

in which Drel is the diameter relative to control diameter without ADO.

anaZysis. Data are presented as medians and ranges (within
parentheses). Box plots are used to display groups of data (Tukey, 1977). A box plot
shows the median, interquartile range (box) and the range, minus the stray values
which are indicated separately (open circles). For statistical tests, we used SPSS-
PC+ statistical package (SPSS, Chicago, 111., USA). Data were compared using the
Wilcoxon signed-rank test. Differences were considered to be significantly different
for P<0.05.
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6.3 Results v>

Genera/. During control conditions, mean carotid artery pressures ranged
between 83 to 97 mmHg (median 87 mmHg) and femoral artery pressures between
82 to 96 mmHg (median 83 mmHg). Heart rate was 285 beats/min (range 270-355
beats/min). Arterial blood p£>2 and PCO2 were 72 mmHg (70-98 mmHg) and
38 mmHg (35-42 mmHg), respectively, and pH was 7.35 (7.30-7.38).

Complete aortic occlusion resulted in a reduction of femoral artery pressure
to 18 mmHg (13-23 mmHg). Standard deviation of minimally achieved femoral
artery pressure during one experiment was 1.86 mmHg (0.61-2.54 mmHg), and the
coefficient of variation was 0.09 (0.04-0.14). There was a small but significant
(P<0.005) difference between the lowest femoral artery pressures reached in the
absence and in the presence of ADO (without ADO: 19 mmHg (17-23 mmHg); with
ADO: 18 mmHg (13-23 mmHg)).

Figure 6.1 shows an example of the diameter variations of a terminal arteri-
ole and of a downstream capillary during control, aortic occlusion, and the first
2 min of reactive hyperemia, before and after ADO application. Capillary diameter
remained constant during the control situation. During aortic occlusion, capillary
diameter decreased, while during reactive hyperemia it increased and temporarily
exceeded control diameter. The feeding arteriole exhibited vasomotion during the
control period. During aortic occlusion, vasomotion disappeared (not shown in the
figure) and the arteriolar diameter increased. After release of the occluder the
arteriole dilated further. Within about 30 s after the release, vasomotion usually
reappeared and diameters returned to control level within 2 min.

Exposure of the muscle to ADO QO'^M) induced an increase in capillary and
arteriolar diameter. Arteriolar vasomotion disappeared under ADO. Aortic occlu-
sion in the presence of ADO resulted in a diameter decrease of both vessel types.
After release of the occluder, diameters subsequently returned to control levels.
Neither arteriolar nor capillary diameter clearly exceeded the control diameter as
they did during reactive hyperemia without ADO.

Capi7/ary diameter. The total number of capillary segments studied was 27.
Capillary diameter data are presented in table 6.1. Median control capillary diame-
ter was 4.3 urn. During the control period without ADO, no capillary diameter
changes were observed, irrespective of the absence or presence of vasomotion in the
feeding arterioles. As compared to control, aortic occlusion led to a significant
(P<0.0001) decrease in diameter to a median value of 3.9 |im, whereas peak reactive
hyperemia resulted in a significantly (P<0.0001) increased median diameter of
5.2 urn. Addition of ADO to the supervision solution induced a significant (P<0.0001)
median increase in the control diameter of 27% (9-42%, stray values 46, 54, 72%)
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resulting in a median diameter of 5.5 um. When compared to ADO control, aortic
occlusion caused a significant (P<0.0001) decrease in median capillary diameter to
4.7 um. Subsequent deflation of the occluder resulted in a small but significant
diameter increase by a maximum of 3% (median; range -1.0 to +8.5%, stray value
•10.0%, P<0.0001) as compared to ADO control diameter. Median capillary diameter
was 11% (-4 to +28%, stray values +33,+39,+43%, P<0.0001) larger during aortic
occlusion in the presence of ADO than during control without ADO. The diameter
response to aortic occlusion and ADO did not differ between capillaries supplied by
arterioles that showed vasomotion and those supplied by arterioles without
vasomotion.

Under ADO, no clear changes in muscle fiber shape were observed so that
capillary dimensions were probably not influenced by such shape changes.

CapiZZary resistance. Figure 6.2 illustrates the relative changes in capillary
resistance during the various interventions. Capillary resistance during control
blood pressure in the absence of ADO was set at 100%. Without ADO, median
capillary resistance significantly (P<0.0001) increased by 48% (a factor 1.5) during
aortic occlusion and significantly (P<0.0001) decreased by 46% (a factor 2) during
reactive hyperemia. Addition of ADO caused a significant (P<0.0001) decrease in
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median resistance of 61% at control femoral artery pressure. Subsequent aortic
occlusion resulted in an increase of resistance as compared to ADO control but
remained 34% (median value) lower (P<0.0001) than during control without ADO.
During peak reactive hyperemia under ADO resistance only slightly differed from
ADO control; the median resistance reduction was 65% (P<0.0001), as compared to
control without ADO.

Arterto/ar diameter. To verify whether application of 10"̂ M ADO leads to
complete vasodilation, we assessed the diameters of terminal arterioles. In table 6.1
arteriolar diameters are summarized. Without ADO, the average arteriolar
diameter during the control period was 5.9 urn (median value). Vasomotion was
observed in 8 out of 14 arterioles. Amplitude of the vasomotion pattern ranged from
1.9 to 3.9 Jim (median 2.6 um; n=8). The median diameter of the subset showing
vasomotion was 6.6 um (range 5.6-7.7 urn). During aortic occlusion, arteriolar
vasomotion disappeared and diameters significantly increased to a median value of
6.7 um (P<0.005). During reactive hyperemia, the diameters further increased to a
median value of maximally 8.6 um (P<0.005). Exposure of the muscle to ADO
resulted in a loss of arteriolar vasomotion and an increase in arteriolar diameters
by 48% (range 20-105%, stray value 139%, P<0.005) to a median diameter of 9.9 urn.
Subsequent aortic occlusion induced a decrease in diameter to a median value of
8.7 um (P<0.005), which indicates that the arterioles had become passive under the
influence of ADO. After deflation of the occluder diameters increased and returned
to control diameters (with ADO). Arteriolar diameters did not clearly exceed the
control diameter as they did during reactive hyperemia without ADO, indicating
that the arterioles were fully dilated during control pressure under ADO conditions.

6.4 Discussion

In tenuissimus muscle of young rabbits, topical application of ADO, leading to
vasodilation of the arterioles, induced an increase in median capillary diameter of
27%. This led to a decrease in estimated capillary resistance by a median factor of
2.5. In the presence of ADO, complete aortic occlusion resulted in a capillary
diameter reduction of 11% which was comparable to the reduction in capillary
diameter during complete aortic occlusion in the absence of ADO (9%). This resulted
in absolute diameters during occlusion without and with ADO of 3.9 and 4.7 um,
respectively. The latter diameter is larger than the control diameter without ADO
(4.3 um). In the absence of ADO, deflation of the occluder resulted in a transient
increase of capillary diameter to values above control, and subsequent restoration of
capillary diameter to preocclusion values. In the presence of ADO, deflation of the
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occluder restored capillary diameter to preocclusion values without a transient
increase.

At first sight, the capillary diameter changes observed in the present study
can be explained by passive recoil due to transmural pressure changes, i.e., passive
adaptation of capillary diameter to transmural pressure. During vasodilation, as
induced by the vasodilator papaverine, capillary transmural pressure was found to
increase (Fronek and Zweifach, 1975, Mellander */ a/, 1987). Therefore, the increase
in capillary diameter during ADO administration, which causes pronounced
vasodilation, can be explained by an increase in capillary transmural pressure. On
the other hand, the decrease in capillary diameter during aortic occlusion, both in
the absence and presence of ADO, can be explained by a decrease in capillary
transmural pressure for Björnberg and colleagues (1990) showed that in cat muscle
capillary pressure was reduced during complete arterial occlusion. Indeed, in our
experiments, capillary transmural pressure must have been below 18 mmHg, the
pressure level recorded in the feeding femoral artery. This is well below the
capillary pressures reported for skeletal muscle, which range between about 21 and
27 mmHg (Fronek and Zweifach, 1975, Bohlen <?< a/, 1977, Slaaf ef a/, 19876, Maspers
e/ a/, 1990). The increase in capillary diameter during reactive hyperemia in the
absence of ADO may also be explained by increased transmural pressure, for
Björnberg and colleagues (1990) found that capillary pressure was increased in cat
muscle during reactive hyperemia. In the presence of ADO, the arteriolar
vasodilation was probably complete, given that arteriolar diameter during reactive
hyperemia was no larger than that recorded after ADO application before aortic
occlusion. Therefore, one might expect that during reactive hyperemia, capillary
transmural pressure was no greater than during control. This complies with the
observation that during reactive hyperemia, capillary diameter was restored to
preocclusion values.

Comparison of capillary diameter during the control period without ADO and
during occlusion in the presence of ADO, however, reveals an unexpected difference
(figure 6.3), which does not comply with the idea that the diameter changes were
proportional to the transmural pressure changes. The capillary diameter during
occlusion with ADO was 11% larger than during the control period without ADO,
even though one might assume that capillary transmural pressure at control
femoral artery pressure was higher than at the low femoral artery pressure exist-
ing during aortic occlusion in the presence of ADO. As indicated above, if no active
process was involved, this finding suggests the presence of a hysteresis loop in the
relationship between capillary diameter and transmural pressure. This could be
explained if the capillary wall becomes extra stretched due to prolonged exposure to
the high transmural pressure induced by ADO. Then, after acute reduction of
transmural pressure by complete aortic occlusion, the capillary diameters would be
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expected to remain larger than if they had been pre-exposed to a more normal pres-
sure. This effect might only disappear when capillary transmural pressure is nor-
malized for a prolonged period.

In accord with this idea, Lee and Schmid-Schönbein (1995) recently found that
exposure for 10 to 15 min to transmural pressure above normal leads to structural
changes of the capillary wall: the membranes of vesicles in the endothelial cells are
converted to cell membrane and, in addition, the vesicles become more unfolded,
resulting in an increased luminal and abluminal membrane surface area. By this
means, the increase of cell membrane surface area was 18% when transmural
pressure was raised from 18 to 37 mmHg and this led to larger capillary diameters.
This configurational change of the capillary wall is considerable and might explain
the relatively large changes in capillary diameters observed under ADO in the
present study. In the present experiments, the period of exposure to ADO before the
diameter measurements was at least 15 min, and therefore should be long enough
for such membrane changes to occur. The study of Lee and Schmid-Schönbein
reports data for exposures to high transmural pressure for 10-15 min, but does not
reveal how rapidly the membrane conversion and unfolding can occur, nor whether
or not the process is reversible. If membrane conversion is responsible for the larger
capillary diameters in the presence of ADO, the 2-min aortic occlusion that led to
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lower transmural pressure may have been too short to induce restoration of the wall
to its original shape, explaining the larger diameter seen during occlusion under
ADO. However, we did observe that after removing ADO from the superfusion
solution, capillary diameters returned to the control values that had existed before
ADO application within about 20 min. This implies that, if the pressure induced
membrane conversion does indeed occur under ADO, membrane conversion is
reversible. Confirmation of this interpretation will, however, require simultaneous
measurements of capillary transmural pressure and diameter.

It is interesting that the capillary diameter response to the various interven-
tions used in the present study showed substantial variability. This may be ex-
plained by changes in capillary luminal shape when transmural pressure is
altered. At low transmural pressure the shape of the capillary lumen is likely to be
more elliptical, at high transmural pressure the shape probably becomes more
circular. Diameter values obtained by means of light microscopy are dependent on
the focal plane and, when the luminal shape is elliptical, by the orientation of the
ellipse. We assume the elliptical luminal shape orientations of capillaries to be
randomly distributed over the muscle, which means that possible underestimationa
or overestimations in diameter and resistance changes also occur at random. Since
we have considered the median diameter response and resistance changes of a set
of capillaries, possible luminal shape changes do not influence our interpretation of
the data.

In conclusion, capillary diameter changes were induced by complete aortic
occlusion, subsequent reactive hyperemia and by application of ADO. The capillary
diameter changes during these interventions were probably caused by passive recoil
due to capillary transmural pressure changes. It is proposed that sustained high
transmural pressure may induce an extra increase in capillary diameter due to
configurational changes in the capillary endothelium. In a substantially dilated
vascular bed, as produced by ADO, not only arterioles and venules are dilated but
capillaries also have increased diameters and, hence, may contribute to the
resistance decrease of the whole microvascular bed.

6.5 Summary

The effects of locally applied adenosine (ADO) and/or femoral artery pressure
reductions (induced by complete aortic occlusion) on capillary diameter were inves-
tigated in the tenuissimus muscle of anesthetized rabbits. Capillaries were visual-
ized by means of intravital video microscopy. Diameters were measured using an
image-shearing device.
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During control femoral artery pressure (median 83 mmHg) and without
ADO, capillary diameter was 4.3 um (median; range 3.2-5.3 fim; 27 capillaries in 7
animals). Complete aortic occlusion (median femoral artery pressure 18 mmHg)
resulted in a reduction of capillary diameter to 3.9 um (2.7-4.7 um, P<0.0001).
Subsequent reactive hyperemia resulted in an increase in diameter to 5.2 nm (3.7-
6.0 um, P<0.0001). Locally applied ADO (lO'^M) probably led to complete vasodilation
of the arterioles, because their diameters did not further increase during reactive
hyperemia after complete occlusion. ADO (10"^M) induced an increase of control
capillary diameter to 5.5 urn (4.1-6.4 um; median relative increase 27%; P<0.0001),
resulting in a decrease of capillary resistance by 61%. In the presence of ADO, aortic
occlusion resulted in a capillary diameter decrease to 4.7 um (3.4-6.1 um, P<0.0001).
Subsequent reactive hyperemia resulted in an increase to maximally 5.6 um (4.3-
6.4 |im, P<0.0001). This diameter was approximately the same as the control
diameter during ADO. During occlusion in the presence of ADO, capillary diameter
was significantly larger (11%, P<0.0001) than during control without ADO.

The capillary diameter changes induced by the various interventions were
mainly passive, i.e., proportional to capillary transmural pressure changes.
However, capillary diameter was larger during aortic occlusion in the presence of
ADO than during control femoral artery pressures without ADO, even though
capillary pressure was probably higher in the latter case. It is proposed that the
prolonged increase in transmural capillary pressure due to ADO may induce
changes in capillary wall configuration, leading to larger diameters.
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7.1 Introduction

When perfusion pressure in skeletal muscle is reduced, red blood cell flow in
capillaries may cease at perfusion pressures above zero. This so-called flow
cessation phenomenon occurs while arterioles are effectively dilated and venular
diameters are unaltered (Reneman et a/, 1980, Slaaf et a/, 1986). The flow cessation
phenomenon is likely to be present in clinical syndromes in which reduced
perfusion pressure results in disturbed perfusion of skeletal muscle, such as
compartment syndromes (Reneman, 1975), lower limb ischemia (Ubbink et a/, 1992),
and intermittent claudication (Bollinger and Fagrell, 1990). Recently, we demon-
strated that in rabbit skeletal muscle, capillary diameters decrease at low perfusion
pressures induced by aortic occlusion (Bosman et a/, 1995b). Although the critical
diameter for red blood cell flow (Henquell et a/, 1976, Chien et a/, 1984) was usually
not reached, it was suggested that the capillary diameter reduction contributes to
the incidence of flow cessation.

The same study also showed that the extent of capillary flow cessation depends
on the local oxygen tension (Po2^ ' " the superfusion solution between objective lens
and muscle (Bosman et a/, 1995b). During complete aortic occlusion, resulting in
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femoral artery pressures of about 18 mmHg, flow did not cease in most capillaries at
a local P02 of 20 mmHg and below. Increasing the local P02 led to an increase in the
incidence of flow cessation up to 100% at a local P02 of about 70 mmHg and higher
(see figure 7.1). The dependency of the incidence of flow cessation on the local P02
cannot be explained by capillary diameter changes since they did not correlate with
the local P02 (Bosman ef a/, 19956). In contrast, oxygen is known to induce
constriction of arterioles (Duling, 1972, Lindbom ef a/, 1980, Sullivan and Johnson,
1981), and the vasodilatory response of arterioles to arterial pressure reduction is
diminished at higher P02 (Sullivan and Johnson, 1981). This indicates that an
elevated local P02 may increase the arteriolar tone, thereby reducing arteriolar
relaxation during aortic occlusion and increasing the incidence of capillary flow
cessation.

The aim of the present study was to investigate in rabbit tenuissimus muscle
whether the increase in the incidence of capillary flow cessation during aortic
occlusion at an elevated P02 may be attributed to an increase in arteriolar tone,
resulting in reduced arteriolar relaxation at low perfusion pressures. Experiments
were performed on normal vascular beds and on vascular beds in which the
arterioles were dilated by topical application of 10'̂ M adenosine (ADO). The role of
oxygen in the incidence of flow cessation was investigated by performing the
experiments at a P02 in the superfusate of 40 and 100 mmHg. Capillary flow
cessation and arteriolar and capillary diameters were assessed by means of
intravital microscopy, since they have been shown to alter under ADO (Bosman e<
a/, 1995a).

7.2 Materials and methods

preparation. New Zealand White rabbits of either sex (n=15; age: 5-6
weeks; 0.8 - 1.0 kg body weight) were sedated intramuscularly with 5 mg diazepam
(Valium, Roche). After half an hour, the rabbits were anesthetized with 4 ml 20%
urethane solution, administered through a lateral ear vein. To maintain anesthesia
throughout surgery and experiment, additional doses of urethane were given
through a PE 50 catheter in the right femoral vein, if needed. To facilitate breathing,
the trachea was cannulated. A catheter (PE 60) was inserted into the right common
carotid artery to record systemic arterial pressure (external pressure transducer,
model CP-01, CTC) and heart rate.

Pressure in the arteries supplying the hind limbs could be reduced by inflating
a cuff placed retroperitoneally around the aorta distal to the renal arteries. The cuff
was inflated until the aorta was completely occluded. Generally, the muscle was
still perfused during complete aortic occlusion, albeit at a strongly reduced level,
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due to the presence of collateral circulation. A catheter (PE 50) was inserted into the
right femoral artery to measure arterial pressures downstream of the cuff. Arterial
catheters were perfused with physiological saline (rate: 2.5 ml/h) to keep them
patent and to compensate for respiratory fluid losses.

The preparation of the tenuissimus muscle of the left hind limb has been
described in detail elsewhere (Reneman e* a/, 1980). In short, after making a skin
incision and cutting the subcutaneous tissue, the muscle was exposed by reflection
of the biceps femoris muscle. Fascia, tendons, innervation, and the supplying and
draining blood vessels of the muscle remained intact. After first exposure, the
muscle was suffused with physiological saline. To allow for transillumination of the
muscle an incision was made in the connective tissue posterior to the tenuissimus
muscle. Subsequently, the hind limb was placed in a box that could be sealed in
order to control the gas environment. For transillumination, a light pipe was
positioned underneath the muscle (Reneman e< a/, 1980). The box was mounted on
the stage of the microscope, and suffusion of the muscle was performed with a
Krebs solution (composition in mM: NaHCOg, 25; KHgPO^, 1.2; KC1, 4.8; CaClg, 2.5;
MgSO^, 1.2; NaCl, 118.4). This solution had a temperature of 37°C and a pH of about
7.4. Initially, the Krebs solution was saturated with a gas mixture of 95% Ng and 5%
COj- This gas mixture was also led through the box. Under these conditions the
preparation was allowed to stabilize for 30 min. During the experiment, the body
temperature of the rabbit was kept at 38°C, using an infrared heating lamp and a
rectal temperature probe as a reference. Arterial blood gas and pH values were
assessed with an acid-base analyzer (Model ABL 3, Radiometer, Copenhagen,
Denmark).

Microscope. The microvessels of the muscle were visualized using a Leitz in-
travital microscope adapted for telescopic imaging (Slaaf e* a/, 1982). Images were
displayed through a TV camera (Bosch Ultricon 4532, 1 inch) on a monitor (Sony)
and recorded on videotape (Sony Betamax). Final optical magnification at the front
plane of the TV camera was x52 and xlO4 using a salt water immersion objective of
x25 (numerical aperture 0.6) and x50 (numerical aperture 1.0), respectively.
Transillumination was performed with a 100 Watt mercury arc, with a Calflex and
a KG-1 heat filter, a fiber optic and a condenser system positioned in front of the
light pipe (Reneman c< a/, 1980). Neutral density filters were placed in the
illuminating pathway to reduce light intensity to a minimum while still yielding a
good video image.

Oxygen tension. After a stabilization period of 30 min, the Krebs solution was
bubbled with a mixture of two gasses: 1) 95% Ng and 5% COg, and 2) 95% O„ and 5%

. By varying the flow ratio of these two gasses, various P02 levels in the super-
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fusion solution could be created. The invariant COg level at 5% served to keep the pH
of the solution constant.

Oxygen was only locally applied to the surface of the muscle via the super-
fusate. Because the gas in the box was deprived of oxygen (i.e., 95% Ng and 5% CO,),
most of the oxygen diffused out of the superfusate, where it was flowing in a thin
layer over the muscle. Between objective lens and muscle, however, a thicker layer of
superfusate was present, which was maintained without interruption by a
continuous flow of superfusion solution between the muscle surface and the
objective lens. Between objective lens and muscle, there was only limited exchange
of oxygen with the gas mixture flowing through the box. In an earlier study
(Bosman ef a/, 19956) it was assessed that the P(>2 in the solution underneath the
lens was only 11% lower than that in the superfusion solution just before entering
the box. Oxygen tension values reported in this study are corrected for this loss.
When changing the local pQ2> the muscle was allowed to stabilize for at least 30 min.

Adenosine. ADO (Merck, Darmstadt, Germany), in a concentration of 10~4M,

was added to the superfusion solution and, hence, was topically applied to the
muscle surface to achieve complete vasodilation of its vascular bed (Oude Vrielink el
a/, 1990). The preparation was allowed to stabilize under ADO conditions for at least
20 min.

protoco/. Two sets of experiments were performed. The first set
was performed to investigate arteriolar diameters and the incidence of flow
cessation in a downstream field of capillaries during complete aortic occlusion
under three experimental conditions: 1) at a local P02 of 40 mmHg without addition
of ADO in the superfusion solution, 2) at a local P02 of 40 mmHg in the presence of
10-4M ADO, and 3) at a local pog of 100 mmHg in the presence of 10-4M ADO. Using
a x25 objective, a segment of a first order side branch of a transverse arteriole, which
functions as the terminal arteriole (Johnson, 1980, Slaaf e/ a/, 1987c) and a field of
downstream capillaries were recorded during control conditions to obtain an overall
picture and to assess perfusion of the capillaries. Next, the following occlusion
protocol was performed: the arteriolar segment was recorded during a control
period of 2 min. Subsequently, the aorta was completely occluded for 2 min, resulting
in femoral artery pressures of about 18 mmHg. After the onset of occlusion a clear
vasodilation of the arterioles was observed with a maximal dilation after about 50-
60 s. One min after the onset of occlusion, the objective lens was moved downstream
towards a field of 5 to 8 capillaries (field of view: 230 urn horizontal width), which
ran parallel to the muscle fibers, and were all supplied by the same arteriole
recorded. The capillary field was recorded until the end of the occlusion period and
during two min after deflation of the occluder (reactive hyperemia). During each
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experiment, the occlusion protocol was performed successively on one arteriole and
a related field of downstream capillaries under all three experimental conditions
(see above). The interval between successive occlusion runs was 30-40 min.

The second set of experiments was performed to investigate individual capillary
diameters. Capillary segments were visualized using the SW x50 objective
(resolution « 0.3 |im) and were aligned vertically on the monitor by means of a K-
mirror (field of view: about 80 um height). Initially, capillaries were only recorded at
a local P02 of 100 mmHg in the presence of ADO at control pressures and during
complete aortic occlusion. When it became evident that capillary diameters
increased in the presence of ADO, the protocol was further extended: capillary
diameters were also assessed during control femoral artery pressures at a pQo of
40 mmHg in the absence and presence of ADO. Because we were not able to perform
the whole protocol on each capillary, a variable number of capillaries was measured
at each intervention (see results section).

O/f-ünc measurements. For each capillary field, we assessed the relative
capillary flow cessation, defined as the number of capillaries exhibiting flow cessa-

control femoral artery pressures. Only capillaries in which red blood cells could
clearly be seen flowing were included as being perfused.

In addition, inner diameters of arterioles and capillaries were assessed using a
home-built image shearing device (Intaglietta and Tompkins, 1973). Terminal
arteriolar diameter was assessed at one site close to its bifurcation from the
transverse arteriole. During control femoral artery pressures, continuous diameter
recordings were made to assess the amplitude of the vasomotion pattern of the
arterioles, defined as the difference between peak and trough diameter. Because
vasomotion disappeared during aortic occlusion and during ADO application,
subsequent diameter measurements were performed at the same time as the
capillary diameter measurements. Capillary diameter was assessed at four sites
along each segment, 4 times during the control period and 4 or 5 times during aortic
occlusion. Each time, we calculated the mean capillary diameter, i.e., the average
diameter of the four sites assessed along the length of a segment. Control diameter
was defined as the average of the mean diameter values during the two min control
period, and occlusion diameter as the average of the mean diameter values during
the last min of occlusion. We did not detect changes in capillary diameters related to
arteriolar vasomotion. In the results section, diameters are presented as relative
diameters. The control diameters at a P02 of 40 mmHg in the absence of ADO were
set at 100%.

ana/ysis. Data are presented as medians and ranges (within



Adenos/ne, cap/V/ary d/amefer and ffiotv cessar/bn f 09

parentheses). Box plots are used to display groups of data (Tukey, 1977). A box plot
shows the median, interquartile range (box) and the range, minus the stray values
which are indicated separately. For statistical tests, we used the SPSS-PC+
statistical package (SPSS, Chicago, 111., USA). The Wilcoxon signed-rank test was
used to compare the paired data. Differences were considered to be significantly
different for P<0.05.

7.3 Results

Rabbit arterial blood P02 and PCO2 were 74 mmHg (64-83 mmHg) and 40 mmHg
(34-47 mmHg), respectively, and pH ranged from 7.3 to 7.4 (median 7.34). Mean con-
trol carotid artery pressure ranged between 73 and 89 mmHg (median 83 mmHg)
and mean control femoral artery pressure between 70 and 86 mmHg (median
81 mmHg). Heart rate was 265-370 beats/min (median 318 beats/min).

At a local P02 of 40 mmHg in the absence of ADO, capillary perfusion was
present in all preparations during control femoral artery pressures. Usually,
capillary perfusion was characterized by an intermittent flow pattern caused by
upstream arteriolar vasomotion.

F/ou; cessation. During complete aortic occlusion, the lowest femoral artery
pressures ranged from 15 to 23 mmHg (median 18 mmHg) and did not differ
between the three experimental protocols. Variations in femoral artery pressure
during aortic occlusion may be due to differences in collateral circulation. After the
onset of aortic occlusion, capillary red blood cell velocity rapidly decreased and a
transition from intermittent to continuous flow was observed. Figure 7.2 shows the
incidence of capillary flow cessation during aortic occlusion as assessed per
capillary field (n=15) during the three conditions. At a local pQg of 40 mmHg without
ADO, flow cessation occurred in about 50% of the capillaries. After subsequent
deflation of the occluder, red blood cell velocity increased, and all capillaries were
perfused (reactive hyperemia). Exposure of the muscle to ADO resulted in an
increase in control capillary blood cell velocities: blood cells on the TV monitor could
no longer be identified individually, but only as streaks. The addition of ADO at a
local PQ2 of 40 mmHg led to a significant (P<0.05) reduction in the incidence of
capillary flow cessation during occlusion to about 20%. In the presence of ADO, the
incidence of capillary flow cessation tended to increase to about 30% when the local
PO2 was raised from 40 to 100 mmHg, but a significant difference was not reached
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Arterio/ar diameter. Figure 7.3 presents relative diameters of terminal
arterioles during the three experimental interventions, at control femoral artery
pressures and during aortic occlusion. At a local P02 of 40 mmHg, mean control
arteriolar diameters varied between 4.0 and 7.8 |im (median 6.1 um; n=15). Nine out
of these 15 arterioles exhibited vasomotion with an amplitude of 2.1 |im (range 1.2-
2.9 |im), while the mean control diameter of this subset was 6.4 um (range 4.4-
7.8 um). During aortic occlusion, vasomotion disappeared and the relative arteriolar
diameter increased to a median value of 118% of control (P<0.001). After deflation of
the occluder, arteriolar vasomotion reappeared within about 30 s. Addition of ADO
resulted in a loss of arteriolar vasomotion and an increase of relative control
diameters to 220% (median value; P<0.001). Because the transmural pressure
induced dilation had been eliminated due to the presence of ADO, aortic occlusion
now resulted in a significant (P<0.001) decrease in relative arteriolar diameter from
220 to 196%. Hence, arteriolar diameter was still increased (P<0.001) as compared to
the diameter during control pressures and during occlusion without ADO. Raising
the local P02 to 100 mmHg did not lead to a significant change in arteriolar control



Adenos/ne, cap/7/a/y d/amefer and Wow cessaf/on f f f

* 300-

" 200-

ra 100^

O control

® occlusion

o o o
-H-ADO

Figure 7.3. .Re/a<iue arterioZar diameter (n=75J during contro/ (open ctrc/e) and
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diameter in the presence of ADO. The arteriolar diameter reduction during aortic
occlusion was comparable at a local P02 of 40 and 100 mmHg in the presence of
ADO.

CapiZZary diameter. Figure 7.4 shows a capillary segment in the absence and
presence of ADO. Addition of ADO induced an increase in capillary diameter and
red blood cell velocity. Control capillary diameters at a local P02 of 40 mmHg without
ADO ranged from 3.5 to 6.9 )im (median 4.9 urn; n=15). In figure 7.5, relative
capillary diameters are presented. Addition of ADO to the superfusate led to a
significant (P<0.05; n=8) increase of relative capillary diameter to 121% (median
value). When the local P02 was subsequently elevated from 40 to 100 mmHg in the
presence of ADO, the capillary diameter did not change (n=5). In the presence of
ADO, aortic occlusion resulted in a capillary diameter reduction of 9% (range 1-20%,
P<0.001; n=27). These capillary diameters were still significantly (P<0.05; n=10)
larger (7%; median value) during occlusion than those during control at a P02 of
40 mmHg without ADO. Cessation of red blood cell flow in these capillaries was not
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7.4. Capiï/ctry segment during contro/ /emora/ artery pressures a£ a /oca/ p ^
o/" 40 mm//# in <Ae aftsence o/" ADO (A> and at a /oca/ p ^ o/" i00 mmJ/g in t/ie
presence o/" iO"^M ADO (B.). A/"ter addition o/" ADO, capi//ary diameter c/earfy
increased. Bar represents 5 /am.

correlated with capillary diameter during occlusion, or with the extent of the
diameter change.

7.4 Discussion

In rabbit tenuissimus muscle, loss of arteriolar tone induced by ADO led to a
reduction in the incidence of red blood cell flow cessation in capillaries during
complete aortic occlusion. In addition to the increase in arteriolar diameter under
ADO, capillary diameters were also increased, most likely due to an increase in
capillary transmural pressure. The elevation of local P02 from 40 to 100 mmHg in
the presence of ADO did not lead to a significant change in incidence of capillary
flow cessation or to diameter changes in arterioles and capillaries.

The reduced incidence of capillary flow cessation after the addition of ADO may
be caused by a decrease in vascular resistance due to the increased diameters of
arterioles and capillaries. The elimination of tone as induced by ADO led to such an
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increase in arteriolar diameter that the diameters during occlusion under ADO
remained considerably larger than those in the absence of ADO. This also holds for
the capillaries; capillary diameter during aortic occlusion under ADO was larger
than control diameter without ADO, while it was previously shown that capillary
diameter decreases during occlusion in the absence of ADO (Bosman e< a/, 19956).

With respect to the reduced incidence of capillary flow cessation under ADO, it
is likely that the increase in diameter plays a more important role in capillaries
than in arterioles. In skeletal muscle, blood cells have to deform when passing a
capillary because of its small lumen and irregularities due to protrusion of nuclei of
endothelial cells. At low flows, red blood cells distend and come closer to the
capillary wall, leading to increased interaction between cells and vessel wall
(Secomb, 1987), which may be an important factor in causing flow cessation at low
perfusion pressures. An increase in capillary diameter, as observed during
occlusion under ADO, will lead to a reduced interaction between blood cells and the
capillary wall, and most likely to a reduced incidence of flow cessation. Although the
diameter of arterioles increased considerably more than that of capillaries, the
interaction between blood cells and vessel wall is less pronounced. An increase in
arteriolar diameter will most probably increase perfusion pressure, which will lead
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to a reduction in the incidence of flow cessation. Whether capillary perfusion
pressure actually changes under ADO during occlusion depends on the actual
resistance changes in arterioles, capillaries, and venules. To assess the actual
changes in perfusion pressure, micropressure measurements are needed.

In our preparation, permanent white blood cell plugging was hardly ever
observed in the capillaries during flow cessation. In addition, massive sticking of
white blood cells in venules did not occur at low flows. It cannot be excluded,
however, that the incidence of capillary flow cessation is influenced by an increase
in red blood cell compaction stasis in venules at low flows (Gobel e< a/, 1989). When
the addition of ADO to the superfusate leads to an increase in perfusion pressure,
compaction stasis will probably diminish which results in a decrease in the
incidence of capillary flow cessation.
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The influence of oxygen on the incidence of flow cessation (Bosman ef a/, 19956)
was attenuated by the presence of ADO. This is illustrated in figure 7.6. We assume
that the incidence of flow cessation under ADO at a local poo of 20 mmHg is zero,
equal to the condition without ADO. In the presence of ADO, the incidence of flow
cessation is reduced, but still 20 to 30% of the capillaries exhibit flow cessation at a
local P02 between 40 and 100 mmHg. Assuming a total loss of arteriolar tone under
ADO, this suggests that the incidence of flow cessation is, at least partly,
independent of arteriolar tone.

A mechanism which might explain the increased incidence of capillary flow
cessation at an elevated local P02 is a reduction in red blood cell deformability in-
duced by oxygen free radicals (Powell e< a/, 1991, Uyesaka e< a/, 1992). It is possible
that under high P02 the production of oxygen free radicals is increased. Stiffening of
red blood cells will lead to an increased friction between the cells and the capillary
wall, which likely results in an increased incidence of flow cessation. The attenu-
ated effect of oxygen on flow cessation under ADO may be explained by the increase
in capillary diameter, which will reduce friction between the (stiff) red blood cells
and the capillary wall.

At first sight, the capillary diameter increase in the presence of ADO is easily
explained by a proportionally increased capillary transmural pressure. However,
capillary diameters were 7% (P<0.05) larger during complete aortic occlusion with
ADO than in the control situation without ADO, while capillary transmural
pressures during aortic occlusion (certainly less than 18 mmHg) were likely to be
lower than those reported in the literature under control circumstances (about 21 to
27 mmHg; Bohlen ef a/, 1977, Mellander et a/, 1987, Maspers <?< a/, 1990, Slaaf e< a/,
19876). In an earlier study, we found a comparable capillary diameter response to
ADO at a local P02 of 20 mmHg (Bosman e* a/, 1995a). A possible explanation for the
relatively large capillary diameters under ADO is the increase in endothelial
surface membrane induced by prolonged exposure to high transmural pressures
(Lee and Schmid-Schonbein, 1995). For this membrane recruitment, endothelial
vesicle membranes serve as a reservoir.

The variability in capillary diameter response in the present study may be ex-
plained by changes in the capillary luminal shape, which cannot be discriminated
by means of light microscopy. At low transmural pressures, the shape of the
capillary lumen may be more elliptical; at high transmural pressures, the shape
may become more circular (Lee and Schmid-Schönbein, 1995). Assuming the
orientations of capillary ellipticity to be randomly distributed over the muscle,
possible underestimations or overestimations of diameter changes by performing
the measurements without taking into account this orientation also occur at
random. Since in our study the median diameter response of a set of capillaries was
considered, we feel that luminal shape changes, if any, will only minimally affect
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the essence of our conclusions.
In conclusion, the reduced incidence of capillary flow cessation under ADO is

attended by an increase in arteriolar and capillary diameters. We propose that
especially capillary diameter changes influence flow cessation. The attenuated
arteriolar diameter response is probably only partly responsible for the increased
incidence of flow cessation at elevated oxygen tensions in the absence of ADO.

7.5. Summary

The observed positive correlation between cessation of red blood cell flow in
capillaries at low perfusion pressures and the oxygen tension (po2^ i" *he
superfusion solution may be due to oxygen dependent arteriolar constriction. To test
this hypothesis, we investigated capillary flow cessation during aortic occlusion and
concomitant changes in diameters of terminal arterioles and capillaries in normal
and vasodilated vascular beds of rabbit tenuissimus muscle (n=15) by means of video
intravital microscopy. In the vasodilated bed, arteriolar tone was eliminated by local
application of 10'^M adenosine (ADO). The P02 in the superfusate was varied locally,
i.e., in the solution between objective lens and muscle surface. At a local p©2 of 40
mmHg without ADO, flow ceased in about 50% of the capillaries during aortic
occlusion while the arterioles dilated to 118% of control (median; P<0.001). Addition
of ADO led to an increase in arteriolar and capillary diameter to 220% (median;
P<0.001) and 121% (median; P<0.05), respectively. Under ADO the incidence of
capillary flow cessation was reduced (P<0.05) to about 20%. The elevation of the local
PO2 from 40 to 100 mmHg in the presence of ADO did not lead to a significant change
in the incidence of flow cessation, nor to changes in arteriolar or capillary diameter.
In the presence of ADO, median arteriolar and capillary diameters during aortic
occlusion were 96% (P<0.001) and 7% (P<0.05) larger than their control diameters
without ADO, respectively.

In summary, it is suggested that the incidence of flow cessation may depend on
both the arteriolar and the capillary diameter. Of these two factors, capillary
diameter may be the most important one because its changes affect the interaction
between red blood cells and the vessel wall in the narrow capillaries, and, hence, the
resistance to flow. In the presence of ADO, at elevated local P02 levels flow cessation
still occurs in about 20-30% of the capillaries, suggesting that arteriolar contraction
is only in part responsible for the incidence of flow cessation.
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General discussion
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In capillaries, red blood cell flow may cease at a reduced but still positiv<
perfusion pressure. In skeletal muscle, this so-called flow cessation phenomenor
occurs in combination with upstream arteriolar dilation in response to the concomi
tant reduction in transmural pressure and no clear change in diameter of down
stream venules (Reneman e< a/, 1980, Tangelder e< a/, 1984, Slaaf e* aZ, 1986). Ir
rabbit tenuissimus muscle, it has often been noticed that red blood cell flow ceases ir
capillaries while blood remains flowing from transverse arterioles to venules, by-
passing the muscle capillary network (Reneman e* a/, 1980) through vessels located
in the connective tissue near the muscle (Lindbom and Arfors, 1984). These ob
servations indicate that the cause of the flow cessation phenomenon must be found
at the capillary level. Therefore, the major aims of the present thesis were to inves
tigate whether capillary diameter varies with perfusion pressure, and thus trans-
mural pressure, and whether the occurrence of capillary flow cessation at low driv-
ing pressures can be explained by capillary diameter reduction. Special attention
was paid to local narrowing of the capillary lumen by protrusion of endothelial
nuclei, which could induce localized obstructions for red blood cell passage. In
addition, the positive correlation between the incidence of flow cessation and local

oxygen tension (pOo^ i-®-« ̂ *e PO2 *" ^® superfusion solution between objective lens
and muscle surface, as found in preliminary experiments was further explored.
Experiments were performed on the tenuissimus muscle of young rabbits with the
use of intravital video-microscopy. Capillary perfusion pressure in the muscle was
reduced by complete occlusion of the descending aorta. Capillary diameters were
measured by means of light microscopy during various interventions. Capillary
diameter can be expressed as mean diameter (i.e., the average diameter of several
sites along the capillary) or as equivalent diameter which is a weighted mean
diameter. Both expressions were used to calculate resistance. The way of expressing
resistance does not lead to substantial differences in the results.

The findings in chapter 3 show that in young rabbit tenuissimus muscle,
capillary diameter varies with perfusion pressure: capillary diameter decreases by
about 6% during aortic occlusion and increases by about 12% during peak reactive
hyperemia after release of occlusion, leading to a calculated capillary resistance
increase of 27% and a decrease of 36%, respectively. In cat muscle Bjornborg and
colleagues (1990) showed that capillary transmural pressure decreases during
arterial occlusion and increases during reactive hyperemia. Hence, our observed
diameter changes are likely to be passive, following capillary transmural pressure
changes, which means that the capillaries are distensible. The diameter changes
are greater at the arteriolar end than at the venular end of the capillary, which may
be due to a difference in transmural pressure change and/or in distensibility of both
capillary ends. Local variations in distensibility within a short capillary segment
might be explained by local differences in wall composition (for example, absence or
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presence of an endothelial nucleus) and/or in capillary attachment to muscle fibers.
If we knew the capillary transmural pressures changes, we would be able to

calculate the distensibility of the capillaries. However, since direct micropressure
measurements to asses actual transmural pressures are not available, we esti-
mated the transmural pressure changes from literature data. Assuming that
transmural pressure is elevated by about 14 mmHg during reactive hyperemia, sim-
ilar to the increase in capillary pressure in a vasodilated bed of cat muscle (Maspers
el a/, 1990), a capillary diameter increase of about 12% per 14 mmHg rise in pres-
sure may be anticipated in rabbit tenuissimus muscle. This compares favorably
with findings of Lee and Schmid-Schönbein (1995) in a transmission electron micro-
scopic study in rat skeletal muscle. In this preparation capillary diameter increased
by 19% when transmural pressure was elevated from 18 to 36 mmHg.

In the study described in chapter 4, the role of capillary diameter reductions in
the flow cessation phenomenon was investigated. The capillary diameter reduction
during aortic occlusion is characterized by a general decrease along the whole
length of the capillary, sometimes accompanied by an additional local decrease
caused by intraluminal protrusion of an endothelial nucleus. However, the critical
diameter (2.8um), inhibiting red blood cells from flowing, is usually not reached. As
a consequence, a direct obstruction for red blood cell passage is hardly ever observed
in capillaries exhibiting flow cessation. The capillary diameter and the extent of its
reduction during aortic occlusion do not differ between capillaries with and without
flow cessation. Therefore, we conclude that capillary diameter reductions cannot
solely explain the flow cessation phenomenon. We propose that capillary diameter
reductions contribute to the incidence of flow cessation because they lead to a
considerable increase in capillary resistance. The lack of correlation between capil-
lary diameter reductions and the incidence of flow cessation may be due to a specific
role of red blood cells. It is feasible that red blood cells become more rigid at high
oxygen levels (see below) making their passage through capillaries more difficult.

In addition to diameter changes, the shape of the capillary lumen may alter
with transmural pressure. We occasionally observed that the endothelial nucleus
bulged into the capillary lumen during aortic occlusion and flattened during
reactive hyperemia. In addition, Lee and Schmid-Schönbein (1995) showed that
capillary luminal shape is elliptical at low transmural pressures and becomes
more circular at high transmural pressures. The transition from a more circular to
a more elliptical capillary lumen and its increased irregularity at low transmural
pressures will lead to an extra increase in resistance besides diameter reduction.
The diameter measurements as obtained by means of light microscopy do not allow
assessment of these luminal shape changes. Assuming that the elliptical orienta-
tions of capillaries are randomly distributed, the median diameter change of a large
set of capillaries provide a good estimation of the actual changes in mean capillary
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diameter and cross-sectional area.
Permanent white blood cell plugging in capillaries at low perfusion pressures

is rarely observed in our preparation and, hence, does not play a role in the flow ces-
sation phenomenon. In contrast, white blood cell plugging in capillaries is a major
phenomenon causing skeletal muscle blood flow disturbances during ischemia-
reperfusion (Schmid-Schönbein, 1987ft) and hemorrhagic shock (Bagge e< a/, 1980),
which may be explained by an increased number of recruited white blood cells
and/or an increased adhesion of white blood cells to the endothelium under these
circumstances.

The observation that the incidence of flow cessation depends on the local PO2»
prompted us to investigate this in more detail. The findings described in chapter 4
show that the incidence of flow cessation during 2 minutes of aortic occlusion
depends on local PO2' ^ * local PO2 of 20 mmHg or below flow is continuous in most
capillaries, while at a local PO2 of 70 mmHg or higher flow ceases in all capillaries.
This means that flow cessation during aortic occlusion only occurs at elevated local
PC>2. which may suggest that reduction of arterial pressure to 15-18 mmHg does not
induce an over-all capillary flow cessation in unexposed tissues.

The positive correlation between the incidence of capillary flow cessation and
local PO2 cannot be explained by capillary diameter reductions because capillary
diameter and its reduction do not depend on local PO2- A possible explanation for
this observation is an attenuated arteriolar dilator response to transmural pressure
reduction at elevated local PO2 due to oxygen dependent vasoconstriction (Sullivan
and Johnson, 1981). In the study presented in chapter 7, adenosine (lO'^M) was
topically applied to the muscle surface, which induces loss of oxygen dependent tone
resulting in dilated arterioles. The reduced incidence of flow cessation at elevated
local PO2 •" the presence of adenosine implies that arteriolar diameter is probably a
factor in the flow cessation phenomenon. The arterioles are apparently not fully
dilated at low pressures in a high oxygen environment in the absence of adenosine.
However, besides the increase in arteriolar diameter the application of adenosine
also leads to an increase in capillary diameter probably caused by an increase in
capillary transmural pressure. The latter observation supports the hypothesis that
capillary diameter influences capillary flow cessation. Because capillary diameter
is smaller than arteriolar diameter, the interaction between red blood cells and
vessel wall will be more pronounced in capillaries. In capillaries, friction between
red blood cells and vessel wall plays an important role as well as the red blood cell
repulsion from the wall because of the negative charge on the surface of both
endothelial cells and red blood cells (Vink ef a/, 1995). Therefore, the observed
increase in capillary diameter will likely have a greater effect on the reduced
incidence of flow cessation than the increase in arteriolar diameter. The increase in
arteriolar diameter may only affect the incidence of flow cessation by an increase in
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perfusion pressure, i.e., an increase in driving pressure, which also results in a
reduced cell - wall interaction in capillaries due to an increase in blood velocity
(Secomb, 1987). The extent to which perfusion pressure changes under adenosine
depends on the mutual differences in diameter increase between arterioles,
capillaries and venules. To verify this, micropressure measurements are needed.

The study in chapter 7 shows that in a vasodilated bed as induced by adenosine,
flow cessation still occurs in 20-30% of the capillaries at elevated local pOg while in a
non-dilated vascular bed flow cessation is absent at low local PO2 (<20mmHg;
chapter 4). Because the resistance is low in a vasodilated bed compared to that in a
non-dilated vascular bed, we suggest that oxygen affects the flow cessation
phenomenon not (only) by oxygen dependent arteriolar constriction, but (also) by
another mechanism, which is as yet unknown. We speculate that elevated local PO2
induces release of endothelial free oxygen radicals, which will reduce the
deformability of red blood cells (Powell <?< a/, 1991, Uyesaka et a/, 1992), leading to an
increase in blood flow resistance. Another possibility is that red blood cells of young
rabbits still possess some fetal hemoglobin, the oxidation of which might account for
the generation of dense and rigid red blood cells (Advani el a/, 1992).

One may argue that capillary flow cessation is influenced by an increase in
resistance downstream, i.e., in the venular bed, but no gross changes in venular
diameter are observed at low perfusion pressures (Reneman ef a/, 1980, Slaaf <?< a/,
1986). Also, massive white blood cell sticking does not occur at low perfusion
pressures. However, blood viscosity in venules may be increased by an increase in
red blood cell aggregation and sedimentation in venules at low flows (compaction
stasis; Göbel <?< a/, 1989).

Taking our findings and those reported in the literature into account, we
suggest that the occurrence of red blood cell flow cessation in capillaries cannot be
attributed to one specific factor but is due to several factors that have to be present at
the same time. Each factor contributes to an increase in blood flow resistance but
when present alone it cannot cause flow cessation. Factors involved are: reduced
perfusion pressure, reduced capillary diameters due to reduced capillary trans-
mural pressures, increased venular viscosity at low flows, attenuated arteriolar
dilator response at elevated p(>2> and possibly decreased red blood cell deformability
at elevated poo- Of these factors, oxygen seems to be the decisive one, since the flow
cessation phenomenon only occurs at elevated local PO2-

In whole-organ studies, the cause of cessation of arterial inflow or venous
outflow at positive low perfusion pressures is incompletely understood. One of the
explanations proposed is closure of microvessels. According to the critical closing
theory (Burton, 1951) arterioles close when transmural pressure falls below a
critical value. However, this theory was challenged by Azuma and Oka (1971), while
several microscopic studies showed that arterioles dilate rather than close at
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reduced perfusion pressures (Reneman e£ a/, 1980,Slaaf e/ a/, 1986, Borgström e/ ai
1990). Closure of venules according to the Waterfall theory (Downey and Kirk, 1975
Braakman et a/, 1990) or closure of capillaries due to interfacial forces (Nichol e< a<
1951, Sherman e< a/, 1980) as explanations for the positive zero flow pressures cai
also be rejected by microscopic observations showing that these vessels remaii
patent at reduced perfusion pressures (Reneman ef a/, 1980, House and Johnson
1986, Slaaf <?* a/, 1986, present study). In fact, MacPhee and Michel (1995) recentl
reported that negative transmural pressures are required to close venules ant
capillaries. Hence, microvessel closure cannot explain the positive zero flow pres
sures in whole-organ studies. Whether factors such as compliance, rheological fac
tors, and multiple inputs play a role, depends on the experimental conditions.

The study presented in chapter 6 shows that the increase in capillary diamete
under adenosine is greater than can be expected on the basis of an increase ii
trans-mural pressure alone. These unexpectedly large diameters may be explainei
by a dependency on the duration of exposure to transmural pressure. Prolonged ex
posure (>20 min) may lead to an extra increase in diameter by the incorporation o
endothelial vesicle membranes into the cell membrane, result.inp' in an incrpnspt

surface area of the endothelial cell membrane and thus to larger capillary
diameters (Lee and Schmid-Schönbein, 1995). This means that the history and
duration of transmural pressure exposure are crucial for the extent of capillary
distension: 2 minutes aortic occlusion leads to larger diameters when capillaries
are pre-exposed to high rather than to low transmural pressures for a prolonged
period of time.

It is tempting to speculate that the extra increase in capillary diameter under
adenosine is due to a direct dilator effect of adenosine. There is some evidence that
endothelial cells in the capillary wall contract under certain conditions (see chap-
ter 2). Adenosine may induce relaxation of the endothelial contractile components,
similar to the relaxation of vascular smooth muscle cells in the arteriolar wall.
Observation of capillary diameters directly from the onset of adenosine application
may reveal whether the diameter increase occurs acutely due to a direct effect of
adenosine or gradually due to the indirect effect of prolonged exposure to high pres-
sures.

The finding that capillaries in skeletal muscle are distensible is also of physio-
logical importance. A consequence of capillary distensibility is that it stabilizes cap-
illary transmural pressure: during aortic occlusion the decrease in capillary diam-
eter leads to a reduction of transmural pressure decrease, while during reactive
hyperemia the increase in capillary diameter leads to a decrease in transmural
pressure increase. Blood flow is facilitated by the increased capillary cross-sectional
area during reactive hyperemia, which means more flow against less resistance,
and may be an additional mechanism besides arteriolar dilation. Also, capillary
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diameter should be factored in when volume blood flow is considered during trans-
mural pressure changes since it influences flow carrying capacity and resistance
considerably (chapter 5). The additional increase in capillary diameter during
prolonged high transmural pressures could be beneficial in muscle exercise in
general. The extra increase in capillary diameter may also be a means to facilitate
muscle fiber repair (Peeze Binkhorst et a/, 1989).

In conclusion, the major findings of the studies described in this thesis are:
• Capillary diameter varies with capillary transmural pressure changes during

aortic occlusion, subsequent reactive hyperemia, and vasodilation as induced by
adenosine.

- Capillary diameter reductions during aortic occlusion may contribute to the
occurrence of flow cessation.

- At low local PO2 (<20 mmHg) flow cessation is virtually absent, while the incidence
of flow cessation increases at elevated local PO2-

- The incidence of flow cessation decreases in a vasodilated bed as induced by
adenosine.
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In such clinical syndromes as compartment syndrome, intermittent claudica-
tion, and lower limb ischemia, reduced perfusion pressure results in disturbed per-
fusion of the skeletal muscle. Under these circumstances skeletal muscle blood flow
may cease despite a significant pressure difference across the microvascular bed.
Animal studies revealed that flow cessation occurs at the microcirculatory level.
During this so-called flow cessation phenomenon arterioles dilate and venules do
not change in diameter. This indicates that the cause of flow cessation is to be found
at the capillary level. The major aims of the present study were to investigate (1)
whether red blood cell flow cessation in skeletal muscle capillaries at low driving
pressures may be explained by capillary diameter reduction and (2) to what extent
capillary diameter varies with perfusion pressure, and thus transmural pressure.
Since in preliminary experiments we found a positive correlation between the inci-
dence of flow cessation and local oxygen tension (pQ )̂» '•*•> the PO2 in the superfu-
sion solution between objective lens and muscle surface, we also investigated
whether there is a relation between this local PO2' capillary diameter, and flow ces-
sation. Experiments were performed in situ on the tenuissimus muscle in the hind
limb of young rabbits using intravital video-microscopy. Capillary perfusion pres-
sure, and thus capillary transmural pressure, was varied by 1) two minutes of com-
plete aortic occlusion, 2) subsequent (sudden) release of the occluder, resulting in
reactive hyperemia, and 3) local application of adenosine for at least 20 minutes.
Capillary perfusion pressure and capillary transmural pressure are likely to de-
crease during aortic occlusion and increase during reactive hyperemia and adeno-
sine application.

The study described in chapter 3 shows that capillary diameters decreased by
6% during aortic occlusion (femoral artery pressure = 17 mmHg) and increased by
maximally 12% during peak reactive hyperemia when compared with the control
period. The diameter changes were greater at the arteriolar end of the capillaries
than at the venular end. As a consequence of the diameter changes, capillary resis-
tance was estimated to increase by 27% during occlusion and to decrease by 36%
during reactive hyperemia.

The role of capillary diameter reductions in the flow cessation phenomenon
was investigated in the study described in chapter 4. The capillary diameter reduc-
tion during aortic occlusion was characterized by a general decrease along the
whole length of the capillary, sometimes attended by a local extra decrease due to in-
traluminal protrusion of an endothelial nucleus. Usually, the capillary diameter
reduction did not lead to an obstruction for red blood cell passage. In addition, the
capillary diameter and extent of its reduction during aortic occlusion did not differ
between capillaries with and without flow cessation. This indicates that the flow
cessation phenomenon cannot be explained solely by capillary diameter reductions.
Because the diameter reductions result in considerable resistance increases, they
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may contribute to the occurrence of flow cessation.
Also in chapter 4, the relationship between local po„ and the incidence of flow

cessation is presented. During aortic occlusion, red blood cells remained flowing
through almost all capillaries when the local PO2 was 20 mmHg or below, while ele-
vation of local PO2 to 70 mmHg led to flow cessation in all capillaries. The depen-
dency of the incidence of flow cessation on local PO2 cannot be attributed to differ-
ences in capillary diameter since capillary diameter and its reduction did not
correlate with local PO2 (chapter 4). In the study presented in chapter 7, it was
investigated whether this dependency could be explained by oxygen dependent
arteriolar constriction. If this is the case, the arteriolar dilation in reaction to
reduced perfusion pressure would be impaired under high local PO2> leading to
smaller arteriolar diameters. Therefore, adenosine was applied on top of the muscle
surface to induce loss of oxygen dependent tone, resulting in dilated arterioles. The
incidence of flow cessation at elevated local PO2 was found to decrease from 100% to
20-30% in the presence of adenosine. This suggests that the increase in incidence of
flow cessation under high local PO2 '̂ , at least partly, due to impaired arteriolar
dilation. Besides the increase in arteriolar diameter, capillary diameters also
increased in the presence of adenosine probably due to an increase in capillary
transmural pressure. It is suggested that the increase in capillary diameter has a
greater effect on the reduced incidence of flow cessation under adenosine than the
increase in arteriolar diameter, because the interaction between red blood cells and
vessel wall is more pronounced in the narrow capillaries.

The finding that in a vasodilated bed, as induced by adenosine, flow cessation
still occurred in 20-30% of the capillaries at elevated local PO2 (chapter 7) and in a
non-dilated vascular bed flow cessation was absent at low local pOg (chapter 4), sug-
gests that oxygen affects the flow cessation phenomenon not (only) by oxygen depen-
dent arteriolar constriction but (also) by another as yet unknown mechanism.

Under adenosine, the increase in capillary diameter was greater than could be
expected on the basis of a mere increase in transmural pressure (chapter 6). Based
on the findings of Lee and Schmid-Schönbein (Ann Biomed Eng 23: 226-246, 1995) it
is proposed that prolonged exposure to a high transmural pressure in the presence
of adenosine, induces changes in capillary wall configuration, leading to larger
diameters. This extra stretch remains during transient transmural pressure
changes and only disappears after considerable time (about 15 minutes) when re-
turning to control pressures.

Chapter 5 deals with the consequence of capillary diameter changes for func-
tional capillary density, in case it is used as a determinant for capillary volume flow
and tissue exchange surface area. It is suggested that when functional capillary
density is assessed during interventions where capillary diameter may be expected
not to be invariant, capillary diameters have to be taken into account.
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In conclusion, distensibility of capillaries in skeletal muscle is of physiologies
importance. Capillary diameter reductions, which occur at low perfusion pressure
and, hence, low transmural pressure, cannot solely explain the cessation of re<
blood cell flow in capillaries at low perfusion pressures, but may contribute to it. Th
flow cessation phenomenon may be due to a combination of factors such as reduce^
perfusion pressure, reduced capillary diameters, increased venular viscosity al lo\
flows, attenuated arteriolar dilator response at elevated PO2> ^id, possibly, a de
creased red blood cell deformability at elevated
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Flow cessation en diameterveranderingen
van de capillairen in de skeletspier

Inleiding

fl/oed en

Ons lichaam is opgebouwd uit miljarden cellen die allen voedingsstoffen en
zuurstof nodig hebben om in leven te blyven. Deze stoffen worden aangevoerd door
het bloed dat bovendien de afvalprodukten van de cellen afvoert. In het bloed zijn
deze stoffen opgelost in de bloedvloeistof (plasma) of opgenomen in bloedcellen en
bloedplaatjes. Het grootste deel (99%) van de bloedcellen zijn rode bloedcellen die
zorg dragen voor het zuurstof- en koolzuurtransport. Slechts 1% bestaat uit witte
bloedcellen dip tot. t.nnk hphhpn het lichaam t.p hpschprmp.n tjyp.n infp-ri.ip.s p.n AnrW*»

schadelijke invloeden. De kleinere bloedplaatjes spelen een centrale rol in de bloed-
stolling.

Het bloed bevindt zich in ons lichaam in een stelsel van buizen, het bloed-
vatenstelsel, en wordt rondgepompt door het hart. Vanuit het hart stroomt het bloed
onder hoge druk in de grote slagaders (arteriën) die zich vertakken om de weefsels
en organen van bloed te voorzien. In de organen en weefsels vertakken de arteriën
zich in steeds kleiner wordende slagaders (arteriolen). Deze arteriolen gaan vervol-
gens over in een netwerk van de allerkleinste bloedvaten, de haarvaten of capillai-
ren. Hier vindt de uitwisseling plaats van stoffen tussen het bloed en de weefsels.
Vanuit de capillairen wordt het bloed afgevoerd door kleine aders (venulen) die
samenvloeien tot grote aders (venen). Door deze venen wordt het bloed terug geleid
naar het hart.

De bloeddruk is het hoogst in de arteriën en het laagst in de venen. De druk in
de capillairen is ongeveer 20% van de bloeddruk in de arteriën.

De door6/oedm£ uctn de sAe/efspier

Een skeletspier heeft als functie het bewegen van het skelet, zoals tijdens lopen,
zwemmen en schrijven, en is opgebouwd uit langwerpige spiervezels. Elke spier-
vezel is omringd door capillairen die evenwijdig aan de vezels lopen. De capillairen
zyn dunne vaten met een doorsnede (diameter) van 3 tot 7 um (= 0.003-0.007 mm)
terwijl de lengte van een capillair wel 1000 um (= 1 mm) kan zijn. De wand van een
capillair is erg dun, en bestaat uit één laag cellen (endotheelcellen), omgeven door
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arteriole
endotheelcel kernen

rode bloedcellen

/. Sc/iema<iscAe /eAcnm^ uan een arterio/e en fu/ee capi//ajren me< daarin
sfromende rode 6/oedce//en. De diameters i>an capi//airen zyn Alein en som»
onre£cJma<i# door aanwezi^neid i;an uitput/ende Aernen van ercdo*/iee/ce//en. /n
de dunne capi/Zairen ueruormen de rode MoedceZZen.

een vliesje, de basaal membraan. Net zoals bijna elk type cel heeft de endotheelcel
een kern die uit onvervormbaar materiaal bestaat. De kernen bepalen in belangrijke
mate het uitsteken van de endotheelcellen in het vat. Het oppervlak aan de binnen-
kant van een capillair is daardoor onregelmatig (zie figuur 1).

De diameter van een capillair is zo klein dat de grootste deeltjes in het bloed, de
rode en witte bloedcellen, flink moeten vervormen als ze zich in een capillair bege-
ven. Voor de rode bloedcellen is dit geen probleem omdat ze zeer vervormbaar zijn
(zie figuur 1). De witte bloedcellen zijn groter en stijver, en hebben meer moeite een
capillair te passeren. Ze verplaatsen zich vrij traag en kunnen een capillair tijdelijk
verstoppen. Dit leidt meestal echter niet tot storingen in de doorbloeding van de
spier. De bloedplaatjes zijn zo klein dat ze ongestoord door de capillairen kunnen
stromen.

De doorbloeding van een spier kan sterk variëren. Tijdens inspanning, bijvoor-
beeld hardlopen, neemt de hoeveelheid bloed die per tijdseenheid door de skeletspie-
ren van de benen stroomt, sterk toe om aan de toegenomen behoefte aan energie



Samenvaff/ng

capillair netwerk

arteriole
f i

venule

PA

Perfusiedruk =

Figuur 2. Sc/iema<tsc/ie M;eer#at;e uan een capiZ/air netu;erA mef een aanuoerend
ua< (arterio/e,) en een a/boerend nat (KenuZej. De capiZZaire door&Zoedin^ ts
a/7ianAeZi/'A fan de per/usiedrufc. PA = bZoeddrufc aan de arterioZaire zt/'de uan ne<
ne£u>er&; Py = Woeddrufc aan de uenu/a/re zi/'de i>an /ie/ neftferA. Pi/7</'es geuen de
slroomrtc/ifmg aan.

(voedingsstoffen en zuurstof) te voldoen. De drijvende kracht voor het stromen van
bloed is een druk verschil: het bloed stroomt van een plaats waar de druk hoog is
naar een plaats waar een lagere druk heerst. Voor de doorbloeding van de capillai-
ren geldt dat de drijvende kracht gelijk is aan de bloeddruk aan de arteriolaire zijde
van het capillaire netwerk minus de bloeddruk aan de venulaire zijde van het
netwerk. Dit verschil in druk wordt de perfusiedruk genoemd (perfusie = doorbloe-
ding; zie figuur 2). Wanneer de perfusiedruk stijgt, neemt ook de snelheid toe waar-
mee het bloed door de capillairen stroomt. De perfusiedruk, en dus de doorbloeding
van capillairen, wordt voornamelijk geregeld door de arteriolen die voor het capil-
lair netwerk liggen. Arteriolen kunnen hun diameter veranderen door de gladde
spiercellen in hun wand samen te trekken of te ontspannen. Wanneer de gladde
spiercellen zich ontspannen, neemt de diameter van de arteriolen toe. In dit geval
zal het stromende bloed minder weerstand ondervinden in de arteriolen. De bloed-
druk aan de arteriolaire zijde van de capillairen en dus ook de perfusiedruk nemen
toe en de capillaire doorbloeding stijgt.

In tegenstelling tot de arteriolen hebben capillairen geen gladde spiercellen in
hun vaatwand. Daardoor kunnen capillairen normaal gesproken niet zelf (actief)
hun diameter veranderen. Bloedvaten zonder gladde spiercellen in hun vaatwanden
kunnen echter wel onder invloed van drukveranderingen (passief) van diameter
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Transmurale druk = Pj

vaatwand

Figuur 3. Sc/iemahsc/ie dwarsdoorsnede uan een (passie/) e/asfiscn 6/oedi>af. De
diameter ts a/nanJfee/i/'Jfe uan de transmura/e rfruA. Pj - drwA in ne< ca/; Pft -

veranderen als ze een elastische vaatwand hebben. Zo zal een (passief) elastisch vat
zonder glad spierweefsel zich verwijden wanneer de druk in het vat (bloeddruk) toe-
neemt of de druk buiten het vat (veroorzaakt door omliggende strukturen zoals orga-
nen of weefsels) afneemt; een elastisch vat zal zich vernauwen wanneer de druk in
het vat afneemt of die buiten het vat toeneemt. Het verschil tussen de druk in het vat
en de druk buiten het vat wordt de transmurale druk genoemd (zie figuur 3). Bij
elastische vaten zal een verandering in transmurale druk dus leiden tot een veran-
dering in diameter. Dit heeft weer gevolgen voor de doorbloeding. Wanneer de dia-
meter toeneemt zal de weerstand van het vat afnemen en dus de doorbloeding toene-
men. Of de diameter van capillairen ook afhangt van de transmurale druk is niet
geheel duidelijk. Capillairen worden over het algemeen gezien als starre buizen die
nauwelijks van diameter kunnen veranderen. Verklaringen hiervoor zijn dat de
wanden van capillairen weinig elastisch zijn en/of het weefsel waarin de capillai-
ren zijn ingebed voor de stijfheid zorgt. Er zijn echter toch aanwijzingen dat capil-
lairen wel degelijk van diameter kunnen veranderen.
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Het onderzoek

"Aderverkalking" is een ziekte waarbij de diameters van arteriën sterk kun-
nen afnemen door afzettingen van allerlei stoffen tegen de vaatwand en door een
afname in elasticiteit van de vaatwand. De vernauwing van de arteriën leidt tot een
weerstandstoename voor het stromende bloed. Het gevolg is dat stroomafwaarts van
de vernauwing de transmurale druk, de perfusiedruk, en de bloedstroomsnelheid
afnemen. "Aderverkalking" kan gepaard gaan met doorbloedingsstoornissen in
organen waardoor ze slechter gaan functioneren. De verlaagde perfusiedruk is
wellicht een factor voor het optreden van deze doorbloedingsstoornissen.

Experimenten, waarbij gebruik werd gemaakt van een diermodel, toonden aan
dat wanneer de perfusiedruk wordt verlaagd door geleidelijke afsluiting van de
grote lichaamsslagader (aorta) de rode bloedcellen in capillairen van de skeletspier
op een gegeven moment kunnen gaan stoppen met stromen. Wanneer de cellen stil
gaan staan is er nog steeds een perfusiedruk aanwezig, welliswaar sterk verlaagd.
Dit is opmerkelijk, want er is nog steeds een (lage) drijvende kracht aanwezig om
het bloed (langzaam) te laten stromen. Het tot stilstand komen van de capillaire
doorbloeding bij verlaagde perfusiedrukken wordt het 'flow cessation fenomeen'
genoemd (flow = bloeddoorstroming; cessa t ion = tot stilstand komen). In het
vervolg van dit verhaal zal de engelse term 'flow cessation' gebruikt blijven worden.
Waarom de bloeddoorstroming stopt bij lage perfusiedrukken is niet bekend. Omdat
tijdens flow cessation ook de transmurale druk afneemt, was één van de mogelijke
verklaringen dat de arteriolen zich sluiten en op die manier de bloeddoorstroming
belemmeren. Deze theorie blijkt echter niet te kloppen. Experimenten hebben aan-
getoond dat de diameter van arteriolen tijdens een verlaagde perfusiedruk niet af-
neemt, zoals bij (passief) elastische vaten, maar juist toeneemt. De verlaagde perfu-
siedruk is een prikkel voor de arteriolen om zich te verwijden in een poging de
capillaire doorbloeding te handhaven. Het is gebleken dat ook venulen open blijven
staan tijdens verlaagde perfusiedrukken en dus verlaagde transmurale drukken.
Het ligt nu voor de hand de oorzaak van het flow cessation fenomeen bij de capillai-
ren zelf te zoeken. Het is mogelijk dat de bloeddoorstroming stopt doordat de diame-
ters van capillairen afnemen door een afname in transmurale druk. Dit betekent
echter wel dat de capillairen (passief) elastisch moeten zyn.
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Doel van het onderzoek

Het doel van de studie in dit proefschrift was antwoorden te krijgen op de
volgende vragen:

• verandert de diameter van capillairen in de skeletspier wanneer de transmura-
le druk van het vat verandert. Met andere woorden: zijn capillairen (passief)
elastisch?

• kan het flow cessation fenomeen verklaard worden door een diameterafname
van de capillairen?

In een vroeg stadium van onze experimenten bleek dat het optreden van flow ces-
sation tijdens lage perfusiedrukken afhankelijk was van de hoeveelheid zuurstof in
de vloeistof die op het spiertje werd gedruppeld. Daarom vroegen we ons ook af:

• wat is de relatie tussen het optreden van flow cessation en de zuurstofconcentra-
tie in de vloeistof?

• zijn de diameters van capillairen bij een bepaalde transmurale druk afhankelijk
van de zuurstofconcentratie in de vloeistof?

Methode

In deze studie werden de vaten bestudeerd van de tenuissimus spier, een dun
skeletspiertje gelegen in de achterpoot van het konijn. Vlak voor de experimenten
werd het konijn verdoofd en vervolgens onderworpen aan een aantal chirurgische
ingrepen. In een aantal bloedvaten werden catheters aangebracht om de hartslag
en bloeddruk van het dier te kunnen registreren gedurende het experiment. Teven»
werd er een soort ringvormig ballonnetje (occluder) rond de aorta gelegd, dat met
behulp van een kleine pomp opgeblazen kon worden en op die manier de aorta dicht
kon drukken. Afsluiting (occlusie) van de aorta heeft tot gevolg dat de bloedtoevoer
naar de achterpoten en dus ook naar de tenuissimusspier wordt verminderd. Als
laatste werd in de linker achterpoot de tenuissimus spier blootgelegd, zonder daarbij
de zenuw- en vaatvoorziening van de spier te beschadigen, door een deel van de huid
en een bovenliggende spier weg te klappen.

Na deze handelingen, werd de linker achterpoot in een afsluitbare doos ge-
plaatst en onder de spier werd een lichtgeleider aangebracht om de spier van onder-
af te belichten. Daarna werd het konijn overgebracht naar de microscoop om de va-
ten van de spier te bestuderen. Met behulp van een videocamera werden de micro-
scopische beelden geprojecteerd op een TV scherm en opgenomen op video. De video-
opnamen gaven ons de gelegenheid de beelden na het experiment nog eens te
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bestuderen.

Met behulp van de microscoop werden kleine gebieden van de spier geselec-
teerd met duidelijk zichtbare arteriolen en capillairen. Deze vaten werden opgeno-
men op video tijdens een controle periode (2 tot 5 minuten), tijdens een totale occlusie
van de aorta (2 minuten), en na het abrupt opheffen van de occlusie (2 minuten). In
figuur 4 is de stroomsnelheid van de rode bloedcellen in een capillair weergegeven
tijdens dit protocol. Gedurende de controle periode zien we een wisselende snelheid
die het gevolg is van diameterveranderingen in de aanvoerende arteriolen. Tijdens
occlusie, en dus tijdens een verlaagde perfusiedruk en transmurale druk, neemt de
stroomsnelheid sterk af. Na occlusie neemt de snelheid sterk toe en stijgt boven de
controle-snelheden uit. Deze versnelde doorbloeding is een reactie op de tijdelijke
occlusie en wordt reactieve hyperemie genoemd. Tijdens de reactieve hyperemie
stijgen ook de perfusiedruk en de transmurale druk boven de controle drukken uit.

In een aantal experimenten werd er tevens een oplossing met adenosine op het
spiertje gedruppeld. Adenosine is een vaatverwijder, dat wil zeggen dat in aan-
wezigheid van deze stof de gladde spiercellen in de wanden van de arteriolen zich
ontspannen en de arteriolen dus sterk verwijden. In aanwezigheid van adenosine
nemen de transmurale druk, de perfusiedruk en dus ook de bloedstroomsnelheden
in de bloedvaten van de spier sterk toe.

(O

E

controle periode occlusie

60 120 180 240

tijd (sec)

300 360

Figuur 4. De sfroomsne/neid van rode 6/oedceZ/en in een capt/Zatr gedurende een
confro/e periode zonder inferuenfte, occ/uste en reac(jei;e /typeremte
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Tenslotte werd in sommige experimenten de zuurstofconcentratie gevarieerd
in de vloeistof die continu op het spiertje werd gedruppeld. Dit gebeurde zeer locaal.
Alleen in het deel van de vloeistof tussen de microscooplens en de spier werd de
zuurstofconcentratie gevarieerd. De rest van de spier werd in een zuurstofarme om-
geving gehouden door stikstofgas in de doos te blazen opdat de zuurstof verdreven
werd.

Resultaten

uare capt//airen

Onze eerste vraag was of capillairen in de skeletspier (passief) elastisch zijn en
dus van diameter veranderen als de perfusiedruk, en daarmee de transmurale
druk, verandert. Om deze vraag te beantwoorden, zijn de diameters van een grote
groep capillairen gemeten tijdens een controle periode, tijdens occlusie (verlaagde
transmurale druk), en tijdens reactieve hyperemie (verhoogde transmurale druk).
Als we een hele set capillairen in beschouwing nemen, dan zien we dat de diameter
afneemt met 6% tijdens occlusie en toeneemt met maximaal 12% tijdens reactieve
hyperemie. De capillairen kunnen dus van diameter veranderen. Het bleek dat de
diameter van een capillair niet overal in gelijke mate veranderde. De diameter
veranderingen aan de arteriolare zijde van een capillair waren groter dan die aan
de venulaire zijde van het capillair. De veranderingen in weerstand van de capil-
lairen als gevolg van de diameterveranderingen, kunnen berekend worden. Tijdens
occlusie neemt de weerstand toe met ongeveer 27% (bij een diameterafname van 6%)
en tijdens reactieve hyperemie af met ongeveer 36% (by een diametertoename van
12%). De geringe diameterveranderingen leiden dus tot aanzienlijke weerstands-
veranderingen.

F/oif cessation en diametera/hame van capiWairen

Vervolgens is onderzocht of het flow cessation fenomeen verklaard kan worden
door een diameterafname van de capillairen als gevolg van de verlaagde transmu-
rale drukken. We vonden dat de vernauwing van de capillairen tijdens occlusie over
het algemeen niet zó sterk was dat het leidde tot een directe obstructie voor rode
bloedcellen. Slechts in een enkel geval was een capillair plaatselijk ernstig
vernauwd door een sterk opgebolde endotheelcelkern die daardoor flink in het vat
uitstak. In deze gevallen konden de zeer flexibele rode bloedcellen meestal toch
passeren, hoewel duidelijk met moeite. We vonden ook dat de diameters en diame-
terafname tijdens occlusie niet verschilden tussen de capillairen waarin de rode
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bloedcellen stil stonden en de capillairen waarin het bloed nog langzaam bleef
stromen. Dit betekent dat het flow cessation fenomeen niet uitsluitend verklaard kan
worden door een diameterafname van de capillairen. Omdat de diameterafname
van capillairen resulteert in een aanzienlijke toename in weerstand, kan het wel
bijdragen tot het optreden van flow cessation.

F/ou; cessation en zuurste/"

Een verrassende bevinding in ons onderzoek was dat het aantal capillairen
waarin flow cessation optrad afhing van de locale zuurstofconcentratie in de vloei-
stof op de spier. Bij lage zuurstofconcentraties trad er nauwelijks flow cessation op
tijdens verlaagde perfusie drukken: in bijna alle capillairen bleven de rode bloed-
cellen langzaam stromen. Verhoging van de zuurstofconcentratie leidde uiteinde-
lijk tot flow cessation in alle capillairen. Het is moeilijk een verklaring te vinden
voor de afhankelijkheid van het flow cessation fenomeen voor zuurstof. Het kan niet
toegeschreven worden aan verschillen in diameterafname van de capillairen omdat
de diameterafname niet veranderde onder verschillende zuurstofconcentraties. Het
is echter bekend dat arteriolen gevoelig zijn voor zuurstof en zich vernauwen
wanneer er veel zuurstof aanwezig is. Dit betekent dat in een situatie waarbij de
perfusiedruk is verlaagd, de arteriolen zich minder verwijden bij hoge zuurstof-
concentraties dan bij lagere concentraties. Een kleinere diameter van arteriolen zou
kunnen leiden tot een groter aantal capillairen met flow cessation. Om dit te
onderzoeken werd adenosine op het spiertje gedruppeld dat er voor zorgde dat de
arteriolen ongevoelig werden voor zuurstof en zich sterk verwijden. In aanwe-
zigheid van adenosine en een hoge zuurstofconcentratie nam het aantal capillairen
met flow cessation af van 100% tot 20-30%. Dit duidt er op dat onvoldoende verwijding
van arteriolen mogelijk een rol speelt in het flow cessation fenomeen. We vonden
echter dat de diameters van capillairen ook toenamen in aanwezigheid van adeno-
sine door een toename in transmurale druk van de capillairen. We denken dat de
toename in capillaire diameter een groter effect heeft op het afgenomen aantal
capillairen met flow cessation dan de toename in arteriolaire diameter, omdat de
interactie (wrijving) tussen rode bloedcellen en vaatwand een grotere rol speelt in de
dunne capillairen. Dit zou dus weer een aanwijzing kunnen zijn dat de diameters
van capillairen een rol spelen in het flow cessation fenomeen.

Omdat bij verhoogde zuurstofconcentraties en in aanwezigheid van adenosine
toch nog flow cessation optrad in zo'n 20 tot 30% van de capillairen, kan de zuurstof-
afhankelijke vernauwing van arteriolen in ieder geval niet alles verklaren. Er moet
nog een ander mechanisme zijn dat ervoor zorgt dat het aantal capillairen met flow
cessation toeneemt bij verhoogde zuurstofconcentraties. Een mogelijkheid is dat de
vervormbaarheid van rode bloedcellen afneemt bij verhoogde zuurstofconcentraties
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waardoor ze moeilijker een capillair in kunnen en sneller vastlopen.

Adenosme en diameterueraneterin^en con captV/airen

Het viel op dat in aanwezigheid van adenosine de diametertoename van de
capillairen groter was dan kon worden verwacht op grond van een stijging in trans-
murale druk alleen. Dit is waarschijnlijk het gevolg van de langdurige blootstelling
(ongeveer 20 minuten) aan een hoge transmurale druk die resulteert in een afname
in dikte van de vaatwand waardoor de diameters van de capillairen extra toenemen.

Capi/Zaire /uncfione/e (fic/iMeief

Tenslotte is ook stil gestaan bij de betekenis van capillaire diameterveran-
deringen voor de functionele capillaire dichtheid, oftewel het aantal capillairen
waarin het bloed stroomt per mm^ spier. De functionele capillaire dichtheid wordt
vaak gebruikt als maat voor: 1) de hoeveelheid bloed die per tijdseenheid door de
capillairen kan stromen, en 2) de hoeveelheid stoffen die uitgewisseld worden
tussen het bloed en de weefsels. Deze parameters zullen beiden toenemen als de
diameter van de capillairen toeneemt. Immers, als de diameters zijn vergroot dan
kan er meer bloed in 1 capillair en is het oppervlak waarover er uitwisseling plaats
vindt, vergroot. Dit betekent dat als de functionele capillaire dichtheid gebruikt
wordt als maat voor de hoeveelheid doorbloeding en uitwisseling in gevallen dat de
diameters van de capillairen variëren, de diameters van capillairen ook bepaald
moeten worden.

Conclusies

Capillairen in de skeletspier zijn (passief) elastisch, hetgeen van grote
betekenis is voor de doorbloeding van het orgaan. De afwezigheid van de bloeddoor-
stroming in capillairen (flow cessation) tijdens verlaagde perfusiedrukken kan niet
volledig verklaard worden door een diameterafname van de capillairen. Het flow
cessation fenomeen is waarschijnlijk het gevolg van een combinatie van een aantal
factoren, waarvan de diameterafname van de capillairen er één is. Andere factoren
die mogelijk een rol spelen zijn: 1) de verlaagde perfusie druk, 2) de relatief kleine
diameters van arteriolen tijdens verhoogde zuurstofconcentraties, 3) de verminder-
de vervormbaarheid van rode bloedcellen tijdens verhoogde zuurstofconcentraties,
en 4) de toename in stroperigheid van het bloed tijdens de verlaagde stroomsnelhe-
den.
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