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Introduction

CHAPTER 1

Hypertension is a condition that predisposes for secondary pathologies
such as myocardial infarction and stroke. These account for a major part of
human mortality. Small arteries play a pivotal role in the control of blood pressure and in the development of hypertension. They contribute to the resistance
to blood flow through their ability to constrict or dilate and through their overall structure. Yet, knowledge of their function is primarily based on observations obtained in large arteries and in non-vascular smooth muscle preparations. Evidence accumulated during the past 15 years indicated, however, that
these may not be representative for "resistance arteries". To understand the
aetiology of hypertension it is therefore of basic importance to directly study
the contractile reactivity of small arteries. This depends on molecular events
that take place at the cell membrane and in the cytoplasm of the smooth muscle cells that populate the wall of small arteries. Furthermore, integration of
cellular mechanisms with those that take place on a higher level such as intercellular communication, neuroendocrine mechanisms and mechanical forces, is
essential for a better understanding and treatment of hypertension.

THE VASCULAR SYSTEM
Physiological function
The physiological function of the vasculature is to distribute blood to
and collect blood from the different organs to assure optimal exchange of nutrients, oxygen and metabolites from the tissue. From the heart the aorta branches into several large arteries that feed different organs or regions within the
body. These major arteries branch progressively into smaller arteries forming
an arterial tree. Exchange of oxygen and nutrients and control of fluid balance
in the body is finally accomplished by a dense network of capillaries which
consist merely of an endothelial layer and a basal lamina. From the capillaries,
the blood is collected into small venules which gather into veins. These in turn
end in the vena cava that returns the blood to the right atrium of the heart.
Subsequently the blood is pumped into the pulmonary circulation to be resaturated with oxygen and depleted of carbondioxide.
Large arteries act as elastic reservoirs or capacitors, distending during
systole and reducing their diameter during diastole which results in a damping
of the pulse pressure difference and a reduction in pulsatile flow of the blood.
Muscular arteries distribute the blood over different organs. Smaller arteries
are increasingly responsible for local distribution of blood flow in an organ. To
assure an adequate supply of blood, flow through different vascular beds is
regulated. The pressure gradient (AP) that drives the blood through the arterial
tree is of relevance for the blood flow (Q). However, also the resistance (R) to
blood flow that becomes manifest in increasingly smaller "tubes" is important.
This relation can be expressed in the following equation:
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The resistance of the vascular system (total peripheral resistance) or local resistance of different vascular beds can be altered dramatically through narrowing
or widening of the diameter of the summated vasculature in the bed. A measure of resistance may be obtained by rearranging the Poiseuille equation to
give,
4
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in which r represents the sum of the internal radii of the total number (n) of
series coupled vessels, 1 the sum of the total vessel lengths and T|, the viscosity
of the blood. From the above it will be clear that regulation of vessel diameter
has powerful consequences for blood flow and pressure, since radius contributes to the fourth power in Poiseuille's equation.
Small arteries are therefore assumed to be increasingly involved in the
resistance to blood flow. Different approaches have been used to localise the
exact site of major resistance within the vascular tree. A pressure-resistance
relationship can be drawn by measuring intra-arterial pressure drop along the
arterial tree (Bohlen, 1986; Folkow, 1990). Borders and Granger (1986), calculated the
dissipation of power along the arterial tree to localise major resistance sites.
Although these studies indicate that pressure-resistance relations depend very
much on the vascular bed studied (see Bohlen and Aukland, 1991), they also indicate
that a significant fall in intra-arterial pressure occurs already in arteries with
diameters of 400-200 Um (Mellander, 1989; Mulvany and Aalkjaer, 1990; Bohlen and Aukland. 1991).

Regulation of arterial smooth muscle function
On the basis of histologically defined criteria the arterial wall can be
divided into three major layers. From the luminal to the abluminal side these
comprise of the rnn/ca mf/ma, the fumca wedw and the fMH/ca arfzwi/;'ru?. These
layers are usually separated by an elastic membrane, the /amiria e/asr/ca mfmia
and «rfmia, respectively. The intima consists mainly of a basal membrane and
thin endothelial cells that line up the lumen of the vessel. The medial layer
contains smooth muscle cells that are normally oriented helically around the
lumen of the vessel. The extracellular matrix of the media, which is synthesised
by the smooth muscle cells, consists predominately of collagen and elastic
fibres. The adventitia is mainly comprised of connective tissue synthesised by
sparsely seeded fibroblasts. Nerve endings of primarily sympathetic origin are
present at the adventitial side of the media. These structures can affect the
function of the vessel wall either in an active or a passive way.

CHAPTER 1
/oca/ confro/ o/ wscu/ar /uncfJOW

It was shown that blood flow, vascular diameter and pressure are closely
related to each other, implying that for flow and pressure to remain within
physiological ranges, carefully balanced vascular diameters are required. First
of all this is achieved by a certain tone that is present in viro in all arteries.
This arterial tone is the net result of interacting local and remote modulatory
systems (Fig 1.1). Depending on tissue requirements these systems act to delicately tune blood flow that is feeding the perfused tissue.

REMOTE CONTROL

LOCAL CONTROL

Peri vascular
nerves
Humoral factors

>

•

Endothelium
Mechanical factors
Metabolic factors

Figure 1.1. Schematic cross-section of a vascular wall in which different smooth muscle
regulatory mechanisms are displayed. Control of vessel tone is achieved by an interplay
of local regulators such as the endothelium, tissue metabolites, mechanical factors and
remote mechanisms such as nerves and hormones.

A basal tone is present in arteries. This tone originates within the smooth
muscle cells without neurogenic or endothelial interference and is therefore
referred to as myogenic tone (Fig. 1.1). Pressure changes may affect myogenic
tone (Mellander, 1989; Meininger et al., 1991; Messing et al., 1991). It h a s been s h o w n that

an elevation of pressure »H i'/i'o or in w'fro results in an active narrowing of the
lumen of the vessel keeping flow constant. This phenomenon was observed
already in the beginning of this century by Bayliss (1902) and has since been
called the myogenic response. This autoregulatory mechanism is capable
within a physiological pressure range, to prevent hyper- or hypoperfusion of
the downstream capillary network (Johnson, 1980; Mellander, 1989). The mechanisms
that lead to a myogenic response in vascular smooth muscle following increa-
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ses in intravascular pressure are not fully known at present. Myogenic tone
and autoregulatory responsiveness do not always suffice to regulate tissue requirements. Therefore, superimposed on the myogenic tone, other mechanisms
exert their regulatory role on vessel diameter.
Endothelial cells have multiple modulatory effects on vascular smooth
muscle cell function. Furchgott and Zawadski (1980) were the first to describe a
vasodilator action of acetylcholine on smooth muscle cells that depended on
the presence of the endothelium. The vasodilating substance that was released
from the endothelium by stimulation with acetylcholine was referred to as
endothelium derived relaxing factor (EDRF). Only years after the discovery of
EDRF it was found that nitric oxide which is produced by endothelial cells
after stimulation of for example muscarinic receptors from the aminoacid 1arginine, had similar properties as EDRF (Palmer et al., 1988; Moncada et al., 1989). It is
therefore believed that nitric oxide or a substance that can generate nitric oxide
embodies the endothelium derived relaxing factor (Palmer et al., 1988; Moncada et al.,
1989). Besides inhibitory actions through the release of EDRF, the endothelium
has also been shown to either stimulate or inhibit the responsiveness of vascular smooth muscle through the release of other contractile or relaxing substances or through effects on vascular smooth muscle membrane potential
(D'Orleans-Juste et al., 1985; Yanagisawa et al., 1988; Vanhoutte, 1989; Egleme et al., 1990; Kato et

al., 1990). The effect of the endothelium on vascular smooth muscle cells often
depends on haemodynamic factors such as blood flow, pressure or shear stress
(Miller and Vanhoutte, 1988; Hutcheson and Griffith, 1991).

Local control of vascular reactivity may also be mediated through
smooth muscle cells. Smooth muscle cells within the media of vessels have
been shown to act as an electrical syncytium (Duhng et al., 1991; Segal, 1991). Contractile or vasodilatory responses that are initiated at a certain location in a
microcirculatory preparation can be electrically conducted along the wall of
arterioles in either direction, probably through gap-junctions that interconnect
neighbouring smooth muscle cells (Duling et al., 1991). Whether this means of
communication between smooth muscle cells can also be observed in small
arteries and, if so, how it would affect vessel responsiveness has not been fully
elucidated yet.
Remote confro/ o/ iwscu/flr /
From the other side of the tunica media, vascular smooth muscle function is regulated by the action of sympathetic and peptidergic nerves (Fig. 1.1)
(Hirst and Edwards, 1989). Following stimulation of sympathetic nerves, noradrenaline, the purine ATP and neuropeptide Y can be released into the synaptic cleft
between nerve and smooth muscle cell membrane (Hirst and Edwards, 1989; Lundberg et al., 1990). The sympathetic neurotransmitter noradrenaline may have different postsynaptic effects on vascular smooth muscle but can also influence its
own release and neuronal uptake through stimulation of presynaptic o,-adrenoceptors (Rump et al., 1991).
Through activation of different postsynaptic adrenoceptor subtypes by
noradrenaline, either relaxing or contractile responses can be induced in vas-
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cular smooth muscle, a,- and Oj-adrenoceptors can be distinguished according
to their selectivity for certain agonists, antagonists and differences in calcium
mobilising pathways (De Mey and Vanhoutte, 1981; Korstanje and van Zwieten, 1987; Raymond et al., 1990). Stimulation of a-adrenoceptors leads to vasoconstriction of
vascular smooth muscle (for review see: Raymond et al., 1990). A further subclassification of a,- and ctj-adrenoceptors on vascular smooth muscle cells has complicated the understanding of their actual physiological function. a,A- and a,gadrenoceptors, for example, differ with respect to their relative affinity for
either WB 4101, the non-competitive antagonist chloroethylclonidine and specific signal transduction pathways (Han et al., 1987; Daly et al., 1990; Muramatsu et al.,
1990; Suzuki et al., 1990; Wilson and Minneman, 1990; Oriowo and Ruffolo, 1992). The distribution of various cc-adrenoceptor subtypes appears to be heterogenous throughout the vascular tree (De Mey and Vanhoutte, 1981; Daly et al., 1988; Faber, 1988; Heesen and
De Mey, 1990; Messing et al., 1990; Nielsen et al., 1992). Which (X-adrenOCeptor Subtypes
are present on the resistance arterial level and how these may affect responsiveness to adrenergic agonists requires more detailed investigation.
Adrenergic vasorelaxing responses are exerted through stimulation of Padrenoceptors. Relaxing responses induced by P-adrenoceptor activation are
mediated through the generation of cyclic adenosine monophosphate (cAMP)
(Raymond et al., 1990). The additional hyperpolarising action of P-adrenoceptor
activation (Mulvany et al., 1982), may act in concert with the vasodilator effect of
increased cAMP concentrations in vascular smooth muscle.
Many other substances that do not directly originate from the endothelium or perivascular nerves may exert definite effects on vascular smooth
muscle cell responsiveness. Among these are hormones (Grillone et al., 1988; Tabrichi
and Triggle, 1991), autocoids (De Mey and Gray, 1985; Edwards, 1985; Lüscher and Vanhoutte,
1988) and tissue metabolites (De Mey et al., 1979; Silver et al., 1984). From the above, it
can be concluded that vascular smooth muscle function is carefully controlled
by a variety of means. On a lower level of organisation, however, vascular
smooth muscle function depends on the operation of a complex machinery of
biochemical processes, generally termed the contractile apparatus.

CONTRACTION OF VASCULAR SMOOTH
MUSCLE CELLS
The contractile machinery
A common feature of muscle cells in general and vascular smooth
muscle cells in particular is their ability to contract. Contraction or cellular
shortening is mainly achieved by the interaction of two proteins, actin and
myosin which are major constituents of the contractile apparatus. In principle
these proteins consist of a variety of different isozymes found in skeletal, cardiac and smooth muscle but also in non-contracting cells (D'Orleans-Juste et al.,
1985; Lüscher, 1990), implicating that some of these isozymes are non-contractile.
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Simplified, force development is achieved by cyclic high affinity cross-bridge
formation of actin filaments with the larger myosin filament (for review see: Hai
and Murphy, 1989; Hathaway et al., 1989). Contraction occurs by a translocation of
myosin heads that bind to actin, resulting in a transaxial sliding of the filaments across each other. The energy for this mechanical work is mainly delivered by adenosine triphosphate (ATP) (Johansson, 1987; Hai and Murphy, 1989). Myosin and actin are in turn anchored in a network of numerous intermediate
filaments and attachment proteins which form the cytoskeleton (Kocher et al., 1985;
Rubbia and Gabbiam, 1989; Watson, 1991). The cytoskeleton in turn has connections to
cell membrane and extracellular matrix.
Several enzymes delicately control the process of cross-bridge formation
between actin and myosin. The myosin light chain kinase (MLCK) is an enzyme that, provided it has been activated by the calcium binding protein calmodulin, phosphorylates the myosin light chain rendering it the ability to bind
actin with high affinity (Hai and Murphy, 1989). Cross-bridge formation is counterregulated by a myosin light chain phosphatase (MLCP) which de-phosphorylates the myosin light chain (Hai and Murphy, 1989). Maintenance of contraction in
smooth muscle has been suggested to involve another state of interaction between actin and myosin, the so called "latch state" which implies that both
proteins bind more tightly to one another without the necessity of energy consuming cycling. This state of interaction between actin and myosin has a lower
calcium dependence (Murphy, 1978; Hai and Murphy, 1989; Rembold, 1991) . The kinase
and phosphatase activities are in turn regulated by other enzymes that usually
require the presence of free calcium cations. A calcium dependent protein that
activates MLCK in vascular smooth muscle is calmodulin which has a function
analogous to the skeletal muscle troponin-C (Hai and Murphy, 1989, Hathaway et al.,
1989; Kamm and Stull, 1989). More recently other proteins have been identified that
may play an important role in the regulation of the contractile apparatus. Caldesmon is found in vascular smooth muscle co-existing with the thin actin
filaments (Hai and Murphy, 1989; Kamm and Stull, 1989). Calponin, which has analogies
with skeletal muscle troponin-T (Carrow and Calhoun, 1964) is assumed to be a
component of the smooth muscle actin filament. The phosphorylation of this
very effective substrate of protein kinase-C is sensitive to the presence of calcium and calmodulin. It is therefore suggested that calponin is involved in the
effects of protein kinase-C on smooth muscle contraction (Takahashi et al., 1988).
Contraction induced through activation of the MLCK pathway was originally thought to be proportional to the concentration of intracellular calcium.
However, it is becoming evident that additional biochemical pathways are
involved that could increase the sensitivity of the contractile apparatus for
calcium or even function in the absence of calcium (Aqel et al., 1986; Nishimura et al.,
1988; Himpens et al., 1990; Khalil and Van Breemen, 1990; Kitazawa et al., 1991). Mechanisms
that affect the calcium sensitivity of the contractile apparatus are not well understood at present. Nevertheless, taken together it is evident that the functional contractile response of a vascular smooth muscle cell is the effect of a complex interplay between contractile proteins, kinases, phosphatases and cations
such as calcium and magnesium.
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Regulation of intracellular calcium
To trigger and maintain the cascade of protein activation and deactivation that leads to a contractile response in vascular smooth muscle, it has long
been recognised that the divalent calcium ion is an essential participant. The
free concentration of calcium ([Ca**]) that is present in the cytosol of vascular
smooth muscle cells governs for an important part the activity of the contractile
apparatus. Calcium is present in millimolar concentrations in the extracellular
compartment of higher organisms. The highly specialised biochemical pathways that induce a contractile response, however, operate at [Ca**] that are
about ten thousand times lower than the extracellular [Ca**]. Therefore, if similar calcium concentrations would exist in the intracellular environment, this
would fully activate numerous calcium dependent biochemical processes which
in the case of muscle cells, would lead to a tetanic contracture and cell death.
To circumvent such a hazardous situation, the cell is equipped with several
systems that remove calcium from the intracellular space. Calcium extrusion
from the cell and calcium uptake into intracellular stores enable the cell to
preserve a [Ca**], that is below the threshold for activation of calcium dependent biochemical reactions. On the other hand, to meet its physiological function, the vascular smooth muscle cell is in need of mechanisms that are able to
increase [Ca"*], to higher levels to enable calcium dependent processes, such as
the contractile response, to be activated.

Due to the large difference in extracellular and intracellular concentrations, calcium leaks into the cell through non-specific pores in the cell
membrane. However, besides this stationary, functionally relatively negligible
leak of calcium the vascular smooth muscle cell is equipped with highly selective calcium channels. Their function can be modulated through activation by
specific mechanisms. Activation leads to the influx of calcium ions along the
electro-chemical gradient. Because of their involvement in the regulation of the
contractile response in smooth muscle, these channels have generated considerable interest in and exploration of their operation.
In view of differences in their pharmacological properties and structural
characteristics, calcium channels have classically been divided into several
Subgroups (Hurwitz, 1986; Van Breemen et al., 1986; Bolton et al., 1988). Calcium channels
have been described that are opened by changes in membrane potential (Fig
1.2), following receptor stimulation (Fig. 1.3) and through physical forces applied to the cell, such as strain or stress. The so called potential- or voltageoperated calcium channels (VOC) have been studied most extensively. The
patch clamp technique showed the presence in vascular smooth muscle cells of
two types of voltage dependent channels (Bean et al., 1985; Loirand et al., 1986; Sturek
and Hermsmeyer, 1986). According to their kinetics they were termed T- and L-type
voltage operated calcium channels (Fig. 1.2). T-type channels (transient-type)
activate at quite negative membrane potentials and inactivate rapidly (Yatani et
al., 1987; Bean, 1989). Their functional role in the regulation of intracellular calcium
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is not well understood but they are thought to be involved in initiating calcium
dependent processes in the cell (Yatani et al., 1987; Bean, 1989). On the other hand, Ltype voltage channels (long lasting-type) are calcium selective channels that
activate at more positive membrane potentials and inactivate slowly (Bean, 1989).
With the use of highly selective radiolabelled ligands, these channels have been
isolated and cloned from different types of muscle cells. Even though their full
chemical structure is largely known at present (Hosey and Lazdunski, 1988; Glossman
et al., 1989), many aspects of the function of these channels are still under intense
investigation. Other types of voltage operated calcium channels have been
identified on neural (N-type) tissue and on Purkinje cells (P-type) but these
have not been identified in vascular smooth muscle and will therefore not be
discussed in the present dissertation (for review see: Bean, 1989).
Pharmacological studies suggested that calcium influx pathways exist
that are not dependent on changes in membrane potential (Rüegg et al., 1989).
Secondly, contractions evoked by full depolarisation of the cell membrane
could be further increased by receptor activation (Cauvin et al., 1988). Furthermore,
studies in which calcium influx in vascular smooth muscle was assessed indicate that the calcium flux induced by depolarisation could be further enhanced by receptor stimulation thus indicating additional influx pathways not
dependent on membrane potential (Van Breemen et al., 1972; Cauvin et al., 1987). Accordingly, these channels were referred to as receptor operated calcium channels
(ROC) (Somlyo and Somlyo, 1968; Godfraind and Kaba, 1972; Van Breemen et al., 1972; Droogmans et al., 1977; Meldolesi and Pozzan, 1987; Rüegg et al., 1989). Some electrophysiological
observations suggest the presence of receptor operated calcium channels in
non-vascular smooth muscle (Benham and Tsien, 1987; Sasaki and Gallacher, 1990). Opening of these channels through stimulation with ATP leads to the influx of
calcium. They are however rather nonselective; sodium currents also increase
significantly following channel opening (Benham and Tsien, 1987). Presently, one
has not been able to isolate receptor operated calcium channels from vascular
smooth muscle because of the lack of specific ligands. Other receptor operated
calcium channels, which can be activated through binding of a ligand at a
specific receptor site, are those that are found in the sarcoplasmic reticular
membrane. These calcium channels can be opened following activation by
inositol triphosphate and are therefore referred to as second messenger operated calcium channels (Putney, 1987).
A third type of calcium channel was proposed in vascular smooth muscle which was neither affected by changes in membrane potential nor by receptor stimulation. These channels appeared to be activated by physical deformation of the cell or cell membrane by Stretch (Hwa and Bevan, 1986; Kirber et al., 1988;
Laher and Bevan, 1989).
Calrium
Calcium is extruded from the cell primarily by a calcium -ATP-ase (Fig.
1.2) (Carafoli, 1987). This pump is an energy consuming calcium extrusion pathway. Besides active extrusion of calcium from vascular smooth muscle, it has
been suggested that a pump exists that exchanges sodium for calcium (Carafoli,
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1987). This extrusion mechanism (Fig 1.2) is driven mainly by the sodium gradient across the cell membrane. Depending on electrical and chemical gradients
the exchanger will either extrude calcium from the cell or lead to the influx of
calcium (Carafoli, 1987). Whether the sodium-calcium exchanger contributes significantly to calcium extrusion in vascular smooth muscle is not fully understood.
Furthermore, besides pumps that extrude calcium from the intracellular
space out of the cell, specific cell-organelles exist that can actively take up
calcium from the cytosol. In principle this is achieved by a calcium ATP-ase
that is similar to the one in the sarcolemma (Carafoli, 1987). Mitochondria are able
to accumulate calcium but their role in vascular smooth muscle is small compared to the sarcoplasmic reticulum (Fig's. 1.2 and 1.3) which is capable of
storing calcium in millimolar concentrations (Carafoli, 1987). The role of the sarcoplasmic reticulum as a regulator of intracellular calcium concentrations ([Ca^*];)
and contraction of vascular smooth muscle has been studied in great detail and
was reviewed by several authors (Carafoli, 1987; Bers and Bridge, 1989). Because of
their strategic position within the cell, in close proximity to both the cell membrane on one side and the contractile apparatus on the other, calcium stores are
believed to function firstly as a buffer between the cell membrane and the
contractile machinery for calcium leaking into the cell and secondly, as one of
the key sites for the release of calcium into the cytosol (Saida and Van Breemen, 1984;
Van Breemen and Saida, 1989).

ivirn/ Wocfars
Drugs have been developed that interfere with calcium channel function
in either a stimulatory or inhibitory fashion. The different classes of calcium
entry blockers or calcium antagonists that have been defined either by chemical
structure, tissue selectivity or specificity have been reviewed in numerous
GJ/C/'M/H

publications (Fleckenstein, 1983; Godfraind et al., 1985; Struijker Boudier et al., 1990).

Inorganic cations can interact with calcium channels in a direct and reversible manner. Depending on their binding affinity for specific channel binding sites divalent cations can either pass the channel pore freely (barium and
strontium), or will act as blockers of the channel (manganese, nickel and cobalt). Also trivalent cations, such as lanthanum, are potent inhibitors of calcium
channels, and are therefore used experimentally for this purpose. However,
except for nickel which is believed to be quite specific for ROC (Kass et al., 1990),
cations are rather nonspecific for the various types of calcium channels.
Organic calcium entry blockers are more selective and are used in the
treatment of different cardiovascular pathologies (Fleckenstein et al., 1984, 1987;
Struijker Boudier et al., 1990). The concept of calcium antagonism emerged in the
sixties from studies with lidoflazine and cinnarizine and from studies in which
it was shown that the inhibitory effect of verapamil on cardiac muscle contractility could be reversed by increasing the extracellular calcium concentration
(Fleckenstein, 1964; Godfraind et al., 1968). Since, many organic calcium entry blockers
with different therapeutic properties were developed. Based on their chemical
structure and pharmacological properties, four major groups can be defined.
10
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The diphenylpiperazines, which include cinnarizine and flunarizine; the verapamil derivatives including gallopamil and tiapamil; the benzothiazepines of
which diltiazem is an example and finally the dihydropyridines of which Bay
K 8644, isradipine, felodipine, nifedipine, nimodipine and nitrendipine are
some examples. Other substances that also have calcium antagonistic properties
include: bepridil, prenylamine, papaverine and yohimbine derivatives.
The dihydropyridines encompass the largest and most diverse group of
calcium entry blockers. Dihydropyridines have been found to have the highest
affinity and selectivity for the L-type calcium channel (Bean, 1989). For this reason, the L-type calcium channel has also been called the dihydropyridine receptor (Gill, 1989; Rampe and Tnggle, 1989). T-type voltage operated calcium channels, on the other hand, are relatively insensitive to dihydropyridines (Bean,
1989). Of the different groups, dihydropyridines also display highest vascular
selectivity (Fleckenstein et al., 1984; Lorimer et al., 1985; Ljung, 1990) and therefore prevail
for the treatment of vascular related pathologies, whereas verapamil derivatives and diltiazem are preferably used as antiarrythmics (van Zwieten, 1989).
Some members of the dihydropyridine family have distinct properties
from the rest of the group. Substances like Bay K 8644, Bay R 5417 and CGP
28392 have been shown to have calcium agonistic instead of antagonistic characteristics. These substances increase the opening of L-type calcium channels
(Droogmans and Callewaert, 1986; Asano et al., 1987; Nelson et al., 1990), and have therefore
been used as experimental drugs in the study of calcium channel function.
Depending on the concentration used some dihydropyridines may exert agonistic Or antagonistic properties (Schwartz, 1989; Prieto et al., 1991).
Already the fact that different types of calcium channels have been proposed, illustrates in a way that calcium channel function can be controlled by
different means. For the contractile apparatus present in the vascular smooth
muscle cell to be controlled, signals from higher neural centres or hormone
systems have to be transduced from the outside of the cell to the contractile
filaments through these calcium channels. This process, which is also referred
to as excitation-contraction coupling is the major mechanism regulating vascular smooth muscle function.

Excitation-contraction coupling in vascular smooth muscle
Generally, changes in the contractile state of the smooth muscle cell are
regulated from the outside. This is achieved through a signal transduction
mechanism that comprises the course of signals that are generated at the cell
membrane surface to the intracellular space and contractile apparatus. Roughly
three systems can be distinguished: electro-mechanical coupling, pharmacomechanical coupling and mechanotransduction (Fig's. 1.2 and 1.3).
coup/mg
Membrane potential governs the "activity" of voltage operated calcium
channels. Thus, any intervention that changes membrane potential of the
smooth muscle cell leads to either an opening or closure of voltage operated
11
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Figure 1.2. Electro-mechanical coupling mainly involves the stimulation of the contractile
machinery by calcium th.it enters the cell through voltage operated calcium channels of
different types (L-VCX" and T-VOC, respectively, see text). These channels are sensitive to
changes in membrane potential. Membrane potential is largely dependent on the permeability of the membrane for anions and cations and the activity of the Na* - K' ATPase. Membrane potential is significantly affected by the opening of specific potassium
channels of which in vascular smooth muscle the calcium dependent ( K \ J and ATPsensitive (K*,^.) channels have been identified. Various exchange mechanisms operate by
virtue of ion-gradients across the cellmembrane (Na* - C a ' \ Na* - H', Na* - Na*, Na* HCO, exchange, Cl - HCO,, Na* - K* - Cl -cotransport). Calcium can be extruded from
the cell by a Ca"*-ATPase (energy consuming indicated by gray coloured circle) and by
the exchange of sodium for calcium (Na*-Ca**-exchange).

calcium channels. In principal, electromechanical coupling contracts smooth
muscle on the basis of this phenomenon. The electrical potential difference
across the cell membrane is the net result of the activity of a number of active
and passive ion transport mechanisms in the cell membrane. Figure 1.2 illustrates some ion-pumps, exchange proteins and ion-channels that have been
identified in vascular smooth muscle which can all affect membrane potential
(Hermsmeyer. 1982, 1487; Mulvany and Aalkjaer, 1990). Of these, especially t h e electrogenic sodium p u m p (Na*/K*-ATP-ase) and the different potassium channels
(Weston and Abbot, 1987; Cook, 1988; Standen et al., 1989), can modify membrane potential in vascular smooth muscle (Hermsmeyer, 1982, 1987). The relationship between
the opening of L-type voltage operated calcium channels and membrane potential has been reviewed in detail (Nelson et aJ., 1990).
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Mathematical models and experimental observations indicate that the
probability of a calcium channel to be in an open state increases with less polarised membrane potential in a fashion that is much like the concentration dependent effects of contractile stimuli on vascular smooth muscle (Hirst and Edwards, 1989; Nelson et al., 1990). Within the physiological range of membrane potential in vascular smooth muscle, i.e. between about -45 and -35 mV (Neild and
Keef, 1985; Hirst and Edwards, 1989; Nelson et al., 1990), the Calcium channel's Open time
increases exponentially. This implies that within a narrow range of membrane
potential, influx of calcium through L-type calcium channels changes dramatically. Depolarisation of vascular smooth muscle is therefore a very direct way
of stimulating the contractile proteins.
Binding of an agonist to its specific receptors on the cell membrane initiates a cascade of biochemical events leading to contraction or relaxation. Generally the pathway from agonist to cellular response consists of receptor activation, G-protein activation and subsequent second messenger generation resulting in activation or inhibition of the cellular response. Activation of a membrane bound receptor can lead to either direct stimulation of an intracellular
messenger or to activation of so called G-proteins. G-proteins or GTP-binding
regulatory proteins were first shown to be involved in the adenylate cyclase
pathway by Rodbell in 1971 (see: Birnbaumer, 1990a). They have been shown to be
membrane bound proteins consisting of three subunits. Receptor activation can
induce the displacement of GDP by GTP on the a-subunit thereby changing
the conformational state of the protein and releasing the active binding site of
the G-protein. The activated G-protein can in turn activate or inhibit enzymes
or ion channels through binding at specific target sites (Brown and Birnbaumer, 1988;
Brown et al., 1989; Birnbaumer, 1990a). Second messenger systems that play a major
role in the contractile function of vascular smooth muscle and that are regulated by G-proteins are the cAMP and the phosphatidylinositide pathways
(Birnbaumer, 1990a, b). Briefly, different G-proteins have been suggested in smooth
muscle with respect to their stimulatory (G,) or inhibitory (G,) action on adenylate cyclase, their activation of phospholipase-C (Gp) or activation of ion channels (G,,) (Birnbaumer, 1990a, b). The presence and possible role of the latter Gp and
G„ proteins in small artery smooth muscle, however, is not fully clear. Whether
pathways of pharmaco-mechanical coupling in resistance arterial smooth muscle cells are comparable to those found in other tissue remains to be clarified.
Presently it is evident that generation of cAMP (Fig. 1.3) by the activity
of the membrane bound adenylate cyclase and the subsequent activation of
cAMP dependent protein kinases (protein kinase-A) results in relaxation of
smooth muscle cells through effects of cAMP on membrane ion channels
(Artalejo et al., 1990; Heesen and De Mey, 1990), calcium extrusion and uptake (Graziano
and Gilman, 1987; Kamm and Stull, 1989; Komori and Bolton, 1989) and on the sensitivity of
the contractile machinery for calcium (Kamm and Stull, 1989). Accumulation in the
vascular smooth muscle cell of cyclic guanosine monophosphate (cGMP) (Fig.
1.3) following stimulation of membrane bound (particulate) or cytosolic (solu13
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ble) guanylate cyclase will also result in a relaxing response in vascular smooth
m u s c l e (De Mey et al., 1987; Lincoln, 1989).
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Figure 1.3. Pharmaco-mechanical coupling is achieved through transduction of a stimulus
initiated at the cell membrane to the intracellular compartment. One of the activating and
one of the inactivating mechanisms of the contractile response in vascular smooth muscle
are illustrated.
A) The phosphoinositide pathway: receptor activation (e.g. al-adrenergic, angiotensin,
vasopressin, endothelin, serotonin) leads to the activation of phospholipase C (PLC) that
cleaves phosphatidyl biphosphate (PIPj) into inositol triphosphate (IP,) and diacylglycerol
(DAG). Furthermore, receptor activation may open receptor-operated calcium channels
(ROC) in the sarcolemma directly or indirectly through second messengers. IP, induces
the release of calcium from the sarcoplasmic reticulum (SR) through second messenger
operated calcium channels (SMOC). DAG activates protein kinase C (PKC) which increases the calcium sensitivity of the contractile apparatus and possibly calcium influx.
B) The cyclic nucleotide systems. Receptor stimulation can either inhibit (A) or stimulate
(B) adenylate cyclase (AC) through activation of inhibitory (G,) or stimulatory (G^) GTPbinding regulatory proteins. This results in reduced or increased production of cyclic
adenosine monophosphate (cAMP) which reduces calcium sensitivity of the contractile
machinery, stimulates intracellular calcium uptake and calcium extrusion mechanisms
and causes hyperpolarisation, which eventually lead to a relaxing response. These are at
least partly mediated by activation of protein kinase-A. Furthermore, activation of guanylate cyclase (soluble or paniculate) generates cyclic guanosine monophosphate (cGMP).
Like cAMP, cGMP exerts vasodilating effects in vascular smooth muscle. The molecular
mechanisms are less well understood than those participating in the effects of cAMP.

Some fourty years ago, a third signal transduction pathway was discovered (see: Berridge and Irvine, 1984) that appeared to be a major system through
which many vasoactive substances exert a contractile response in vascular
smooth muscle; the phosphoinositide pathway (Fig. 1.3). The phospholipid
phosphatidyl-inositol 4,5-biphosphate (PIPj) is a minor membrane constituent
that can be hydrolised by the membrane bound phospholipase-C (PLC). This
results in the generation of inositol triphosphate (IP3) and a diacylglycerol
(DAG). The former has been shown to bind to specific receptors on the sarcoplasmic reticulum thereby inducing calcium release from the sarcoplasmic
reticulum (Berridge, 1986a, b). IP3 can be further phosphorylated into inositol tetrakisphosphate (IP4), pentakisphosphate (IP,) up to inositol hexakisphosphate
(IP„). From these metabolites IP4 has been suggested to have additional regulatory effects on [Ca**], (Boynton et al., 1990). On the other hand diacylglycerol activates protein kinase-C before being metabolised into arachidonic acid (Berridge,
1986b; Nishizuka, 1986). Protein kinase-C has multiple substrates. It has been suggested to be involved in the phosphorylation of several ion channels and exchangers (Boscoboinik et al., 1990), the phosphorylation of receptors (Huganir and
Greengard, 1987; Raymond et al., 1990), decrease of the activity of phospholipase C
(Yamatani et al., 1990) and increase of the calcium sensitivity of the contractile
apparatus (Adelstein and Sellers, 1987; Khalil et al., 1987; Rasmussen et al., 1987; Drenth et al.,
1989). Whether these findings also apply for resistance arterial smooth muscle is
unknown. The question whether protein kinase-C is involved in the maintenance of the contractile state of vascular smooth muscle remains therefore
under continuous exploration (Forder et al., 1985; Rasmussen et al., 1987; Khalil and Van
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Breemen, 1988; Sasaguri and Watson, 1989). In following chapters the possible role of
protein kinase-C in the function of vascular smooth muscle cells will be further
addressed.
Besides the above mentioned second messenger systems, other systems
exist in vascular smooth muscle cells that may also be involved in contractile
processes. Different phospholipases are present in the cell which generate second messengers such as phosphatidic acid, and arachidonic acid which in turn
serve as substrates for tiie lipoxygenase and cyclo-oxygenase pathways
(D"Orleans-juste et al.. 1985; Luscher, 1990). Some growth factors have been described
to exert contractile responses in isolated large arteries (Berk et al., 1985). Most of
the growth factors like platelet derived growth factor (PDGF) or epidermal
growth factor (EGF) activate a tyrosine kinase that is incorporated.within the
membrane receptor (Blackshear et al., 1988). Activation of this kinase may affect the
phosphoinositide system and subsequently contractility of smooth muscle (Boyer
et al., 1989).

The different pathways discussed presumably interact resulting in complex feedback mechanisms. Calcium itself for example activates phospolipase-C
and calcium dependent potassium channels (Berridge and Galione, 1988) and induces its own release from intracellular Stores (Berridge and Galione, 1988; Van Breemen
and Saida, 1989).

Additionally, physical distortion of the cell or cell membrane can activate
second messenger systems and ion channels (Kirber et al., 1988; Watson, 1991). Calcium channels have been suggested that are opened by stretch of vascular
smooth muscle (Hwa and Bevan, 1986; Laher and Bevan, 1989). Furthermore, stretch has
been shown to affect the sensitivity of vascular smooth muscle to pharmacological stimulation (Price et al., 1981; Nilsson and Sjöblom, 1985). Especially in myogenic
autoregulatory responses mechanotransduction may play a prominent role.
However, concerning the mechanisms of transducing a physical factor into a
contractile response, little is known. The excitability of the membrane may be
involved (Smeda and Daniel. 1988; Johansson, 1989) in these phenomena as well as
second messenger systems (Watson, 1991). Eventually, one has to consider that the
vascular smooth muscle cell is attached to an extracellular matrix consisting of
structures that may interfere with mechanotransducing mechanisms and cell
function. Alterations or malfunctions in this delicately tuned equilibrium of all
the controlling mechanisms could lead to pathological situations.

THE VASCULAR WALL AND HYPERTENSION
At present, besides starvation, infectious diseases and cancer, failure of
the cardiovascular system represents a major cause of death for mankind. This
dissertation will be confined to fundamental mechanisms of contraction of
small artery smooth muscle cells and alterations herein that may possibly be
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involved in the genesis and maintenance of hypertension. Hypertension predisposes for cardiovascular diseases such as angina pectoris, heart failure, sudden
death and stroke (Genest et al., 1983). To increase quality and duration of the
human lifespan it is therefore of importance to effectively treat hypertension.
Effective treatment requires the knowledge of pathological mechanisms involved. Many years of exploration of the development and maintenance of
hypertension brought some clarification on potential pathogenic mechanisms.
However, full control of these pathologies is not yet achieved and investigation
on their mechanisms continues.
Two subtypes of hypertension may be considered. A state of chronically
increased blood pressure resulting from a clear cause such as renal insufficiency, hyperaldosteronism, Cushing's syndrome, diabetes or obesity (see: Genest et
al., 1983) is termed secondary hypertension. This can frequently be normalised
by treatment of the primary cause. In the case of primary or essential hypertension however, the cause for the rise in blood pressure is not fully known. Presently it is believed that different factors may underlie the development of
primary hypertension.

Essential hypertension
One hypothesis that may explain the development of essential or primary hypertension in human or experimental animal models was proposed by
Folkow in the late fifties (Folkow et al., 1958). Genetic factors predispose an individual to become hypertensive. Ageing and environmental factors such as diet,
mental stress and salt balance increase the probability of these to develop hypertension (Folkow et al., 1958; Folkow, 1982). A pressor substance present in the
blood plasma in concentrations that would normally not affect vascular tone
would induce a small but sustained vasoconstriction in subjects that have an
increased susceptibility for the pressor substance due to altered genetic factors.
The global vasoconstriction would in turn increase total peripheral resistance
and hence blood pressure. The maintained small but significantly raised blood
pressure would lead to a structural adaptation of the resistance vasculature as
to unload the active components of the vascular smooth muscle cells and redistribute and normalise wall stress. This results in a thickening of the wall and a
narrowing of the lumen of resistance-sized vessels within the arterial tree or in
an increase in muscle mass. An increase of the wall to lumen ratio has been
suggested to affect the reactivity of the vessel (Folkow. 1986, 1990). The increased
reactivity for vasopressor substances consequently leads to a further narrowing
of vessel diameter. Finally this vicious circle of positive feedback results in an
upward resetting of blood pressure.
This hypothesis was later adapted by Lever (Lever, 1986) in such a way
that not only pressor substances were thought to be involved in upregulating
vascular structure but also mitogenic factors. These could also be involved in
alteration of vascular dimensions, without any initiating change in blood pressure (Overbeck, 1980; Plunkett and Overbeck, 1988; Smeda et al., 1988). It has been repeatedly Shown (for review see: Mulvany and Aalkjaer, 1990) that the wall / lumen ratios in
17
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arteries of hypertensive subjects are increased compared to their normotensive
controls. Depending on the vascular bed hypertrophy and hyperplasia of arterial smooth muscle or rearrangement of vascular smooth muscle cells in the
medial layer are responsible for the overall structural change (Lee et al., 1983;
Plunkett and Overbeck, 1985; Mulvany, 1986; Aalkjaer et al., 1987c; Lee, 1987; Folkow, 1990). / «

u/uo it can be shown that under fully dilated conditions, the minimal resistance
to blood flow in hypertensives is significantly increased compared to normotensives, indicating a structural narrowing of the vascular bed (see Folkow, 1990).
Furthermore, hyperreactivity of vessels from hypertensive humans and animals
has been observed independent of the vasoconstrictor used, which is in agreement with the increased wall / lumen ratio (Lais and Brody, 1978; Mulvany, 1989;
Triggle, 1989).

Cellular alterations in hypertension
Although many differences have been found on the cellular level between vascular smooth muscle from hypertensive and normotensive subjects,
no consensus has been reached as to which of the alterations is dominating or
would be the primary key factor in the development of the hypertensive state.
In fact some observations made in different species or different vascular beds
show conflicting results which make the interpretation of factors that are involved in this vascular pathology extremely difficult. Also in this aspect, multifactorial interactions take place which, provided they occur under the right
circumstances, will amplify or synergise with each other.
Vascular smooth muscle cells of spontaneously hypertensive rats show
in many cases a hypersensitivity for contractile substances (Lais and Brody, 1978;
Webb, 1984; Triggle, 1989; Kong et al., 1991), whereas in essentially hypertensive humans the opposite has been found (Aalkjaer and Mulvany, 1983; Aalkjaer et al., 1987b).
Hypersensitivity to vasoconstrictors, however has been suggested to arise
either from an altered affinity of receptors on the smooth muscle cell membrane (see Michel et al., 1989, 1990), an increased or decreased number of available
receptors or an alteration in the transducing mechanism of the particular receptor. Uehara et al., (1988) and Koutouzov et al., (1987) for example, have shown
that the activity of phospholipase-C is increased in spontaneously hypertensive
rats compared to their genetically related but normotensive Wistar Kyoto rats
(WKY). Upstream in the phosphoinositide pathway it has been observed that
the function of specific G-proteins may be altered in hypertension (Asano et al.,
1988; Johnson et al., 1991). Concerning receptor number and properties it has been
suggested that adrenoceptor characteristics are different in hypertensive subjects. Whether these are due to altered sympathetic activity or changes in different mechanisms has to be established (Abel and Hermsmeyer, 1981; Abboud, 1982;
Head, 1989; de Champlain, 1990; Esler et al., 1990;Michel et al., 1990a).

Calcium has been implicated as being responsible for changes in vessel
reactivity (Sharma and Bhalla, 1988; Bukoski, 1990). It has been shown in spontaneously hypertensive rats but not in human vessels that the sensitivity for calcium in
the presence of agonists is increased (Mulvany and Nyborg, 1980; Aqel et al., 1986, 1987;
18
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Rusch and Hermsmeyer, 1988; Boonen and De Mey, 1990). This has been a t t r i b u t e d

to

either alterations in the number or kinetics of the calcium channel itself, in
modifications of its controlling mechanisms or in an alteration of the calcium
sensitivity of the contractile apparatus. Evidence presently favours the hypothesis that it is a membrane defect which may be the primary cause for some
forms of hypertension (Harder and Hermsmeyer, 1983; Hermsmeyer and Harder, 1986;
Exton, 1988; Sharma and Bhalla, 1988; Swales, 1990). Harder and Hermsmeyer, (1983)

suggested that defects in smooth muscle cell membrane ion handling would
result in altered calcium homeostasis and consequently changes in cell function. It is still unknown whether the described alterations in cellular systems
are epiphenomena that occur as a result of alterations in control systems during the hypertensive state or whether these contribute significantly to the
development or maintenance of high blood pressure. This aspect is of exceptional importance in the understanding of hypertension.

Alterations in vascular control mechanisms
As pointed out above, changes on the cellular level may evolve from
alterations on a higher level. For example, a change in the number or affinity of
adrenergic receptors (Michel et al., 1989, 1990) may be related to the observed
changes of the sympathetic nervous system in hypertensives (Aprigliano and
Hermsmeyer, 1977; Abboud, 1982; de Champlain, 1990; Esler et al., 1990; Mark, 1991). Effects of

the sympathetic nervous system on vascular function have been studied in a
wide variety of species and vascular beds (Abboud, 1982; Aalkjaer et al., 1987a). The
endothelial layer which is, as discussed above, an important regulator of vascular function, has been shown to be altered in many aspects during different
forms of hypertension. Endothelium-dependent relaxation of vascular smooth
muscle is impaired in vessels from hypertensives (Winquist et al., 1984; De Mey and
Gray, 1985; Lüscher, 1990a, b), which may be due to a reduced release of EDRF or
increased production of EDCF. Furthermore, alterations in the renin angiotensin system have been implicated in the development of hypertension (Lüscher,
1990b; Scott-Burden et al., 1992). Angiotensin II not only induces a contractile response in vascular smooth muscle (Griendling et al., 1987, 1989), it also has trophic influences on vascular smooth muscle (Berk et al., 1989; Daemen et al., 1991; Schelling et al.,
1991).

Many factors appear to be altered in hypertension. Yet, it remains unknown whether some actually contribute to the development of the increased
blood pressure or result from it. Especially on the level of the resistance vasculature, it is unresolved whether cellular processes may or may not be involved
in the emergence of the hypertensive disease.
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THIS THESIS
The objective of the present thesis was to investigate mechanisms of
excitation-contraction coupling in small arterial smooth muscle and to evaluate
whether changes in vascular reactivity on a resistance arterial level are involved in the aetiology and maintenance of hypertension.
Excitation-contraction coupling mechanisms were studied in multicellular resistance arterial preparations. Effects of calcium antagonists were compared in large and small arteries paying particular attention to differences in
electromechanical and pharmacomechanical coupling and in receptor characteristics (Chapter 3). The role of calcium was assessed during pharmacological
and electromechanical stimulation of small arteries and effects of a dihydropyridine calcium antagonist and agonist were related to these (Chapter 4). Mechanisms that are involved in the transduction of a pharmacological stimulus into
the release of intracellular calcium, calcium influx and subsequent contraction
of small arteries were evaluated with respect to the involvement of GTP-binding regulatory proteins (Chapter 5). The role of protein kinase-C in different
mechanisms of excitation-contraction coupling in small arteries was evaluated
(Chapter 6). Lastly, the importance of mechanotransducing pathways in contraction of small arteries and the possible mechanisms of this transduction pathway were assessed during static distension of small arteries (Chapters 7 and 8).
From the results obtained a model of excitation-contraction coupling mechanisms in small arteries will be proposed which may explain hypersensitivity
and hyperreactivity in small arteries of adult spontaneously hypertensive rats.
Whether resistance arterial changes in reactivity may be responsible for
development or maintenance of hypertension was assessed using in u/fro and i;i
z'riw approaches (Chapters 9 and 10). Finally, an integration was made regarding
mechanisms of excitation-contraction coupling in small arteries, their involvement in changes in vascular reactivity and their relation to animal models of
hypertension (Chapter ID.
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For most experiments, male normotensive Wistar Kyoto rats (WKY) and
age matched spontaneously hypertensive rats (SHR) of the Okamoto strain
were used. The age of the rats ranged from 6 to 20 weeks depending on the
experimental objective. Rats were obtained from locally inbred strains (University of Limburg, Maastricht, The Netherlands). Rats were housed in standard laboratory cages. They received food (type RMM-TM, Hope Farms, Woerden, The Netherlands) and water ad /ib/fum. Prior to the isolation of small arteries, rats were sacrificed by a sharp blow on the head and exsanguination.

Measurement of mechanical properties of small arteries
T/ie

In the introductory chapter the importance of small arteries in the control of total peripheral resistance and their role in hypertension has been emphasised. Measurement of mechanical, structural and pharmacological properties of specific vascular segments was in the past limited mainly to large vessels because of technical difficulties. Some 15 years ago, however, a technique
for measuring isometric force development in small arteries was developed
into a working tool for the use of small arteries (100-400 urn in diameter) by
Mulvany and Halpern, (1977) (Fig. 2.1). Ring segments of small vessels can be
mounted in an organ bath on two stainless steel wires between a displacement
device and an isometric force transducer (JP Trading Corp., Risskov, Denmark).
This technique enables the study of mechanical and pharmacological properties
of small arteries or veins of different origin and is used for this purpose
throughout this study.
and mownfmg of arteries
The mesentery was isolated from the rats, rinsed with a buffered physiological salt solution and pinned out on a petri dish coated with Silgard (Dow
Corning Corp.) filled with a buffered physiological salt solution. Third to
fourth order side branches of the superior mesenteric artery were dissected
from the mesentery. In some comparative studies, segments of the superior
mesenteric artery were also dissected directly after branching of this artery
from the abdominal aorta. A stainless steel wire with a diameter of 40 um was
inserted into the lumen of the vessel proximal from the "test" segment before it
was taken out of the mesentery. To exclude influences of sympathetic nerveendings on mechanical and pharmacological properties (Vanhoutte et al., 1981),
vessels were chemically sympathectomised, except when specifically indicated.
This was achieved by an incubation of the vessels during 10 minutes at 37°C in
a modified Krebs solution (pH 4.0) that contained 300 (ig/ml 6-hydroxydopamine (Aprigliano and Hermsmeyer, 1977). Sympathectomy was considered successful
when contractile responses induced by high potassium were similar in the
absence or presence of the a-blocking agent phentolamine. A second wire was
then inserted into the lumen of the vessel and the vessel segments were then
mounted for recording of isometric force development (Fig 2.2).
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Figure 2.1 Drawing of the small vessel myograph (see text) as it was used throughout the
experiments that are described in the present thesis. The following essential parts can be
distinguished: A stainless steel organ bath with a volume of 10 ml (A) in which in parallel two preparations can be studied. Two cover glasses in the bottom enable visualisation
of the preparations from below. Two pair of stainless steel supports (B) of which one is
connected to a displacement device (C) and the other to a force transducer (D) that is
embedded in the wall of the organ bath. The transducers can be connected (E) with an
amplifier and chart recorder. The myograph is waterheated through an internal circuit (F)
of canals connected to an external waterbath. Actual temperature of the solution in the
bath is registered through a temperature probe (G) that is connected to the amplifier.
Solutions in the bath can be aerated, removed or added through various small tubes (H)
that enter the bath from both sides.

parameters
The mechanical properties of small arteries can be described by a model
that was previously described by Hill (see: Mulvany and Aalkjaer, 1990). This model
consists of a viscous element which is coupled in parallel and in series to elastic elements that are mainly comprised of extracellular matrix components.
Passive and active isometric force can be picked up by the force transducer in
the myograph. From these some of the mechanical properties of the vessel can
be deduced.
In the myograph the vessel is distended to an ellipsoid conformation
(Fig 2.2). An internal lumen diameter (D, (|im)) can be calculated which the
vessel would have in an imaginary circular situation. Diameter is calculated
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from the thickness of the wires ( d j and the imposed displacement of the
micrometer (X.J.
£> =

„ + (2J„ + rcrfj

Wall tension (WT, expressed in mN/mm) is calculated as:
WT = —
20
in which F stands for the force (mN) measured by the transducer and 8 for the
longitudinal length of the vascular preparation. The latter is measured with the
use of a microscope equipped with a scaled eye piece. Measured wall tension
can be subdivided into resting wall tension (RWT), which is the force developed in a resting distended vessel, total wall tension (TWT), representing the
force developed upon stimulation of the vessel with a vasoactive substance,
and active wall tension (AWT = TWT-RWT). With the use of Laplace's equation an effective transmural pressure (ETP, in mN/mm') can be calculated
which is an estimate of the transmural pressure required to stretch the vessel to
the combination of WT and diameter of interest.
£7? =

WT
D/2

Finally, wall stress (WS, in mN/mm") normalises wall tension for media thickness (M,, see below).
,,,~

WT

Figure 2.2 Illustration of a small artery
segment mounted on two wires between two stainless steel supports that
are either connected to a force transducer or a displacement device with
which one is able to distend the segment in the indicated directions (arrows). The vessel segment has a length
and diameter of about 2 mm and 200
|im (see Table 2.1), respectively.

The study of mechanical properties and pharmacological behaviour of
small arteries from different species or different rat strains requires that experiments are performed under near physiological circumstances. This means
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that vessel reactivity is studied at 37°C, in buffered salt solution with sufficient
concentrations of O, and glucose for maintenance of basal function. Furthermore, to draw conclusions or to make comparisons of results obtained in vessels of different origin or from different species it is essential to start with similar standardised conditions. It is not only of importance to mimic external
physiological factors such as temperature or pH but also vascular qualities as
thev would have been ;'n ?>u>o. Muscle behaviour depends very much on the
initial length or Stretch that is applied (Mulvany and Warshaw, 1979; Moreland et al.,
1988; Barany et al., 1990; Rembold and Murphy, 1990). The reactivity to Vasoactive drugs
is also affected by physical parameters (Price et al., 1981; Nilsson and Sjöblom, 1985).
Therefore, before experimentation, the vessel lumen diameter has to be
normalised using well defined criteria. Two approaches can be mentioned in
this respect. The internal lumen diameter of the vessels can be set at 907c of the
diameter the vessel would have ;» i>/z>o when subjected to a transmural pressure of 100 mm Hg. It has been Shown previously (Mulvany and Halpern, 1977;
Mulvany and Warshaw, 1979) that at this diameter, mesenteric resistance sized arteries of adult normotensive rats develop their maximal force. Another approach
is to find the diameter at which an individual vessel contracts maximally to a
direct stimulation of the vascular smooth muscle (De Mey and Brutsaert, 1984).
Advantages of the first approach are that the determination of the internal lumen diameter can be obtained very accurately from the passive characteristics of the vessel by finding the intersection of the isobaric line for 100 mm
Hg (obtained using Laplace's equation) and the passive length-tension relation
(Fig. 2.3), which can be fitted by an exponential curve as follows:
K W T = X • <?<">

in which A is a constant, P the stiffness factor and D the diameter of the vessel.
Therefore, the diameter corresponding with the intersection of these two lines
is physically and mathematically strictly defined and standardised. Disadvantages are that the active component of the vessel wall is not included in the
determination of the lumen diameter and that secondly, the /» z'/'uo transmural
pressure at the site of the vessel segment is not necessarily 100 mm Hg. This
implies that in arteries or veins of other vascular beds or other species, the
standardised lumen diameter may be an over- or an underestimation, resulting
in a distension of the vessel that is below or above the "physiological" value.
As will become clear in following chapters (chapters 7 and 8), stretching of
vessels has significant effects on sensitivities for pharmacological stimuli. This
has serious implications for comparison of results obtained in vessels of normotensive and hypertensive rats and for their interpretation.
The performance of the active component is essential in the determination of the optimal lumen diameter in the latter approach. Figure 2.3
shows a typical example of the protocol used for the determination of the optimal lumen diameter (D,,). Under fully relaxed conditions the vessel diameter
is increased stepwise and is intermittently stimulated with a depolarising high
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Figure 2.3 A) Typical tracing
illustrating the protocol for
the determination of the optimal internal lumen diameter (D„). Sympathectomised vessels mounted in a
myograph are stretched (X)
and intermittently stimulated
with 125 mM K-KRB. This
procedure is repeated until
the transient active response
to 125 mM K-KRB (AWT,)
has reached a maximum.
From this protocol a diameter - wall tension relation
can be plotted as shown in
B)
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B) Diameter tension relationship in sympathectomised mesenteric resistance sized arteries. Figure shows resting wall tension (RWT, open circles), total transient (TWT,) and
sustained (TWT,) wall tension (open triangle and square, respectively) and transient
(AWT,) and sustained (AWT,) active wall tension (closed circles and triangles, respectively), which are obtained by subtracting RWT from TWT. Values are means ± SEM
with n=31. The straight line represents the isobaric line at which ERTP would be 100 mm
Hg. Finally the diameter of the preparations is set at the diameter where AWT, is maximal.
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potassium solution ([K*], 125 mM). In sympathectomised arteries this will
result in a biphasic response consisting of an initial transient (AWT,) and a subsequent sustained contraction (AWT,)(Fig 2.3). Plotting the resting and transient
active wall tension against the diameter will give a resting and active lengthtension curve (Fig 2.3). As mentioned before, the resting tension versus diameter curve describes an exponential relation. The circumferential length-active
tension curve can be fitted with a polynomial equation. The top of the curve is
observed at D,,. This means that regardless the true transmural pressure that
may be present /» tróo a normalised lumen diameter can be found at which the
vessel performs maximally. Some evidence shows that z'n uróo, vessels preferentially "live" at the diameter at which they can respond maximally to stimulation (Lash et al., 1991). These observations strengthen our decision to use the determination of the "optimal lumen diameter" being the diameter at which the
vessels respond maximally to a direct depolarising stimulus. However, also this
approach has some disadvantages. The top of the active wall tension diameter
relation is quite flat (Fig. 2.3) which means that a similar maximum response
extends over a relatively broad range of diameters and resting wall tensions.
Furthermore, the choice of the stimulus to obtain D;, could be of importance.
Different stimuli may give different D„. Maximal stimulation of the preparation
with a mixture of known vasoconstrictors could be an obvious solution for this
problem. However, some vasoconstrictors act as vasodilators in vessels from
different sources. This complicates the choice of vasoconstrictors that may be
used to maximally stimulate a vessel segment. Therefore, to preserve a standardised approach, we used a receptor independent direct stimulation of the contractile apparatus by a depolarising high potassium solution. Table 2.1 compares D,, and the corresponding maximal active wall tension and effective transmural pressures as they were obtained in vessels from WKY and SHR with the
different ways of standardisation.

Pharmacological evaluation of resistance arterial reactivity
Vascular reactivity and mechanisms of excitation-contraction coupling
responsible for the contractile function of small arteries were assessed using
pharmacological tools. This approach was used for the following reasons: i)
measurement of contractile function requires intact preparations, ii) the small
size of these vessels hinders biochemical evaluation of processes that take place
on a molecular level, iii) some biochemical events in the excitation-contraction
coupling process depend on an intact integrity of the vessel wall (Watson, 1991)
and can therefore not be assessed in homogenates of smooth muscle cells.
The pharmacological tools that were used included noradrenaline (and
phenylephrine), angiotensin II, arginine vasopressin, serotonin and endothelin.
These substances have been shown to significantly affect vascular function in
iwo. They are derived from systems that exert major regulatory roles on vascular reactivity, such as the sympathetic nervous system, the renin-angiotensinaldosterone system, the endothelium and blood borne substances involved in
inflammatory responses (D'Orleans-Juste et al., 1985; Furchgott and Vanhoutte, 1989; Griend27
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ling, 1989; Vanhoutte, 1989; Burnstock, 1990; Raymond, 1990; Miller and Vanhoutte, 1991). Fur-

thermore, these may be involved in the development and maintenance of hypertension (Abboud, 1982; Genest, 1983; Lever, 1986; Head, 1989; de Champlain, 1990; Kishi,
1990).
Table 2.1. Mechanical properties of isolated sympathectomised mesenteric resistance-sized
arteries from Wistar Kyoto and spontaneously hypertensive rats.
SHR

WKY

I

11

II

I

184 ± 5

199 ± 6

192 ± 7

194 ± 8

RWT

0.58 ± 0.04

0.61 ± 0.02

0.85 ± 0.05^

0.63 ± 0.01

ERTP

6.33 ± 0.43

6.28 ± 0.28

8.78 ± 0.35*"

6.79 ± 0.31

84.1 ± 5.7

83.5 ± 3.7

116.8 + 4.6'*

90.3 ± 4.1

D

(mm Hg)
AWT,

2.57 ± 0.15

3.13 ± 0.19"

AWT,

2.14 ± 0.14

3.00 ± 0.20"

P
n

23.1 ± 1.4

22.3 ± 1.4
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Comparison of different standardisation techniques with respect to mechanical vessel
properties in mesenteric resistance arteries of 20 week old <f WKY and SHR rats. Values
in group 1 were obtained when D equals the diameter at which potassium induced contractions were maximal whereas group II represents values when D is chosen as 90% of
the diameter at which the effective pressure would be 100 mm Hg. D ; diameter (|im)
RWT ; resting wall tension (mN/mm). ERTP; effective resting transmural pressure (in
mN/mnv and mm Hg). AWT, and AWT, ; maximal transient and sustained response to
maximal depolarisation, respectively (mN/mm). P (mm'') represents a stiffness factor
which is a measure of the rigidity of the vessel, n ; number of observations. Values are
means ± SEM. ' and '' indicate statistical significance of difference between WKY and
SHR and group I and II, respectively (ANOVA followed by t-test, P < 0.05).

Vessel reactivity was evaluated by construction of concentration response curves to various vasoactive substances. Sensitivities and maximal force
development for these substances could be derived from these. Concentrations
of vasoactive substances needed to half maximally induce or inhibit a contractile response (EC.,,,, IC^,, respectively) in isolated arteries were determined from
the concentration response curves using a least square sigmoidal curve fit
(Graphpad Software, San Diego, CA, USA). Concentration response curves for
agonists were produced by cumulatively increasing the concentration of the
agonist. Concentration response curves for the contractile effect of extracellular
calcium ([Ca'*]^,) were performed as follows: firstly, depletion of intracellular
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calcium stores by stimulating the vessels twice in Ca**-free KRB with 10 |iM
noradrenaline. Thereafter, in the presence of a stimulus, calcium was readministered to the bath to increase [Ca**]„ in a cumulative manner.

Measurement of [Ca**]j in mesenteric resistance sized arteries
Measurements of intracellular free calcium concentration ([Ca^*]j) were
performed simultaneously with force in mounted mesenteric resistance sized
arteries using the fluorescent calcium indicator dye Fura-2. The method used
for measuring [Ca^]j in these arteries has been described in detail by Jensen et
al. (1992). The principle of this technique has been reviewed elsewhere (Grynkiewicz et al., 1985). Briefly, the technique consists of loading of the cells in the
preparation with the calcium sensitive fluorescent dye Fura-2. The Fura-2 AM
ester passes the cell membrane freely and is in the cell cleaved into Fura-2 and
the ester by esterases, thereby capturing the membrane impermeable Fura-2 in
the cell. Depending on whether calcium is bound to the Fura-2 molecule or not,
the molecule will emit light when excited with light having a wavelength of
340 and 380 nm, respectively. Taking the ratio of the emitted signal at both
wavelengths gives a relative value for [Ca^]> that is independent of the intensity of the emitted light or the thickness of the preparation.
Figure 2.4 shows a schematic drawing of the setup for measuring [Ca**]j
in small arteries. Preparations were mounted in a single channel myograph and
loaded for 4 hours at room temperature in a KRB solution that contained 10
uM Fura-2-AM, 0.1% cremophor EL, 0.5% dimethyl sulfoxamine (DMSO) and
0.02% pluronic F127. The myograph was placed on an inverted microscope
(Zeiss, Axiovert 10). The emission of light, caused by excitation of Fura-2 at 340
± 5 nm and 380 ± 5 nm (delivered by a 100 W Xenon lamp), was measured
from the focal area (media) of the preparation through a 500-530 nm filter
using a photomultiplier. The emission signals and force were measured with 10
second intervals and stored on an IBM personal computer during experimentation. Emission signals were calibrated using the following equation;
[Ca^J, = JT, P

The dissociation constant (KJ for Fura-2 at 37° C was taken as 224 nM (Grynkiewicz et al., 1985; Jensen et al., 1992). |3 represents the ratio between background
subtracted emission signals at 380 nm excitation under calcium free and calcium saturated conditions. Minimal ratio (R,™) was measured in calcium free
HEPES buffered KRB with addition of 15 uM ionomycin. Maximal ratio (R™*)
was subsequently measured in HEPES buffered KRB containing 5 mM calcium.
Following measurements of the 340 nm and 380 nm emission signals for the
calculation of R„,„, and R„,„, the Ca^-insensitive emission signals were measured by quenching the calcium sensitive Fura-2 remaining in the vessel with 8
mM Mn^*. Background emissions were used for background subtractions of
intensities measured for the 340 and 380 nm wavelengths.
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Figure 2.4 Schematic drawing of the setup used for simultaneous measurement of [Ca-*],
and force in mesenteric small arteries that are mounted in a single channel myograph (A)
that is placed on a Zeiss invertoscoop. Force is amplified (B) and recorded on an IBM
personal computer (C). The computer controls the intensity of the Xenon light source (D)
the filter changer and the shutter (E). Light is reflected by a dichroic mirror (F) through a
Zeiss LD Acroplan long working distance objective (G) to the preparation. Returning
emitted light passes the dichroic mirror and a band filter (500-530 nm)(F). Before entering
the photomultiplier (I) light passes a second band pass filter (< 700 nm)(H). The photomultiplier signal is stored on the computer.

Measurement of membrane potential
Evaluation of electrophysiological properties of the vascular smooth
muscle cells in the mesenteric artery preparations, simultaneously with measurements of force development, were performed with the use of glass microelectrodes. Figure 2.5 shows a simplified diagram of the setup that was used to
measure membrane potential (VJ.
The technique was previously described (Mulvany et al., 1982). Vessels were
mounted in a single channel myograph to record isometric force development
as was described above. The myograph was placed on a vibration-damped
stage. Single vascular smooth cells were impaled with glass microelectrodes (R
= 40-90 Mii) filled with 3 M KC1 with the aid of the oscilloscope reading and
by gentle tapping on the microelectrode holder (Fig 2.5). Recordings of membrane potential had to fulfill the following criteria: impalements should i) last
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longer than 2 minutes, ii) stabilise rapidly and iii) after withdrawal of the electrode, the baseline should return to the pre-impalement level i.e., electroderesistance should remain constant. Preheated and aerated (95% O2 and 5%
solutions were perfused continuously through the organ bath.
Figure 2.5 Setup for measuring
membrane potential in smooth
muscle cells of resistance arteries
mounted in a myograph (A). Glass
microelectrodes filled with 3 M KC1
(B) are fixed in a microelectrode
holder (Ag-AgCl cell encapsulated
in a plexiglass holder) and connected to a microelectrode amplifier
(C) (WPI Inc., model 707). The
current pulse through the electrode
that is delivered by a pulse generator (D), is balanced by adjustment
of the microelectrode amplifier and
visualised on the oscilloscope (E)
and pen recorder (F). The myograph
and microelectrode holder are
stabilised by placement on a vibration-damped surface (G).

Tissue culture of arteries
The question whether alterations in sensitivity for vasoconstrictors are a
consequence or the cause of the altered haemodynamics in hypertension is still
unresolved. Furthermore, changes in excitation-contraction coupling may result
from altered concentrations of circulating or local vasoactive substances (Webb,
1984; Burnstock, 1990; Esler et al., 1990; Luscher, 1990; Scott-Burden et al., 1992). To Separate

specific parameters, that could be involved in this respect, without affecting the
total of interacting events m zwo, is extremely difficult. Cell culture offers some
advantages in this respect. One is able to control very precisely the conditions
of the culture period. But it has been shown that characteristics of isolated
vascular smooth muscle cells change in culture from a contractile into a synthetic phenotype (Chamley-Campbell and Campbell, 1981; Chamley-Campbell et al., 1981).
Therefore, the study of effects of vasoactive substances or mechanical factors
on excitation contraction coupling in isolated single vascular smooth muscle
cells could give an erroneous view of their function in a multicellular microenvironment (Stadier et al., 1989). To exclude influences of vasoactive substances and
effects of pressure and flow on sensitivities for vasoconstrictors in small arteries on the one hand and maintain microenvironmental conditions and cellular
phenotype on the other hand, advantages of both m uiro approaches and cell
culture were combined. Mechanical and pharmacological properties of isolated
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mesenteric arteries of WK.Y and SHR were recorded following short term ( 4
days) tissue culture.
Tissue
The technique for tissue culture of mesenteric arteries was previously
described (De Mey et al., 1989). Vessels were isolated from WKY and SHR rats,
sympathectomised (Boonen et al., 1991) and suspended without distension in culture dishes filled with 2.5 ml Dulbecco's minimal Eagle's modified medium
(GIBCO) on a non-distending stainless steel wire. The medium was supplemented with 20% fetal calf whole blood serum. The fetal calf serum was
dialysed to remove low molecular weight contractile factors and polyamines
(Booncn et al., 1991). Vessels were incubated for 1-4 days at 37°C in an atmosphere
of 95% O-, and 5% CO-, at 97% humidity after which the vessels were mounted
in a myograph for evaluation of pharmacological and mechanical properties.

Structural parameters of small arteries
Following short term treatment of WKY rats /« y/uo with vasoconstrictors
(Chapter 10), structural dimensions of small mesenteric arteries were evaluated
using a software package for personal computer (Jandel Scientific Video Analysis Software, (JAVA V 1.21), Jandel Scientific, Corte Madera, CA, USA). Vessels were isolated from treated rats for evaluation of pharmacological and mechanical characteristics after which they were fixed at D,, for 30 minutes at 37°C
in phosphate buffered (pH 7.4) formaldehyde (4%). Preparations were paraffin
embedded and cross sectioned using standard histological techniques. Cross
sections (4 um) were stained for elastin using Lawson's solution (Boom B.V.,
Meppel, The Netherlands).
Video images were generated from the cross sections using a Zeiss Axioscope (Zeiss, Germany) and a standard CCD camera (Stemmer, Germany). The
following structural parameters were measured; internal and external medial
circumference, which were respectively demarcated by the internal and external elastic lamina. From these, assuming circular vessel conformation, the
lumen area and the total area could be derived. Medial cross sectional area
(CSA) was obtained by subtracting lumen area from the total area. Internal
lumen radius (r) was calculated from the internal circumference assuming a
circular conformation of the vessel. From these parameters average media
thickness (M,) was calculated using the following relation;
Jtf = - r

Physiological salt solutions
During dissection, mounting and experimentation the preparations were
immersed in a Krebs bicarbonate buffered physiological salt solution (KRB).
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This solution had the following composition (in mM): NaCl 118.5; KC1 4.7;
MgSC>4 1.2; KH2PO4 1.2; NaHCO, 25.0; CaCl, 2.5; glucose 11.1. High potassium
solution (K-KRB), was prepared by replacing all NaCl in normal KRB with an
equimolar amount of KC1. The solution used for sympathectomy of vessel
segments contained normal Krebs without the addition of NaHCO, (set at
pH=4.0 with glutathione) plus 300 |ig/ml 6-hydroxydopamine. Ca^*-free KRB
and Ca^-free K-KRB were obtained by omitting CaC^ from KRB and K-KRB,
respectively and including 0.3 mM EGTA. The solutions that were used to
calibrate measurements of [Ca~*]; had the following composition (mM): HEPES
10.0; KC1 144.6; MgCV7H;,O 1.17; glucose 6.0 and either 5 mM CaClj-2Hp or
2 mM EGTA, for determination of R„„, and R„,„, respectively. The medium that
was used for tissue culture of small arteries contained Dulbecco's minimal
Eagle's modified medium (GIBCO, Paisley, UK), 2 mM glutamine, 100 IU/ml
penicillin (Gist-Brocades, Delft, The Netherlands) and 100 üg/ml streptomycin
(Pharmachemie, Haarlem, The Netherlands) and was supplemented with 20%
dialysed fetal calf whole blood serum (Seralab, Sussex, UK).

Statistical analysis
Statistical analysis of results was performed using a statistical software
package for personal computer (Crunch Interactive Statistical Package
(CRUNCH, Software Corp., San Francisco, CA, USA). Depending on the experimental setup (see respective chapters) data were analysed using Student's ttest, in the case of paired comparisons or two way analysis of variance
(ANOVA) followed by modified t-test described by Bonferroni (Wallenstein et al.,
1980), in the case of multiple comparisons. P < 0.05 was considered to denote
statistical significance of differences. In the case of multiple comparisons, P <
0.05/m (number of comparisons = m) was used to indicate statistical significance of differences.
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SUMMARY
We evaluated whether differences in a,-adrenoceptor subtype contribute to differences in
susceptibility to calcium antagonists (CAT) between large and small arteries. Experiments
were performed in segments of superior mesenteric (MA) and mesenteric resistance-sized
arteries (MrA) that were i) isolated from adult rats, ii) chemically sympathectomised, iii)
mounted for recording of isometric force development and iv) distended to their individual optimal lumen diameter. In both MA and MrA, contractile responses to 125 mM
potassium (K-KRB) and 10 |iM noradrenaline (NA) consisted of an initial transient and
subsequent sustained phase. Only transient responses to NA persisted in Ca**-free solution. I'retreatment with chloroethylclonidine (CEO reduced these in both MA and MrA.
CEC did not modify sensitivity of MrA to NA in the presence of calcium, while inducing
a 3-5 fold shift in MA. Responses of MrA to NA were affected more by WB 4101 than
prazosin, while the affinity for both a,-adrenoceptor antagonists was comparable in MA.
In MrA contractile responses to K-KRB and NA were inhibited by CAT with the following order of potency: MnCl, < verapamil < nimodipine < felodipine (FELO). The
organic CAT's were more potent in inhibiting sustained responses to K-KRB than those
to NA and more potent in inhibiting sustained than transient responses to either stimulus. In MA, FELO did not display selectivity for K-KRB over NA but was still 10 times
more potent in reducing sustained than transient responses to K-KRB. In general, FELO
was 100-5000 times more potent in MrA than in MA. These findings indicate that in MrA
maintenance of responses to NA depend primarily on a,^-adrenoceptors while in MA
a,,,-adrenoceptors participate as well. In view of different signal transduction pathways
linked to these adrenoceptor subtypes, this may explain relative resistance to CAT of
NA-induced responses in large arteries.

INTRODUCTION
The pharmacological properties of vascular smooth muscle are heterogenous throughout the vascular tree (De Mey and Vanhoutte, 1981; Daly et al., 1988;
Heesen and De Mey, 1990). For instance, a,-adrenoceptor mediated vasoconstriction
diminishes whereas postjunctional a,-adrenergic responses increase with decreasing vessel diameter along the microvascular tree of striated muscle (Faber,
1988; Messing et al., 1990). These a-adrenoceptor types differ not only with respect
to affinity for agonists and antagonists but also with respect to the signal transduction mechanism engaged (Daly et al., 1990; Michel et al., 1990). Recently, Han et
al., (1987) postulated a further subclassification of a,-adrenoceptors, based on
their relative sensitivity for the non-competitive antagonist chloroethylclonidine
and for the competitive antagonist WB 4101. a,A-Adrenoceptors would have a
higher affinity for WB 4101 than for prazosin and would be insensitive to alkylation by chloroethylclonidine whereas a,g-adrenoceptors would have similar
affinity for WB 4101 and prazosin and would be non-competitively antagonised
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by chloroethylclonidine. These different a,-adrenoceptor subtypes have furthermore been postulated to couple to different calcium mobilising systems (Han et
al., 1987; Wilson and Minneman, 1990). a^-Adrenoceptors are believed to open calcium channels in the cell membrane through pertussis toxin sensitive G-proteins while a,„-adrenoceptors have been reported to stimulate phospholipase-C
and the subsequent release of intracellular calcium (Han et al., 1987; Michel et al.,
1990; Muramatsu et al., 1990; Wilson and Minneman, 1990). Recently it has been shown
that in the thoracic aorta the relative contribution of a,^- and a,B-adrenoceptors
differs between different species (Oriowo and Ruffolo, 1992). Nonetheless, differences between species in effects of the dihydropyridine calcium antagonist nifedipine could not be solely explained by the presence of ot,-adrenoceptor subtypes.
In isolated large arteries, calcium antagonists preferentially reduce calcium influx and contractile responses to depolarising stimuli while affecting
responses to pharmacological stimulation to a lesser extent (Cauvin and Van Breemen, 1985; Cauvin et al., 1985). In small resistance sized arteries, however, which are
the prime target for the antihypertensive effect of calcium antagonists (Vanhoutte,
1985; Struijker Boudier et al., 1990), this selectivity is less clear. Reports are not in
agreement regarding the question whether calcium antagonists are more potent
in reducing responses to depolarisation with high potassium than those to
noradrenaline (Nyborg and Mulvany, 1984; Cauvin and Van Breemen, 1985; Julou and Freslon,
1986; Boonen and De Mey, 1990). The reasons for dissimilar findings are unclear.
Differences in experimental setup, vascular bed and species may underlie variations in efficacy of calcium antagonists. Differences in the relative contributions of electro- and pharmaco-mechanical coupling and in the second messenger systems stimulated by a-adrenoceptors could also be involved.
To gain more insight in mechanisms of a,-adrenoceptor mediated contractile responses and their relation with the action of different calcium antagonists, we evaluated the effects of various calcium antagonists on the initiation
and maintenance of contractile responses to depolarising solution and a,-adrenergic stimulation in mesenteric arteries of different size and function. Furthermore, we assessed whether effects of calcium antagonists in large and small
arteries could be explained by differences in arterial smooth muscle a,-adrenoceptor population. Findings are evaluated with respect to i) influx of extracellular and release of intracellular calcium ii) heterogeneity of oc,-adrenoceptors
and calcium channels and iii) interactions between electromechanical coupling
and a,-adrenoceptor mediated responses.

MATERIAL AND METHODS
Experiments were performed in superior mesenteric arteries (MA) and
mesenteric resistance sized arteries (MrA)(fourth order side branch of MA)
isolated from the mesentery of 20 week old male Wistar Kyoto rats (local inbred, University of Limburg, Maastricht, The Netherlands) that were killed by
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cervical dislocation and exsanguination. Vessels were chemically sympathectomised by 10 minute incubation at 37°C in bicarbonate-free Krebs solution
(pH 4.0) containing 300 Ug/ml 6-hydrOXydopamine (Aprigliano and Hermsmeyer,
1977). Ring segments of the vessels (= 2 mm length) were mounted on two
stainless steel wires (diameter 40 urn) between a force transducer (Kistler
Morse DSC 6, Seattle, USA) and a displacement device for recording of isometric force development (Mulvany and Halpem, 1977). Preparations were immersed in
an organ bath filled with Krebs-Ringer bicarbonate buffered physiological salt
solution that was maintained at 37°C and aerated with 95% Oj and 5% COj. All
arteries were distended to their individual optimal diameter (DQ) for maximal
force development in response to maximal depolarisation. Preparations were
therefore subjected to stepwise increases in diameter with intermittent exposure to high potassium solution (K-KRB) (De Mey and Brutsaert, 1984). Experiments with noradrenaline were performed in the continuous presence of 1 uM
of the f}-blocking agent propranolol.

Evaluation of Oj-adrenoceptor subtypes
Isolated sympathectomised segments of superior mesenteric and
mesenteric resistance arteries were pretreated with 100 (iM chloroethylclonidine
at 37°C during 30 minutes (Oriowo and Ruffolo, 1992). These vessels were then
mounted in parallel with control vessels from the same animal. At D<,, contractile responses to noradrenaline were induced in vessels that had been incubated for 5 minutes in calcium free KRB. Thereafter, in the presence of 2.5 mM
calcium, concentration response curves to noradrenaline (10 nM - 320 uM) were
constructed in the absence or presence of either 0.1 uM WB 4101 or 0.1 uM
prazosin. Finally, control responses to noradrenaline (10 nM - 10 uM) were
repeated.

Effects of calcium antagonists on excitation-contraction coupling
The contribution of intracellular calcium stores in force development
following direct electromechanical or a,-adrenoceptor stimulation in vessels of
different size was assessed by incubating the vessels in Ca^-free KRB during 3
minutes and stimulation with either 125 mM Ca^-free K-KRB or 10 uM noradrenaline. Control responses in the presence of 2.5 mM calcium were then induced either by depolarisation of the vessels with 125 mM K-KRB or by stimulation with 10 uM noradrenaline during 3-5 minutes. These were repeated three
times to obtain stable responses and thereafter in the presence of stepwise
increasing concentrations of calcium antagonists. The dihydropyridines felodipine (1 pM - 10 nM) and nimodipine (10 pM - 0.1 uM), 10 nM - 10 uM verapamil or the inorganic calcium entry blocker MnClj (10 uM - 10 mM) were used
in separate experiments. Calcium antagonists were always added, in appropriate concentrations 5 minutes prior to stimulation with K-KRB or noradrenaline. In MA this protocol was performed in the absence or presence of 0.1 nM 30 nM felodipine.
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Solutions and drugs
Krebs solution (KRB) had the following composition (mM): NaCl 118.5;
KC1 4.7; MgSC>4 1.2; KH2PO4 1.2; NaHCOj 25.0; CaCL, 2.5; glucose 11.1. K-KRB
was similar to KRB except that all NaCl was replaced by an equimolar amount
of KG. Ca^-free KRB was obtained by omitting CaCl^ from normal KRB and
including 0.3 mM EGTA. Bicarbonate-free KRB used for sympathectomy, was
set at pH 4.0 with glutathione (Sigma). Stock solutions of the dihydropyridines
felodipine, and nimodipine were dissolved in poly ethylene glycol. 6-Hydroxydopamine, noradrenaline (1-arterenol bitartrate hydrochloride), prazosin hydrochloride, dl-propranolol hydrochloride and ethylene glycol bis (p-aminoethylether)-N-N'-tetraacetic acid (EGTA) were obtained from Sigma Chemicals
(St.Louis Missouri, USA). Nimodipine was kindly supplied by Dr. S. Kazda
(Bayer, FRG). Felodipine was a generous gift of Dr. M. Nordlander (Hassle,
Mölndal, Sweden). Verapamil HC1 was purchased from Knoll, Ludwigshafen,
Germany. WB 4101 and chloroethylclonidine dihydrochloride were purchased
from Research Biochemicals, Natick, MA, USA.

Data analysis
Sensitivities for the inhibitory effects of the calcium antagonists and for
the contractile effects of noradrenaline in the absence or presence of antagonist
were calculated by a least square sigmoidal curve fit of the data using a personal computer software package (Graphpad Inplot, Software, San Diego, CA,
USA). Differences in selectivity of felodipine for contractions induced by high
potassium and noradrenaline in large or small arteries and differences in potency and specificity of calcium antagonists to inhibit responses in MrA to
depolarisation or a,-adrenoceptor stimulation were evaluated using analysis of
variance followed by a t-test corrected for multiple comparisons according to
the Bonferroni method (Wallenstein et al., 1980). Affinity (pAj) for the competitive
antagonists prazosin and WB 4101, was derived from the dissociation constant
(Kj) using the following equation:
"

[anqgowto]
Fr /Fr
-1

where [antagonist] represents the molar concentration of the antagonist and
EC5U c and EC50 Y the sensitivities for noradrenaline in the absence and presence
of antagonist, respectively. Statistical analysis of data was performed using a
software package for personal computer (Crunch Interactive Statistical Package
(CRUNCH, Software Corp., San Francisco, CA, USA).
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RESULTS
In denervated MrA maintained in the presence of 2.5 mM Ca^*,
responses to 125 mM K-KRB were biphasic, consisting of an initial transient
(K,) and a subsequent sustained (KJ response which was maintained for several minutes (Fig. 3.1). Maximal transient responses to 125 mM K-KRB averaged
2.83 ± 0.14 mN/mm in MrA and 5.29 ± 0.36 mN/mm in MA (n = 12-18). During construction of "single dose" concentration response curves for the contractile effect of K-KRB, the transient response could progressively be discerned
when MrA were stimulated with potassium concentrations above 35 mM (Fig.
3.1).
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Figure 3.1. Redrawing of concentration
response curves for noradrenaline and
potassium in isolated, sympathectomised mesenteric resistance-sized
arteries, showing apparently monophasic contractile responses to noradrenaline and the development of
biphasic responses to high concentrations of potassium.

Both the transient and sustained phase of the contractile response to 125 mM
K-KRB were rapidly lost when MrA and MA were exposed to calcium-free
solution (not shown). Noradrenaline induced significantly larger contractile
responses than K-KRB in both MA and MrA. These averaged 2.93 ± 0.23
mN/mm in MrA and 8.08 + 0.36 mN/mm in MA (n = 12). In the presence of
2.5 mM Ca~\ contractile responses to the catecholamine were apparently monophasic in MrA and MA (Fig 3.1). Following incubation in Ca'*-free KRB (containing 0.3 mM EGTA) during 3 minutes, administration of 10 uM noradrenaline induced a transient increase in wall tension in both MrA and MA (Fig.
3.3). A second or third application of noradrenaline to MrA and MA that were
incubated in Ca"*-free KRB did not elicit any contractile response (Boonen and De
Mey, WO).

a,-Adrenoceptor heterogeneity in small and large mesenteric
arteries
To evaluate the presence of subtypes of a,-adrenoceptors in MrA and
MA, we used the antagonists chloroethylclonidine and WB 4101. Pretreatment
with chloroethylclonidine did not affect maximal contractile responses to high
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potassium. These averaged 2.34 ± 0.38 mN/mm and 2.46 ± 0.52 mN/mm in
MrA and 5.51 ± 0.99 mN/mm and 6.22 ± 0.96 mN/mm in MA, without and
with pretreatment with chloroethylclonidine, respectively. Effects on contractile
responses induced by noradrenaline in the presence of 2.5 mM calcium after
pretreatment of vessels for 30 minutes in 100 (iM chloroethylclonidine are
shown in figure 3.2. In MA chloroethylclonidine significantly decreased the
sensitivity for noradrenaline. In MrA, however, contractile responses to noradrenaline in the presence of calcium were not affected following chloroethylclonidine (Fig 3.2; Table 3.1). Yet, contractile responses that were induced by 10
(iM noradrenaline in the absence of extracellular calcium were reduced by
about 50% following pretreatment with chloroethylclonidine in both MA and
MrA (Fig. 3.3).
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Figure 3.2. Concentration response curves for noradrenaline in isolated sympathectomised mesenteric resistance-sized arteries (MrA) and superior mesenteric artery (MA)
that had been incubated in the absence (open circles) or presence (filled circles) of 100
|iM chloroethylclonidine (CEC) during 30 minutes at 37°C Concentration response curves were performed in the presence of 1 uM propranolol. Data are shown as mean ±
SEM as fraction of the maximal contractile response induced by noradrenaline in either
control or CEC-pretreated vessels.

Figure 3.3. Graph showing the magnitude of contractile responses induced
by noradrenaline in calcium-free solution containing 0.3 mM EGTA as
percentage of the maximal contractile
response that could be obtained with
noradrenaline in the presence of 2.5
mM calcium. Responses were obtained
in control (open bars) and in vessels
pretreated with chloroethylclonidine
(hatched bars). Bars are means ± SEM.
* denotes statistical significance of
difference (t-test, P < 0.05).

MrA
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Table 3.1. Effects of a,-adrenoceptor antagonists on the sensitivity for noradrenaline in small
and large mesenteric arteries.
MrA control

MrA CEC

MA control

MA CEC

control

6.42 ±0.12

6.11 ± 0.18

6.15 ±0.17

5.68 ± 0.13"

+ 0.1 uM WB 4101

4.27 ± 0.13'

4.17 ± 0.20"

4.77 ± 0.12"

4.58 ± 0.10"

+ 0.1 nM Prazosin

4.65 :t 0.09""

4.57 ± 0.19"

4.60 ± 0.12"

4.64 ± 0.11"

WB4101

9.15 ±0.14

8.94 ±:0.15

8.34 ±0.24

8.05 ±0.17

Prazosin

8.77 ± 0.14"

8.52 ± 0.14'

8.53 ±0.19

7.99 ±0.13

pDj noradrenaline

pA,

Sensitivities for noradrenaline in isolated mesenteric resistance-sized (MrA) and superior
mesenteric arteries (MA) in control vessels and in vessels pretreated during 30 minutes
with 100 nM chloroethylclonidine (CEC) (pD, = -Log Molar [EC,,]). From these the affinity (pA, = -Log Kj) for WB 4101 and prazosin was derived (see text). Data are means ±
SEM (n=6). '" denote statistical significance of differences compared to WB 4101 or control values, respectively (sensitivities; ANOVA + t-test (Wallenstein, 1980), affinity; paired ttest).

WB 4101 and prazosin competitively antagonised contractile responses to
noradrenaline in both MrA and MA (Fig 3.4; Table 3.1). The affinity for WB
4101 that was calculated from the sensitivities for noradrenaline in the absence
or presence of antagonist, was larger (5-10 times) in MrA than in MA (Table
3.1). The affinity for prazosin did not differ between both types of vessel (Table
3.1). In MrA the potency of WB 4101 to inhibit responses to noradrenaline was
higher than that for prazosin (Table 3.1). In MA, on the other hand, WB 4101
and prazosin were equally effective in inhibiting contractile responses to noradrenaline (Table 3.1). Pretreatment of MrA and MA with chloroethylclonidine
did not significantly affect the affinity for WB 4101 and prazosin (Table 3.1).

Effects of calcium antagonists in resistance arteries
Calcium antagonists inhibited responses of MrA to 125 mM K-KRB or 10
uM noradrenaline with the following order of potency: MnCL < verapamil <
nimodipine < felodipine (Table 3.2). In general, responses to noradrenaline
were less sensitive to inhibition by the calcium antagonists than responses
induced by K-KRB (Table 3.2). Transient and sustained responses to both KKRB and noradrenaline were affected differently by the calcium antagonists.
Transient responses to both stimuli were far more resistant to inhibition than
sustained responses (Table 3.2). Remarkably, the selectivity of calcium antagonists to inhibit sustained over transient responses increased with their overall
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potency, MnClj having the least and the dihydropyridines, particularly felodipine, having the highest selectivity (Table 3.2).
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Figure 3.4. Concentration response curves for noradrenaline constructed in mesenteric
resistance arteries (MrA) and in superior mesenteric arteries (MA) that had been incubated in the absence (upper panels) or presence (lower panels) of chloroethylclonidine
(see text). Concentration response curves were repeated in the presence of 0.1 uM of the
a,-adrenoceptor antagonists WB 4101 (triangles) and prazosin (squares). Shown are
means ± SEM as a fraction of the maximal control response.

Comparison of effects
mesenteric arteries

of felodipine

in large and

small

Figure 3.5 shows a typical tracing of an experiment in which effects of
the dihyd ropy rid ine calcium antagonist felodipine were assessed in superior
mesenteric artery and in mesenteric resistance sized arteries. The potency of
felodipine to inhibit sustained responses to high potassium and noradrenaline
in MrA was 100 to 5000 times higher than that in MA (Table 3.2). In MrA the
selectivity of felodipine to inhibit sustained over transient contractile responses
induced by high potassium was larger than in MA (Fig 3.5; Table 3.2). This was
also the case with noradrenaline. In MA, but not in MrA, sustained contractions in response to 125 mM KRB and those evoked by 10 uM noradrenaline
were affected to the same extent by felodipine (Fig. 3.5; Table 3.2).
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SmN

2mki

K-KRB

Figure 3.5. A) Superimposed redrawing of recordings showing contractile responses
induced by 125 mM K-KRB and 10 |iM NA in MrA (left hand side) and in MA (right
hand side) in the absence (upper tracings) or presence (lower tracing) of either 0.3 or 0.7
nM felodipine (in MrA and MA, respectively). Calibration marks represent a time scale of
5 minutes and a force development of 5 mN.
B) Concentration response curves for the dihydropyridine calcium antagonist felodipine
on contractile responses induced by 125 mM potassium (K-KRB) or 10 (iM noradrenaline
(NA) (as is shown in Fig. 3.2 A). Displayed are mean ± SEM of transient (open symbols)
and sustained (closed symbols) responses in MrA (circles (n=7)) and MA (triangles
(n=6)).
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Table 3.2. Effects of calcium antagonists on contractile responses induced by potassium or
noradrenaline in large and small arteries.
MA

MrA

MnCl,

VERA

NIMO

FELO

FELO

Sensitivities (pD,)
K,

2.57 ± 0.03

6.53 ± 0.10

8.07 ± 0.11

9.17 ± 0.13

7.97 ± 0.3a

K,

3.20 ± 0.20'

7.86 ± 0.17"

10.44 ± 0.1 a'

12.55 ± 0.23"

9.01 ± 0.21"

NA,

3.38 ± 0.06*

6.10 ± 0.11

9.14 ± 0.22"

9.85:tO.42

9.01 ± 0.12"'

NA,

3.29 ±0.10"

6.75 ± 0.13""

9.11 ± 0.16"

11.83 ± 0.31"

9.08 ± 0.23'

sel. K,-K.

0.63 ± 0.20

1.33 + 0.12

2.37 ±0.11

3.37 ± 0.37

1.04 ± 0.11'

sel. K.-NA.

-0.08 ±0.11

1.10 ± 0.10

1.33 ± 0.08

0.71 ± 0.28

0.08 ± 0.22 '

Selectivities

a) Sensitivities expressed as pD^ (= -Log Molar IC,,) of different calcium antagonists on
transient (,) and sustained Q contractile responses induced by 125 mM potassium (K) and
10 uM noradrenaline (NA) in mesenteric resistance-sized arteries (MrA) and superior
mesenteric arteries (MA), b) Selectivity of calcium antagonists shown as the difference in
sensitivity for inhibition of transient and sustained responses to 125 mM potassium (K,K.) and as the difference in sensitivity for potassium and noradrenaline. All values are
expressed as mean ± SEM (n= 6-7). "•" and *" represent significance of differences (p<0.05)
of trans, vs. sust., K vs. NA and MrA vs. MA, respectively.

DISCUSSION
Mobilisation of calcium by different mechanisms or from different sources during depolarisation and a,-adrenoceptor stimulation may affect the efficacy of calcium antagonists in large and small arteries. Stimulation of a-adrenoceptors on vascular smooth muscle can lead to the mobilisation of calcium
from intracellular stores or from the extracellular space by opening of calcium
channels (Raymond et al., 1990). Recently, subtypes of a,-adrenoceptors have been
proposed that differ not only in terms of affinity to specific antagonists but also
With respect to calcium mobilising pathways (Muramatsu et al., 1990; Suzuki et al.,
1990; Wilson and Minneman, 1990). The present study was designed to assess whether
differences in efficacy of calcium antagonists in inhibiting contractile responses
to depolarising solution and a,-adrenoceptor stimulation of vascular smooth
muscle from large and small arteries could be explained by differences in subtypes of a,-adrenoceptors or calcium channels.
The results suggest that the relative ineffectiveness of calcium antagonists in inhibiting contractile responses to noradrenaline in large arteries can
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partly be explained by heterogeneity of a,-adrenoceptor subtypes. Furthermore,
the present observations support previous suggests for a larger contribution of
electro-mechanical coupling during a,-adrenoceptor mediated responses in
small than in large arteries (Cauvin and Van Breemen, 1985).

Characterisation of a,-adrenoceptor subtypes in mesenteric arteries
In isolated mesenteric arteries, contractions induced by noradrenaline are
mediated through activation of a,-adrenoceptors because in these /« yifro preparations, Oj-adrenergic agonists and antagonists do not display postjunctional
effects (Heesen and De Mey, 1990; Eerdmans et al., 1991). In the absence of extracellular
calcium, transient contractile responses could be induced by noradrenaline in
both large and small arteries, strongly suggesting calcium release from intracellular stores. These responses were significantly reduced following pretreatment
with chloroethylclonidine in both MA and MrA (Fig 3.3). This suggests for
both vessels, the presence of a,g-adrenoceptors that are coupled through phospholipase-C to the release of intracellular calcium via generation of inositol
triphosphate (Han et al., 1987; Michel et al., 1990; Muramatsu et al., 1990; Wilson and Min-

neman, 1990). These observations are not in agreement with others that suggest a
larger contribution of release of intracellular calcium in contractile responses of
large arteries than in those of SirvaU arteries (Baida and Van Breemen, 1984; Cauvin and
Van Breemen, 1985). It has been suggested that in mesenteric small arteries of the
rabbit, contractile responses induced by noradrenaline depend solely on influx
of calcium (Cauvin et al., 1985, 1987). Yet, the present results show that in MrA of
the rat, release of intracellular calcium by noradrenaline is not less marked
than in MA and is in both vessel types partly sensitive to chloroethylclonidine
(Fig. 3.3).
However, contractions induced by noradrenaline in the presence of calcium were sensitive to blockade by chloroethylclonidine only in large vessels
(Fig. 3.3), confirming the presence of the putative a,B-adrenoceptor subtype in
superior mesenteric artery but not in its small resistance-sized branches. On the
other hand, in MrA the affinity for WB 4101 was larger than that for prazosin,
which was not the case in MA (Table 3.1). This suggests a relatively larger
contribution of a,A-adrenoceptors in MrA. This contradiction with the observations in the absence of extracellular calcium may be explained assuming that in
a cumulative concentration response curve but not following a single challenge
with noradrenaline, the role of calcium release in particular in MrA, is very
small. Taken together, this indicates that, at least in MrA, inositol triphosphatemediated release of intracellular calcium may initiate contractile responses to
high concentrations of noradrenaline, but does not contribute to the maintenance of these responses.
Arterioles have been suggested to contain only otj-adrenoceptors (Faber,
1988). On the other hand, comparing the present results with those obtained in
thoracic aorta shows that the effect of chloroethylclonidine is much larger in
this elastic artery than in MA (Oriowo and Ruffolo, 1992). Therefore, the following
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a-adrenoceptor "profile" could be present along the arterial tree: descending
from aorta to arterioles, OC,B-, a^- and ctj-adrenergic responses could predominate in progressively smaller segments. Although the above mentioned observations suggest that differences exist in a,-adrenoceptor subtypes in large and
small mesenteric arteries, these are certainly not absolute. In MrA, adrenergic
stimulation activates predominantly a,A-adrenoceptors but the presence of a,eadrenoceptors can not be excluded. Furthermore, stimulation of MA with noradrenaline results in activation of mainly the a,g-adrenoceptor subtype but OC,Aadrenoceptors may be functionally present as well.

Effects of calcium antagonists in resistance arterial smooth
muscle
A vast body of evidence shows an inhibitory effect of calcium antagonists on contractile responses in arterial smooth muscle (for review see, Schwartz,
1989; Struijker Boudier et al., 1990). Effects of calcium antagonists have been shown to
be mediated through binding of the drugs and interference with the function of
calcium channels (Cauvin et al., 1983; Vaghy et al., 1985). In this respect, calcium channels have been proposed to be affected either by changes in membrane potential, receptor activation or stretch (Hurwitz, 1986; Bolton et al., 1988). Electrophysiological experiments demonstrated that calcium antagonists and in particular
dihydropyridine calcium antagonists exert their inhibitory effect primarily on
L-type voltage operated calcium channels (Hess et al., 1984; Bean et al., 1986; Nelson et
al., 1990).

The present results confirm previous observations (Cauvin and Van Breemen,
1985) that the potency of dihydropyridines to inhibit sustained responses to
high potassium is higher than that of non-dihydropyridine calcium antagonists
(Table 3. 2). However, transient responses to potassium were, in relative terms,
increasingly resistant to manganese, verapamil and dihydropyridines (Table
3.2). These differences in effects of calcium antagonists on initial transient and
sustained responses to potassium could reflect activation of different calcium
channel types (Rusch and Hermsmeyer, 1988) or calcium channel states (Hess et al.,
1984; Bean et al., 1986; Boonen and De Mey, 1990).

Susceptibility of contractile responses induced by noradrenaline to calcium antagonists suggests a strong involvement of voltage operated calcium
channels in the oc,-adrenoceptor mediated response in resistance arterial smooth
muscle. This can either be explained by the depolarising effect of noradrenaline
in these vessels (Mulvany et al., 1982; Hermsmeyer, 1983) or by direct effects of noradrenaline on voltage operated calcium channels (Nelson et al., 1988; Boonen and De
Mey, 1990b). Regardless the precise mechanism, activation of L-type calcium
channels in MrA by noradrenaline is strengthened by the observation that the
potency of calcium antagonists to inhibit these responses increases from inorganic calcium antagonist to the dihydropyridines which have the highest specificity to inhibit L-type voltage operated calcium channels (Vaghy et al., 1985; Hurwitz, 1986).
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Comparison of excitation-contraction coupling in large and
small mesenteric artery
Sensitivities for the inhibitory effect of felodipine differed markedly
between large and small mesenteric arteries (Fig. 3.5). Sustained contractile
responses induced by potassium as well as those induced by noradrenaline
were 100 - 5000 times more sensitive to inhibition by felodipine in Mr A than in
MA (Table 3.2). Yet, also in large mesenteric arteries, sustained responses were
affected more by felodipine than the initial transient responses to stimulation
with potassium and noradrenaline (Fig. 3.5). The different effects of felodipine
on contractile responses induced by stimulation with noradrenaline may be
explained by differences in calcium mobilising pathways that are activated by
different a,-adrenoceptor subtypes in large and small arteries. The large difference in the efficacy of felodipine to inhibit contractile responses to potassium
in large and small arteries, however, can not be fully explained from the present results. They may be due to differences in calcium channel characteristics
or could reflect differences in additional intracellular calcium mobilising pathways in MA and MrA that may be activated by calcium influx itself (Berridge and
Galione, 1988; Van Breemen and Saida, 1989). Also in the microcirculatory bed of Striated muscle, the efficacy of felodipine increases with decreasing arteriolar diameter (Messing et al., 1991). Differences in calcium sensitivity of the contractile
apparatus are possibly not causing the different effects of felodipine in the
different arteries. If anything, calcium sensitivity has been shown to be higher
in small than in large mesenteric arteries (Boels et al., 1991).
The present results suggest that the distribution of a,-adrenoceptor subtypes changes from large to small mesenteric arteries. Large arteries contain
mainly the a,,,-adrenoceptor subtype whereas in resistance sized arteries a
growing contribution of a^-adrenoceptors appears. Consequently, the contribution of calcium influx in the maintenance of the contractile response following
otj-adrenergic stimulation decreases with vessel diameter. This distribution of
a,-adrenoceptor subtypes may explain differences in susceptibility for dihydropyridine calcium antagonists during a,-adrenoceptor stimulation between vessels of different size. However, differences in the inhibitory action of calcium
antagonists on contractions induced by direct stimulation of large and small
arteries can not be explained by the present findings.
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CHAPTER 4

SUMMARY
We recorded the contractile responses to calcium in mesenteric resistance arteries
of Wistar Kyoto (WKY) and spontaneously hypertensive rats (SHR) during depolarisation
or stimulation with noradrenaline. The effects of Bay-K8644 and nimodipine on these
responses were evaluated. Calcium sensitivity was higher in noradrenaline stimulated
than in depolarised vessels. Nimodipine decreased, and Bay-K8644 increased calcium
sensitivity. Both were more potent in the presence of potassium than in the presence of
noradrenaline. Calcium sensitivity was higher in SHR than in WKY vessels only during
stimulation with noradrenaline. Rhythmic responses, observed in SHR vessels during
stimulation with noradrenaline, were abolished by nimodipine. In WKY vessels, rhythmicity could be induced by Bay-K8644. Modulation of calcium sensitivity by dihydropyridines during electrochemical as well as pharmacological stimulation suggests that in
resistance arterial smooth muscle the function of voltage-operated calcium channels can
be modulated by noradrenaline. This modulation could differ quantitatively between
mesenteric resistance arteries of SHR and WKY.

INTRODUCTION
Altered cellular handling of calcium ions could be involved in the hypersensitivity and hyperreactivity to vasoconstrictors and in the hypertrophy observed in the arteries of hypertensive humans and experimental animals (Mulvany and Nyborg, 1980; Mulvany, 1983; Lever, 1986; Sharma and Bhalla, 1988; Bolzon and Cheung,

1989). At least two types of stimuli, depolarisation and vasoconstrictor agents
increase the influx of extracellular calcium into arterial smooth muscle cells
(Berridge, 1986; Van Breemen et al., 1986). Effects of noradrenaline and depolarisation
induced by a high external concentration of potassium are additive (Van Breemen
et al., 1986) and differ in their susceptibility to dihydropyridines (Hess et al., 1984;
Bean et al., 1986). As a consequence, the existence of two separate calcium influx
pathways has been proposed: receptor- and voltage-operated calcium channels
(Van Breemen et al., 1972; Bolton, 1979). The existence of the latter has been confirmed
by patch-clamp experiments (Hurwitz, 1986). Voltage-insensitive calcium channels
activated by noradrenaline, have so far not been identified. Recent electrophysiological observations suggest that noradrenaline could affect the function of
voltage-operated calcium channels (Benham and Tsien, 1988; Nelson et al., 1988). Observations in multicellular preparations that are in line with this suggestion and
with the possibility that this process might be involved in contractile responses
to noradrenaline and in the hypersensitivity to calcium in resistance arteries of
hypertensive rats are sparse.
In this study we therefore recorded contractile responses to depolarisation, noradrenaline and calcium in isolated mesenteric resistance-sized arteries
of normotensive Wistar-Kyoto and spontaneously hypertensive rats and analysed effects of the dihydropyridine calcium agonist and antagonist, Bay-K8644
and nimodipine, on these responses. The effects are evaluated with respect to
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the above mentioned hypothesis of adrenergic modulation of calcium channel
function.

MATERIAL AND METHODS
The experiments were performed in mesenteric resistance arteries of 20
week old male Wistar Kyoto rats and age matched spontaneously hypertensive
rats (SHR, local inbred strain). The rats were killed by a sharp blow on the
head and exsanguination. A loop of small intestine and mesentery was isolated
and immersed in Krebs-Ringer bicarbonate (KRB) solution. Segments (1.5 - 2
mm long) of fourth order side branches of the superior mesenteric artery were
isolated from the proximal part of the small intestine. To destroy adrenergic
nerve endings in the vessel wall, resistance arterial preparations were incubated for 10 minutes in bicarbonate-free KRB containing 300 ug/ml 6-hydroxydopamine (Apngliano and Hermsmeyer, 1977). The segments were then threaded onto
two stainless steel wires (diameter 0.04 mm) and mounted as ring segments
between a Kistler-Morse DSC 6 (Seattle, USA) force transducer and a displacement device in an isometric myograph (Mulvany and Halpem, 1977). Arteries of
WKY and SHR were mounted in the same organ chamber and were studied in
parallel.
During dissection, mounting and experimentation, the preparations were
immersed in KRB that was maintained at 37°C aerated with 95% Oj - 5% CCV
The Krebs-Ringer solution had the following composition (mM): NaCl 118.5;
KC1 4.7; MgSO, 1.2; KH^PO, 1.2; NaHCO., 25.0; CaCl^ 2.5; glucose 11.1. High
potassium solution (K-KRB), was prepared by replacing all the NaCl in normal
KRB with an equimolar amount of KC1. Ca^-free KRB and Ca'Mree K-KRB
were obtained by omitting CaClj from KRB and K-KRB, respectively and including 0.3 mM EGTA.
The pharmacological agents that were used included 6-hydroxydopamine, 1-noradrenaline hydrochloride (NA) and ethylene glycol bis (|$-aminoethyl-ether)-N-N'-tetraacetic acid (EGTA) which were obtained from Sigma
(St.Louis Missouri, USA). Nimodipine and BAY-K8644 were kindly supplied by
Dr. S. Kazda (Bayer, FRG).
The experiments were performed with each preparation stretched to its
optimal lumen diameter for mechanical performance determined by a lengthtension protocol that was previously described (De Mey et al., 1987).
Maximal contractile responses to noradrenaline (10 uM), K-KRB (125
mM) and to the combination of noradrenaline (10 |iM) and K-KRB (125 mM)
were obtained in the continuous presence of 2.5 mM calcium. Then calcium
concentration-response curves were obtained as follows. The vessels were exposed for 3 min to Ca^-free KRB and were depleted of intracellular calcium by
two consecutive stimulations with 10 uM noradrenaline. Cumulative concentration-response curves for calcium ( 10 uM to 10 mM ) were subsequently constructed during continuous exposure to noradrenaline (10 uM), K-KRB (125
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mM) or 10 uM noradrenaline plus 125 mM K-KRB. After 20 minutes of recovery in KRB containing 2.5 mM CaCI; the vessels were exposed to nimodipine
(10 pM -10 nM) or Bay-K8644 (1 -100 nM) and calcium concentration-response
curves were repeated in the presence of stimulus and dihydropyridine. For all
concentration-response curves the negative logarithm of the calcium concentration that was required to induce 50% of the maximal contractile response
(pCA2> was determined.
Amplitudes of contraction were expressed as increase in wall tension
(increase in force divided by twice the vessel segment length). All data are
shown as means ± SEM with n indicating the number of observations. Statistical significance of differences between WKY and SHR was evaluated by Student's t-test for unpaired observations. Changes in contractile responses and
sensitivities to calcium from control following exposure to the dihydropyridines were analysed using analysis of variance followed by modified t-statistics
according to the method described by Bonferroni (Wallenstein et al., 1980) in the
case of multiple comparisons. Only statistically significant differences are described (P < 0.05 denotes statistical significance of differences).

RESULTS
Optimal lumen diameter of mesenteric resistance arteries did not differ
between WKY (185±27 urn, n = 37) and SHR (197±39 urn, n = 37). Responses of
sympathectomised vessels to 125 mM K-KRB consisted of an initial transient
and a subsequent sustained phase (Fig. 4.1).

5 min

Figure 4.1. Typical tracing of
contractile responses elicited by
10 (iM noradrenaline (NA,
closed bar), 125 mM potassium
(K*, hatched bar) or 125 mM
potassium plus 10 |iM NA in a
sympathectomised
mesenteric
resistance artery of a WKY rat
in the continuous presence of
2.5 mM calcium at optimal
lumen diameter for contractile
performance.

The amplitudes of the sustained responses were larger in SHR (2.75 ± 0.14
mN/mm, n = 37) than in WKY (1.89 ± 0.10 mN/mm, n = 37). Unlike responses
to 125 mM K-KRB, those to a single administration of a maximal concentration
of noradrenaline (10 uM) were apparently monophasic (Fig. 4.1). SHR vessels
responded to 10 uM noradrenaline with a larger contraction (3.62 ± 0.16
mN/mm n = 37) than WKY vessels (2.58 ± 0.12 mN/mm n = 37). Contractile
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responses to noradrenaline plus K-KRB (Fig. 4.1) were significantly larger in all
vessels than those to either stimulus alone. Again they were greater with SHR
(4.52 ± 0.20 mN/mm n = 37) than with WKY (3.39 ± 0.17 mN/mm n = 37)
vessels.

SHR

Figure 4.2. Typical tracings
of concentration response
curves for calcium constructed in calcium depleted mesenteric resistance arteries of SHR rats.
E represents incubation of
the artery in calcium free
KRB with 0.3 mM EGTA.
Hatched and open bars
indicate the presence of 125
mM K-KRB or 10 nM
noradrenaline, respectively.
pCa represents the negative
logarithm of the calcium
concentration present in
the organ bath.

Responses to calcium in
resistance arteries of
Wistar Kyoto rats
No contractile response
to K-KRB could be obtained
following the removal of extracellular calcium. Under
these conditions however, 10
uM noradrenaline induced a
single transient response that
averaged 46 ± 5% of the response in the presence of 2.5 mM calcium. Administration of calcium induced concentration-dependent tonic contractions in resistance-sized arteries that had been depleted of intracellular calcium and exposed
to K-KRB, noradrenaline or noradrenaline plus K-KRB. Sensitivity to the divalent cation was larger in the presence of noradrenaline than during K-KRB
stimulation (Table 4.1). Calcium sensitivity was even larger in the presence of a
combination of noradrenaline and K-KRB (Table 4.1). It is especially interesting
that concentrations of calcium which were below the threshold needed to induce contraction in the presence of either stimulus alone, could induce up to
50% of the maximal contractile response in the presence of a combination of
both stimuli (Fig. 4.3). Concentrations of calcium exceeding 2.5 mM reduced
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contractile responses in the presence of noradrenaline but not in the presence
of K-KRB (Fig. 4.2 and 4.3).
Table 4.1. Effects of nimodipine and Bay-K 8644 on calcium sensitivity (pCaj) in mesenteric
resistance arteries of WKY and SHR \

(- Log [Molar])
WKY

SHR

K-KRB 125 mM

3.20 ± 0.03

3.33 ± 0.04

+ NIMO 10 pM

3.01 ± 0.05 *

3.05 ± 0.05 "

+ NIMO 0.1 nM

2.84 ± 0.02 *

2.82 ± 0.03 *

+ NIMO 1.0 nM

2.71 ± 0.03 *

2.68 ± 0.02

+ Bay-K 8644

3.93 ± 0.03 *

4.05 ± 0.04

NAI0|iM

3.87 ±0.04

4.44 + 0.10'

+ NIMO 0.1 nM

3.46 ± 0.06"

3.87 ± 0.08 *

+ NIMOI.0nM

3.15 ±0.05"

3.26 ± 0.07 "

+ NIMO10nM

2.86 + 0.04"

2.88 ± 0.05 "

NA10|iM

3.90 ±0.12

4.38 ± 0.20<

+ Bay-K 8644 I nM

3.84 ± 0.05

4.32 ± 0.09 <

+ Bay-K 8644 10 nM

4.21 ±0.15"

4.36 ± 0.06

+ Bay-K 8644 100 nM

4.10 ± 0.06 "

4.20 ± 0.07

4.25 ± 0.07

4.49 ± 0.06'

NA + K-KRB

b

" Mean values (n=6) and SEM of calcium concentrations needed to obtain a halfmaximal contractile response. "* Denote statistical significance of difference from
control or WKY, respectively (P < 0.05).

Effects of dihydropyridines in resistance arteries of Wistar
Kyoto rats
Nimodipine (10 pM to 10 nM) did not affect resting wall tension of the
vessels. It reduced sensitivity (Table 4.1) and maximal responses (Fig. 4.4) to
calcium in stimulated vessels. Nimodipine was more potent in K-KRB than in
noradrenaline stimulated vessels (Fig. 4.4, Table 4.1). Nimodipine did not affect
relaxing responses to millimolar concentrations of calcium in noradrenaline
stimulated vessels.
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Figure 4.3. Concentration response curves for calcium in mesenteric resistance arteries of
WKY (left) and SHR (right) rats. The curves were constructed in the continuous presence
of 125 mM potassium (open circle), 10 nM noradrenaline (closed triangle) or 125 mM
potassium + 10 |iM noradrenaline (open diamond). Shown are mean values ± SEM (n =
6) as fraction of the maximal response to a combination of 125 mM potassium and 10 pM
noradrenaline in the presence of 2.5 mM calcium. The hatched area indicates rhythmicity.

Bay-K8644 (100 nM) induced a contraction that, unlike those to K-KRB
and noradrenaline, consisted of rhythmic oscillations superimposed on a tonic
increase in force in the majority of the vessels (Fig. 4.5). Both components were
readily abolished when in the presence of 2.5 mM calcium, the extracellular
potassium concentration was slightly increased (from 5.9 to 10 or 15 mM; Fig.
4.5), and upon removal of extracellular calcium (Fig. 4.5). Bay-K.8644 significantly increased the sensitivity to calcium in vessels that were exposed to 125
mM K-KRB. In vessels exposed to noradrenaline, Bay-K8644 increased the
calcium sensitivity only marginally but significantly (Table 4.1 and Fig. 4.6).
However, Bay-K8644 had no significant effect on maximal contractile responses
to calcium in the presence of either 125 mM K-KRB or 10 uM noradrenaline
(Fig. 4.6). Neither did this dihydropyridine affect the relaxing effects of supramillimolar concentrations of calcium in vessels exposed to noradrenaline (Fig.
4.6).

Observations in resistance arteries of spontaneously hypertensive rats
Removal of extracellular calcium affected SHR vessels to the same extent
as WKY vessels. It abolished contractile responses to K-KRB and reduced the
responses to noradrenaline to a single transient one that reached 42 ± 5% of
control (Fig. 4.2) (P > 0.05 versus WKY). Like WKY vessels, SHR vessels were
least sensitive to calcium in depolarising solution, intermediately sensitive in
the presence of 10 uM noradrenaline and most sensitive to calcium when ex55
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Figure 4.4. Concentration response curves for calcium in mesenteric resistance arteries of
WKY (left) and SHR (right) rats. The vessels were exposed to 10 ^M noradrenaline (upper panels) to 125 mM potassium (lower panels) in the absence (open circle) or presence
of nimodipine; 10 pM (open inverted triangle), 0.1 nM (filled circle), 1 nM (open triangle)
or 10 nM (filled triangle), respectively. Shown are means ± SEM as fraction of the maximal response in the absence of nimodipine. Hatched areas represent rhythmic responses.

K-KRB 10

CaO
BayK8644

/ in

Figure 4.5. Typical tracings of responses to 100 nM Bay-K8644 (open bars)
in mesenteric resistance arteries of a
WKY rat. Addition of 10 mM potassium (hatched bar) or depletion of
extracellular calcium (crossed bar)
abolished the contractile responses to
Bay-K8644.

posed to both K-KRB and noradrenaline (Table 4.1 and Fig. 4.3). While WKY
and SHR vessels were equally sensitive to calcium in depolarising solution,
calcium sensitivity in the presence of either 10 (iM noradrenaline alone or both
K-KRB and noradrenaline was significantly higher in SHR than in WKY vessels
(Table 4.1). An additional point of interest is that, unlike the situation in WKY
vessels, contractile responses of SHR vessels to calcium in the presence of 10
noradrenaline were composed of rhythmic oscillations superimposed on
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Figure 4.6. Concentration response curves for calcium in mesenteric resistance arteries of
WKY (left) and SHR (right) rats, exposed to 10 nM noradrenaline (upper panels) or 125
mM potassium (lower panels) in the absence (open circle) or in the presence of 10 nM BayK8644 (closed circle). Shown are mean values ± SEM (n = 7) as a fraction of the maximal
response in the absence of Bay-K8644. Hatched areas represent rhythmic responses.

tonic increases in wall tension (Fig. 4.2). With increasing extracellular calcium
concentration the amplitude of this rhythmicity decreased and the frequency
increased, respectively. In order to visualize rhythmicity, the area between
sustained and maximal rhythmic response is striated in the figures 4.3, 4.4 and
4.6. Despite differences in contractile responsiveness to calcium in vessels exposed to noradrenaline, the relaxing effects of high concentrations of calcium in
the presence of the catecholamine did not differ between WKY and SHR.
Effects of nimodipine in SHR resistance arteries were qualitatively similar to those observed in WKY vessels. The dihydropyridine reduced responses
to calcium. As in WKY vessels, nimodipine was more potent in this respect in
vessels exposed to 125 mM K-KRB than in the presence of noradrenaline (Fig.
4.4). However, nimodipine abolished the differences that were observed between SHR and WKY vessels in calcium sensitivity and in the occurrence of
rhythmicity (Table 4.1).
Administration of a single concentration of Bay-K8644 (TOO nM) induced
similar contractions in SHR and WKY vessels. Bay- K8644 increased the sensitivity for calcium in vessels that were exposed to K-KRB but not, unlike in
WKY vessels, in those exposed to noradrenaline (Fig. 4.6, Table 4.1). Bay-K8644
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induced a minimal but significant difference in calcium sensitivity between
WKY and SHR vessels exposed to K-KRB. It eliminated on the other hand, the
difference in calcium sensitivity between WKY and SHR vessels stimulated
with noradrenaline (Table 4.1). Bay-K8644 affected neither maximal contractile
responses to calcium nor did it affect rhythmic responses to calcium in vessels
exposed to noradrenaline.

DISCUSSION
The present observations on resistance arteries are compatible with direct
indications that noradrenaline can affect the function of voltage-operated calcium channels in arterial smooth muscle. This mechanism could explain differences in pharmaco- and electro-mechanical coupling and differences in calcium handling between resistance arteries of normotensive and spontaneously
hypertensive rats.

Mechanisms involved in calcium handling
Maximal contractile responses of mesenteric resistance arteries to noradrenaline and depolarisation were partly additive (Fig. 4.1). Since this also applies to stimulated calcium influx (Hurwitz, 1986), the existence in the sarcolemma
of separate sets of receptor- and voltage-operated calcium channels has been
suggested (Van Breemen et a]., 1972; Bolton, 1979). While voltage-operated calcium
channels have been identified by patch clamp techniques (Hurwitz, 1986), there is
no direct evidence for the existence in arterial smooth muscle cells of voltageinsensitive calcium channels that are activated by noradrenaline. Instead recent
studies suggest that noradrenaline can affect voltage-operated calcium channels
(Han et al., 1987; Benham and Tsien, 1988; Nelson et al., 1988).

Judging from responses to calcium in mesenteric resistance arteries that
had been depleted of intracellular calcium, responses to noradrenaline and
high potassium are not simply additive (Fig. 4.3). Half maximal contractile
responses to the combination of noradrenaline and potassium could be obtained in the presence of extracellular calcium concentrations that were below the
threshold needed to support any response to either noradrenaline or depolarisation alone. This synergism suggests an interaction of depolarisation and noradrenaline at a common component of the excitation-contraction coupling
mechanism.
Other observations that suggest such an interaction include (i) the depolarising effect of noradrenaline in resistance-arterial smooth muscle as a consequence of increased influx of calcium ions (Cauvin and Van Breemen, 1985), and (ii)
inhibition of contractile responses to noradrenaline in resistance arteries by
hyperpolarising interventions such as activation of electrogenic sodium transport, opening of potassium channels and (3-adrenergic stimulation (Mulvany et al.,
1982; De Mey and Gray, 1985; Rinaldi and Bohr, 1989).
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One possible mechanism of interaction between the responses to depolarisation and the catecholamine is that noradrenaline, through effects on a superficial intracellular calcium store, reduces the removal of calcium ions that
enter the cell through voltage-operated channels (Saida and Van Breemen, 1984; Hurwitz, 1986). In the present study, noradrenaline, unlike high potassium, induced a
single transient contractile response after the removal of extracellular calcium.
This suggests the presence of a noradrenaline-sensitive intracellular calcium
store (Saida and Van Breemen, 1984). Another possibility is that second messengers
produced in response to the catecholamine increase the sensitivity of the contractile proteins to calcium (Adelstein and Sellers, 1987; Rasmussen et al., 1987; Sharma and
Bhalla, 1988). This could explain the difference in calcium sensitivity between
vessels stimulated with K-KRB or noradrenaline but not the further increase in
calcium sensitivity which is seen in the presence of both stimuli.
Furthermore, neither mechanism explains the susceptibility to dihydropyridines of resistance arterial contractile responses to noradrenaline. In previous studies in resistance arteries, dihydropyridine calcium antagonists were
observed to reduce responses to calcium in the presence of noradrenaline with
a higher or comparable potency than those in the presence of depolarising
solution (Nyborg and Mulvany, 1984; Cauvin and Van Breemen, 1985; Julou-Schaeffer and
Freslon, 1987). In the present study, nimodipine was ten times less potent in reducing responses to calcium in the presence of noradrenaline than in reducing
those in depolarising solution. For comparison; this difference rises to a hundred to a thousand fold in large elastic arteries (Scriabine and Van den Kerckhoff, 1988;
Chapter 3). In addition, the dihydropyridine agonist Bay-K8644 increased the
calcium sensitivity of resistance arteries in the presence of either noradrenaline
or high potassium. Assuming that dihydropyridines selectively interfere with
voltage operated calcium channels, our observations suggest that noradrenaline
and depolarisation interact at these channels.
We propose that noradrenaline can regulate the function of the same
calcium channels that are operated upon by changes in membrane potential. In
arterial smooth muscle, as in the myocardium (Hess et al., 1984; Bean et al., 1986),
depolarisation could initially activate resting voltage-operated calcium channels. As the depolarisation is maintained, an equilibrium is established between
activated and inactivated channels. High affinity binding of calcium antagonists
to the latter (Hess et al„ 1984; Bean et al., 1986) reduces the number of channels involved in the dynamic equilibrium between activated and inactivated channels.
Previous observations (Högestatt and Andersson, 1984; Nyborg and Mulvany, 1984) of
biphasic contractile responses to K-KRB in resistance arteries showed that the
initial transient response is far less sensitive to dihydropyridine calcium antagonists than the subsequent sustained response. These contractile phases
could reflect subsequent activation of T-type and L-type voltage-operated calcium channels (Hermsmeyer et al., 1989). They could also be a consequence of the
activation of the suggested three state calcium-channel. Contractile responses,
though obtained in a more physiological environment than direct electrophysiological measurements of currents through single calcium channels, are a
relatively indirect measure of calcium channel activation. Despite this, we hy59
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pothesize that within this framework some of the effects of noradrenaline are :
compatible with the possibility that this catecholamine shifts the equilibrium
towards the activated state of the voltage-operated calcium channel.
Activation of voltage operated calcium channels by noradrenaline could
be brought about by direct G protein activation (Brown and Birnbaumer, 1988; Rosenthai et al., 1988), channel phosphorylation through diacylglycerol and protein
kinase-C or channel activation by inositol triphosphate or its metabolites (Rasmussen ct al., 1987; Benham and Tsien, 1988; Sharma and Bhalla, 1988; Zeng et al., 1989).
The hypothesis that noradrenaline affects the function of voltage-operated calcium channels is strengthened by the observed effects of nimodipine
and Bay-K8644 on contractile responses to extracellular calcium. In depolarised
resistance arteries, the dihydropyridine calcium antagonist decreased the sensitivity to calcium, while the dihydropyridine calcium "agonist" increased the
sensitivity to this divalent cation. In resistance arteries exposed to noradrenaline, the sensitivity to calcium was higher than during depolarisation and it
could be increased further, although only slightly, by Bay-K8644. In addition,
higher concentrations of nimodipine were required to reduce calcium sensitivity in the presence of noradrenaline than in high potassium solution. We propose that upon exposure to noradrenaline a small fraction of the "voltage operated" calcium channels are activated and that most of these remain in the activated state at each point in time, therewith reducing the number of potential
binding sites for dihydropyridines. Strong depolarising stimuli would recruit
considerably more channels but, a large proportion of these channels would
enter into the inactivated state after an initial transient. To judge from the
synergism between noradrenaline and high potassium with respect to calcium
sensitivity, the effects of noradrenaline on the equilibrium between activated
and inactivated calcium channels persist in the depolarised cell membrane.

Hypersensitivity to calcium in the SHR
Resistance arteries of spontaneously hypertensive rats displayed hypersensitivity to calcium when exposed to noradrenaline but not when exposed to
high potassium. Furthermore, responses to calcium in the presence of noradrenaline in resistance arteries of SHR consisted of both a tonic and a rhythmic
component. Rhythmicity was absent in the presence of high potassium and was
not observed in WKY resistance arteries exposed to either noradrenaline or
potassium. This confirms earlier observations in mesenteric resistance arteries
of both young and adult spontaneously hypertensive rats (Mulvany and Nyborg,
1980) and in isolated vascular smooth muscle cells of spontaneously hypertensive rats (Bolzon and Cheung, 1989).
Although the hypersensitivity to calcium in SHR resistance arteries was
obvious in the presence of noradrenaline, but not high potassium, it could be
abolished by nimodipine. This suggests a role for voltage-operated calcium
channels. To judge from Fig. 4.3., most of the hypersensitivity to calcium can
be attributed to the occurrence of rhythmicity in resistance arteries of the SHR.
Although rhythmic contractile reactivity was normally absent in resistance
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arteries of WKY, it could be induced by Bay-K8644 (Fig. 4.5). This further
strengthens the suggestion that voltage-operated calcium channels are involved
in the rhythmic responses and hypersensitivity to calcium in resistance arteries.
In addition, the latter observation with Bay-K8644 indicates that the anatomical
requirements for rhythmic responses in a multicellular preparation, which
include a "pacemaker" that sets the rhythm and intercellular communication
(Berridge and Galione, 1988), are present in resistance arteries of both SHR and
WKY.
The effect of nimodipine on contractile responses to calcium during
stimulation with noradrenaline were more pronounced in SHR than in WKY
vessels. Those of Bay-K8644 were more pronounced in WKY vessels than in
SHR vessels. This suggests that voltage-operated channels play a role in the
hypersensitivity to calcium during exposure of SHR resistance arteries to noradrenaline. If noradrenaline indeed modulates voltage-operated calcium channel function, as suggested above, then these effects suggest a stronger effect of
noradrenaline on voltage-operated calcium channel function in SHR vessels.
This could be in line with several recent reports describing increased phospholipase C activity in arterial smooth muscle of SHR (Karaki et al., 1988; Uehara et al.,
1988). Alternatively, altered calcium activated potassium efflux (Jones et al., 1988)
might participate as well. Rhythmic responses in the stroke prone SHR substrain have been attributed to potassium channels (Berridge and Galione, 1988).
In summary, this study confirms hypersensitivity to calcium and rhythmicity in resistance arteries of SHR exposed to noradrenaline. These alterations
can be modified by nimodipine and Bay-K8644. We suggest that in resistance
arterial smooth muscle, noradrenaline modulates the function of voltage-operated calcium channels. This modulation could differ quantitatively in resistance arteries of SHR when compared to WKY.
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CHAPTER 5

SUMMARY
We evaluated whether GTP-binding regulatory proteins (G-proteins) are involved
in responses of resistance arterial smooth muscle to contractile agonists. We therefore
pretreated isolated sympathectomised mesenteric resistance arteries of the rat with pertussis toxin (PTX) and recorded their contractile responses to aluminium fluoride, endothelin, high potassium, phenylephrine, phorbol myristate acetate, serotonin and vasopressin. PTX reduced contractile responses to agonists with the following order of potency: phenylephrine = serotonin > vasopressin = endothelin. The toxin reduced responses
to phenylephrine in both the presence and absence of extracellular Ca"\ In Ca^*-depleted
vessels that were exposed to phenylephrine, PTX virtually abolished responses to Ca'*
while hardly affecting responses to Ca^* in the presence of endothelin. Also aluminium
fluoride and phorbol myristate acetate induced contractions. These were dependent on
extracellular O r ' and inhibited by felodipine. PTX reduced responses to aluminium
fluoride but not those to phorbol myristate acetate. These data indicate that PTX sensitive
G-proteins are involved in both influx of Ca^* and release of intracellular Ca"* following
a,-adrenergic and serotonergic stimulation of resistance arteries. The role of G-proteins in
stimulated Ca*' influx could involve a direct effect on calcium channels although an
indirect effect through protein kinase-C can not be entirely excluded. The persistance of
contractile responses to vasopressin and endothelin following PTX suggests that these
agonists engage different pathways to induce contraction or have a higher efficacy in
activating similar G-proteins.

INTRODUCTION
Alterations in the regulation of intracellular calcium in vascular smooth
muscle could play a role in the pathogenesis of hypertension (Sharma and Bhalla,
1988; Dominiczak and Bohr, 1989; Hermsmeyer and Rusch, 1989). Calcium can enter the

cytoplasm through channels in the plasma membrane or from the sarcoplasmic
reticulum. The sarcolemmal calcium channels can be opened by different mechanisms such as changes in membrane potential, stretch and receptor activation (Laher and Bevan, 1989; Rüegg et al., 1989; Zelis and Moore, 1989). The electrophysiological characteristics of voltage operated calcium channels are well documented (for review see: Bean, 1989). The precise interaction between different receptors
and calcium channels, however, is still unclear. There are indications that receptor activation can modulate the function of the same calcium channels that
are affected by changes in membrane potential (Han et al., 1987; Benham and Tsien,
1988; Nelson et al., 1988; Boonen and De Mey, 1990). In this respect, G-proteins could be
the transducers in the agonist induced elevation of intracellular calcium, either
directly via a coupling to a sarcolemmal calcium channel or indirectly through
the activation of phospholipase-C, which in turn will generate second messengers that can cause the release of intracellular calcium and open calciumchannels in the cell membrane.
Nichols et al., (1989) have shown in pithed rats that postjunctional a,adrenoceptors may be linked directly to calcium-channels through pertussis
64

G-PROTEIN INVOLVEMENT IN CONTRACTION OF SMALL ARTERIES

toxin (PTX) sensitive G-proteins, whereas oc,-adrenoceptors may be linked to
two distinct G-proteins. One of these would also be pertussis toxin-sensitive
and directly coupled to calcium channels. The other would be pertussis toxininsensitive and involved in the release of intracellular calcium through activation of phospholipase-C and subsequent generation of inositol triphosphate.
Recently, Rosenthal et al., (1988) and Zeng et al., (1989) reported the involvement of G-proteins in the activation of voltage operated calcium channels in
vascular smooth muscle.
The involvement of G-proteins and second messengers in calcium influx
and intracellular release of stored calcium in resistance-sized arterial smooth
muscle after stimulation with an agonist is largely unknown. Therefore we
evaluated the effects of pertussis toxin, a bacterial inactivator of certain subtypes of G-proteins, on contractile responses to different agonists and calcium
in isolated mesenteric resistance-sized arteries of the rat. The pharmacological
agonists that were used have been observed to increase the turnover of phosphatidylinositol in vascular smooth muscle (Minneman, 1988; Akbar et al., 1989; Huang
et al., 1989; Kondo et al., 1989). We also evaluated the effects of aluminium fluoride,
a direct activator of G-proteins (Zeng et al., 1989) and phorbol myristate acetate, a
direct activator of protein kinase C (Nishizuka, 1986) to elucidate their involvement in excitation-contraction coupling in these vessels.

MATERIAL AND METHODS
Agents and drugs
During dissection and experimentation the vessel preparations were
immersed in a Krebs-Ringer bicarbonate (KRB) solution (pH 7.4) with the following composition (mM): NaCl 118.3; KC1 4.7; CaCL,, 2.5; MgSCv7 H A 1.2;
KH,PO4, 1-2; NaHCOj, 25.0 and glucose, 11.1. High potassium solution (K-KRB)
had a similar composition as KRB except that all the NaCl was replaced by an
equimolar amount of KC1. Ca~*-free KRB was obtained by omitting CaCU from
normal KRB and adding 0.3 mM EGTA. The drugs used included 6-hydroxydopamine, 1-phenylephrine hydrochloride, ethyleneglycol-bis-((i-amino-ethyl
ether) N,N'-tetra acetic acid (EGTA), sodium fluoride and phorbol 12-myristate
13-acetate (Sigma, St.Louis Missouri, USA). Serotonin creatinine sulfate monohydrate and pertussis toxin were obtained from Janssen Chimica (Beerse, Belgium). Porcine endothelin-1 was obtained from Peninsula (Belmont, California,
USA) and vasopressin from Sandoz AG (Basel, Switzerland). Aluminium chloride (p.a) was obtained from Merck (Darmstadt, FRG). Felodipine was kindly
supplied by Dr. M. Nordlander (Hassle, Mölndal, Sweden). A stock solution
was made by dissolving felodipine in polyethylene glycol (10 mM). From this
solution further dilutions were made in bidistilled water.
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Preparation of vessel segments
Adult male Wistar Kyoto rats were killed by cervical dislocation and
exsanguination. A loop of the small intestine was isolated from the rats and
immersed in KRB solution. Third to fourth order side branches of the superior
mesenteric artery were then dissected from the mesentery. The adrenergic
nerve endings in the vessels were destroyed by incubating the vessel segments
for 10 minutes at 37°C in a bicarbonate free Krebs-Ringer solution (pH 4.0) that
contained 300 Ug/ml 6-hydrOXydopamine (Aprigliano and Hermsmeyer, 1977). The
vessel segments (approximately 2 mm in length) were then threaded on two
stainless steel wires (0 40 urn) and mounted horizontally as ring segments in
an organ chamber between an isometric force transducer (Kistler Morse DSC 6,
Seattle USA) and a displacement device (Mulvany and Halpem, 1977). The solution
in the myograph was maintained at 37°C and aerated with 95% O2 and 5%
COj. Prior to experimentation the vessels were stretched to their individual
optimal lumen diameter for force development as was previously described (De
Mey et al., 1987). Two vessels could be mounted in parallel in one organ chamber.

Experiments with pertussis toxin
Prior to mounting and experimentation, the vessels were incubated for
90 min. at 37°C in 1 ml KRB containing 0.0, 0.2, 1.0 or 5.0 ug/ml pertussis
toxin. In the first series of experiments concentration-response curves were
constructed for endothelin (0.1 nM - 30 nM), phenylephrine (0.1 uM - 12.5 u.M),
serotonin (0.1 uM - 12.5 uM) and vasopressin (0.1 nM - 30nM), in control and
pertussis toxin-pretreated preparations. In the second series of experiments
calcium-concentration response curves were constructed in the presence of 10
uM phenylephrine or 30 nM endothelin in pertussis toxin-pretreated and control preparations. During 3 minutes, the vessels were incubated in Ca^-free
KRB. Then, either 10 uM phenylephrine or 30 nM endothelin was administered
in the bath. This resulted in a transient contractile response. A second application of the agonists in Ca'*-free solution, did no longer induce contraction indicating depletion of the respective agonist-sensitive intracellular calcium stores
(Van Breemen and Saida, 1989). Calcium concentration response curves (25 uM - 2.5
mM) were then constructed in the continuous presence of either 10 uM phenylephrine or 30 nM endothelin. Calcium concentration response curves could not
be obtained in the presence of serotonin or vasopressin because of the tachyphylactic nature of the contractile responses to these agonists.

Experiments with aluminium fluoride and phorbol myristate
acetate
In order to directly activate G-proteins, vessels were incubated for 20
minutes in the presence of a combination of 5 mM sodium fluoride (NaF) and
32 uM aluminium chloride (AICI3). A1F,,"' which has a similar structure as PO/',
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can interact with the a-subunit of the G-protein. This results in activation of
the G-protein (Zeng et al., 1989). These experiments were performed in the presence or absence of 2.5 mM calcium.
Phorbol myristate acetate has been shown to increase the activity of
protein kinase-C in a variety of cell types including vascular smooth muscle
(Nishizuka, 1986; Fish et al., 1988). To evaluate the role of protein kinase-C in the
activation of G-proteins, we induced contractile responses to 1 uM phorbol
myristate acetate in control vessels and in vessels that had been pretreated with
1 ug/ml pertussis toxin.

Statistics
Differences in contractile responses to the agonists between control and
pertussis toxin-pretreated vessels were evaluated using an unpaired t-test. In
the case of multiple comparisons, one way ANOVA was followed by a modified t-test according to the method described by Bonferroni (Wallenstein et al.,
1980). In most cases, P < 0.05 was accepted to denote statistical significance of
differences except for multiple comparisons (P = 0.05 / m, in which m is the
number of comparisons). Contractile responses are expressed as increases in
wall tension (increases in force divided by twice the vessel segment length).

RESULTS
Mechanical properties
The optimal lumen diameter of the isolated sympathectomised mesenteric resistance vessels averaged 214 ± 4 urn (n = 49). This did not differ between control and pertussis toxin-pretreated vessels. Contractile responses induced by exposing the vessels to 125 mM K-KRB, consisted of an initial transient (2.58 ± 0.20 mN/mm, n=18) and a subsequent sustained phase (2.35 ±
0.15 mN/mm, n=18).

Effects of pertussis toxin on contractile responses to agonists
and calcium
Pretreatment of vessels with pertussis toxin had no significant effect on
the transient contractile response to potassium. It averaged 2.92 ± 0.25
mN/mm (n=7); 2.39 ± 0.17 mN/mm (n=18) and 2.34 ± 0.38 mN/mm (n=7) in
vessels that had been pretreated with 0.2; 1.0; and 5.0 |ig/ml pertussis toxin,
respectively. These responses were used as a reference to which all contractile
responses induced by the agonists were related. Unlike the transient contractile
response to 125 mM potassium, the sustained response was reduced following
pertussis toxin. It averaged 2.67 ± 0.23 mN/mm (n=7); 1.31 ± 0.16 mN/mm
(n=18) (P < 0.05 vs. control, one-way ANOVA) and 1.60 ± 0.31 mN/mm (n=7)
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Figure 5.1. Concentration response curves in mesenteric resistance arteries for phenylephrine (PHE, upper left), serotonin (5HT, upper right), vasopressin (AVP, lower left)
and endothelin (ET, lower right) in the presence of 2.5 mM Ca** in control vessels (open
circles) or in vessels pretreated with 1 Hg/ml pertussis toxin (solid circles). Shown are
mean values ± SEM as fraction of the maximal transient contractile responses to 125 mM
K-KRB.

(P < 0.05 vs. control, one-way ANOVA) in vessels pretreated with 0.2; 1.0; and
5.0 ug/ml pertussis toxin, respectively. Maximal contractile responses and sensitivities of mesenteric resistance arteries to phenylephrine, serotonin, vasopressin and endothelin are summarised in Table 5.1. Treatment of vessels with 1
ug/ml pertussis toxin significantly decreased the maximal responses and sensitivities to the different agonists with the following order of potency : phenylephrine = serotonin > vasopressin = endothelin (Table 5.1, Fig. 5.1). Effects of
pertussis toxin on responses to phenylephrine were more marked after pretreatment of the vessels with 1.0 than with 0.2 ug/ml of the toxin. Effects of 1.0
and 5.0 ug/ml pertussis toxin on responses to the a,-adrenoceptor agonist were
comparable.
In the absence of extracellular calcium, 30 nM endothelin, 10 uM phenylephrine, 30 nM vasopressin but not 125 mM K-KRB, induced a transient
contraction. These contractions, which are due to the release of intracellularly
stored calcium (Van Breemen and Saida, 1989), averaged 50 ± 4% (n=7), 48 ± 4%
(n=7), and 66 ± 3% (n=7) of the response to 125 mM K-KRB in the presence of
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Table 5.1. Effects of 1 ug/ml pertussis toxin on maximal contractile responses and sensitivities
to different agonists in sympathectomised mesenteric resistance arteries of WKY.

control

PTX

n

K-KRB,

0.87 ± 0.05

0.64 ± 0.07 *

12

PHElOuM

1.28 ±0.04

0.68 ± 0.09 '

25

5HT 10 nM

1.36 ± 0.12

0.59 ± 0.21 '

6

AVP30nM

1.37 ±0.08

1.12 ± 0 . 0 7 -

12

ET 30 nM

1.42 ± 0.15

1.10 ± 0.08 '

6

ALF,

0.81 ± 0.15

0.07 ± 0.04 *

6

PMA

0.95 ± 0.13

0.65 ±0.11

6

PHE

6.12 ± 0.12

5.78 ± 0.13"

12

5HT
AVP
ET

6.52 ± 0.10
9.11 ±0.11
8.22 ± 0.06

6.08 ± 0.14'
8.75 ± 0 . 0 9 '
8.05 ± 0.06 '

6
6
6

Max (/K-KRB)

Sensitivity (-Log Molar [EC.J)

Top: Maximal sustained contractile responses to 125 mM potassium (K-KRBJ, 10 |iM
phenylephrine (PHE), 10 |iM serotonin (5HT), 30 nM vasopressin (AVP) 30 nM endothelin (ET), A1F, (5 mM NaF and 32 uM A1C1,) and 1 uM phorbol myristate acetate
(PMA) are shown as fraction of the maximal transient contraction evoked by 125 mM KKRB for control vessels and vessels pretreated with 1 |ig/ml pertussis toxin during 90
min. Maximal transient responses to 125 mM K-KRB averaged 2.58 ± 0.20 and 2.39 ± 0.17
mN/mm in control and pertussis toxin pretreated vessels, respectively. Bottom: pD2
values (- Log Molar [EC^,]) for the agonists with or without pertussis toxin pretreatment
are shown as mean ± SEM. ': the difference from control is statistically significant, n
represents the number of observations (one-way ANOVA).

2,5 mM calcium, for endothelin, phenylephrine and vasopressin, respectively.
In vessels that had been pretreated with 1 ug/ml pertussis toxin, responses to
phenylephrine in calcium-free solution were strongly reduced (8.9 ± 3.17c of KKRB 125 mM maximum)(Fig. 5.2). However, those to endothelin (38 ± 17% of
K-KRB 125 mM maximum) and vasopressin (56 ± 6%)(Fig. 5.2) were not significantly affected. Readministration of calcium to control vessels stimulated
with 10 uM phenylephrine or 30 nM endothelin, resulted in concentration dependent increases in wall tension. Vessels pretreated with 1 ug/ml pertussis
toxin failed to respond to increasing concentrations of calcium in the presence
of 10 uM phenylephrine but not in the presence of 30 nM endothelin (Fig. 5.3).
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K-KRB

Figure 5.2. Redrawing of typical tracings of contractile responses to 125 mM potassium
(K-KRB), 10 nM phenylephrine (PHE), or 30 nM vasopressin (AVP) in isolated sympathectomised mesenteric resistance arteries. The upper tracing is of a control vessel, the
lower of a vessel that was pretreated with 1 Hg/ml pertussis toxin (PTX) during 90 min.
Responses to phenylephrine and vasopressin were repeated in the absence of extracellular calcium (Ca 0) (indicated by the open bars).

Effects of aluminium fluoride and phorbol myristate acetate
Sodium fluoride (5 mM) induced a small contractile response in the
presence of 2.5 mM calcium. Addition of 32 uM aluminium chloride had a
strong potentiating effect on the contractions induced by 5 mM sodium fluoride (Fig. 5.4). The contractile response to aluminium fluoride reached 2.32 ±
0.43 mN/mm (n = 7), which is 81 ± 15% of the maximal contractile response to
125 mM K-KRB. These contractions were readily abolished in the absence of
extracellular calcium or in the presence of the dihydropyridine calcium antagonist felodipine. Pertussis toxin significantly reduced contractile responses to
aluminium fluoride. After pretreatment with 0.2, 1.0, or 5.0 ug/ml pertussis
toxin, they averaged 0.49 ± 0.29 (n=7); 0.20 ± 0.08 (n=7) and 0.27 ± 0.08
mN/mm (n=7), respectively.
Phorbol myristate acetate (1 uM) induced a slow contractile response.
These responses averaged 1.85 ± 0.32 mN/mm (95 ± 13% of the maximal response to 125 mM K-KRB)(n=6). Pertussis toxin pretreatment did not affect
contractile responses to 1 uM phorbol myristate acetate (1.71 ± 0.34 mN/mm;
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Figure 5.3. Concentration response curves to calcium, in calcium depleted vessels, in the
continuous presence of 10 ^M phenylephrine (PHE, left) or 30 nM endothelin (ET, right),
in control vessels (open circles) and in vessels pretreated with 1 ug /ml pertussis toxin
(solid circles). Shown are mean values ± SEM as force development relative to the transient contractile responses to 125mM K-KRB.

Figure 5.4. Typical tracings of contractile responses to the combination of 5
mM sodium fluoride and 32 |iM aluminium chloride (A1F,,) in a control
vessel (upper tracing and left calibration mark) and in a vessel pretreated
with 1 ug/ml pertussis toxin during 90
min., (lower tracing, right calibration
mark). In the absence of extracellular
calcium (Ca 0, open bar), aluminium
fluoride did not induce a contractile
response. A contraction developed only
upon the readministration of 2.5 mM
calcium (W).

65 ± 11% of the K-KRB maximum)(n=6). However, contractile responses to
phorbol myristate acetate were strongly reduced by the dihydropyridine calcium antagonist felodipine (the pIC^ for felodipine averaged -9.40 ± 0.49
(n=10)), and by the removal of extracellular calcium.

DISCUSSION
We evaluated whether G-proteins are involved in contractile responses
of isolated mesenteric resistance-sized arteries to agonists. Therefore, we recorded effects of pertussis toxin, which irreversibly inactivates certain G-proteins
(Murayama and Ui, 1983; Ribeiro-Neto and Rodbell, 1989), and aluminium fluoride which
directly activates G-proteins (Zeng et al., 1989), on contractile responses to diffe-
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rent agonists and calcium. Taken together the results suggest that pertussis
toxin-sensitive G-proteins are involved in influx of calcium as well as release of
intracellularly stored calcium during a,-adrenergic and serotonergic activation.
We suggest that in mesenteric resistance arteries of the rat, pertussis toxin
sensitive G-proteins couple a,-adrenoceptors to phospholipase-C or directly to
plasmalemmal calcium channels. Upon receptor stimulation, activation of these
G-proteins can directly or indirectly affect calcium channels in the cell membrane.

Effects of pertussis toxin on agonist induced contractions
While pertussis toxin did not affect the transient contractile responses to
potassium, pretreatment of the vessels with the toxin reduced responses to the
pharmacological agonists and the sustained contractile response to potassium.
Responses to a,-adrenergic and serotonergic stimulation were affected to a
larger extent than responses to vasopressin or endothelin. Phenylephrine and
serotonin have been shown to stimulate calcium influx and intracellular calcium release by increasing the phosphatidylinositol turnover in vascular
smooth muscle (Minneman, 1988; Akbar et al., 1989). Our indirect observations thus
suggest that in the case of phenylephrine and serotonin, pertussis toxin-sensitive G-proteins are involved in the agonist induced activation of phosphatidylinositol turnover in mesenteric resistance arteries. Also vasopressin can
stimulate calcium influx and intracellular release of calcium by increasing
phosphatidylinositol turnover (Grillone et al., 1988; Kondo et al., 1989). However, contractile responses to vasopressin were less affected by pertussis toxin than
those to phenylephrine or serotonin. In some, but not all reports (Huang et al.,
1989; Mitsuhashi et al., 1989; Ohlstein et al., 1989), also endothelin has been shown to
increase phosphatidylinositol turnover. Yet, also contractile responses to this
peptide were hardly affected by pertussis toxin. This discrepancy in effects of
pertussis toxin on contractile responses to different agonists may indicate that
vasopressin and endothelin engage different pathways to induce a cellular
response, or that vasopressin and endothelin have a greater efficacy than phenylephrine and serotonin in activating similar G-proteins. A comparable suggestion was made by Liebau et al., (1989), who found that inhibition of ct,-adrenoceptor mediated contractions by pertussis toxin, was dependent on the agonist intrinsic efficacy. Thus agonist-receptor complexes could have different
potencies in activating one or more G-proteins. The inhibitory effect of pertussis toxin treatment on sustained contractile responses to potassium could indicate that depolarisation of sympathectomised vessels does not only lead to a
direct stimulation of the contractile apparatus through opening of voltage dependent calcium channels in the sarcolemma, but also through release of
neuropeptides. (Kawasaki et al., 1988). An alternative explanation could be that
pertussis toxin-sensitive G-proteins are activated as a consequence of the increased calcium-influx stimulated by depolarisation. This, however, remains to
be elucidated.
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Effects of pertussis toxin on calcium mobilising pathways
To separate the components of contractile responses that are due to influx of calcium and those that are due to the release of intracellular calcium,
concentration response curves for calcium were constructed in the presence of
10 uM phenylephrine or 30 nM endothelin. As can be seen in Figure 5.2., vasopressin and phenylephrine evoked contractions in vessels that were incubated
in Ca^* -free solution, indicating that they can induce the release of intracellularly stored calcium. Pretreatment with pertussis toxin led to an almost complete obliteration of the transient response to phenylephrine. However, contractile responses to vasopressin and endothelin in calcium free medium were not
significantly affected after pertussis toxin treatment. In the continuous presence
of phenylephrine or endothelin, readministration of calcium in calcium depleted preparations caused tonic increases in wall tension. These most likely
result from influx of calcium from the extracellular medium. Contractile responses to calcium in the presence of phenylephrine were abolished by pertussis
toxin while those to endothelin were affected to a much lesser extent. These
and the above mentioned observations suggest that in mesenteric resistance
arteries, pertussis toxin sensitive G-proteins are involved in stimulation of both
release of intracellular calcium and influx of calcium following a,-adrenoceptor
activation. Assuming that a,-adrenergic stimulation leads to activation of phospholipase-C (Minneman, 1988), one can conclude that pertussis toxin-sensitive Gproteins couple a,-adrenoceptors to phospholipase-C. It can not be excluded,
however, that pertussis toxin-sensitive G-proteins could also directly affect
calcium channels in the plasma membrane (Brown and Birnbaumer, 1988; Rosenthal et
al., 1988; Zeng et al., 1989). Nevertheless, our observations are in contrast with those
of Nichols et al., (1989), who suggested that a,-adrenoceptors are coupled to
pertussis toxin-sensitive and pertussis toxin-insensitive G-proteins, the former
of which couple the adrenoceptor directly to a calcium channel and the latter
coupling the adrenoceptor to phospholipase-C, being responsible for intracellular calcium release.

Effects of direct activation of G-proteins or protein kinase-C
To assess whether G-protein activation directly modulates calcium channel function, we stimulated G-proteins with aluminium fluoride (Zeng et al., 1989).
Aluminium fluoride induced slow concentration dependent sustained contractions that were strictly dependent on the presence of extracellular calcium. The
contractions to aluminium fluoride were abolished by pertussis toxin. Thus,
pertussis toxin-sensitive G-proteins were involved in the influx of calcium
following activation with aluminium fluoride.
Also phorbol myristate acetate induced a sustained contraction. These
contractions could be inhibited by the removal of calcium from the extracellular medium and by the dihydropyridine calcium antagonist felodipine. These
observations suggest that contractions induced by phorbol myristate acetate
depend primarily on the influx of calcium. Pertussis toxin pretreatment did not
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affect contractile responses to phorbol myristate acetate indicating that in the
case of agonist-induced contractions, pertussis toxin-sensitive G-proteins were
not activated as a result of stimulated protein kinase-C or increased calcium
influx.
It can be concluded that pertussis toxin sensitive G-proteins are involved
in a,-adrenergic and serotonergic stimulation of mesenteric resistance arteries.
They either couple a,-adrenoceptors and serotonergic receptors directly to
calcium influx or to phospholipase-C which in turn generates second messengers that can i) increase the open probability of sarcolemmal calcium channels
and ii) induce intracellular calcium release. Contractions induced by vasopressin and endothelin were affected less by pertussis toxin than those to phenylephrine or serotonin. This could be due to (i) the engagement of different mechanisms that lead to contraction or (ii) to a higher efficacy with which these
agonist activate similar G-proteins.
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CHAPTER 6

SUMMARY
We examined the role of protein kinase-C in contractile responses of small arteries of the rat by stimulating and inhibiting protein kinase-C with phorbol myristate
acetate and staurosporine, respectively. The experiments were performed in isolated
mesenteric resistance arteries that had been sympathectomised and mounted for recording of isometric force development. Phorbol myristate acetate i) increased from below 3
nM the sensitivity for the contractile effect of potassium, but not noradrenaline or BayK8644, ii) increased from 30 nM the sensitivity of depolarised vessels for extracellular
calcium and iii) induced from 30 nM a contractile effect that depended on the presence of
extracellular calcium and that was reduced by the calcium antagonist felodipine. Both the
phorbol ester and staurosporine did not affect contractile responses to caffeine in calcium
free solution. 10 nM staurosporine reduced resistance arterial responses to potassium but
not noradrenaline. These results are in agreement with direct observations by others that
suggest a role for protein kinase-C in the activation of voltage operated calcium channels.
Protein kinase-C could participate in this way in electro-mechanical coupling in resistance arterial smooth muscle and when strongly activated, sensitise the contractile apparatus for calcium.

INTRODUCTION
The tone and structure of small arteries govern peripheral vascular resistance and local blood flow (Mellander, 1989; Folkow, 1990; Nelson et al., 1990). Tone IS
controlled by myogenic mechanisms and by neurohumoral and paracrine vasoactive substances. These modulate the concentration of free calcium ions in the
smooth muscle cells (Carafoli, 1987; Nelson et al., 1990). The cytosolic free calcium
concentration is regulated by influx of calcium ions into the cell, their release
and sequestration by intracellular stores and their extrusion from the cell across
the cell membrane (Carafoli, 1987; Van Breemen and Saida, 1989). Calcium influx depends primarily on the function of calcium channels in the sarcolemma. The
function of these channels can be modulated by both changes in membrane
potential and vasoactive agonists (Nelson et al., 1988, 1990; Somlyo and Himpens, 1989;
Boonen and De Mey, 1990b).

Vasoconstrictor substances affect the function of voltage-operated calcium channels in different cell types. This is brought about either directly
through the activation of GTP-binding regulatory proteins or indirectly via activation of phospholipase-C (Zeng et al., 1989; Boonen and De Mey, 1990a; Nelson et al.,
1990). Activation of phospholipase-C leads to the generation of inositol-triphosphate and diacylglycerol. The former stimulates the release of calcium ions
from intracellular stores. Diacylglycerol, on the other hand, activates protein
kinase-C (Berridge, 1986; Nishizuka, 1986). This kinase can modify several processes.
It can increase the sensitivity of the contractile apparatus to calcium (Adelstein
and Sellers, 1987; Rasmussen et al., 1987; Khalil and Van Breemen, 1988; Drenth et al., 1989),

decrease the activity of phospholipase-C (Yamatani et al., 1990), activate sodium76
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hydrogen exchange (Boscoboinik et al., 1990), desensitise various membrane receptors (Huganir and Greengard, 1987; Raymond et al., 1990) and affect the function of ion
channels in the cell membrane (Litten et al., 1987; Fabbro et al., 1988). Direct observations (Gleason and Flaim, 1986; Fish et al., 1988) have shown that phorbol esters
increase calcium influx through voltage operated calcium channels in vascular
smooth muscle cells.
The exact role of protein kinase-C in the muscular lining of blood vessels
that are small enough to contribute to the control of peripheral vascular resistance and local blood flow is, however, largely unknown. In view of several
pharmacological peculiarities of the excitation-contraction coupling in resistance arterial smooth muscle (Mulvany et al., 1982; Cauvin et al., 1985), this can not be
directly extrapolated from observations in large arteries or non-vascular
smooth muscle preparations. Moreover, in the resistance part of the circulation
not only pharmaco-mechanical coupling but also electro-mechanical coupling is
functionally relevant (Nelson et al., 1990). Contractile responses to depolarisation
participate in the effects of vasoconstrictor agents and underlie myogenic arteriolar responses and autoregulation of blood flow (Mulvany et al., 1982; Mellander,
1989; Nelson et al., 1990).

Based on the observations in vascular smooth muscle cells which suggest
that protein kinase-C can affect voltage operated calcium channels (Gleason and
Flaim, 1986; Fish et al., 1988), we evaluated whether protein kinase-C is involved in
mechanical responses of isolated mesenteric resistance arteries to depolarisation
and pharmacological stimulation. Since the small size of the preparations hinders biochemical analyses, we selected a pharmacological approach. We recorded effects on resistance arterial contractile responses of phorbol myristate
acetate and staurosporine, an activator and an inhibitor of protein kinase-C,
respectively (Nishizuka, 1986; Rüegg and Burgess, 1989).

MATERIAL AND METHODS
Preparation of vessels
Adult Wistar Kyoto rats were killed by a sharp blow on the head and
exsanguination. Resistance sized arteries (diameter approximately 200 um)
were then dissected from the mesentery. Since various pharmacological interventions, as well as depolarisation, affect not only smooth muscle cells but also
sympathetic nerves in the vascular wall (Vanhoutte et al., 1981), the vessels were
acutely sympathectomised. This was achieved by incubating the vessels for 10
minutes at 37° C in a bicarbonate free Krebs Ringer solution (pH 4.0) that contained 300 Ug/ml 6-hydroxydopamine (Aprigliano and Hermsmeyer, 1977). The vessels were then mounted as ring segments between an isometric force transducer (Kistler Morse DSC 6, Seattle USA) and a displacement device (Mulvany
and Halpern, 1977). The solution in the myograph was maintained at 37°C and
aerated with 95% O2 and 5% COj. Prior to experimentation the vessels were
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stretched to their individual optimal lumen diameter for force development
(De-Mey et al., 1987). The current output of the strain gauge was amplified and
digitised on line. The digitised force output was displayed and stored on an
Olivetti PC/AT M28 and analysed using a software package prepared by the
Instrumental Development Department (University of Limburg, Maastricht, The
Netherlands). During dissection, mounting and experimentation the vessels
were immersed in a Krebs Ringer bicarbonate (KRB) solution (pH 7.4) with the
following composition (mM): NaCl, 118.3; KC1, 4.7; CaCL,, 2.5; M g S O ^ H A
1.2; KHjPO^, 1.2; NaHCOj, 25.0 and glucose, 11.1. The high potassium solution
(K-KRB) had a composition similar to that of KRB except that all the NaCl had
been replaced by an equimolar amount of KC1. Solutions with potassium concentrations ranging from 5.9 to 125 mM were obtained by mixing appropriate
volumes of KRB and K-KRB. For Ca^-free KRB, CaCl, was omitted from normal KRB and 0.3 mM EGTA was added. The drugs used included 6-hydroxydopamine, caffeine, ethylene glycol bis (p-aminoethyl-ether)-N-N'-tetraacetic
acid (EGTA), 1-arterenol bitartrate (noradrenaline), phorbol 12-myristate 13acetate and dl-propranolol HC1 (Sigma, St.Louis MO, USA). Stock solutions of
phorbol myristate acetate (1 mM) were prepared by dissolving phorbol myristate acetate in dimethyl sulfoxide. Staurosporine was supplied by Boehringer
Mannheim, (Almere, The Netherlands). Felodipine was kindly supplied by Dr.
M. Nordlander (Hassle, Mölndal, Sweden). Bay-K8644 was a generous gift of
Dr. S. Kazda (Bayer, FRG). Stock solutions of felodipine and Bay-K8644 (10
mM) were dissolved in polyethylene glycol. All further dilutions were performed with double distilled water. Experiments with noradrenaline were performed in the presence of 1 |jM of the fJ-blocking agent propranolol.

Experiments with phorbol myristate acetate
Concentration response curves for phorbol myristate acetate (1 nM-1
uM) were constructed in the presence of 2.5 mM calcium. In addition, concentration response curves for potassium (10 mM-125 mM) were constructed in the
absence or presence of 3, 10 or 30 nM phorbol myristate acetate. Furthermore,
concentration response curves for noradrenaline were constructed in the absence or presence of 30 nM phorbol myristate acetate. To evaluate whether
activation of protein kinase-C could increase the sensitivity of contractile proteins for calcium (Adelstein and Sellers, 1987; Rasmussen et al., 1987), we examined the
effects of 3 - 30 nM phorbol myristate acetate on (i) contractile response to 10
mM caffeine in calcium-free KRB and ii) on contractile responses to calcium in
vessels that were depleted of intracellular calcium and exposed to 125 mM KKRB. Furthermore, a cumulative concentration response curve for the dihydropyridine calcium antagonist felodipine was constructed on top of a maximal
contractile response to 1 uM phorbol myristate acetate. Finally, concentration
response curves for phorbol myristate acetate were repeated in the presence of
30 and 100 nM of the dihydropyridine calcium agonist Bay-K8644.
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Effects of staurosporine
In addition to effects of activation, those of inhibition of protein kinase-C
on contractile responses in isolated resistance vessels were also evaluated. Staurosporine, a direct inhibitor of protein kinase-C (Rüegg and Burgess, 1989), was used
to suppress the activity of protein kinase-C. Dose response curves to potassium
(5.9 - 125 mM) and noradrenaline (10 nM - 10 uM) were constructed in the
absence or presence of 0.1, 1.0, or 10 nM staurosporine. Furthermore, the effects
of staurosporine on contractile responses to 10 mM caffeine in Ca^-free KRB
were assessed.

Statistics
Changes from control induced by phorbol myristate acetate or staurosporine were evaluated using a one-way analysis of variance. In the case of
multiple comparisons, one-way ANOVA was followed by a modified t-test according to the method described by Bonferroni (Wallenstein et al., 1980). P < 0.05
was accepted to denote statistical significance of differences. Contractile responses are expressed as increases in wall tension (force / twice the segment's
length). Logistic regression curve fitting (Graphpad Inplot 3.01, San Diego, CA,
USA) was performed on concentration response curves to obtain EC50 or pDj (=
-log [EC5J ) values.

RESULTS
Vessel properties
The optimal lumen diameters of the vessels averaged 208 ± 5 urn (n=42).
Contractile responses induced by exposing the sympathectomised vessels to
125 mM K-KRB consisted of an initial transient (K,) and a subsequent sustained
phase (K,). K, and K, averaged 2.64 ± 0.12 mN/mm, and 2.31 ± 0.14 mN/mm
(n=22), respectively. As previously observed (Boonen and De Mey, 1990b) both the
transient and the sustained response to 125 mM potassium were readily abolished following the removal of extracellular calcium. Noradrenaline induced
sustained contractions (pDj 6.36 ± 0.07, E„„ 2.68 ± 0.21 mN/mm; n=12) but
unlike the reaction to high potassium, a single transient contractile response
persisted in the absence of extracellular calcium (Boonen and De Mey, 1990b).

Effects of phorbol myristate acetate
Phorbol myristate acetate (1 nM - 1 uM) induced slow concentration
dependent contractile responses (Fig. 6.1). The maximal contractile response to
1 uM phorbol myristate acetate averaged 1.54 ± 0.37 mN/mm (91% ± 14% of
the maximal transient response to 125 mM K-KRB) (n=6). This response was
rapidly abolished by removal of extracellular calcium (not shown) and reduced
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Figure 6.1. Concentration response curve for phorbol myristate acetate (PMA, left panel)
in isolated sympathectomised mesenteric resistance arteries in the presence of 2.5 mM
calcium. The right panel shows a concentration response curve for felodipine in vessels
that had been made to contract with 1 |iM PMA. Data are expressed as means ± SEM
(left, n=6; right, n=8) , relative to the maximal contractile response to 125 mM potassium
(left) or to the maximal contractile response to 1 |iM PMA (right).
Figure 6.2. Typical tracing illustrating the effect of 10 nM phorbol myristate acetate on
contractile responses to increasing concentrations of potassium in an isolated sympathectomised mesenteric resistance artery (diameter 244 urn). Two curves are displayed, the
left one in the absence and the right one in the presence of 10 nM phorbol myristate
acetate (hatched bar). The numbers indicate potassium concentrations in mM.

5 mln

10

16

176

PMA

by the dihydropyridine calcium antagonist felodipine (pIC^ for felodipine
averaged 9.40 ± Ó.49 (n=10)) (Fig. 6.1). In the continuous presence of 10 nM
phorbol myristate acetate, which did not induce a contraction by itself, the
maximal sustained, but not the maximal transient response to 125 mM K-KRB
increased significantly (Table 6.1, Fig. 6.2). More importantly, phorbol myristate
acetate increased the sensitivity to the contractile effect of potassium in the
presence of 2.5 mM calcium (Table 6.1, Fig. 6.2). This effect was already maximal at 3 nM (Table 6.1). The sensitivity of depolarised vessels to calcium, on
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Table 6.1. Effects of phorbol myristate acetate (PMA) on contractile responses to potassium,
noradrenaline and calcium in isolated sympathectomised mesenteric resistance sized arteries
of the rat.
Concentration response curves for potassium (K*) in the presence of 2.5 mM calcium.
AWT„„ ( / E _
control)

EC»

n

transient

sustained

K* control

1.16 ± 0.04

0.94 ± 0.04

30.4 ± 1.7

14

K*+PMA3 nM

1.28 ± 0.17

1.00 ±0.03

20.0 ± 2.3'

8

K*+PMA 10 nM

1.23 ± 0.06

1.13 ± 0.07'

22.5 ± 1.5'

6

Concentration response curves for noradrenaline (NA) in the presence of 2.5 mM
calcium.
AWT„, (/E™,
control)

pD,

n

NA control

0.99 ± 0.01

6.49 ±0.10

12

NA +PMA 30 nM

1.00 ± 0.03

6.57 ± 0.14

6

Top: maximal active wall tension (AWT„„ transient and sustained) and sensitivities to
K-KRB (ED^,) and noradrenaline (pD; = -Log[EQ<,]) in the absence or presence of PMA.
Bottom: Maximal contractions and sensitivities (pDj) to calcium in calcium depleted vessels exposed to 125 mM K-KRB in the absence or presence of PMA. Figures are means ±
SEM n = number of observations. *, denotes significant differences from control (one-way
ANOVA + Bonferroni, P < 0.05/number of comparisons).

Log Molar [Ca

Figure 6.3. Concentration response
curves for calcium in mesenteric
resistance arteries that had been
depleted of calcium and continuously exposed to 125 mM
potassium in the absence (open
circle) or in the presence of 3 nM
(closed circle), 10 nM (open triangle) or 30 nM (closed triangle)
phorbol myristate acetate. Data are
shown as means ± SEM as a
fraction of the maximal contractile
response to 125 mM potassium.
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the other hand, was increased in the presence of 30, but not of 3 or 10 nM
phorbol myristate acetate (Table 6.1, Fig. 6.3). Maximal contractile responses to
calcium in depolarised vessels increased only marginally in the presence of 3
and 10 nM phorbol myristate acetate (Table 6.1, Fig. 6.3). 100 nM but not 30
nM of the calcium channel activator Bay-K8644 induced a contractile response
but both 30 nM and 100 nM did not significantly affect contractile responses to
phorbol myristate acetate (Fig 6.5.). Contractile responses and sensitivities to
noradrenaline were not affected by 30 nM phorbol myristate acetate (Table 6.1).
Although threshold concentrations of noradrenaline tended to be affected by
phorbol myristate acetate this did not reach significancy. Similarly, contractile
responses to 10 mM caffeine in Ca^*-free KRB were not affected by 30 nM
phorbol myristate acetate. They averaged 47.5 ± 2.0% and 37.5 ± 4.0% of the
maximal contractile response to 125 mM potassium in the absence and presence of the phorbol ester, respectively.

10

100
[K*] (mM)

Figure 6.4. Concentration response
curves for potassium (K*, top) and
noradrenaline (NA, bottom) in the
absence (open circle) or presence of
3 (closed circle), 10 nM (open triangle) or 30 nM (closed triangle)
staurosporine. Mean values ± SEM
(n=6) are displayed as a fraction of
the maximal contractile response to
potassium (K*, top) or noradrenaline
(bottom) in the absence of staurosporine.

• 0.2
0.0
-7

-6
-5
Log Molar [NA]

Effects of protein kinase-C inhibition
Staurosporine (0.1, 1.0 and 10 nM) did not affect resting wall tension but
significantly reduced maximal contractile responses to potassium in an apparently non-competitive manner (Table 6.2, Fig. 6.4). The protein kinase-C inhibitor did not affect contractile responses to 10 mM caffeine in Ca^-free KRB.
They averaged 41.8 ± 4.47c and 34.1 ± 2.1% (n=10) in the absence and presence
of 10 nM staurosporine, respectively. Staurosporine (10 nM) tended to reduce
maximal contractile responses to noradrenaline, but this did not reach statistical significance (Table 6.2, Fig. 6.4). Staurosporine affected neither the sensitivity to potassium nor that to noradrenaline (Table 6.2). However, concentra82
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tions of staurosporine higher than 100 nM markedly reduced contractile responses to noradrenaline and abolished contractile responses to potassium (data
not shown).
Figure 6.5. Concentration response
curves for phorbol myristate acetate
in isolated sympathectomised mesenteric resistance arteries in the
absence (open circles) or in the presence of 100 nM Bay-K8644 (closed
circles). Shown are mean values ±
SEM as a fraction of the maximal
contractile response to 125 mM potassium. The pDj for the phorbol ester averaged 7.18 ±0.19 (n=6) and
7.24 ± 0.22 (n=8) in the absence or
presence of Bay-K8644, respectively.
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DISCUSSION
Effects of an activator and of an inhibitor of protein kinase-C on excitation-contraction coupling mechanisms in resistance arteries of the rat were
evaluated. For this purpose, isolated sympathectomised mesenteric resistance
arteries were stimulated using a depolarising solution or noradrenaline, and
the effects of phorbol myristate acetate and staurosporine were evaluated. The
result are in agreement with direct observations in vascular smooth muscle
cells which suggest that activation of protein kinase-C can affect the function of
voltage operated calcium channels (Gleason and Flaim, 1986; Fish et al., 1988). In this
way protein kinase-C could be involved in contractile responses of resistance
arterial smooth muscle to depolarisation. Additional effects of protein kinase-C
on the calcium sensitivity of the contractile proteins (Adelstein and Sellers, 1987;
Drenth et al., 1989; Somlyo and Himpens, 1989; Nelson et al., 1990) Could also become involved during powerful activation of the kinase.

Effects of activation of protein kinase-C
Phorbol myristate acetate induced concentration dependent contractions
in mesenteric resistance arteries. This effect has previously been observed in
large and small arteries of various origin (Forder et al., 1985; Gleason and Flaim, 1986;
Litten et al., 1987; Khalil and Van Breemen, 1988; Mori et al., 1990) and has been attributed
to the activation of protein kinase-C by the phorbol ester. It has been suggested
that activation of protein kinase-C by vasoactive substances or phorbol esters,
increases the sensitivity of myofilaments to calcium (Adelstein and Sellers, 1987;
Drenth et al., 1989; Mori et al., 1990; Nishimura et al., 1990). Others suggested that protein
kinase-C affects the function of voltage-operated calcium channels by increa-
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Table 6.2. Effects of staurosporine on contractile responses to potassium and noradrenaline in
isolated sympathectomised mesenteric resistance arteries of the rat.
Concentration response curves for potassium (K-KRB) in the presence of 2.5 mM
calcium
max AWT ( / E ^ ,
EC» (mM)
n
control)
control

1.00 ±0.00

34.7 ± 5.7

6

+ ST 0.1 nM

0.89 ±0.08

35.9 ± 6.3

6

+ ST 1.0 nM

0.81 ±0.16

35.6 ± 7.2

6

+ ST 10 nM

0.66 ± 0.19*

36.1 ± 6.7

6

Concentration response curves for noradrenaline in the presence of 2.5 mM calcium
max AWT (/E„„
control)

pD,

n

control

1.00 ±0.00

6.23 ± 0.21

6

+ ST0.1 nM

1.05 ±0.06

6.17 ± 0.19

6

+ ST1.0nM

1.10 ± 0.06

6.33 ± 0.15

6

+ ST 10 nM

0.87 ± 0.21

6.04 ± 0.14

6

Maximal contractile responses (max AWT) and sensitivities to potassium (top) and noradrenaline (bottom) in the absence (control) or presence of staurosporine (ST). Control
E„,„ averaged 2.21 ± 0.55 mN/mm for K, and 2.61 ± 0.82 mN/mm for noradrenaline.
AWT values in the presence of staurosporine are displayed as fraction of E„„ of their
respective controls. '' ; denotes significant differences from control (one-way ANOVA +
Bonferroni, P < 0.05/number of comparisons), n = number of observations.

sing the probability of these channels to o p e n (Gleason and Flaim, 1986; Jiang and
Morgan, 1987; Rasmussen et al., 1987; Khalil and Van Breemen, 1988).
In this, as in Other Studies (Forder et al., 1985; Litten et al., 1987; Fish et al., 1988)

contractions to phorbol myristate acetate depended on the presence of extracellular calcium. This suggests the involvement of calcium influx. In addition,
contractions in response to 1 |j.M phorbol myristate acetate were reduced by
the dihydropyridine calcium antagonist felodipine with a potency that lies
between those for inhibition of responses to high potassium and noradrenaline
(Nyborg and Mulvany, 1984). This latter observation suggests an effect on L-type
voltage-operated calcium channels. Noradrenaline as well as phorbol myristate
acetate could, through the activation of protein kinase-C, increase the probability of voltage operated calcium channels to be in an open state (Fish et al., 1988;
Nelson et al., 1988; Boonen and De Mey, 1990b). However, part of the contractile response to phorbol myristate acetate was resistant to felodipine indicating that activation of protein kinase-C could also have additional effects on the contractile
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machinery (Jiang and Morgan, 1987; Drenth et al., 1989; Mori et al., 1990; Nishimura et al.,
1990).

Contractile responses to noradrenaline were not affected even by 30 nM
phorbol myristate acetate (Table 6.1). As mentioned before, both noradrenaline
and phorbol myristate acetate are potent activators of protein kinase-C (Berridge,
1986; Nishizuka, 1986; Van Breemen and Saida, 1989). This Could explain the lack of effect
of phorbol myristate acetate on responses to noradrenaline, because the activation of protein kinase-C by phorbol myristate acetate would be overwhelmed
by the massive activation of protein kinase-C by noradrenaline. Similar observations were reported by Drenth et al., (1989) and Nishimura et al., (1990).
Particularly interesting, however, is the observation that in the presence
of low concentrations of phorbol myristate acetate, the vessels were hypersensitive to the contractile effect of potassium, but not to that of calcium in
depolarised vessels (Fig. 6.2, Table 6.1). This effect, which was maximal at
concentrations as low as 3 nM phorbol myristate acetate, is in accordance with
the hypothesis that voltage-sensitive calcium channels are affected by phorbol
myristate acetate. However, the calcium agonist Bay-K8644, which activates
voltage operated calcium channels (Nelson et al., 1990), had no significant effect on
contractile responses to phorbol myristate acetate (Fig. 6.5). Contrary to this
observation Litten et al., (1987) found that the presence of the calcium channel
agonist Bay-K8644 allows protein kinase-C to potentiate the mobilisation of
calcium through L-type calcium channels in rat aorta. First, the discrepancy
between effects of activation of protein kinase-C on contractile responses to
potassium or Bay-K8644 could indicate that some depolarisation is required for
protein kinase-C to affect calcium channels. In this respect our indirect observations are compatible with the findings of Fish et al., (1988) that phorbol ester
increases the conductance of L-type calcium channels in a vascular smooth
muscle cell line at a patch pipette holding potential of -30 mV. Secondly, the
differences between effects of Bay-K8644 on contractile responses induced by
phorbol esters in small arteries (this study) and aorta (Litten et al., 1987) could be
explained by the fact that dihydropyridines act with different selectivity and
specificity in large and small arteries (Cauvin et al., 1985).
Another possibility by which activation of protein kinase-C could affect
contractile responses to a depolarising stimulus is through inhibitory effects of
phorbol myristate acetate on the endothelial release of endothelium derived
relaxing factor (EDRF) (Morrison and Pollock, 1990) or by stimulation of the release
of endothelium derived contracting factors. However, endothelium removal, arginine analogues that inhibit EDRF release, methylene blue or indomethacin do
not alter the basal tension or sensitivity to potassium in isolated mesenteric
resistance arteries (De Mey and Boonen, unpublished observations).
To evaluate the possibility that protein kinase-C increases the calcium
sensitivity of vascular smooth muscle myofilaments (Jiang and Morgan, 1987; Drenth
et al., 1989; Mori et al., 1990; Nishimura et al., 1990), calcium concentration response
curves were constructed in maximally depolarised arteries. The sensitivity to
calcium was increased in the presence of 30 nM phorbol myristate acetate, but
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not 3 or 10 nM. Contractile responses to caffeine in the absence of extracellular
calcium which are due predominately to the release of intracellular calcium
(Van Breemen and Saida, 1989), were not affected by 30 nM phorbol myristate acetate. Taken together, our results suggest that protein kinase-C increases calcium
sensitivity but that this occurs only at concentrations of phorbol myristate acetate which are ten times higher than those needed to affect the sensitivity to a
depolarising stimulus. Therefore, this latter effect seems to be primarily due to
an effect of phorbol myristate acetate on the function of calcium channels, with
a calcium sensitizing effect arising only at higher concentrations of phorbol
myristate acetate. Whether this represents true differences between membrane
bound and cytoplasmic kinases or their substrates (Fabbro et al., 1988; Ho et al., 1988),
or whether extracellularly applied phorbol myristate acetate has easier access to
the cell membrane than to the cytoplasm, is unclear. Nevertheless, there are
indications that protein kinase-C is translocated to the plasma membrane when
it is activated (Fabbro et al., 1988; Ho et al., 1988), which means that the differences in
the effects of phorbol myristate acetate on calcium influx pathways and calcium sensitisation of contractile proteins could be due to the location of the
kinase.

Effects of inhibition of protein kinase-C
phosphofr"pase-C and protein kinase-C can be activated by calcium
(Berridgo, 1986; Nishizuka, 1986; Ho et al., 1988), raising the possibility that calcium
influx following depolarisation could stimulate these enzymes. In view of the
above, this could further promote calcium entry and sensitise the contractile
machinery for the cation. To test this hypothesis we recorded effects of staurosporine, an inhibitor of protein kinase-C on contractile responses to potassium and noradrenaline.
Staurosporine significantly reduced contractile responses to potassium.
However, contractile responses following a,-adrenergic stimulation were not
significantly affected by concentrations of staurosporine that affected those to
potassium. A possible explanation is that contractile responses to a,-adrenergic
stimulation do not solely rely on activation of protein kinase-C but also involve
different processes such as activation of inositol triphosphate (Bemdge, 1986; Somlyo and Himpens, 1989; Van Breemen and Saida, 1989; Raymond et al., 1990). Also contractile
responses to caffeine in calcium free medium were not affected by staurosporine. However, high concentrations ( > 100 nM) of staurosporine completely
blocked contractile responses to potassium as well as those following a,-adrenergic stimulation, suggesting that high concentrations of staurosporine could
have effects on enzymes, other than protein kinase-C, that are involved in contractile responses (Rüegg and Burgess, 1989). Furthermore, Buchholz et al., (1991)
have reported that straurosporine in low concentrations (below 60 nM) selectively inhibits protein kinase-C whereas at higher concentrations (above 70 nM)
inhibits myosin light chain kinase as well. Taking these dual properties of
staurosporine into account, the effects of staurosporine at low concentrations
are in agreement with the hypothesis that calcium influx following depolarisa86
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tion can activate protein kinase-C, which in turn plays a role in further sustaining calcium influx. This, however, needs to be firmly established in future
experiments.
To recapitulate, we evaluated effects of an activator and inhibitor of
protein kinase-C on contractile responses to depolarisation, agonists and calcium in isolated mesenteric resistance sized arteries of the rat. We conclude
that, provided phorbol myristate actetates activates protein kinase-C (Nishizuka,
1986), this kinase could be involved in contractile responses to depolarising
stimuli. The results confirm direct observations in vascular smooth muscle cells
which suggest that protein kinase-C could play a role in the activation of voltage operated calcium channels (Gleason and Flaim, 1986; Jiang and Morgan, 1987; Fish et
al, 1988). Effects of protein kinase-C on contractile proteins may be involved
during strong activation of the kinase. These data are compatible with the hypothesis of vasoconstrictor agonists having an effect on voltage-operated calcium channels through activation of protein kinase-C (Boonen and De Mey, 1990b).
Direct observations are required to support this hypothesis.
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CHAPTER 7

SUMMARY
Besides electro- and pharmacomechanical stimulation, mechanical forces may
affect excitation-contraction coupling mechanisms in resistance arteries. In this way
alterations in pressure or flow may be transduced into mechanical responses of the
vascular smooth muscle cell. We evaluated effects of distension on responses to vasoconstrictors and vasodilators in isolated mesenteric small arteries of normotensive and genetically hypertensive rats. Vessel segments were isolated, chemically sympathectomised
and mounted for recording of isometric force development. At diameters 30% lower (0.7
D„) or 30% higher (1.3 D„) than the diameter (DQ) at which vessels responded maximally
to 125 mM potassium (KRB), concentration response curves were constructed for potassium, noradrenaline (NA) and extracellular calcium. Vessels of both WKY and SHR
showed a non-selective hypersensitivity to these vasoconstrictors at 1.3 Dj. Hypersensitivity to potassium at 1.3 D„ persisted in the absence of the endothelium. Inhibition of
maximal contractile responses to K-KRB or NA by felodipine was comparable at 0.7 D„
and 1.3 D,,. The calcium channel activator Bay K8644 caused contraction in part of the
vessels at 1.3 D„, but in none of the vessels at 0.7 D,,. Furthermore, BRL-38227, a potassium channel activator, reduced responses to NA less potently at 1.3 D„ than at 0.7 D(,.
Also relaxing responses to potassium in sodium loaded preparations made to contract
with NA tended to be less marked at 1.3 D„ than at 0.7 D„. These findings suggest that in
small arteries, distension i) decreases membrane potential of the arterial smooth muscle
cells and ii), increases the sensitivity for calcium during maximal depolarisation.

INTRODUCTION
Classically, electromechanical and pharmacomechanical coupling are
believed to regulate vascular smooth muscle cell reactivity on a cellular level
(Somlyo and Somlyo, 1968; Van Breemen et al., 1986). In the former a depolarising stimulus is converted into a mechanical response through opening of voltage operated calcium channels in the cell membrane and subsequent influx of calcium
(Van Breemen et al., 1986). During pharmacomechanical coupling, activation of
membrane surface receptors leads to activation of calcium channels and release
of calcium from intracellular stores through the action of G-proteins and second messenger systems (Somlyo and Somlyo, 1968; Van Breemen et al., 1986). In resistance arterial smooth muscle these pathways are not strictly separated but may
interdigitate (Boonen and De Mey, 1990; Mulvany and Aalkjaer, 1990; Nelson et al., 1990).
Besides these excitation-contraction coupling mechanisms contractile responses
of vascular smooth muscle can also be elicited by dynamic or static stretch and
by increasing transmural pressure (Johnson, 1980; Laher and Bevan, 1989; Harris and
Warshaw, 1991). The mechanisms that are responsible for the transduction of a
mechanical stimulus into a contractile response in vascular smooth muscle are
largely unknown.
Some reports suggest the existence of stretch-operated calcium channels
in the cellmembrane which have characteristics that differ from those of voltage-operated- and receptor-operated calcium channels (Hwa and Bevan, 1986a;
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Kirber et al., 1988). During dynamic stretch of vascular smooth muscle these channels would be activated to promote the influx of calcium. However, the stretchinduced contractile response is but poorly maintained as soon as stretching is
halted (Hwa and Bevan, 1986b). Others found effects of stretch on components of
the contractile apparatus (Moreland et al., 1988; Barany et al., 1990), on the activity of
second messengers (Watson, 1991) and on the excitability of the cellmembrane
(Johansson, 1987; Kirber et al., 1988). Furthermore, the endothelium may play a role in
the stretch-induced reactivity of vascular smooth muscle (Griffith and Edwards,
1990). These effects of dynamic stretch may play a role in the myogenic autoregulatory response in resistance-sized arteries (Johnson, 1980). Previously it has
been shown that static distension of arterial smooth muscle affects the sensitivity to vasoconstrictors (Price et al., 1981; Nilsson and Sjöblom, 1985). This phenomenon
may also be involved in functional autoregulatory responses in arterial smooth
muscle (Johnson, 1980; Johansson, 1989; Meininger et al., 1991). Small arteries that significantly contribute to peripheral resistance show rhythmic vasomotion, the frequency of which increases with increasing pressure (Burrows and Johnson, 1981). In
spontaneously hypertensive but not in normotensive Wistar Kyoto rats rhythmicity of contractile responses was observed in isolated small arteries (Boonen
and De Mey, 1990). Whether established differences in transmural pressure between adult spontaneously hypertensive and normotensive Wistar Kyoto rats
in w'yo, could result in changes in mechanotransducing pathways or vice versa
is unknown.
In the present study we therefore evaluated the effects of distension of
small artery smooth muscle of spontaneously hypertensive and normotensive
Wistar Kyoto rats on the reactivity to vasoconstrictors and extracellular calcium. We assessed whether the endothelium, calcium channels or membrane
potential may be involved in the distension-dependent hypersensitivity to
vasoconstrictors using pharmacological tools.

MATERIAL AND METHODS
Preparation of vessels
Adult male Wistar Kyoto (WKY) and age and sex matched spontaneously hypertensive rats (SHR) were used (locally inbred strains, University of
Limburg, Maastricht, the Netherlands). Rats were sacrificed by cervical dislocation and exsanguination. The mesentery was isolated and immersed in KrebsRinger bicarbonate buffered salt solution. A fourth order side branch of the
superior mesenteric artery was cleaned of fat and connective tissue. Sympathetic nerve endings were chemically destroyed by 10 min. incubation at 37° C in
bicarbonate-free Krebs solution that contained 300 u g / m l 6-hydroxydopamine
(Apngiiano and Hermsmeyer, 1977). During isolation, mounting and experimentation,
the vessels were immersed in Krebs solution which had the following composition (in mM): NaCl 118.5; KC1 4.7; MgSO^ 1.2; KH^PO^ 1.2; NaHCO, 25.0;
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CaClj 2.5; glucose 11.1. High potassium solution (K-KRB), was prepared by
replacing all the NaCl in normal KRB with an equimolar amount of KC1. Intermediate potassium concentrations were obtained by mixing appropriate
amounts of KRB and K-KRB. Ca^-free KRB and Ca'*-free K-KRB were obtained
by omitting CaClj from KRB and K-KRB, respectively and including 0.3 mM
EGTA.
Vessel segments (approximately 2 mm in length) were threaded on two
stainless steel wires (0 40 um) and mounted as ring segments between a displacement device and a force transducer (Kistler-Morse DSC6, Seattle, USA) in
an isometric myograph (Mulvany and Halpern, 1977). Vessels were initially subjected
to a length-tension protocol (see Chapter 2). This consisted of stepwise stretching
and intermittently stimulating the vessel with 125 mM K-KRB. In this way an
optimal lumen diameter (D,,) could be obtained at which the vessel responded
maximally to 125 mM K-KRB. For subsequent experimentation, vessels were set
at a diameter that was either below (0.7 times D„) or above (1.3 times D<,) the
optimal diameter. Preliminary observations showed that at these two points on
the circumferential length-tension curve the maximal force development was
similar. Two vessels of one animal of which one was stretched to 0.7 D,> and
one to 1.3 D„ were studied in parallel in the same myograph.

Experimental protocols
Cumulative concentration response curves were constructed for potassium (5.9 - 125 mM), and noradrenaline (10 nM - 10 uM) in the continuous
presence of 2.5 mM calcium in vessels of WKY and SHR that were either set at
0.7 D,, or 1.3 D,,. Concentration response curves for noradrenaline were constructed in the presence of 1 uM of the B-blocking agent propranolol. In some
experiments, concentration response curves for potassium were repeated in
vessels of WKY from which the endothelium had been removed mechanically
(DeMey et al., 1991).

To assess effects of distension on the sensitivity for extracellular calcium,
concentration response curves were constructed for the divalent cation (Boonen
and De Mey, 1990) in the continuous presence of 125 mM K-KRB. Furthermore, the
effect of distension on the function of voltage operated calcium channels was
evaluated indirectly by the use of the dihydropyridine calcium channel antagonist felodipine and -agonist Bay K8644. To obtain concentration response curves for felodipine, contractile responses to 125 mM K-KRB and 10 |J.M noradrenaline were repeated in the absence and presence of increasing concentrations
of felodipine (1 pM - 1 nM). Those for Bay K8644 (0.1 nM - 1 uM) were performed in resting preparations.
The role of membrane potential in the distension-dependent sensitivity
was evaluated by indirect approaches. Relaxing responses to hyperpolarising
interventions were recorded. We therefore administered the potassium channel
opener BRL-38227 (1-isomer of cromakalim) on top of a maximal contractile
response to 10 |iM noradrenaline. Secondly, at 0.7 D„ and 1.3 D^, concentration
response curves for potassium and noradrenaline were repeated in the presen92
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ce of 1 (iM and 3 uM BRL-38227. Finally, potassium induced relaxations were
performed by incubating vessels for 10 minutes in KRB solution from which
KC1 was omitted ([K*],, 1.2 mM). Then a contractile response to 10 uM noradrenaline was induced and after reaching a steady state contractile response, [K*],,
was restored to the control level (5.9 mM). This resulted in a transient relaxation that has been attributed to activation of the electrogenic sodium pump (De
Mey and Vanhoutte, 1982).

Drugs and solutions
6-Hydroxydopamine, noradrenaline (1-arterenol bitartrate) and propranolol HC1 were purchased from Sigma Chemicals (Saint Louis, MO, USA).
BRL-38227 was a generous gift from Dr. R. Buckingham (SmithKline Beecham,
Harlow, Essex, UK). Felodipine was kindly supplied by Dr. M. Nordlander
(Hassle, Mölndal, Sweden). Bay K8644 was a gift of Dr. Kazda (Bayer, FRG).
The dihydropyridines were dissolved as stock solutions (10 uM) in polyethyleneglycol and stored at 4° C. From these, dilutions were prepared daily. All
other solutions were freshly prepared in bidistilled water on the day of experimentation.

Data analysis
Sensitivities for the vasoconstrictors potassium, noradrenaline and extracellular calcium and the vasodilators felodipine and BRL-38227 were determined from the concentration response curves using a least square sigmoidal
curve fit (Graphpad Software, San Diego, CA, USA). Differences between observations at the two distensions or between WKY and SHR with respect to
maximal effects and sensitivities for the vasoconstrictors were evaluated with
Student's t-test. Effects of BRL-38227 were analysed by two-way analysis of
variance (ANOVA) followed by t-test according to Bonferroni (Wallenstein et al.,
1980). Statistical analysis was performed using Crunch Interactive Statistical
Package (CRUNCH, Software Corp., San Francisco, CA, USA).

RESULTS
Changing the diameter of isolated sympathectomised mesenteric small
arteries altered resting wall tension, active wall tension and sensitivity for vasoconstrictor stimuli. In resistance arteries exposed to KRB, stepwise increases
in diameter resulted in progressively larger increases in wall tension. The levels
reached after stress relaxation were not affected by removal of extracellular
calcium or by the presence of up to 1 (iM of the dihydropyridine calcium antagonist felodipine suggesting fully relaxed conditions. Resting wall tension
(RWT) in vessels of WKY averaged 0.22 ± 0.06 mN/mm and 5.27 ± 1.29
mN/mm at 0.7 D„ and 1.3 Do, respectively (n=16). These were not different in
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Figure 7.1 A) Diameter-tension relationship in small mesenteric arteries (upper panels)
from Wistar Kyoto (WKY) or spontaneously hypertensive rats (SHR). Displayed are
transient (open circles) and sustained (filled circles) contractile responses to 125 mM KKRB as a fraction of the maximal transient response to 125 mM K-KRB. Diameter is
expressed as a fraction of the optimal lumen diameter at which the vessel contracted
maximally in response to 125 mM K-KRB.
B) The ratio between sustained and transient response to 125 mM K-KRB (K,/K,) displayed in relation to the diameter (D; as a fraction of D„) of vessels of WKY (open triangles) and SHR (filled triangles). Values are means ± SEM (WKY; n=32, SHR; n=31).

vessels of SHR (RWT averaged: 0.36 ± 0.07 mN/mm at 0.7 Do and 5.34 ± 0.71
mN/mm at 1.3 D,, (n=16)). Stimulation of small arteries at different diameters
with 125 mM K-KRB resulted in a biphasic contractile response consisting of an
initial transient (K,) and a subsequent sustained response (K,) (Fig's. 7.1 and
2.3). Changes in amplitude of K, with increasing diameters were roughly symmetrical around D„. At 0.7 Dg and 1.3 Do, K, averaged 74.0 ± 6.3% (n=8) and
88.4 ± 4.2% (n=8) of that at D<, in vessels of WKY. These conditions of comparable active tension at different diameter and different resting tension were
selected for further experimentation. The sustained contractile response (K,) to
125 mM K-KRB not only changed in amplitude but also in relationship to K,
(Fig.7.1 and Fig. 2.3). K,/K, averaged 0.62 ± 0.05 and 0.93 ± 0.03 in vessels of
WKY and 0.80 ± 0.07 and 1.05 ± 0.03 in vessels of SHR at 0.7 D<, and 1.3 D„,
respectively. K,/K, was significantly lower at 0.7 DQ than at 1.3 D„ in both WKY
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and SHR. Along the entire diameter-active tension curve K,/K, was significantly higher in SHR than in WKY (Fig. 7.1).

100
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Log Molar [NA]

Figure 7.2 Concentration response curves for potassium ([K*]), noradrenaline (NA) and
extracellular calcium ([Ca"'],) in isolated sympathectomised mesenteric small arteries of
WKY rats that were distended to either 0.7 times (open circles) or 1.3 times the optimal
lumen diameter (D„). Concentration response curves to NA were constructed in the
presence of 1 ^iM propranolol, those to [Ca'*],, in the presence of 125 mM K-KRB. Values
are mean ± SEM as a fraction of the respective maximal response to the used stimulus.

Effects of distension on sensitivity of vasoconstrictors
Vessels of both WKY and SHR were hypersensitive to the contractile
effects of potassium, noradrenaline and extracellular calcium at 1.3 D„ compared to 0.7 D,, (Fig. 7.2 and Table 7.1). Previously reported values at D„ were
intermediate between the present observations at 0.7 DQ and 1.3 D,, (see Chapters
2-6). Mechanical removal of the endothelium did not affect maximal contractile
responses to 125 mM K-KRB (Table 7.1) but abolished relaxing responses to 1
HM acetylcholine in vessels that were precontracted with 1 uM noradrenaline.
Removal of the endothelium, however, had no significant effect on the change
in sensitivity for potassium following distension of the vessels (Table 7.1).
Changes in sensitivity for noradrenaline as well as potassium and extracellular calcium in maximally depolarised preparations can be due to effects
of distension on the function of voltage operated calcium channels. This pos-
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sibility was assessed by an indirect approach. The efficacy of the dihydropyridine calcium antagonist felodipine to inhibit contractile responses to 125 mM
potassium and 10 ^M noradrenaline were not affected by distension (Fig 7.3).
However, the dihydropyridine calcium agonist Bay K8644 induced contractile
responses in vessels that were set at 1.3 Dp but in none of the vessels at 0.7 D„
(Fig 7.3).
Table 7.1. Effects of distension on maximal contractile responses and sensitivities for potassium, noradrenaline and extracellular calcium in isolated mesenteric resistance arteries of
WKY and SHR.
SHR

WKY
0.7 D,,

1.3 D,,

0.7 D„

1.3 D„

AWT, ,„,„ (mN/mm)

1.54 ±0.23(9)

1.62 ±0.26(9)

2.50 ± 0.30*<8)

2.61 ± 0.2"(8)

AWT,™, (mN/mm)

1.00 ±0.20(9)

1.47 ±0.21(9)

2.10 ± 0.33"(8)

2.71 ± 0.26"(8)

EC*

34.0 ±1.1(9)

25.3 ± 1.8'(9)

34.6 ± 1.7(8)

24.1 ± 1.4'(8)

Potassium

(mM)

Potassium (in vessels denuded of the endothelium)
A W T , _ (mN/mm)

1.43*0.16(7)

1.68 ±0.35(7)

n.d.

n.d

AWT,™, (mN/mm)

1.15 ± 0.14(7)

1.41 ± 0.33(7)

n.d.

n.d

EC,,

39.2 ± 1.9(7)

29.1 ± 2.8*(7)

n.d.

n.d

2.99 ± 0.18(17)

2.24 ± 0.22"(l7)

3.63 ± 0.45*(8)

3.59 ± 0.33"(8)

6.36 ± 0.12(17)

6.84 ± 0.14*117)

6.51 ± 0.04(8)

6.85 ± 0.10*(8)

2.90 ± 0.13(9)

3.23 ± 0.10*0)

2.90 ± 0.19(8)

3.33 ± 0.20*

(mM)

Noradrenaline

, (mN/mm)
pD,
Calcium + K125

(8)

Active wall tension (AWT, ™, and AWT, ™,: transient and sustained phases in the biphasic response to K-KRB) displayed as maximal force development per twice vessel axial
length. Sensitivities for to the vasoconstrictors given as EC^ (K-KRB) or as the negative
logarithm of the EC<, (pDj and pCa,, respectively). Concentration response curves to
ICa*'],. were obtained in maximally depolarised preparations (125 mM K-KRB). Those to
noradrenaline were constructed in the presence of 1 ^M propranolol. Values are mean ±
SEM. Number of observations: (n). ' and * represent significant differences between vessels at 0.7 (0.7 D„) and 1.3 (1.3 Dj) times the optimal lumen diameter (D„) or between
WKY and SHR, respectively.
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Figure 7.3 Concentration response
curves for the dihydropyridine calcium
antagonist felodipine (FELO; upper
graph) and agonist Bay K8644 (lower
graph) in small arteries that were
distended to either 0.7 D„ (open symbols) or 1.3 D„ (filled symbols). Concentration response curves were performed on precontractions induced by
125 mM K-KRB (circles) or 10 uM
noradrenaline (triangles). Those for Bay
K8644 were constructed in resting
preparations. Data are mean ± SEM
(n=8).
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Figure 7.4 Concentration response curves for the potassium channel opener BRL-38227
(upper panel). Concentration response curves for potassium (lower left) and noradrenaline (lower right) in the absence (circles) or presence (triangles) of 3 |iM BRL-38227 in
isolated small mesenteric arteries distended to either 0.7 D„ (open symbols) or 1.3 D„
(filled symbols). Concentration response curves for BRL-38227 were constructed on top of
precontractions induced by 10 LLM noradrenaline. Shown are means ± SEM as a fraction
of the maximal response in the absence of BRL-38227.
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Table 7.2. Effects of the potassium channel opener BRL-38227 on hypersensitivity to potassium and noradrenaline in isolated mesenteric resistance arteries of WKY rats.
potassium

noradrenaline

0.7 D„

1.3 D„

0.7 D„

1.3 D„

+BRL-38227 1 uM

1.09 ±0.07 (6)

1.01 ±0.02 (9)

0.86 ± 0.04" (6)

0.98 ± 0.02 (8)

+BRL-38227 3 uM

1.17 ± 0.07 (6)

0.97 ± 0.02 (8)

0.54 ± 0.19" (4)

0.99 ± 0.04' (8)

E„„ (/control max)

Sensitivity

EC,» (mM)

pDj (-Log Molar [EC»])

Control

41.6 ± 2.8 (6)

28.9 ± 0.9* (9)

6.45 ± 0.08 (6)

6.76 ± 0.10 (8)

+BRL-38227 1 nM

43.0 ± 2.2 (6)

27.0 ± 0.7" (9)

5.73 ± 0.09" (6)

6.06 ± 0.17" (8)

+BRL-38227 3 nM

41.1+2.6(6)

30.7 ± 0.7'(8)

5.70 + 0.11* (4)

6.06 ± 0.18" (8)

Maximal contractile responses (E„^) and sensitivities for potassium (EC^) and noradrenaline (pDj) in the absence (control) or presence of 1 or 3 |iM BRL-38227. Values are
displayed as means ± SEM. Number of observations between brackets. * and " indicate
statistical significance of difference (ANOVA (Wallenstein, 1980), P < 0.05) between low (0.7
D„) and high (1.3 D,,) distension or as compared to control, respectively.

Differences in sensitivity for contractile responses to potassium, but also
noradrenaline can result from changes in membrane potential resulting from
distension (Kirber et al., 1988; Johansson, 1989; Laher and Bevan, 1989). This would in turn
affect the function of voltage operated calcium channels and hence result in
higher [ C a ^ with similar levels of stimulation. This hypothesis was addressed
by evaluating the effect of hyperpolarising interventions on the distensiondependent hypersensitivity to vasoconstrictors. The relaxing effect of the potassium channel opener BRL-38227 was significantly reduced in vessels at 1.3 D„
(Fig. 7.4) (pD2 values for BRL-38227 averaged 6.14 ± 0.18 and 5.76 ± 0.16 at 0.7
D,, and 1.3 D,,, respectively). The sensitivity for noradrenaline was reduced
equally in vessels at 1.3 D,, and 0.7 D,, by 1 and 3 uM BRL-38227 (Table 7.2),
whereas maximal contractile responses to 10 uM noradrenaline were significantly reduced by BRL-38227 in vessels at 0.7 Do but not in those set at 1.3 D„
(Fig. 7.4 and Table 7.2). Maximal contractile responses and sensitivities to potassium in vessels at either distension were not affected by BRL-38227 (Fig. 7.4
and Table 7.2). Returning potassium to vessels incubated in potassium deficient
solution transiently reduced contractile responses to 10 uM noradrenaline. The
amplitude of this relaxation, which has been attributed to activation of the
electrogenic Sodium pump (De Mey and Vanhoutte, 1982; Hermsmeyer, 1982), tended to
be larger at 0.7 D,, than at 1.3 D„ in both WKY and SHR. This did, however not
reach statistical significance. These relaxing responses to potassium averaged
(as a percentage of the response to 10 uM noradrenaline): 50.7 ± 11.6% (n=5)
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and 34.7 ± 11.1% (n=5) in vessels of WKY and 57.0 ± 7.9% (n=6) and 37.4 ±
11.7% (n=6) in vessels of SHR at 0.7 Df, and 1.3 DQ, respectively.

DISCUSSION
We evaluated effects of distension of isolated mesenteric resistance-sized
arteries on the reactivity and sensitivity to vasoconstrictor substances and calcium. The results indicate that distension increases the sensitivity for the contractile effects of potassium, noradrenaline and calcium in maximally depolarised vessels. Indirect pharmacological experiments suggest that distension
could affect membrane potential and consequently the activity of voltage-operated calcium channels. Furthermore, distension may affect intracellular mechanisms controlling the calcium sensitivity of the contractile apparatus.
Vascular reactivity is mainly mediated through electromechanical and
pharmacomechanical coupling. By opening of calcium channels in the cell
membrane through changes in membrane potential or following receptor activation these mechanisms induce the influx of calcium and contraction (Somlyo
and Somlyo, 1968; Van Breemen et al., 1986). However, some phenomena observed in
vascular smooth muscle can not be explained by either of these pathways.
Stretch of isolated small arteries has been shown to induce a transient contractile response which depended on the presence of extracellular calcium but
could not be blocked by a dihydropyridine calcium antagonist (Hwa and Bevan,
1986a). Also in isolated smooth muscle cells it has been shown that stretching of
the cell leads to a dihydropyridine-resistant increase in [Ca^*], (Meininger et al.,
1991). Stretch-operated calcium channels have therefore been proposed that
differ from voltage operated calcium channels (Hwa and Bevan, 1986a; Laher and
Bevan, 1989).

The contractile response that is observed due to stretch of vascular
smooth muscle is, however, not maintained. Although a stretch induced contractile response has never been observed in our experimental setup with mesenteric resistance-sized arteries of the rat (unpublished observations), the present results show that the maintenance of the contractile response following
maximal depolarisation was persistently affected by static distension (Fig. 7.1).
Construction of a circumferential length-tension curve by stimulating isolated
sympathectomised resistance arteries with high potassium at increasing diameters generates a relation between force and diameter (see Chapter 2) as is displayed in figure 7.1 for WKY and SHR vessels. Contractile responses to potassium consist of a biphasic response (Boonen and De Mey, 1990) of which the amplitude is length-dependent. This has previously been ascribed to effects of
smooth muscle length on the overlap of contractile filaments (Mulvany and Warshaw, 1979; Harris and Warshaw, 1991). Besides effects on overlap of contractile filaments, distension significantly affected the relation between the initial transient
and sustained response (Fig. 7.1 and Fig. 2.3). With increasing diameters, the
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ratio between sustained and transient contractile response to potassium (K,/K,)
increases in both WKY and SHR. However in SHR the ratio between sustained
and transient response is increased (Fig. 7.1). On previous occasions (Boonen and
De Mey, 1990) the relation between K, and K, was found to be differently affected
by dihydropyridine calcium antagonists (see also Chapter 3 and 4). From these results we hypothesised that voltage operated calcium channels could reside in
three different states and that the equilibrium between the activated (open)
state and the inactivated (closed) state of the voltage operated calcium channel
(see Chapter 4) was susceptible to modulation by noradrenaline. Whether this also
applies for distension will be discussed bellow.
Nilsson and Sjöblom, (1985) have previously shown that maintained
distension of isolated resistance arteries resulted in a persisting hypersensitivity
to noradrenaline but not potassium. Price et al., (1981) on the other hand,
showed a shift in sensitivity to both potassium and noradrenaline with increasing distension of isolated tibial arteries of the dog. The present results confirm
the latter observations; a hypersensitivity not only to noradrenaline but also
potassium and calcium is observed in vessels of WKY and SHR as a result of
distension (Fig. 7.2 and Table 7.1). Different mechanisms may be responsible
for these effects. The role of stretch-operated calcium channels is probably
minor because as pointed out above, the recorded effects of distension do not
result from the dynamic stretch but are maintained for time periods exceeding
hours. It has been suggested that distension reduces the endothelial release of
nitric oxide (Dainty et al., 1990; Lamontagne et al., 1992). The hypersensitivity to potassium we observed at 1.3 DQ was, however, unaffected by removal of the endothelium (Table 7.1).
The shift in sensitivity to extracellular calcium in vessels that were maximally depolarised (Fig. 7.2) suggests that distension may affect the relation
between membrane potential and the probability of voltage operated calcium
channels to reside in an opened state (Nelson et al., 1990). However, the lack of
differences in the inhibitory effect of the dihydropyridine calcium antagonist
felodipine on maximal contractile responses to potassium or noradrenaline at
high and low distension suggests that at least the affinity of voltage-operated
calcium channels for the dihydropyridine is not affected by distension (Fig.
7.3). Yet, the dihydropyridine calcium agonist Bay K8644 induced contractile
responses only in vessels at 1.3 Dg (Fig. 7.3). Bay K8644 has been shown to shift
the activation curve of voltage operated calcium channels towards more negative membrane potentials (Bean et al., 1986; Nelson et al., 1990). Whether the unchanged affinity for felodipine at high and low distension has any predicting value
for the relation between membrane potential and calcium channel function is
debatable. Together with the observed effects of Bay K8644 at high and low
distension, however, these results may suggest that either the activation curve
for voltage operated calcium channels is shifted by distension or distension
affects membrane potential.
Membrane potential in arterial smooth muscle is mainly governed by the
action of the electrogenic sodium pump, different potassium channels and by
the permeability of the membrane for different cations and anions (Hermsmeyer,
100

LENGTH-DEPENDENT CONTRACTION IN SMALL ARTERIES
1982; Nelson et al., 1990). Omitting potassium from the extracellular medium inactivates the electrogenic sodium pump resulting in intracellular sodium gain (De
Mey and Vanhoutte, 1982; Hermsmeyer, 1982). Returning potassium to the extracellular
solution then results in a transient hyperactivity of the sodium-potassium ATPase, leading to a transient hyperpolarisation of the vascular smooth muscle cell
and hence a transient relaxing response (De Mey and Vanhoutte, 1982; Hermsmeyer,
1982). The present results show that the potassium-induced relaxation is reduced in vessels at 1.3 D(, as compared to 0.7 D„, suggesting that i) the activity of
the sodium-pump is affected ii) sodium influx is modified or iii) membrane
potential is less polarised at 1.3 D„ than at 0.7 D^. The shift to the right in sensitivity of the relaxing effect of the potassium channel opener BRL-38227 at 1.3
D,, (Fig 7.4) is in agreement with the latter hypothesis. However, the precontraction induced by noradrenaline may have been affected by distension.
Therefore, full concentration-response curves for potassium and noradrenaline
were repeated in the presence of increasing concentrations of BRL-38227. As
shown in figure 7.4 and Table 7.2, BRL-38227 hardly affected contractile responses to potassium as would be expected for a potassium channel opener
(Cook et al., 1988). If anything, only stimulations with intermediate potassium concentrations would be susceptible to inhibition (Cook et al., 1988). On the other
hand, BRL-38227 had marked effects on responses to noradrenaline. Maximal
contractile responses to noradrenaline at 0.7 Dp but not 1.3 D^ were reduced
already by 1 jiM BRL-38227. The sensitivity for noradrenaline was affected
equally at both distensions by BRL-38227.
Taken together, the reduced sensitivity to BRL-38227 and reduced potassium induced relaxations indicate that membrane potential could be less polarised at high distension compared to low distension. The depolarisation of the
membrane potential may consequently result in an increased influx of calcium
with intermediate stimulations of the vessel preparations and a shift in the
sensitivity for vasoconstrictors. Additionally the sensitivity to extracellular
calcium in vessels that were maximally depolarised was increased in vessels at
high distension. This effect can not be explained by differences in membrane
potential because high potassium solution maximally depolarises vascular
smooth muscle (Mulvany et al., 1982). Remains the possibility that an intracellular
mechanism involved in the sensitisation of the contractile apparatus for calcium is affected by distension. Nilsson and Sjöblom, (1985) suggested that an
intracellular mechanism was probably responsible for the altered distensiondependent sensitivity for noradrenaline. This catecholamine has previously
been described to increase the sensitivity of the contractile apparatus in vascular Smooth muscle for calcium (Himpens et a!., 1990; Nishimura et al., 1990; Jensen et al.,
1992). Protein kinase-C has been suggested to be responsible for this effect
(Drenth et al., 1989; Nishimura et al., 1990). Whether the calcium sensitising effect of
distension is also mediated through effects on the activity of protein kinase-C
remains to be established. Yet, protein kinase-C has been shown to be translocated and activated by deformation of striated muscle cells (Richert et al., 1987).
Furthermore, in stretch-induced and pressure-induced myogenic responses,
protein kinase-C activity may play an important role (Laher et al., 1989; Osol et al..

101

CHAPTER 7
1991). Additionally, protein kinase-C has been shown to affect the function of
voltage operated calcium channels (Fish et al., 1988; Boonen and De Mey, 1991). In this
regard, the differences that were observed in the ratio of sustained and transient contractile response to potassium during construction of a diameter-tension curve and the upregulation of the ratio between these contractile phases in
small vessels of SHR, may involve differences in activation of protein kinase-C
(Uehara et al., 1988).

In conclusion, it was shown that distension of isolated mesenteric small
arteries affected the sensitivity and reactivity to vasoconstrictors and calcium.
This phenomenon may involve effects of distension on the cellular regulation
of membrane potential and consequently on the activity of voltage operated
calcium channels. Additionally, distension may affect intracellular mechanisms
that control the contractile response. The nature of these changes, however,
remain unknown but may involve modulatory effects of distension on the
activity of second messengers and ion channels.
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CHAPTER 8

SUMMARY
Effects of distension on sensitivity to vasoconstrictors may contribute to myogenic
autoregulatory responses in small arteries. We evaluated the role of calcium and membrane potential (V^) herein. Small arteries were isolated from the mesentery of the rat,
sympathectomised and mounted for recording of isometric force development, intracellular calcium concentration ([Ca**];) and V„,. Vessels were set at 0.7 or 1.3 times the diameter (D„) at which they contracted maximally in response to 125 mM potassium (K*).
[Ca**], was measured simultaneously with force using Fura-2. At 1.3 Do, compared to 0.7
Do, i) vessels were hypersensitive to the contractile effects of K* and noradrenaline (NA),
ii) a lower [K*],. was required to raise [Ca"*], half maximally and iii) the arterial smooth
muscle cells were less polarised under basal conditions and in the presence of intermediate [K*],, but not in the presence of NA. NA and K* resulted in similar maximal
[Ca**], at the different distensions. Yet at 0.7 D„, K* yielded less maximal force than at 1.3
D„. In the presence of NA, the sensitivity of the contractile machinery to [Ca'*], was
higher at 1.3 D,, than 0.7 D„. These results confirm that the sensitivity for vasoconstrictors
in small artery smooth muscle is increased by distension. Changes in V„, and modulation
of the relation between active force and [Ca"*], are involved herein.

INTRODUCTION
Two major factors control the diameter of blood vessels that are involved
in regulation of local blood flow and total peripheral resistance. Vascular structure participates in long term control while arterial tone regulates blood flow in
a more flexible acute way. Both factors can be modulated by a variety of processes. Homeostasis is achieved by the interaction of several regulating variables including neural (Miller, 1991) and humoral agents (Vanhoutte et al., 1981), the
endothelium (Griffith and Edwards, 1990; Rubanyi et al., 1990), mechanical factors (Faber
and Meininger, 1990), tissue metabolites (McGillivray-Anderson and Faber, 1990) and myogenic activity (Johnson, 1980).
Myogenic responses can be elicited in isolated resistance-vessel segments
or perfused vascular beds by distension or increases in perfusion pressure (Hwa
and Bevan, 1986; Rubanyi et al., 1990). It has previously been shown that the sensitivity for both ionic and pharmacological vasoconstrictors increases with
increasing distension or conversely, decreases at low distensions of an isolated
vessel (Price et al., 1981; Nilsson and Sjöblom, 1985). This observation could be of relevance for the initiation and negative feedback control of the myogenic autoregulatory response. The underlying mechanisms responsible for the change in
sensitivity for vasoactive stimuli, however, remain largely unknown. It has
been suggested that membrane potential (V„,) and sarcolemmal calcium channels may play a role in stretch induced or pressure induced responses (Laher and
Bevan, 1989; Nordlander, 1989; Nelson et al., 1990). Activation of second messenger systems could also be involved (Laher and Bevan, 1987; Hill et al., 1990; Osol et al., 1991).
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Stretch has furthermore been shown to affect myosin light chain kinase activity
(Barany el al., 1990).

The objective of the present study was to investigate whether distension
of small mesenteric arteries influences membrane potential and intracellular
calcium concentration. We therefore recorded mechanical responses, intracellular calcium concentration ([Ca**],) and V„ in isolated sympathectomised mesenteric small arteries of the rat exposed in ui'fro to a low or to a high level of
distension. The results suggest a role for V„ and for changes in the effect of
[Ca^], on force.

MATERIAL AND METHODS
Vessel preparation
Experiments were performed in small arteries that had been isolated
from the mesentery of 14 week old male Wistar rats (locally inbred strain,
Arhus, Denmark). Rats were killed by a sharp blow on the head and cervical
dislocation. The mesentery was isolated and immersed in a physiological salt
solution. Third to fourth order side branches of the superior mesenteric artery
(0 = 200 urn) were then dissected from the mesentery. To exclude influences of
sympathetic nerve endings in the vessel segments (Vanhoutte et al., 1981), the vessels were chemically sympathectomised by 10 min incubation at 37° C in a
bicarbonate free Krebs solution that contained 300 ug/ml 6-hydroxydopamine
(Apngliano and Hermsmeyer, 1977). The vessel segments (axial length approximately
2 mm) were then mounted on two stainless steel wires (0 40 urn) as ring segments in an isometric myograph between a displacement device and a force
transducer (Kistler Morse DSC6, Seattle, USA) according to the method described by Mulvany and Halpern (Mulvany and Halpern, 1977). Vessel segments were
subsequently stretched to their individual optimal lumen diameter (D„) at
which the initial transient contractile response to 125 mM potassium was maximal as was previously described (De Mey and Brutsaert, 1984; Boonen and De Mey, 1990).
During isolation, mounting and experimentation, the vessels were immersed in
Krebs Ringer bicarbonate buffered solution (KRB); composition (mM): NaCl
118.5; KC1 4.7; MgSCV7Hp 1.2; KH^PO, 1.2; NaHCOj 25.0; CaCV2Hp 2.5;
glucose 5.5, EDTA 0.026, that was continuously aerated with 95% O^ and 5%
CO,. High potassium Krebs (K-KRB) was identical to KRB except that all the
NaCl was replaced by an equimolar amount of KC1. Intermediate extracellular
potassium concentrations were obtained by mixing appropriate volumes of
KRB and K-KRB. Stimulations with noradrenaline were always performed in
the presence of 1 uM of the P-adrenergic blocking agent propranolol.
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Effects of distension on membrane potential
After determination of D„, the vessels were set at diameters that were
either 30% less or 30% larger than D„ ie. 0.7 D„ and 1.3 D<„ respectively. Then,
membrane potential measurements were performed using an impaling glass
microelectrode as was described by Mulvany and coworkers (Mulvany et al., 1982).
V„ was measured at rest (5.9 mM potassium ) and in vessels that were stimulated with intermediate concentrations of potassium (25 and 35 mM) or noradrenaline (0.3 and 3 uM).

Effects of distension on calcium handling
To analyse effects of distension on [Ca^],, we measured in separate sets
of experiments [Ca^], using the fluorescent calcium indicator Fura-2. Simultaneous measurements of force and [Ca^]; were performed as described by
Jensen et al., (1992). Sympathectomised vessels were mounted in a myograph
and loaded for 4 hours at room temperature in a KRB solution that contained
10 uM of Fura-2-AM (ester of Fura-2), 0.1% cremophor EL, 0.5% dimethyl sulfoxamine (DMSO) and 0.02% pluronic F127. Following loading of the dye, the
vessels were stretched randomly to 0.7 Dp or 1.3 Dp and concentration response
curves for potassium and noradrenaline were obtained at each distension. The
myograph was placed on an inverted microscope (Zeiss, axiovert 10), and the
emission at 340 ± 5 nm and 380 ± 5 nm excitation was measured through a
500-530 nm filter using a photomultiplier. The emission signals and force were
measured at 10 second intervals and stored on an IBM personal computer
during experimentation. Calibration of emission signals, using the equation:
[Ca-*], = Kj • p • (R-R„„„)/(R^-R), implied determination of minimal (R„J
and maximal (R„,,„) ratios of emission signals at 340 and 380 nm excitation,
both corrected for emission signals remaining at the respective excitation wavelengths after quenching the Fura-2 fluorescence with Mn^*. R„„„ was measured
in calcium free HEPES buffered KRB with addition of 20 uM of the calcium
ionophore ionomycin, whereas R„,„ was subsequently measured in HEPES
buffered KRB containing 5 mM calcium. P refers to the ratio between emission
signals at 380 nm excitation under calcium free and under calcium saturated
conditions, both corrected for signals remaining after eliminating the fluorescence of Fura-2 with M r ' . The dissociation constant (KJ for Fura-2 at 37° C
was taken as 224 nM (Grynkiewicz et al., 1985). Following measurements of the 340
nm and 380 nm emission signals for the calculation of R„,„ and R^^, the emission signals remaining at the respective excitation wavelengths after addition of
8 mM Mn'* were measured. Emission signals remaining after quenching the
fluorescence with Mn"' were measured at 0.7 and 1.3 ty,, and were used for
subtractions at the respective distension. The solutions that were used to determine R„,,^ and R„„„ had the following composition (mM): HEPES 10.0; KG
144.6; MgCU-7^0 1.17; glucose 6.0 and either 5 mM CaCL,-2H;,O or 2 mM
EGTA, as indicated.
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Drugs
6-hydroxydopamine HC1, noradrenaline HC1 (1-arterenol bitartrate), dlpropranolol HC1, EDTA, DMSO (dimethyl sulfoxamine), cremophor EL, iono
mycin and HEPES were purchased from Sigma Chemicals Co. (Saint Louis,
MO, USA). Fura-2 AM and pluronic F127, were obtained from Molecular
Probes Inc. (Junction City, OR, USA).

Statistics
For both potassium and noradrenaline, concentration response curves
were constructed simultaneously with respect to increases in [Ca^lj and active
force. Sensitivities of either effect for vasoconstrictors was determined from the
concentration response curves using a least squares sigmoidal curve fit (Graphpad Software, San Diego, CA, USA). Differences between observations at the
two distensions with respect to maximal effects and sensitivities were evaluated by a two-way analysis of variance followed by a t-test as described by
Bonferroni (Wallenstein et al., 1980). Statistical analysis was performed using the
Crunch Interactive Statistical Package (CRUNCH, Software Corp., San Francisco, CA, USA).

RESULTS
Effects of distension on electro-mechanical coupling
Under resting conditions (5.9 mM K*), [ C a ^ did not differ between
vessels set at 0.7 or 1.3 D„ (Fig. 8.1.). Raising [K*],, caused concentration-dependent increases in [Ca^],. Intermediate [K*]^ elevated [ C a ^ to a larger extent in
vessels set at 1.3 D„ than in those maintained at 0.7 Do (Fig. 8.1). Yet, maximal
[Ca~*], observed in the presence of 125 mM potassium was comparable at 0.7
D,, and 1.3 D(, (Table 8.1). Vessels at 1.3 DQ were also hypersensitive to the contractile effect of elevated [K*],, (Fig. 8.1 and Table 8.1). They, furthermore, contracted more vigorously in response to 125 mM potassium than those at 0.7 DQ
despite comparable elevation of [Ca^], (Fig. 8.1 and Table 8.1). Effects of distension on sensitivity for the calcium raising and contractile effect of [K*]^ may be
due to a depolarising influence. Figure 8.2 shows V„ in vessels that were set at
different distension and exposed to 5.9, 25 or 35 mM potassium. Small artery
smooth muscle was significantly less polarised at 1.3 than at 0.7 DQ in resting
conditions. This difference in V„ persisted in the presence of 25 and 35 mM
potassium.

107

CHAPTER 8
Noradrenaline

Potassium
2.0

o
o

10

100

C

[K ] (mM)

-8
-7
-6
Log Molar [NA]

-5

Figure 8.1. Force development (upper panels) and intracellular calcium concentrations
(lower panels) measured simultaneously in isolated sympathectomised small arteries
during construction of concentration-response curves for potassium (circles; left panels)
and noradrenaline (triangles; right panels). The concentration-response curves were
constructed at either 0.7 D,, (open symbols) or 1.3 D„ (closed symbols). Shown are means
± SEM (n=ll and n=6, for K' and NA, respectively).
-20

35

C

-6.5

-5.5

Log Molar [NA]

Figure 8.2. Graph showing membrane potential (V„) in vascular smooth muscle cells. V„
was assessed directly using a glass microelectrode in vessels that were distended to
either 0.7 D,, (open symbols) or 1.3 D<, (closed symbols). Membrane potential was measured in resting preparations ( C ) and in vessels that were stimulated with 25 and 35 mM
potassium (circles)(n= 8-11) or 0.3 and 3 |iM noradrenaline (triangles) (n= 7-9). Displayed
are means ± SEM. # indicates statistical significance of differences between vessels at
high and low distension (unpaired t-test, P<0.05).
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Table 8.1. Effects of potassium and noradrenaline on intracellular calcium and active wall
tension in mesenteric resistance arteries at low and high levels of distension*.

0.7D„

1.3D„

n

AWT E„,„ (mN/mm)

0.67 ± 0.11

1.38 ± 0.16'

11

EC50 (mM)

35.6 ± 1.7

24.1 ± 1.2'

11

[Ca'1, E„„ (nM)

343 ± 19

345 ± 25

11

EQ„(mM)

27.5 ±1.2

22.9 ± 1.0"

11

1.62 ±0.29

1.69 ± 0.25

6

pDj

6.85 ±0.21

7.43 ±0.17*

6

[Ca**], E„,„ (nM)

312 + 43

317 ± 40

6

pDj

7.12 ± 0.16

7.43 ± 0.20

6

Potassium

Noradrenaline
AWT E„„ (mN/mm)

Active wall tension (AWT) and intracellular calcium concentrations ([Ca^*],) were measured simultaneously. Displayed are mean values ± SEM of maximal AWT (mN/mm) and
maximal [Ca'*], (nM) along with sensitivities for potassium (EG*,) and noradrenaline
(pDj= -Log[ECsJ) with respect to both effects. Sympathectomised vessels were first set
randomly at either 0.7 or 1.3D„ and tested thereafter at 1.3 or 0.7D(,. n; number of observations. '\ difference between 0.7 and 1.3D„ is statistically significant (p<0.05, analysis of
variance followed by t-test according to Bonferroni (Wallenstein 1980)). Experiments with
noradrenaline were performed in the presence of 1 |iM propranolol.

Effects of distension on pharmaco-mechanical coupling
Contractile responses induced by noradrenaline were also affected by
distension (Fig. 8.1). At 1.3 Dg compared to 0.7 DQ, vessels were hypersensitive
to the contractile effect of noradrenaline (Fig. 8.1, Table 8.1). Maximal force
development induced by noradrenaline was, in contrast to potassium, similar
at 0.7 D„ and 1.3 DQ (Fig. 8.1; 8.3 and Table 8.1). The difference in sensitivity
for the contractile response of noradrenaline at the different distensions was
not accompanied by a significant hypersensitivity to noradrenaline with respect
to increase of [Ca^], (Table 8.1). The difference in V„ that existed at rest between vessels at 0.7 D„ and 1.3 D„, was not statistically significant in the presence of 0.3 and 3 p.M noradrenaline (Fig 8.2). As for potassium, the maximal
[Ca^]- obtained with noradrenaline was similar at 0.7 Dg and 1.3 DQ (Fig. 8.1
and Table 8.1). At any distension, 10 (iM noradrenaline induced a larger force
development than 125 mM potassium despite a similar increase in [Ca^lj (Fig.
8.3). This is consistent with the conclusion by Himpens et al., (1990;) Nishimura
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et al., (1990) and Jensen et al., (1992) that noradrenaline increases the sensitivity
of the contractile machinery of vascular smooth muscle for [Ca^],. However,
distension increased the sensitivity of the contractile apparatus in the presence
of noradrenaline with respect to [Ca^Jj even further (Fig. 8.3).

100

200

300

400

100

200

300

400

[Co**], (nM)
Figure 8.3. Figure showing the relationship between intracellular calcium concentrations
UCa"'),) and force development in sympathectomised small mesenteric arteries that were
set at either 0.7 D„ (open symbols) or 1.3 D,, (closed symbols). Data are means ± SEM (n=
6-11) of steady state responses to increasing concentrations of either potassium (circles) or
noradrenaline (triangles). Note: upper and lower panels show similar results but these
are arranged differently.

DISCUSSION
Increasing the diameter of small arteries had complex effects on excitation-contraction coupling in vascular smooth muscle. Responses to high potassium and noradrenaline were affected differently. This, along with measure
ments of V„, and [Ca"*], suggest that distension of small artery smooth muscle
affects, besides the excitability of the cell membrane and the overlap between
contractile filaments, the effectiveness of [Ca*^], in producing active force.
Contractile reactivity of vascular smooth muscle is influenced by a broad
variety of chemicals of neural, humoral or local origin and by physical factors
such as strain, wall tension and shear stress. The latter have been suggested to
be involved in myogenic responses (Johnson, 1980; Tesfamariam and Halpern, 1987; Rubanyi et al., 1990; Bevan and Laher, 1991). Together with a modulating role for neuro-
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transmitters (Faber and Meininger, 1990; Meininger and Faber, 1991) these are involved in
autoregulation of local blood flow and maintenance of total peripheral
resistance. It is not clear yet where and how physical factors are sensed within
the vascular wall and how they are transduced into a change in contractility. It
has been shown that dynamic stretch and distension of isolated vascular
smooth muscle affects its reactivity to vasoconstrictors (Price et al., 1981; Nilsson and
Sjöblom, 1985). The subject of this study was to evaluate which mechanisms may
be involved in distension-induced alterations in vascular reactivity. The experiments were performed in vessels that are small enough to control local blood
flow and total peripheral resistance. To allow smooth muscle length to be the
externally controlled variable during in uifro experimentation, we deliberately
studied the isolated preparations in an isometric setup in which vessel diameter could be set and maintained at individually defined levels.
Changes of the contractile response of muscle with distension is classically attributed to variation in the overlap between the contractile filaments
(Gordon et al., 1966; Mulvany and Warshaw, 1979). The present results show, however,
that the shape of the force-distension curves differ between potassium and noradrenaline activation. Although the responses to potassium and noradrenaline
were similar at 1.0 D„ and 1.3 DQ, the response to potassium was substantially
less than the response to noradrenaline at 0.7 DQ. Therefore it appears that, depending on the type of activation, factors other than overlap between actin and
myosin may contribute to changes in active force with distension. The present
results do not allow us to determine whether these additional factors apply to
the potassium or the noradrenaline activations.
In addition to altering resting wall tension and active force generation,
distension altered the sensitivity for depolarising and pharmacological stimuli
(Table 8.1). Depolarising stimuli induce contraction of vascular smooth muscle
through opening of voltage operated calcium channels (Nelson et al., 1990). These
channels open as a function of membrane potential (Nelson et al., 1990). Therefore,
alterations in sensitivity for depolarising stimulation could be due to a change
in membrane potential induced by distension, or a shift in the activation curve
of voltage operated calcium channels. Increases in the length of isolated
smooth muscle preparations and pressurisation of isolated large and small
blood vessels (Smeda and Daniel, 1988; Laher and Bevan, 1989) have been observed to
induce depolarisation. The underlying ionic mechanism has not been fully
established yet. It has been proposed, however, that the depolarisation induced
by the length change could be sufficient to activate voltage operated calcium
channels and stimulate calcium entry (Nelson et al., 1990).
The role of membrane potential in the distension-dependent changes in
sensitivity for vasoactive stimuli was therefore assessed directly. Plotting the
membrane potential data against the corresponding values of [Ca^]> in the
presence of 5.9, 25 and 35 mM shows a linear correlation (Fig. 8.4), which is
not different between vessels at 0.7 D„ and 1.3 DQ, suggesting that distension
does not affect the relationship between membrane potential and [Ca^],. The
depolarisation induced by distension of relaxed vessels was not accompanied
by a significant change in [Ca^]j (Fig. 8.4) suggesting that within this range (-60
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to -50 mV) of the membrane potential, calcium influx through voltage operated
calcium channels is not significantly contributing to [Ca^], (Nelson et al., 1990) or
that calcium influx through these channels is masked by counteracting mechanisms such as the calcium buffering capacity of the sarcoplasmic reticulum (Van
Breemen and Saida, 1989). However, at intermediate potassium concentrations the
more positive membrane potential at 1.3 D„ was associated with an increased
[Ca^]j (Fig. 8.4), consistent with voltage operated calcium channels being voltage sensitive between -45 to -30 mV (Nelson et al., 1990). With respect to maximal
force development, the increase in force for the same [Ca^*]j would be consistent with a more optimal overlap of contractile filaments at 1.3 D„ than at 0.7
DQ. Since it was not possible to obtain a supramaximal [Ca^*]j for force development, it was not possible to assess whether the sensitivity to [Ca~*]; was affected by distension.
-20
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Figure 8.4. The relationship between membrane potential and
[Ca**], in isolated small mesenteric
arteries that were distended to
either 0.7 DQ (open circles) and 1.3
D„ (filled circles). Measurements of
membrane potential and [Ca^]j
were performed in separate sets of
vessels in the presence of 5.9; 25
and 35 mM K\ Data are means ±
SEM (n= 11).

As discussed above, the higher force during activation with potassium at
1.3 D(, compared to 0.7 DQ, despite a similar [Ca^*], would be consistent with a
more optimal overlap of the contractile filaments at 1.3 D„. However, during
activation with noradrenaline, the maximal force (and [Ca^*],) was similar at 1.3
D,, and 0.7 D,,. This did not reflect an inability of the arteries to produce more
force since at 1.0 D,, more force was produced with noradrenaline (Data not
shown). Since the effect of changes in filament overlap on potassium and noradrenaline induced force is expected to be similar, these observations suggest
that some mechanism in addition to overlap affects the relation between [Ca**]j
and force at different distensions. This mechanism is differently affected by
noradrenaline and depolarisation with potassium. In this connection it is of
interest that in a microcirculatory preparation, noradrenaline but not potassium
enhanced the myogenic response to pressure increases (Faber and Meininger, 1990;
Meininger and Faber, 1991).

During stimulation with noradrenaline, a hypersensitivity for the contractile effect of the a-adrenergic agonist could be observed at high distension.
Part of this hypersensitivity to noradrenaline may be explained by depolarisation induced increases in [Ca^], at high distension. However, the [Ca**]j - force
curve was shifted to the left at 1.3 Do, suggesting that the sensitivity of the
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contractile machinery for [Ca**]j was increased by distension during noradrenaline activation. It has been reported previously that the effect of [Ca**], is higher during noradrenaline activation than during activation with potassium
(Himpens et al., 1990; Nishimura et al., 1990; Jensen et al., 1992), and it is possible that the
mechanism responsible for this effect is sensitive to distension. Thus in the
presence of noradrenaline, distension may increase the calcium sensitivity of
the contractile machinery resulting in greater contractile responses for a similar
[Ca^*], (Fig. 8.3). Previously we have shown that a phorbol ester, that activates
protein kinase C, resulted in a similar shift in sensitivity to the contractile effect
of potassium, but not noradrenaline, as is observed with distension of a vessel
(Boonen and De Mey, 1991). This was suggested to be an effect of protein kinase C
on calcium influx pathways and on the sensitivity of the contractile apparatus
for calcium. Because noradrenaline induces formation of diacylglycerol which
activates protein kinase C (Nishizuka, 1986), and because this enzyme has been
shown to increase the sensitivity of the myosin light chain kinase (MLCK) for
calcium, protein kinase C could be involved in the observed hypersensitivity
following distension. Effects of physical forces and cellular deformation on the
activity of protein kinase C have been observed in striated muscle (Watson, 1991)
but remain to be firmly established for arterial smooth muscle. Taken together,
hypersensitivity of contractile responses to noradrenaline with high distension
of an isolated vessel segment could be the result of changes in membrane potential but also of alterations in the calcium sensitivity of the contractile apparatus. The different behaviour of contractile responses to high potassium in this
respect, may be due to the recently described attenuation of the calcium sensitivity of myosin light chain kinase in vascular smooth muscle by depolarisation
(Gilbert et al., 1991).

In conclusion, distension of isolated small mesenteric arteries resulted in
a hypersensitivity to potassium as well as noradrenaline. Hypersensitivity to
the contractile effect of potassium and possibly also noradrenaline can be explained partly by a slight but significant depolarisation of the vascular smooth
muscle cells with a consequent increase in [Ca^*],. However, changes in sensitivity and maximal responses can not solely be explained by differences in membrane potential. Results obtained with both potassium and noradrenaline suggest that there are mechanisms beyond the cell membrane in addition to an
effect of overlap between myosin and actin that are involved in distensiondependent changes in contractile responses. Sensitisation of the contractile
machinery for intracellular calcium by second messengers activated by noradrenaline (Himpens et al., 1990; Nishimura et al., 1990; Jensen et al., 1992) is a possible candidate in this respect.

113

9
Loss of Hypersensitivity to
Vasoconstrictors in Mesenteric
Muscular and Resistance Arteries of
Spontaneously Hypertensive Rats
Following Tissue Culture
Harrie CM. Boonen, Danielle H.F. Pelzer and Jo G.R. De Mey
Department of pharmacology, University of Limburg, Maastricht, the Netherlands.

CHAPTER 9

SUMMARY
Blood vessels from adult hypertensive rats show hyperreactivity and hypersensitivity to vasoconstrictor agents. It is not clear whether these occur prior to or as a
consequence of the elevated blood pressure. To exclude influences of pressure or pressor
substances on vascular reactivity we maintained superior mesenteric (MA) and mesenteric resistance-sized arteries (MrA) from adult spontaneously hypertensive (SHR) and age
matched Wistar Kyoto rats (WKY) in tissue culture under non-distending conditions and
in the absence of vasoconstrictors. The experiments were performed in ring segments of
MA and MrA that had been isolated, sympathectomised and maintained in tissue culture
in nutrient culture medium supplemented with serum that had been dialysed to remove
low molecular weight contractile factors. Following 0, 1, 2 or 4 days of culture, MA and
MrA were mounted in a myograph for recording of mechanical activity. Despite stimulation of significant DNA synthesis, tissue culture did not alter maximal contractile responses to high potassium or serotonin (5HT) in MA and MrA from either SHR or WKY,
whereas it reduced maximal responses to vasopressin (AVP) in MA and to phenylephrine
(PHE) in MrA and MA of both strains. Compared to WKY, MA from SHR were originally hypersensitive to 5HT and AVP and hyperreactive to AVP. MrA were hypersensitive
to PHE. These interstrain differences disappeared within 1 to 2 days of culture. These
data indicate that qualitative differences in contractile reactivity of MA and MrA of SHR
are rapidly reversible in the absence of pressure and pressor influences. They may indicate that vascular hypersensitivity in hypertension could be a secondary adaptation.

INTRODUCTION
Hyperreactivity and hypersensitivity of vascular smooth muscle to vasoconstrictors has been observed in several cardiovascular diseases (Lais and Brody,
1978; Webb, 1984). In hypertension these are not restricted to essentially hypertensives (Akbar et al., 1989) but are also commonly observed in renal and DOCA/salt
hypertension, and coarctation hypertension (Jones et al., 1988; Triggle, 1989). Generally, it is believed that hyperreactivity and hypersensitivity of the arterial tree
contributes to a large extent to the elevated vascular resistance in hypertensive
individuals (Laher and Triggle, 1983; Mulvany, 1983; Kishi and Inoue, 1990). These alterations can be brought about by various mechanisms. Receptor number and
affinity, as well as second messenger systems may have undergone modifications (Remmal et al., 1988; Kojima et al., 1989; Michel et al., 1990). Cellular key processes in
the excitation contraction coupling mechanism, such as the handling of calcium, could contribute to hyperreactivity or hypersensitivity to vasoconstrictors, (Sharma and Bhalla, 1988; Uehara et al., 1988; Boonen and De Mey, 1990). Besides these
alterations at the basis of the signal transduction path, hyperreactivity may
result from structural vascular changes (Folkow, 1978), impairment of endothelial
modulatory mechanisms (Vanhoutte, 1989; Lüscher, 1990) or from hyperactivity of
neuro-endocrine mechanisms (Lee and Smeda, 1985; Sahlgren et al., 1986; Head, 1989;
Resink et al., 1989; de Champlain, 1990). Furthermore, vascular hyperreactivity and
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hypersensitivity to vasoconstrictors may develop as a consequence of elevated
blood pressure.
We investigated whether differences in vascular reactivity and sensitivity
of arterial smooth muscle between spontaneously hypertensive rats and normotensive controls persist in the absence of pressure and pressor influences. To
isolate vascular smooth muscle from the modulatory influences it experiences
m w'w we made use of a tissue culture technique in which vessel integrity is
preserved to allow evaluation of contractile force development (De Mey et al., 1989;
Boonen et al., 1991). This approach allows controlled in pifro conditions while the
vascular microenvironment remains intact (De Mey et al., 1989; Boonen et al., 1991).
The function, reactivity and sensitivity to vasoactive drugs of muscular and
resistance sized mesenteric arteries that had been isolated from spontaneously
hypertensive and normotensive rats were followed during a four day period of
tissue culture.

MATERIAL AND METHODS
Experiments were performed in superior mesenteric arteries (MA) and
fourth order resistance sized side branches (MrA) of this artery that had been
dissected from the mesentery of male 20 week old spontaneously hypertensive
rats (SHR) and age matched Wistar Kyoto rats (WKY)docal inbred strains,
Maastricht, The Netherlands). To exclude influences of sympathetic nerve endings in the vessel wall on vascular reactivity before and during tissue culture
we chose to chemically destroy these from the start. Segments that had been
isolated and collected in Hank's balanced salt solution (HBSS) were therefore
incubated for 10 minutes at 37° C in bicarbonate-free Krebs-Ringer solution
(pH 4.0) that contained 300 ug/ml 6-hydroxydopamine (Aprigliano and Hermsmeyer, 1977). Following sympathectomy, preparations were rinsed twice for 10
minutes in 5 ml HBSS. Vessel segments were cut into four separate parts
(length approximately 2 mm) of which three were prepared for tissue culture
and one for direct measurement of contractile reactivity.

Tissue culture of arterial ring segments
Ring segments of MA and MrA were suspended in tissue culture as was
described previously (De Mey et al., 1989; Boonen et al., 1991). Briefly, MA and MrA
were supported on stainless steel wires which had diameters (0.25 and 0.04
mm, respectively) that were sufficiently smaller than the slack dimension of the
arteries in order to maintain the segments without physical distension. Segments were individually suspended in 25 mm culture wells filled with 2.5 ml
Dulbecco's Eagle's modified culture medium (DMEM) containing 100 ug/ml
streptomycin, 100 IU/ml penicillin, 0.2 mM glutamine and 20% fetal calf
serum. The latter had been dialysed ( cut off < 6 kDa) to remove low molecular
weight contractile components (De Mey et al., 1989). As judged from bioassay (De
Mey et al., 1989), the culture medium that was used induced only a modest in-
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crease in tone in various rat arteries. Culture dishes were incubated at 37° C in
an atmosphere of 95% air and 5% COj at 97% humidity for up to 4 days. Arterial segments were transferred to culture dishes containing fresh medium after
1, 2 and 3 days of culture. To have an indication of the extent of DNA synthesis, the medium contained 1 uM of the thymidine analogue 5-bromo-2'-deoxyuridine (BrdU) (Gratzner, 1982; De Mey et al., 1989; Boonen et al., 1991).

Contractile reactivity
Freshly isolated arteries or arteries that had been maintained in culture
for 1, 2 or 4 days were mounted on two stainless steel wires (diameter 40 um)
in an organ chamber between a displacement device and a force transducer
(Kistler Morse DSC 6, Seattle, USA). The organ bath was maintained at 37° C
and aerated with 95% Oj and 5% CO2 (Mulvany and Halpem, 1977). All preparations
were set at their individual optimal lumen diameter for mechanical performance by stepwise stretching and intermittent activation with 125 mM potassium
solution (K-KRB) (De Mey and Bmtsaert, 1984). The diameter-resting wall tension
curve was used to determine a stiffness factor, i.e. the slope of the relationship
between diameter and the natural logarithm of the resting wall tension (Freslon
and Guidicelli, 1985). The Krebs solution had the following composition (in mM):
NaCl 118.5; KC1 4.7; MgSC>4 1.2; KH^PC}, 1.2; NaHCO, 25.0; CaCl^ 2.5; glucose
11.1. K-KRB had a similar constitution as KRB except that all NaCl was replaced by an equimolar amount of KC1. Contractile responses were expressed as
increase in wall tension which equals force development divided by twice the
vessel segment length. Contractile reactivity and sensitivity of freshly isolated
and cultured mesenteric arteries to different vasoactive substances were evaluated. For this purpose, cumulative concentration response curves were constructed for 0.1 nM - 30 nM arginine vasopressin (AVP), 1 nM - 30 uM serotonin
(5HT) and 1 nM - 30 (iM phenylephrine (PHE). Also relaxing responses of the
vessels were assessed by construction of concentration response curves for 10
nM - 1 uM isoproterenol (ISO) and 10 nM - 1 uM acetylcholine (ACH) on top
of precontractions induced by 30 mM K-KRB.

Kinetics of DNA synthesis during tissue culture
To evaluate growth kinetics in the vascular wall during tissue culture,
vessels were fixed in periodate-lysine-paraformaldehyde for 30 minutes (37° C)
at optimal lumen diameter following the reactivity measurements. Preparations
were embedded in paraffin. MrA and MA were either longitudinally sectioned
or cross sectioned (4 um thick). Sections were stained with haematoxylin and
eosin or immunohistochemically with an indirect enzyme-labelled antibody
(Eurodiagnostics, Apeldoorn, The Netherlands) technique and a peroxidaseconjugated second step to visualise nuclei that had incorporated BrdU (Gratzner,
1982). DNA synthesis was quantified as the percentage of nuclei that stained for
peroxidase in the medial or in the adventitial layer (De Mey et al., 1989; Boonen et al.,
1991).
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Drugs and solutions
For tissue culture the following agents were used: Dulbecco's Eagles
modified culture medium (GIBCO, Paisley, UK), penicillin (Gist-Brocades, The
Netherlands), streptomycin (Pharmachemie, Haarlem, The Netherlands), 5bromo-2'-deoxyuridine (Sigma Chemicals, St. Louis, MO, USA) and 20% fetal
whole blood serum (Seralab, Sussex, UK). For the reactivity studies stock solutions of the following drugs were always prepared at the day of use in bidistilled water: arginine vasopressin (Sandoz, Basel, Switzerland), 1-phenylephrine
hydrochloride and 1-isoproterenol hydrochloride (Sigma) and acetylcholine
hydrochloride and serotonin creatinine sulphate (Janssen Chimica, Beerse, Belgium).

Statistical analysis
Maximum responses and sensitivities for the vasoconstrictors and dilators were calculated by a least square sigmoidal curve fit of the data (Graphpad Inplot, Software, San Diego, CA, USA). Effects of tissue culture on vascular
reactivity and sensitivity were evaluated by analysis of variance followed by a
modified t-test according to Bonferroni (Wallenstein et al., 1980). Differences between WKY and SHR were assessed using Student's unpaired t-test. P < 0.05
was considered to denote statistical significance of differences. A software
package for personal computer was used for statistical analysis (Crunch Interactive Statistical Package (CRUNCH), Software Corp., San Francisco, CA, USA).

RESULTS
Mechanical properties of freshly isolated arteries are depicted in Table
9.1. The optimal lumen diameter, stiffness and maximal force development in
response to 125 mM K-KRB were similar in Mr A from WKY and SHR. On the
other hand, the optimal lumen diameter of MA was significantly smaller in
SHR than WKY (Table 9.1). The maximal force development in response to 125
mM K-KRB in MrA and MA tended to be increased in SHR, but not significantly (Table 9.1). Stiffness, however was equal in MA of both SHR and WKY
(Table 9.1).
In general, maximal contractile responses to vasoconstrictors tended to
be larger in SHR than in WKY in both MrA and MA (Fig. 9.1). MA of SHR
were hyperreactive to vasopressin (Fig. 9.1). Freshly isolated MA of SHR were
hypersensitive to vasopressin and serotonin and MrA of SHR were more sensitive to phenylephrine than MrA from WKY rats (Fig. 9.1). Freshly isolated MA
and MrA which were precontracted with 30 mM K-KRB relaxed in response to
acetylcholine and isoproterenol. Sensitivities for the P-adrenergic agonist isoproterenol were equal in the comparable vessels of SHR and WKY (Fig. 9.3).
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Figure 9.1. Maximal active wall tension (AWT„„) and sensitivities (- Log Molar [EC^]) to
different vasoconstrictors in freshly isolated sympathectomised mesenteric resistance
(MrA) and superior mesenteric (MA) arteries from spontaneously hypertensive (filled
bars) and Wistar Kyoto rats (open bars). Shown are means ± SEM (n = 6). o indicates significance of difference between SHR and WKY (unpaired t-test, P < 0.05).

Vascular reactivity of large and small mesenteric arteries
following tissue culture
Effects of tissue culture in the absence of pressure and pressor substances on mechanical properties of MrA are shown in Table 9.1. Up to four days
of tissue culture of MrA, derived from SHR and WKY, did not affect their
responsiveness to 125 mM K-KRB (Fig. 9.2). If anything, maximal contractile
responses to 125 mM K-KRB in MrA of SHR were significantly increased compared to vessels from WKY following 24 hours of culture (Fig. 9.2). Tissue
culture of MrA significantly affected contractile reactivity and sensitivities to
some vasoconstrictors. Like contractile responses to 125 mM K-KRB those to
serotonin were hardly affected by the period in culture (Fig 9.3).
Responses to the a,-adrenoceptor agonist phenylephrine, on the other hand,
were reduced following 2 and 4 days of tissue culture in MrA of both SHR and
WKY (Fig. 9.3). The difference in sensitivity for phenylephrine that existed
originally between SHR and WKY (Fig. 9.1) in MrA disappeared after 2 days of
tissue culture (Fig 9.4). Maximal contractile responses to vasopressin in MrA
did not change as a result of tissue culture (Fig. 9.3) although the sensitivity to
vasopressin was reduced in MrA of WKY but not SHR (Fig. 9.4). Relaxing
responses to isoproterenol in MrA were not affected by tissue culture (Fig. 9.3).
Endothelium-dependent relaxing responses induced by acetylcholine,
however, were completely abolished after 24 hours of tissue culture in both
MrA and MA (data not shown).
120

LOSS OF HYPERSENSinVITY FOLLOWING CULTURE
Table 9.1. Effects of tissue culture on mechanical properties of isolated mesenteric arteries.

MrA

Stiffness
(mm')

AWT™, (mN
/mm)

WKY

freshly isolated

181 ± 15

29.1 ±2.0

2.22 ± 0.35

1 day culture

202 ± 9

30.4 ±3.1

1.97 ± 0.36

2

"

209 ± 12

24.7 ± 1.8

2.70 ± 0.24

4

"

186 ± 14

31.8 ±3.9

1.79 ±0.28

MrA

SHR

freshly isolated

186 ± 14

31.6 ±2.5

2.43 ± 0.42

1 day culture

212 ± 20

25.6 ±4.8

3.43 ± 0.46"

2

199 ± 10

29.4 ±2.4

2.94 ± 0.26

192 ± 27

29.2 ±3.7

2.51 ± 0.36

"

4
MA

WKY

freshly isolated

1437 ± 29

5.24 ±0.19

5.74 ± 0.34

1 day culture

1321 ± 46

4.45 ±0.49

6.12 ± 0.44

2

1204 ± 61'

5.41 ±0.63

5.58 ± 0.45

5.21 ±0.47

4.12 ± 0.43'

"

4

1153 ±57'

MA

SHR

freshly isolated

1204 ± 41"

5.37 ±0.46

6.75 ± 0.53

1 day culture

1154 ± 67

5.20 ±0.26

5.36 ± 0.59

2

1170 ±44

4.93 ±0.41

6.02 ± 0.57

1102 ±49

5.41 ±0.43

4.15 ± 0.50*

4

"

Effects of tissue culture on mechanical properties of superior mesenteric (MA) and mesenteric resistance arteries (MrA) isolated from spontaneously hypertensive (SHR) and
Wistar Kyoto rats (WKY). D„ represents the diameter at which vessels contracted maximally (AWT™,) in response to 125 mM K-KRB. Stiffness of the vessels was calculated
from the diameter - resting tension curve (see text). Data are means ± SEM (n=6). '* Indicate significance of difference as compared to freshly isolated arteries or WKY controls,
respectively.

In MA from WKY rats, the optimal lumen diameter was significantly
decreased after 2 and 4 days of tissue culture (Table 9.1), while in MA from
SHR lumen diameter remained unaffected (Table 9.1). Unlike in MrA, in MA of
both SHR and WKY, maximal contractile responses to 125 mM K-KRB endured
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Days in Culture
Figure 9.2. Effects of tissue culture of sympathectomised mesenteric resistance (MrA) and
muscular (MA) arteries derived from spontaneously hypertensive (filled circles) and
Wistar Kyoto rats (open circles) on the maximal force development (AWT) in response to
stimulation with 125 mM potassium. All data are shown as means ± SEM (n = 6). o
indicates statistical significance of difference when compared to WKY (unpaired t-test, P
< 0.05). * denotes statistical significance of differences compared to freshly isolated arteries (T = 0) (ANOVA + t-test (Wallenstein et at., 1980).

culture for two days but were reduced after 4 days of tissue culture (Fig. 9.2).
Maximal contractile responses to serotonin were, like in MrA, unaffected by
tissue culture of MA (Fig. 9.3). However, the difference in sensitivity for serotonin between MA of SHR and WKY (Fig. 9.1) was abolished after 1 day of
tissue culture (Fig. 9.4).
In MA of SHR and WKY, responses to vasopressin were differently affected.
The difference in maximum response that was originally present between MA
of SHR and WKY (Fig. 9.1) faded during culture (Fig. 9.3). Also the hypersensitivity of SHR for vasopressin disappeared during tissue culture (Fig. 9.4). As
in MrA, tissue culture did not affect the maximal fi-adrenoceptor mediated
relaxations to isoproterenol in MA of both strains (Fig. 9.3). Yet, in MA of WKY
but not SHR at the fourth day of tissue culture, the sensitivity to isoproterenol
was increased (Fig. 9.4).

Effects of tissue culture on DNA synthesis
During the four days of tissue culture vessels remained in an environment that contained a large concentration of classical growth factors. To asses
whether this affected the synthesis of DNA or the total number of nuclei per
cross section, vessels were continuously exposed to BrdU. Incorporation of the
thymidine analogue was visualised and quantified. Figure 9.5 shows the effects
of tissue culture on the cumulative incorporation of BrdU in the medial and
adventitial layer of MrA and MA of WKY rats. Although DNA synthesis in
adventitial fibroblasts seemed to be larger in MA than in MrA this difference
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Figure 9.3. A) Effects of tissue culture on contractile reactivity to serotonin (5HT), phenylephrine (PHE) or arginine vasopressin (AVP) of isolated mesenteric resistance arteries
(MrA) and superior mesenteric arteries (MA) from spontaneously hypertensive (filled
circles) and Wistar Kyoto (open circles) rats. Data are shown as a fraction of the maximal
response that was induced by exposure of the vessels to 125 mM K-KRB. Mean ± SEM (n
= 6). o and * indicate statistical significance of difference when compared to WKY (unpaired t-test, P < 0.05) or freshly isolated arteries (ANOVA + t-test (Wallenstem et al., m » ,
respectively. B) Effects of tissue culture on relaxing responses to the p-adrenoceptor agonist isoproterenol in MA and MrA of SHR and WKY. Graphs have a similar layout as in
figure 9.3^, except that data are displayed as maximal relaxation as a fraction of the response to the initial precontraction induced by 30 mM K-KRB.
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Figure 9.4. Sensitivities to A) the vasoconstrictors serotonin (5HT), phenylephrine (PHE)
and arginine vasopressin (AVP) and B) vasodilator isoproterenol (ISO) in mesenteric
resistance arteries (MrA) and superior mesenteric arteries (MA) that were isolated from
spontaneously hypertensive (filled circles) and Wistar Kyoto rats (open circles) and
subjected to tissue culture in the absence of pressure and pressor substances. Shown are
means ± SEM of the negative logarithm of the concentrations of agonists needed to
induce half of the maximal effect (EC,*,), o and * indicate statistical significance of difference from WKY or freshly isolated vessels, respectively.
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Figure 9.5. Cumulative incorporation of BrdU in medial (left hand side) and adventitial
(right hand side) nuclei during culture of mesenteric resistance arteries (open squares)
and superior mesenteric arteries (filled squares) of Wistar Kyoto rats. Sympathectomised
arterial segments were continuously exposed to 1 |iM BrdU during the culture period.
The percentage of labelled nuclei is shown as means ± SEM (n = 5-6 segments).

Table 9.2. Effects of tissue culture on number of nuclei in medial and adventitial layers of
small and large mesenteric arteries.
nuclear profiles /
section

MA

MrA
media

adventitia

media

adventitia

0

291 ± 36

49 ± 9

554 ±30

92 ± 14

1

276 ± 19

61 ± 7

622 ±28

108 ± 8

2

270 ± 39

59 ± 8

645 ±22

119 ± 5

4

239 ± 28

74 ± 5

627 ± 62

149 ± 15'

days in culture

Effects of tissue culture of mesenteric arteries on the number of nuclear profiles per cross
(MA) or longitudinal (MrA) section. Plasia was estimated by counting the number of
nuclei that stained with haematoxylin plus the number of those that stained positive for
BrdU. Data are means ± SEM (n = 5-6). * indicates statistical significance of difference as
compared to freshly isolated arteries (ANOVA + t-test (WaUenstein, 1980), P < 0.05).

did not reach statistical significance (Fig. 9.5). DNA synthesis in the media was,
compared to that in adventitial nuclei, significantly lower (Fig 9.5). The slope
of the cumulative BrdU labelling versus time was significantly smaller in the
media of MrA (slope equals 0.0075 ± 0.0025, n = 6) than in the medial layer of
MA (slope 0.014 ± 0.0023, n = 6)(Fig 9.5). Despite significant synthesis of DNA,
the total number of nuclear profiles in the adventitia and media of both MrA
and MA was not altered after up to 4 days of culture (Table 9.2).
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DISCUSSION
Tissue culture of mesenteric muscular and resistance-sized arteries of
spontaneously hypertensive rats in the absence of pressure and pressor influences resulted in normalisation of qualitative differences in vascular reactivity to
vasoconstrictors compared to vessels of normotensive controls. This may indicate that vascular hypersensitivity develops as a consequence of hypertension.
Observations are not in agreement regarding the question whether
changes in vascular function are primary or secondary to the development of
hypertension. Differences in arterial sensitivity to vasoconstrictors could be
inherent to spontaneously hypertensive rats and may contribute to the development of the hypertensive state (Smeda et al., 1988; Mulvany, 1990). However, it has
also been observed that changes in sensitivity to vasoconstrictors develop as a
consequence of altered blood pressure (McMahon and Paul, 1985; Triggle, 1989). To
draw conclusions concerning the causal or adaptive nature of alterations in
vascular sensitivity from experiments m iróo is complicated by the presence of
unknown intervening factors. For example, haemodynamics and neurohumoral
"status" may be primary, or secondary to the change in blood pressure and
some factors may even be epiphenomena, unrelated to blood pressure (Korner
and Swales, 1991). Cell cultures of isolated vascular smooth muscle cells have
therefore been used to isolate the cells from the modulatory influences they
undergo in iróo (Chamley-Campbell et al., 1979). Cell cultures of smooth muscle cells
isolated from large arteries of hypertensive rats have demonstrated significant
increases in calcium influx induced by vasoconstrictors (Bukoski, 1990) and alterations in the regulation of intracellular pH (Alexander et al., 1990). These alterations,
that persist following many culture passages suggest that some processes that
may be involved in hypersensitivity to agonists are present in the absence of
elevated pressure. However, separation of smooth muscle cells from their natural microenvironment may alter their characteristics. Depending on seeding
density, smooth muscle cells transform in culture from a contractile into a
Synthetic phenotype (Chamley-Campbell et al., 1979; Schwartz et al., 1986). This implies
that functional characteristics of subcultured smooth muscle cells may not be
extrapolated to the entire vessel wall (Stadier et al., 1989). Furthermore, procedures
used for obtaining single smooth muscle cells may select a subset of growthprone smooth muscle cells with properties that differ from those of smooth
muscle cells in a terminal state of differentiation (Owens, 1989; De Mey et al., 1991).
In an attempt to combine the advantages of i« ZHZ' K? experiments and
culture of isolated vascular smooth muscle cells, we evaluated reactivity to
vasoconstrictor agents in ring segments of small and large mesenteric arteries
following tissue culture. Vessels of spontaneously hypertensive rats and normotensive controls were kept in tissue culture under similar circumstances for
up to four days in the absence of pressure and of neurohumoral vasopressor
substances. In analogy with previous observations (De Mey et al., 1989; Boonen et al.,
1991), tissue culture of arterial ring segments induced significant synthesis of
DNA in part of the medial smooth muscle cells but did not modify the number
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of nuclear profiles per cross section (Table 9.2 and Fig. 9.5). Despite this, contractile reactivity to high potassium solution was unaffected in MrA and MA
for at least 2 days (Table 9.1 and Fig. 9.1), suggesting that either cells that synthesise DNA do not loose their ability to contract, as is often the case in culture
of isolated cells (Chamley-Campbell et al., 1979), or that different subsets of smooth
muscle cells are present in the media which are predisposed to either proliferate or contract (Owens, 1989). In this respect, comparison of superior mesenteric
arteries with mesenteric resistance arteries shows that in the latter, the slope of
the cumulative increase in relative DNA synthesis in the media, but not in the
adventitia, is significantly less. This could be in agreement with the above
mentioned hypothesis of smooth muscle cell heterogeneity in the vascular wall.
The media of MrA could either consist of relatively less growth-prone smooth
muscle cells or more cells that are committed to contraction (De Mey et al., 1991).
Furthermore, in MA contractile reactivity was slightly decreased after 4 days of
culture whereas in MrA this is not the case (Fig. 9.2). Whether this is related to
the difference in relative incorporation of BrdU that is seen between MA and
MrA (Fig. 9.5), remains to be established. Nevertheless, viability defined as the
capacity to contract in response to direct stimulation was largely maintained
throughout the experimental period.
Originally, superior mesenteric arteries of the spontaneously hypertensive rat showed hypersensitivity and hyperreactivity to vasopressin and hypersensitivity to serotonin compared to those of Wistar Kyoto rats (fig 9.1). Resistance sized side branches of this artery, on the other hand, were hypersensitive
to the a,-adrenoceptor agonist phenylephrine (Fig. 9.1). Tissue culture had
profound effects on contractile responses to agonists. Responses to serotonin in
both MA and MrA were preserved whereas those to phenylephrine in MA and
MrA and vasopressin in MA were rapidly lost following 1 to 2 days of culture
(Fig. 9.3). Similar findings were previously obtained during tissue culture of rat
renal arteries (De Mey et al., 1989). One would rather expect a-adrenergic responsiveness to increase as a result of sympathectomy of the arteries at the start of
the culture period (Apngliano and Hermsmeyer, 1977). Interestingly, previous studies
have shown that relaxing responses to the fj-adrenoceptor agonist isoproterenol
in renal arteries became manifest only following tissue culture (De Mey et al.,
1989), while in mesenteric arteries, the p-adrenergic responsiveness was unaffected by tissue culture (Fig 9.3 and Fig 9.4). It is unclear whether loss of responsiveness to the a,-adrenoceptor agonist is related to the increase in DNA
synthesis that is seen in both arteries, but these results stress the possible heterogeneity in smooth muscle characteristics not only between branching order of
arteries but also between vascular beds, as was suggested previously (De Mey et
al., 1991). It is unlikely that the loss of reactivity to phenylephrine and vasopressin in MA of SHR compared to WKY can be attributed to changes in vascular
structure in MA of WKY following tissue culture (Table 9.1) because structural
alterations would non-selectively affect reactivity to vasoconstrictors (Folkow,
1978). As the number of nuclear profiles per cross section is unaltered (Table 9.
2) the reduced lumen diameter in MA of WKY may, however, indicate that
these vessels undergo some rearrangement of passive components in their
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medial structure which may be related to the absence of flow (Langille et al., 1989).
Besides affecting reactivity in mesenteric arteries, tissue culture abolished
differences in sensitivity to vasopressin and serotonin in MA and to phenylephrine in MrA of spontaneously hypertensive rats (Fig 9.4). Whether this alteration is due to loss or change of receptors, receptor-effector coupling or changes on other levels of the pharmaco-mechanical coupling pathway remains to
be established. Nonetheless, these data suggest that under similar environmental circumstances i.e. without transmural pressure and in the absence of external contractile stimuli, the differences in reactivity and sensitivity to vasoactive
agonists between mesenteric arteries of spontaneously hypertensive and Wistar
Kyoto rats disappear.
Regardless the precise nature of the altered sensitivity to serotonin and
vasopressin in MA and phenylephrine in MrA, these results therefore indicate
that reactivity and sensitivity of vascular smooth muscle cells to vasopressor
substances may be susceptible to modification by factors outside the smooth
muscle cell. The "pharmacological phenotype" of smooth muscle cells in the
medial wall may be controlled by factors such as pressure, or substances that
exert pressor effects. From these we conclude that vascular hypersensitivity in
spontaneously hypertensive rats may be a secondary adaptation to elevated
blood pressure.

128

10
Resistance Artery Changes Following
Vasoconstrictor Infusion in Young
Rats. Comparison with those in
Young Spontaneously Hypertensive
Rats
Harrie CM. Boonen, Mat J.A.P. Daemen*, Pedro H.A. Eerdmans,
Gregorio E. Fazzi, Ellen M. van Kleef, Paul M.H. Schiffers
and Jo G.R De Mey
Departments of pharmacology and *) Pathology, University of Limburg,
Maastricht, the Netherlands.

CHAPTER 10

SUMMARY
To evaluate whether chronic a,-adrenergic stimulation, angiotensin II or elevated
blood pressure alter resistance arterial reactivity and structure, we recorded structural
parameters and wall tension in mesenteric small arteries (MrA) isolated from 6 weeks old
normotensive Wistar Kyoto rats that had been infused for 4 days with either saline
(WKY), 2 mg/kg/day phenylephrine (WKY+PHE) or 0.3 mg/kg/day angiotensin II
(WKY+AII) or from saline-infused spontaneously hypertensive rats (SHR). During the
experimental period, systolic blood pressure (SBP) increased in SHR but not in WKY. In
WKY+PHE and WKY+AII, SBP increased and heart rate was reduced. Cardiac weight
did not differ between SHR and WKY, but was increased in WKY+PHE and WKY+AII.
Stiffness and optimal lumen diameter of MrA did not differ between WKY and SHR and
were not altered in WKY+PHE or WKY+AII. Maximal contractile responses of sympathectomised MrA to high potassium, calcium, angiotensin II, noradrenaline, phenylephrine and serotonin, tended to be larger in SHR and WKY+AII than in WKY. Sensitivities
for the vasoconstrictors and calcium were not altered in vessels of WKY+AII and did not
differ between vessels of SHR and WKY. In those of WKY+PHE, maximal responses to
all constrictors and the sensitivity to noradrenaline and phenylephrine were reduced.
Vasorelaxing responses to isoproterenol and Na-nitroprusside did not differ between
SHR and WKY and were not altered in WKY+PHE or WKY+AII. Those to acetylcholine
tended to be reduced in WKY+PHE and WKY+AII. Media cross sectional area and media
thickness were significantly larger in WKY+AII and SHR compared to WKY but were not
altered in WKY+PHE. These data indicate that in young rats, angiotensin II, but not
increased vasoconstriction or a,-adrenergic stimulation leads to small artery hypertrophy
and hyperreactivity. Increased trophic actions of angiotensin II are more likely to contribute to the development of hypertension in SHR than hypersensitivity to vasoconstrictors, hyposensitivity to vasodilators or altered calcium handling by vascular smooth
muscle.

INTRODUCTION
In established hypertension, vascular resistance is increased as a result of
arterial structural changes (Folkow, 1982; Lee, 1987; Mulvany, 1987). These contribute
to vascular hyperreactivity and underlie increased risk for life threatening
cardiovascular disorders. How they are brought about is still a matter of debate. In essential hypertension and in spontaneously hypertensive rats, part of the
structural changes may be genetic in origin (Folkow, 1982; Gray, 1984). Additional
modifications, and those in secondary forms of hypertension may evolve from
increased supply of classical vasoconstrictors and growth factors and from
mechanical Stresses on the vascular wall (Lever, 1986; Sahlgren et al., 1986; Dostal et al.,
1988). In young spontaneously hypertensive rats, changes in vascular reactivity
to calcium, which could be relevant to both constrictor and growth responses,
have been observed prior to significant elevation of blood pressure (Mulvany and
Aalkjaer, 1990). In other animal models, such as renal hypertensive and
DOCA/salt hypertensive rats, changes in vascular function and structure can
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develop in parallel to or as a result of the blood pressure rise (Laher and Triggle,
1984; Cox, 1987; Jimenez and Joshua, 1988; Triggle, 1989). In these adaptive processes there
could be a role for both hypersensitivity of the vascular smooth muscle and for
the endothelium (Lüscher 1990a). Moreover, hyperactivity of the sympathetic
nervous system and the renin-angiotensin-aldosterone system have been suggested to participate in the development of hypertension (Lee and Smeda, 1985;
Sahlgren et al., 1986; Head, 1989; Resink et al., 1989; de Champlain, 1990). Little is known,
however, concerning the role of small arteries in this respect, although they are
the prime effectors of hypertension.
In the present study we evaluated whether the structure, contractile
reactivity and endothelium-dependent relaxing reactivity in small arteries was
altered in young spontaneously hypertensive rats and following hypertension
induced by continuous infusion of phenylephrine or angiotensin II in Wistar
Kyoto rats. We used continuous infusion of phenylephrine and angiotensin II
to mimic hyperactivity of systems that were proposed to participate in the
genesis of essential and renal hypertension (Abboud, 1982; Head, 1989; Lüscher, 1990b;
Scott-Burden et al., 1992). The experiments were performed in 6 week old rats in
which intra-arterial DNA synthesis is still significant (De Mey et al., 1991) and thus
possibly prone to modification.

MATERIAL AND METHODS
Animals and treatments
6 Weeks old male normotensive Wistar Kyoto (WKY) and age and sex
matched spontaneously hypertensive rats (SHR) were used (locally inbred
colonies; University of Limburg, Maastricht, The Netherlands). Four groups of
8 rats each were defined. Three groups consisted of Wistar Kyoto rats that
received either saline, phenylephrine (WKY+PHE) or angiotensin II (WKY+AII)
infused continuously during four days through a subcutaneously implanted osmotic minipump (Alzet, model 2001, Alza, Palo Alto, CA, USA). One group
consisted of spontaneously hypertensive rats that received saline. In preliminary experiments (n=4), infusions of WKY rats with 2 mg/kg/day phenylephrine or 300 ug/kg/day angiotensin II were observed to increase systolic blood
pressure significantly to a level comparable to that seen in 6 week old SHR.
The minipumps were implanted subcutaneously under ether anaesthesia as
described before (Daemen et al., 1991; De Mey et al., 1991). Prior to implantation the
filled pumps were kept for 2 hours at 37° C in saline to obtain a steady state
delivery of their contents. Heart rate and systolic blood pressure were measured by tail cuff plethysmography (Narco Biosystems, Houston, TX, USA) on
the following time points: T = -6; -3; 0; 2 and 4 days in which T = 0 is the day
on which the minipumps were implanted. Four days after the implantation of
the minipumps the rats were sacrificed by bleeding from the aorta under ether
anaesthesia. Heart and kidneys were dissected.
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Vascular reactivity
Fourth order side branches of the superior mesenteric artery were dissected from the mesentery. During dissection and experimentation the vessels
were immersed in Krebs Ringer bicarbonate buffered salt solution (KRB). Vessels were chemically sympathectomised by incubation during 10 min at 37°C in
a bicarbonate free Krebs's solution containing 300 ug/ml 6-hydroxydopamine
(Aprigliano and Hermsmeyer, 1977). Vessels (lumen diameter = 200 (im) were mounted as ring segments (length approximately 2 mm) on two stainless steel wires
(0 40 urn) between a displacement device and a force transducer (Kistler-Morse
DSC-6, Seattle, USA) in a myograph that allowed measurement of isometric
force development (Mulvany and Halpern, 1977). The vessels were stretched to an
internal diameter at which they contracted maximally to stimulation with 125
mM potassium (De Mey and Brutsaert, 1984). A stiffness factor ((3) and the effective
resting transmural pressure (ERTP) were derived from the diameter-tension
c u r v e (Freslon and Guidicelli, 1985).

At optimal lumen diameter, concentration response curves were constructed for angiotensin II (0.1 nM - 1 uM), noradrenaline (10 nM - 10 uM),
phenylephrine (10 nM - 10 uM) and serotonin (10 nM - 10 uM). To avoid tachyphylaxis, concentration response curves for angiotensin II were constructed
on top of a contractile response induced by 30 mM K-KRB. Concentration response curves for noradrenaline were constructed in the presence of 1 U.M propranolol. To evaluate endothelium-dependent and independent relaxing responses (De Mey and Gray, 1985), concentration response curves for acetylcholine (10
nM - 10 uM), isoproterenol (1 nM - 1 uM) and sodium-nitroprusside (10 nM 10 U.M) were constructed in vessels that had been precontracted with 30 mM KKRB.
Sensitivity of the vessels for extracellular calcium was evaluated by constructing concentration response curves for calcium in the continuous presence
of either 10 uM noradrenaline or 125 mM K-KRB (Boonen and De Mey, 1990). Therefore vessels were depleted of extracellular calcium by a 3 min incubation in
Ca^-free KRB that contained 0.3 mM EGTA and intracellular calcium stores
were emptied by 3 minute stimulation of the vessels in Ca^-free KRB containing 10 uM noradrenaline. Then calcium was added cumulatively (1.25 uM - 10
mM) in the continuous presence of either 10 uM noradrenaline or 125 mM KKRB. The former were constructed in the continuous presence of 1 uM propranolol.

Drugs and solutions
Krebs-Ringer bicarbonate buffered solution had the following composition (in mM): NaCl, 118.5; KC1, 4.7; MgSO,.7Hp 1.2; KH^PO, 1.2; NaHCOj
25.0; CaClj 2.5; and glucose 11.1. In high potassium solution (K-KRB) all NaCl
was replaced by an equimolar amount of KC1. In calcium free KRB, CaC^ was
omitted from normal KRB. Where mentioned, 0.3 mM EGTA was added to
calcium free KRB. Acetylcholine, serotonin creatinine sulphate monohydrate
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and sodium-nitroprusside were obtained from Janssen Chimica (Beerse, Belgium). Rat angiotensin-II, Ethylene-glycol-bis-(fi-amino-ethyl-ether) N,N'-tetraacetic acid (EGTA), isoproterenol sulphate, 1-arterenol-bitartrate (noradrenaline), 1-phenylephrine hydrochloride, 6-hydroxydopamine-HCl and propranolol-HCl were obtained from Sigma Chemical Co. (St.Louis, MO, USA). Stock
solutions (10 mM) were prepared daily in bidistilled water.

Morphometry
Following recording of contractile reactivity, vessels were fixed at the
optimal lumen diameter for 30 minutes in 4% phosphate buffered (pH 7.4)
paraformaldehyde and embedded in paraffin. Cross sections (4 urn) were stained with Lawson's solution (Boom B.V., Meppel, The Netherlands) to visualise
internal and external elastic laminae. Video images were generated from the
cross sections using a Zeiss Axioscope (Zeiss, Germany) and a standard CCD
camera (Stemmer, Germany). Using commercially available software (JAVA
1.21, Jandel Scientific, Corte Madera, CA, USA) the area enclosed by the internal elastic lamina was subtracted from the area enclosed by the media-adventitial border to obtain media cross sectional area (CSA). Lumen radius was calculated from the internal circumference (IC) assuming a circular cross section.
From these parameters, mean media thickness (M,) was derived using the following formula:
Af, = - r

Data analysis
The rats that were used were assigned a random numerical code at 5
weeks of age. Implantation of the minipumps, blood pressure measurements,
reactivity studies and morphometry were performed by different investigators.
Codes were broken after all observations had been obtained. Contractile responses were expressed as increases in wall tension (i.e. increases in force divided by twice the segment's length). EC^, values for agonists were determined
by least square sigmoidal curve fitting (Graphpad Inplot 3.01, San Diego, CA,
USA). Differences in vascular reactivity between rats treated with phenylephrine or angiotensin II and controls were evaluated by one-way analysis of
variance followed by a t-test according to the method by Bonferroni (Wallenstein
et al., 1980) using the Crunch Interactive Statistical Package (Crunch Software
Corp., San Francisco, California, USA). P < 0.05 was accepted to denote statistical significance of differences.
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Figure 10.1. Development of
systolic blood
pressure
measured by tail cuff plethysmography in 6 week old
(at T = 0) WKY and SHR
rats that were infused for
four days (starting from T =
0) with saline (open circles
and filled triangles, respectively) and WKY infused
with phenylephrine (filled
circles) or angiotensin II
(open triangles). Shown are
means ± SEM (n=8).
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Table 10.1. Effect of vasopressor infusion on heart and kidney weight in 6 week old rats.
WKY

WKY + PHE

WKY + All

SHR

heart/body weight
(mg/g)

3.96 ± 0.11

5.60 ± O^O''*

5.02 ± 0.19'

4.20 ± 0.10

kidney/body weight
(mg/g)

5.29 ± 0.07

6.00 ± 0.40

5.18 ± 0.09

4.90 ± 0.30

Relative heart and kidney weight corrected for body weight in rats that had been infused
during four days with either saline (WKY and SHR), phenylephrine (2 mg/kg/day)
(WKY + PHE) or angiotensin II (300 ug/kg/day) (WKY + All). Shown are mean ± SEM
(n=6-8). ''' represent statistical significance of differences compared to WKY and SHR,
respectively (ANOVA + t-test (WaUenstein, 1980) P < 0.05).

RESULTS
Figure 10.1 illustrates systolic blood (SBP) pressures during the fifth and
sixth postnatal week in WKY and SHR rats. The earliest measurements did not
differ between both strains. Towards the end of the sixth week, SBP was larger
in SHR than WKY (Fig. 10.1). Furthermore, regression analysis indicates that
SBP rose significantly during the study period in SHR but not WKY. The slope
of the regression lines (increase in SBP (mmHg/day)) averaged 1.27 ± 2.23
(P=0.592) and 5.63 ± 2.20 (P=0.016) in WKY and SHR, respectively.
Treatment of 6 week old WKY with phenylephrine or angiotensin II
caused a sustained increase in SBP (Fig. 10.1). Following 4 days of phenylephrine, SBP was comparable to that in saline-infused SHR (regression analysis
showed an average slope of 8.52 ± 2.84; P=0.006) (Fig. 10.2). Angiotensin II
increased SBP to a larger extent (slope 15.50 ± 4.87; P=0.004) (Fig's. 10.1 and
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10.2). The bradycardia that accompanied the vasopressor treatment was, however, comparable for WKY treated with phenylephrine and those infused with
angiotensin II (Fig. 10.2). Furthermore, both treatments reduced the normal
gain in body weight (Fig. 10.2). This was more pronounced in WKY+PHE than
in WKY+AII. Heart and kidney weight did not differ significantly between
saline-infused WKY and SHR but relative cardiac mass was significantly increased in WKY after 4 days of treatment with either phenylephrine or angiotensin II (Table 10.1).

Mechanical and structural properties of small arteries
The optimal lumen diameters at which the acutely sympathectomised
small mesenteric arteries contracted maximally in response to 125 mM K-KRB
did not differ between the four treatment groups (Table 10.2). The resting wall
tension of the vessels at this optimal lumen diameter tended to be increased in
WKY+AII (Table 10.2). As a consequence also effective resting transmural pressure at the optimal lumen diameter tended to be increased in vessels of WKY
treated with All (Table 10.2). The stiffness factor was similar in all groups
(Table 10.2). The maximal active wall tension the vessels developed in response
to stimulation with 125 mM K-KRB was significantly smaller in vessels from
WKY+PHE than in those of saline-treated WKY and SHR (Table 10.2). Vessels
of SHR and WKY+AII, on the other hand, were hyperreactive to 125 mM potassium when compared to those of WKY, but this difference was not statistically significant (Table 10.2).
Media cross sectional area and mean media thickness were significantly
larger in small mesenteric arteries of WKY+AII and SHR than in those of WKY
(Table 10.2). Also wall to lumen ratio was significantly larger in vessels of SHR
and WKY+AII than in those of WKY (Table 10.2). No structural changes were
observed in vessels of WKY+PHE (Table 10.2).

Contractile reactivity of the vessels
Vessels of SHR were hyperreactive to all vasoconstrictor stimuli (Table
10.3). This, however, did never reach statistical significance. Sensitivities to
vasoconstrictors were not different between WKY and SHR. Only the sensitivity for calcium in the presence of noradrenaline tended to be increased in vessels of SHR compared to WKY, but this difference was not statistically significant (Fig. 10.5). In vessels from WKY treated with phenylephrine, contractile
responses to potassium were significantly reduced compared to saline-infused
WKY rats (Table 10.3). Also, the sensitivity and maximal contractile response
for a,-adrenergic stimulation with phenylephrine was significantly reduced
(Fig. 10.3 and Table 10.3). Furthermore, the sensitivity for noradrenaline (in the
presence of propranolol) was significantly reduced in vessels of rats treated
with phenylephrine (Table 10.3). In vessels of WKY treated with angiotensin-II,
contractile responses to angiotensin-II, noradrenaline, potassium, phenylephrine
and serotonin tended to be increased, however, not statistically significant (Fig.
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Figure 10.2. Bar graphs showing the
change in body weight (A BW), systolic
blood pressure (A SBP) and heart rate
(A HR) following four days infusion of
saline in 6 week old WKY (open bars)
and SHR (filled bars) and phenylephrine (PHE; hatched bars) or angiotensin II (All; cross hatched bars) in
WKY rats. Data are means ± SEM. *,#
indicate statistical significance of difference as compared to WKY or SHR,
respectively. + indicates that change in
SBP is significant (ANOVA + modified
t-test (Wallenstein et al.. 1980)).

-150
PHE

SHR

Figure 10.3. Effects of vasoconstrictors in mesenteric resistance arteries of 6 week old rats
that wore treated for four days with saline (WKY, open circles; SHR, filled triangles),
phenylephrine (filled circles) or angiotensin II (open triangles). Concentration response
curves were performed for angiotensin II (ATIIHin vessels precontracted with 30 mM KKRB), noradrenaline (NA), phenylephrine (PHE) and serotonin (5HT). Symbols represent
the mean ± SEM (n=8). Data are expressed as a fraction of the maximal contractile response induced by 125 mM K-KRB.
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Table 10.2. Mechanical and morphological properties of isolated mesenteric resistance arteries
following 4 day treatment of WKY with phenylephrine and angiotensin II.

WKY

WKY+PHE

WKY+AII

SHR

159 ± 8

153 ± 12

185 ± 12

180 ± 10

RWT (mN/mm)

0.71 ±0.13

0.54 ± 0.09

1.13 ±0.19

0.71 ± 0.16

stiffness (mm')

34.5 ± 3.4

37.9 ± 4.7

28.9 ±2.4

30.6 ± 4.4

ERTP (mN/mm')

8.8 ± 1.5

7.3 ± 1.2

12.2 ± 1.8

7.5 ± 1.6

1.81 ± 0.10

1.24 ±0.11'*

2.00 ±0.07

2.16 ± 0.15

CSA (urn')

2475 ± 195

2295 ± 154

3917 ±622'

3778 ± 336"

radius (urn)

88 ± 2

81 ± 3

90 ± 12

86 ± 6

M, (|im)

4.38 ± 0.31

4.36 ± 0.30

6.28:t 0.68''

6.45 ± 0.43'

W/L (x 100)

5.02 ± 0.37

5.40 ± 0.48

6.67:t 0.45"

7.31 ± 0.59'

Mechanical properties
OID (urn)

AWT (K-KRB)(mN/mm)
Morphometric parameters

WKY; Wistar Kyoto, WKY+PHE and WKY+AII; WKY rats treated during four days with
pressor doses of phenylephrine or angiotensin II, respectively and SHR; spontaneously
hypertensive rats. OID; optimal lumen diameter at which maximal response to 125 mM
K-KRB were obtained. RWT and AWT, resting and active wall tension, respectively, stiffness factor (see text). ERTP, effective resting transmural pressure. CSA, media cross
sectional area. M,, media thickness and W/L, wall to lumen ratio (M,/OID). Values are
means ± SEM (n=8). '* indicate significance of difference compared to WKY or SHR,
respectively (ANOVA + t-test P<0.05).

10.3 and Table 10.3). The sensitivity for extracellular calcium was not altered by
treatment of WKY with phenylephrine or angiotensin II (Table 10.3 and Fig.
10.4).
Endothelium-dependent and independent relaxing properties were evaluated during contractions induced by 30 mM potassium (Fig. 10.4). Acetylcholine-induced endothelium-dependent relaxations were comparable in vessels from saline-infused WKY and SHR but tended to be reduced in WKY rats
treated with angiotensin II and phenylephrine. This difference did, however,
not reach statistical significance (Table 10.3, Fig. 10.4). Relaxing responses to
isoproterenol and sodium nitroprusside did not differ between the four treatment groups (Fig. 10.4).
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Figure 10.4. Effects of endothelium-dependent and independent vasodilator substances in
mesenteric resistance arteries of 6 week old rats treated for 4 days with saline (WKY,
open circles; SHR, filled triangles), phenylephrine (filled circles) or angiotensin II (open
triangles). Displayed are means ± SEM as a fraction of the precontraction induced by 30
mM K-KRB.

Figure 10.5. Concentration response curves to extracellular calcium in mesenteric resistance arteries of 6 week old rats in the presence of 125 mM K-KRB (left hand side) or 10
uM noradrenaline (right hand side). Means ± SEM (n=8) as a fraction of the maximal
response. WKY (open circles), WKY+PHE (filled circles), WKY+AII (open triangles) and
SHR (filled triangles).
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Table 10.3. Sensitivities and maximal effects of vasoconstrictor and vasodilator substances in
isolated mesenteric arteries
WKY

WKY +

WKY + All

SHR

PHE

vasoconstrictor substances
E™

1.09 + 0.16

0.65 ± 0.18

1.16 ± 0.16

1.33 ±0.15

pa

8.75 ±0.13

8.60 ± 0.25

8.79 ± 0.24

8.78 ± 0.13

E_

2.39 ±0.15

1.43 ±0.22'"

2.81 ± 0.15

2.88 ± 0.29

pa

6.05 ±0.14

5.53 ± 0.06"

5.90 ± 0.10

5.88 ± 0.09

E„,„>

2.62 ± 0.21

1.74 ± 0.19"

3.13 ± 0.16

3.25 ± 0.31

pa

6.59 ± 0.06

6.20 ±0.12'"

6.49 ± 0.06

6.53 ± 0.07

E™.

1.79 ± 0.34

1.07 ±0.32'

2.64 ± 0.25

2.18 ± 0.42

pa

6.95 ± 0.34

6.68 ± 0.12

6.80 ±0.13

6.63 ± 0.14

potassium

pCa,

3.25 ± 0.10

3.14 ± 0.08

3.16 ± 0.07

3.33 ± 0.06

noradrenaline

pCa,

4.01 ± 0.08

3.90 ± 0.08

3.95 ± 0.07

4.15 ± 0.08

angiotensin II

phenylephrine

noradrenaline

serotonin

[Ca*].

vasodilator substances
"•Jo™,

mN/mm

1.21 ±0.11

0.73 ± 0.14"

1.11 ±0.12

1.37 ± 0.15

acetylcholine

£„,.,>

0.65 ± 0.07

0.34 ± 0.12"

0.45 ±0.15

0.53 ± 0.09

pDj

6.75 ± 0.13

6.44 ±0.18

6.50 ±0.17

6.88 ± 0.22

E_

0.95 ± 0.06

0.89 ± 0.03

0.89 ± 0.05

0.88 ± 0.03

pa

7.93 ±0.14

8.09 ±0.13

8.04 ± 0.27

8.12 ±0.10

E™,

0.84 ± 0.05

0.69 ± 0.08

0.85 ± 0.05

0.64 ± 0.07

pa

7.01 ± 0.13

6.43 ± 0.28

6.65 ± 0.17

6.38 ±0.19

isoproterenol

Na-nitroprusside

Maximal effects (E„„) and sensitivities (pO,) of vasoconstrictor and dilator substances in
isolated, sympathectomised mesenteric resistance sized arteries from control rats (WKY
and SHR) and WKY rats infused with phenylephrine (WKY+PHE) or angiotensin II
(WKY+A1I). E„„ is expressed in mN/mm (vasoconstrictors) or as fraction of the precontraction induced by 30 mM potassium (vasodilators). pDj and pCaj, represent - Log
Molar [EC<„]. Data are means ± SEM (n=8 per group). '"'" indicate significance of differences from WKY, SHR or WKY+AII respectively (ANOVA + t-test (Wallenstein, 1980) P < 0.05).

139

CHAPTER 10

DISCUSSION
Several changes have been identified in small arteries of adult spontaneously hypertensive rats which may be involved in the development of an
elevated peripheral vascular resistance. These include: elevated wall to lumen
ratio (Mulvany et al., 1978; Folkow, 1982; Lee, 1987), hyperreactivity to vasoconstrictors
(Mulvany et al., 1978; Folkow, 1982), hypersensitivity to vasoconstrictors and calcium
(Bolzon and Cheung, 1989; Boonen and De Mey, 1990; Mulvany and Aalkjaer, 1990) and reduced endothelium-dependent relaxing responses (Vanhoutte, 1989; Lüscher, 1990a). The
primary or adaptive nature of these alterations remain a matter of debate.
Some have been suggested to be genetic in origin (Folkow, 1982) while others
may result from increased activity of vasopressor systems or may represent
adaptations to elevated transmural pressure (Lever, 1986; Sahlgren et al., 1986; Dostal et
al., 1988). The issue of primary causal versus secondary adaptive vascular changes has previously been addressed by developmental studies, the use of long
term antihypertensive treatments and by crossbreeding (Aalkjaer et al., 1987; Mulvany, 1988; Christensen et al., 1989; Michel et al., 1992).
We investigated whether pressure elevation in young "normotensive"
rats induces vascular changes that are comparable to those in young spontaneously hypertensive rats. Furthermore, we assessed whether these depend
upon the pressor agent used. Phenylephrine and angiotensin II were selected in
view of i) their pressor and vasoconstrictor actions and ii) suggestions that
sympathetic nerves and the renin angiotensin system may participate in the
development of hypertension in the spontaneously hypertensive rat (Sahlgren et
al., 1986; Head, 1989; Resink et al., 1989; de Champlain, 1990). Our findings suggest that
structural changes develop earlier in small arteries of spontaneously hypertensive rats than specific functional changes. Herein, angiotensin II may be involved to a larger extent than chronic vasoconstriction, elevated sympathetic vasopressor tone or increased blood pressure (Griffin et al., 1991).

Effects of vasopressor infusion on haemodynamics in young
normotensive rats
In Wistar Kyoto rats, blood pressure triples between birth and adulthood
(Gray, 1984). The young Wistar Kyoto rats we used were somewhat in the middle
of this developmental phase. Yet, the study period was probably too short to
reveal significant increases in systolic blood pressure in these rats. Previously it
has been shown that newborn spontaneously hypertensive rats already have an
increased blood pressure compared to normotensive controls (Gray, 1984). Other
reports indicate that from 6 to 8 weeks of age, blood pressure rises more sharply in spontaneously hypertensive than normotensive rats (Christensen et al., 1989;
Morton et al., 1990). The present results confirm this. 6 Week old spontaneously
hypertensive rats had a systolic blood pressure that was initially similar to that
in age matched Wistar Kyoto rats but that increased significantly within a
period of four days (Fig. 10.2). Infusion of Wistar Kyoto rats with the a-adre-
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nergic agonist phenylephrine resulted in an increase in systolic blood pressure
of which regression analysis showed a comparable increase compared to that
seen in spontaneously hypertensive rats, whereas in Wistar Kyoto rats treated
with angiotensin II, systolic blood pressure increased to levels higher than
those in spontaneously hypertensive rats (Fig. 10.1 and 10.2).
Because both agents lack major effects on cardiac contractility (Tung et al.,
1986; Lindpaintner and Ganten, 1991) and because treatments were accompanied by
marked bradycardia (Fig. 10.2), both pressor effects are most likely due to increased peripheral vascular resistance. The increase in peripheral resistance is
probably maintained by vasoconstriction and may progressively be taken over
by structural changes of the vessel wall (Lever, 1986).

Functional characteristics of mesenteric resistance arteries following vasopressor infusion in Wistar Kyoto rats
As alluded above several changes have been observed in arterial smooth
muscle of adult spontaneously hypertensive rats which may be responsible for
the increased blood pressure (Laher and Triggle, 1983; Mulvany, 1983; Triggle, 1989; Kishi
and inoue, 1990). A hypersensitivity to calcium during pharmacological stimulation has been observed in adult (Triggle and Laher, 1985; Boonen and De Mey, 1990) but
also in young spontaneously hypertensive rats in which blood pressure was
not yet different from normotensive controls (see: Mulvany and Aalkjaer, 1990). This
may indicate that changes in sensitivity of vascular smooth muscle cells of
spontaneously hypertensive rats to vasoconstrictors precede the development
of blood pressure. Cell cultures of vascular smooth muscle cells of spontaneously hypertensive rats show hypersensitivity to calcium but also to angiotensin II, which strengthens the suggestion that the hypersensitivity is independent of blood pressure and may precede the increase in blood pressure in
spontaneously hypertensive rats (Alexander et al., 1990; Bukoski, 1990). The present
results, however, indicate that vessels of young spontaneously hypertensive
rats, in which blood pressure is significantly increased compared to age matched Wistar Kyoto rats, do not show a hypersensitivity, neither to vasoconstrictors nor to calcium (Table 10.3). They rather suggest that changes in sensitivity to vasoconstrictors in adult spontaneously hypertensive rats may be a
consequence rather than a cause of the rise in blood pressure. However, even
though differences in sensitivity do not reach statistical significance, it can not
be excluded that these small differences, in concert with trophic influences,
may play a prominent role in the development of hypertension (Lever, 1986).
Vessels of Wistar Kyoto rats that were made hypertensive through infusion with phenylephrine were, unlike vessels of young spontaneously hypertensive rats, hyposensitive in particular to a-adrenergic stimulation with phenylephrine and noradrenaline (in the presence of propranolol). Besides a homologous hyposensitivity, these vessels were hyporeactive to all vasoconstrictor
stimuli that were used (Table 10.2 and 10.3). Treatment of Wistar Kyoto rats
with angiotensin II, on the other hand showed alterations in vascular reactivity
that were comparable to those seen in vessels of young spontaneously hyper141
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tensive rats. No difference in sensitivity to vasoconstrictors could be observed
but, like in vessels of young spontaneously hypertensive rats, those of angiotensin treated Wistar Kyoto rats showed a hyperreactivity to vasoconstrictor
stimuli (Table 10.3). Although phenylephrine and angiotensin II infusion in
Wistar Kyoto rats induce a significant increase in blood pressure, both treatments altered vascular reactivity differently.
From these we conclude that the increase in blood pressure seen in Wistar Kyoto rats infused with angiotensin II and in spontaneously hypertensive
rats could be due to hyperreactivity to vasoconstrictors. Yet, hyperreactivity of
small arteries to vasoconstrictors is not essential to maintain an increased blood
pressure as is seen in Wistar Kyoto rats treated with phenylephrine. The impaired endothelium-dependent relaxations that were observed in Wistar Kyoto
rats treated with both phenylephrine and angiotensin II (Table 10.3) Could, in
combination with increased vessel tone, also contribute significantly to the
maintenance of an increased systolic blood pressure (Vanhoutte, 1989; Lüscher,
1990a).

Structural changes in small mesenteric arteries following short
term elevation of blood pressure
To assess whether functional alterations in mesenteric resistance arteries
could be explained by changes in vascular structure, vessels, which were fixed
at their individual optimal lumen diameter, were subjected to morphometric
evaluation of structural parameters. These measurements showed that in vessels of spontaneously hypertensive rats the media cross sectional area was
significantly larger than in vessels of Wistar Kyoto rats. As lumen radius was
shown to be unchanged, this obviously resulted in an increase in average
media thickness (Table 10.2). Consequently, wall to lumen ratio was larger in
spontaneously hypertensive rats than in Wistar Kyoto rats (Table 10.2). Previously it has been shown that a slight increase in wall to lumen ratio has
important consequences for vessel reactivity (Mulvany et al., 1978; Folkow, 1982).
Thus, the observed structural alteration in vessels of young spontaneously
hypertensive rats could explain the increased vascular reactivity and vascular
resistance.
Surprisingly, in Wistar Kyoto rats treated with phenylephrine, a rise in
blood pressure comparable to that seen in spontaneously hypertensive rats,
was neither associated with a change in lumen diameter nor a change in media
cross sectional area. Therefore, this indicates that an increased blood pressure
can be maintained in the absence of structural vascular changes. Even though
vessels of Wistar Kyoto rats treated with phenylephrine were hyporeactive and
hyposensitive to a-adrenergic stimulation, the increased blood pressure is probably due to a vasoconstriction of the resistance vasculature.
Like small arteries of spontaneously hypertensive rats, vessels of Wistar
Kyoto rats treated with angiotensin II showed an increased media cross sectional area (Table 10.2). Together with an unchanged lumen diameter this results
in an increased average media thickness and wall to lumen ratio (Table 10.2).
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As was the case in vessels of young spontaneously hypertensive rats, the
change in small artery structure of Wistar Kyoto rats treated with angiotensin
II could explain the hyperreactivity to vasoconstrictors. Both the structural
vascular change that is observed and the direct contractile effect of angiotensin
II in these vessels could result in the blood pressure rise that is even higher
than that in young spontaneously hypertensive rats (Fig. 10.1). The structural
vascular changes are either mediated by i) a direct trophic effect of angiotensin
II (Berk et al., 1989a, b; Scott-Burden et al., 1989; Daemen et al., 1991), ii) a central Or peripheral effect o n Sympathetic nerves (Kawasaki et al., 1988; van Kleef et al., 1992), iii) a s

a result of the increased blood pressure or iv) by a combination of the above.
Effects of angiotensin II through a modulatory effect on sympathetic drive,
however, are unlikely because of the absence of structural alterations of small
arteries in WKY rats treated with phenylephrine. In cell culture, angiotensin II
was shown to induce hyperplasia in vascular smooth muscle cells of spontaneously hypertensive rats but not Wistar Kyoto rats (Berk et al., 1989a, b; Scott-Burden et
al., 1989). Furthermore, angiotensin II has also been shown to induce DNA synthesis in arterial smooth muscle JW ÜI'ÜO (Daemen et al., 1991; van Kleef et al., 1992).
Moreover, studies in which hypertensive rats received antihypertensive treatment with angiotensin converting enzyme (ACE) inhibitors, calcium antagonists, direct vasodilators or p"-adrenoceptor blockers, showed that blood pressure lowering effects of these drugs were comparable. However, following
withdrawal of treatment, blood pressure remained lowered only when rats had
been treated with ACE-inhibitors but not with the other antihypertensives
(Asmar et al., 1988; Christensen et al., 1989). Measurements of vascular structural parameters suggested that the maintained reduction in blood pressure could be attributed to a structural decrease in wall to lumen ratio in hypertensive rats that
had been treated with the ACE-inhibitor perindopril but not with calcium
antagonists, (3-blockers or direct vasodilators (Asmar et al., 1988; Christensen et al.,
1989; Enksen et al., 1992).

Taken together, it was shown that short term vasopressor infusion in
young normotensive Wistar Kyoto rats resulted in i) induction of resistance
artery hypertrophy following angiotensin II but not phenylephrine, ii) homologous hyposensitivity and heterologous hyporeactivity to vasoconstrictors following treatment with phenylephrine iii) reduction of endothelium-dependent
relaxing responses and iv) hypertrophy of the heart in Wistar Kyoto rats treated with either angiotensin II and phenylephrine. From these findings we conclude that angiotensin II rather than pressure elevation could be responsible for
resistance arterial changes in young spontaneously hypertensive rats.
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CHAPTER 11
Small arteries and arterioles determine total vascular resistance (Mulvany
and Aalkjaer, 1W0; Bohlen and Aukland, 1991). Two major factors are responsible for
their modulatory role on blood pressure and flow; their ability to actively constrict and dilate and their overall structural dimensions (Korner et al., 1989; Folkow,
1990; Mulvany and Aalkjaer, 1990). Alterations of these functional and structural parameters may underlie development and maintenance of high blood pressure
(Mulvany, 1983; Lee and Smeda, 1985; Lever, 1986; Schmid-Schönbein et al., 1987; Korner et al.,

1989). In the present dissertation the involvement of altered reactivity and sensitivity of resistance arterial smooth muscle to vasoactive substances in hypertension was evaluated.

EXCITATION-CONTRACTION COUPLING IN
SMALL ARTERIAL SMOOTH MUSCLE
Contraction and relaxation of vascular smooth muscle are to a considerable extent governed by [Ca^*], (Van Breemen et al., 1986, Carafoli, 1987; Hai and Murphy,
1989). Calcium can be mobilised following depolarisation or pharmacological
stimulation of smooth muscle through separate sets of calcium channels or
from intracellular stores (see Chapter l). Depolarisation of vascular smooth muscle
activates voltage operated calcium channels leading to the influx of calcium,
whereas pharmacological stimulation is thought to not only open calcium channels but additionally induce the release of calcium from intracellular stores and
possibly modify the calcium-sensitivity of intracellular control elements (Somlyo
and Somlyo, 19fo8; Bemdge, 1986c; Van Breemen et al., 1986). These means of activation of
the contractile apparatus are referred to as electro-mechanical and pharmacomechanical Coupling, respectively (Somlyo and Somlyo, 1968; Droogmans et al., 1977; Van
Breemen et al., 1986; Mulvany and Aalkjaer, 1990).

a,-rt</ri'/ioa'f>ror /u'ferogi'Hcih/ ;H S»W// <md targe west?» f eric arteries
Judging from the affinity for the a,-adrenoceptor antagonist WB 4101
and from the actions of the non-competitive a,-adrenoceptor antagonist chloroethylclonidine, subtypes of a,-adrenoceptors were found to be heterogeneously
distributed over large and small mesenteric arteries of the rat (Chapter 3). Functionally, responses of large mesenteric arteries to noradrenaline can be referred
to as primarily a,p-adrenoceptor-mediated whereas those of small mesenteric
arteries display characteristics that are in agreement with the activation of
putative a^-adrenoceptors (Han et al., 1987; Minneman, 1988; Oriowo and Ruffolo, 1992).
Consequently, contractile responses induced by noradrenaline in large arteries
rely more on the metabolism of phosphatidylinositol than in small arteries
(Berridge, 1986a, c; Van Breemen and Saida, 1989). This heterOgenOUS distribution of 0C,adrenoceptor subtypes could explain the less profound inhibitory effect of
calcium antagonists on contractions induced by noradrenaline in large than
those in small mesenteric arteries. However, keeping in mind the proposed
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existence of different sets of calcium channels in vascular smooth muscle (Bolton,
1979; Hurwitz, 1986; Bean, 1989), a problem arises.
ca/c/nm cfemne/s m sma/I artery smoof/i musc/e?
Receptor operated calcium channels are believed to be rather refractory
to inhibition by calcium antagonists (Godfraind and Kaba, 1972; Cauvin et al., 1983;
Fleckenstein et al., 1984; Julou and Freslon, 1986; Bean, 1989). Yet, Contractile responses
induced by depolarisation but also those to noradrenaline are inhibited equally
well by the dihydropyridine calcium antagonist felodipine in large mesenteric
arteries (Chapter 3). Furthermore, even though the a^-adrenoceptors, that mediate responses to noradrenaline in small arteries, have been proposed to be
directly coupled to receptor-operated calcium channels (Han et al., 1987; Nichols et
al., 1989; Wilson and Minneman, 1990), the affinity for felodipine is even larger in
small than in large arteries (Nyborg and Mulvany, 1984; Nordlander, 1989; Ljung, 1990;
Messing et al., 1991; see also Chapter 3). As dihydropyridine calcium antagonists have
been shown to be highly selective in affecting the activity of L-type voltage
operated calcium channels (Godfraind and Kaba, 1972; Fleckenstein et al., 1984; Schwartz,
1989; Nelson et al., 1990), this suggests that in small arteries the contribution of
voltage operated calcium channels in the contractile response to pharmacological stimulation is high. Several reports indicate that pharmacological stimulation of small arteries activates not only receptor operated calcium channels but
indirectly also voltage operated calcium channels through a depolarising effect
of noradrenaline (Mulvany et al., 1982; Cauvin and Van Breemen, 1985; Nelson et al., 1990; see
also Chapter 8).
a/jfccfs f/ie /wnchon o/ uo/fage operated ca/c/wm
Besides the above mentioned classical explanations, I prefer the following alternative: noradrenaline induces influx of calcium in small arteries
through direct activation of voltage operated calcium channels (Fig 11.1). Numerous observations are in agreement with this hypothesis. Firstly, in vascular
smooth muscle cells isolated from small arteries it was shown by electrophysiological experiments that noradrenaline directly affects the open probability of voltage operated calcium channels by shifting the voltage dependence
of the channels to more negative membrane potentials (Benham and Tsien, 1988;
Nelson et al., 1988). Secondly, receptor-operated calcium channels activated by
noradrenaline have never been identified in vascular smooth muscle by electrophysiological techniques. Results presented in chapter 4 suggest that the sensitivity for extracellular calcium is higher in vessels stimulated with noradrenaline than in those exposed to high potassium, which could be explained by
effects of noradrenaline on superficial calcium barriers (Saida and Van Breemen,
1984; Van Breemen et al., 1986) or on the calcium sensitivity of the contractile apparatus (Nishimura et al., 1988; Himpens et al., 1990; Jensen et al., 1992). However, in the presence of both potassium plus noradrenaline, contractile responses can be elicited in small arteries by calcium concentrations that are below the threshold to
induce a contractile response in the presence of either stimulus alone, suggesting that noradrenaline and potassium interact synergistically at a common site
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(Chapter 4). Although indirectly, this is in agreement with the hypothesis that
noradrenaline activates voltage operated calcium channels.

Noradrenaline
Protein
klnase-C

Figure 11.1. Simplified three state
model of the L-type voltage operated
calcium channel. From a resting closed
state (R) the channel can be activated
upon depolarisation. During stimulation the channel switches between an
opened active state (A) and a closed
inactive state (I). The probability during which the channel resides in the
DHP activated state depends on i) the membrane potential ii) the direct (G-protein)
or indirect (protein kinase-C) modulating activity of noradrenaline or iii)
combinations of these (distension). Dihydropyridines (DHP) interfere with
calcium channel function by preferential binding to the inactivated channel
resulting in persistent inactivation or
activation, depending on the antagonistic or agonistic character of the drug. In
SHR, the modulatory role of noradrenaline and distension may be altered
(indicated by the shaded circle).

The Mree state ca/aum c/wmie/ mode/
The characteristics of the contractile response to potassium could be
explained by a three state voltage operated calcium channel (Chapter 4) as it was
previously described in cardiac muscle (Hess et al., 1984; Bean et al., 1986). At rest
(polarised conditions), voltage operated calcium channels would preferentially
remain in a resting, closed state. The probability of the channels to reside in an
activated, open state increases with increasing depolarisation of the cellmembrane (Fig. 11.1). In depolarised preparations, the calcium channel would
switch between the activated, open state and an inactivated closed state (Fig.
11.1). Dihydropyridines would preferentially bind to the inactivated state leading either to full inhibition of the channel or full activation (Hess et al., 1984; Bean
et al., 1986), depending on the antagonistic or agonistic properties of the drug.
Noradrenaline may shift the equilibrium between the inactive and active state
towards the active state of the channel (Fig. 11.1) (Nelson et al., 1990). Upon repolarisation of the cellmembrane, the open probability of the channels decreases
again and the channels remain most of the time in the resting state.
Hypersensif/wry fo ai/cium HI sma// arteries o/ SHR
As was shown previously (Mulvany and Nyborg, 1980; Aqel et al., 1986; Bolzon and
Cheung, 1989), results in chapter 4 confirm that in small arteries of adult SHR, the
sensitivity for extracellular calcium is significantly increased during a-adrener148
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gic but not electro-mechanical stimulation. The dihydropyridine nimodipine
abolishes this difference (Chapter 4) which is in agreement with the above mentioned hypothesis. Furthermore, rhythmic responses that could only be observed in small mesenteric arteries of SHR during stimulation with noradrenaline
could be mimicked by the dihydropyridine calcium agonist Bay K8644 in vessels of WKY rats (Chapter 4). Rhythmicity of contractile responses in a multicellular preparation implies cellular communication (conduction) and synchronisation (pacemaker activity), and modulatory roles of noradrenaline and dihydropyridines of this oscillatory behaviour suggest the involvement of voltage
operated calcium channels (Chapter 4). Taken together, these findings led us to
suggest that small arteries of WKY and SHR posses qualitatively similar mechanisms of excitation-contraction coupling but that in the latter, the modulatory effect of noradrenaline on voltage operated calcium channels is altered
(Fig. 11.1). This effect may be mediated through the effects of second messengers. Observations by others support this statement. The activity of phospholipase-C which is believed to be involved in a-adrenergic stimulation, has been
shown to be increased in platelets of genetically hypertensive rats (Koutouzov et
al., 1987). Furthermore, the activity of protein kinase-C, which is stimulated following activation of phospholipase-C has been shown to be enhanced in vascular
smooth muscle of SHR (Uelwa et al., 1988). Yet, it can not be excluded that the observed hypersensitivity to calcium in smooth muscle of SHR is due to alterations inherent to the voltage operated calcium channels themselves or to altered modulation by noradrenaline of the calcium-sensitivity of intracellular regulatory elements (Sturek and Hermsmeyer, 1986; Hermsmeyer, 1987). Nonetheless, the
question arose how noradrenaline could affect the function of voltage operated
calcium channels?
77ie nn>o/i>eme>if o/ G-profe/ns m Me co«fracf/7e response fo
In many cell types it was shown that ion channels may be coupled to
GTP-binding regulatory proteins (G-proteins) (Gilman, 1987; Brown and Birnbaumer,
1988; Birnbaumer, 1990). Various G-protein subtypes can be distinguished according
to their substrates and sensitivity to bacterial toxins (Gilman, 1987; Brown and Birnbaumer, 1988; Birnbaumer, 1990). Pertussis toxin has been shown to selectively inactivate a subset of G-proteins (G, and G„-proteins) (Graziano and Gilman, 1987; Casey
and Gilman, 1988). From experiments in u/vo it was suggested that Oj-adrenoceptors on rat vascular smooth muscle were coupled to calcium channels through
pertussis toxin sensitive G-proteins, whereas a,-adrenoceptors were either
coupled directly to calcium channels through pertussis toxin sensitive G-proteins or to intracellular release of calcium through pertussis toxin insensitive Gproteins (Nichols et al., 1989).
Our ƒ« y/fro experiments on isolated small mesenteric arteries showed
that the influx of calcium following a,-adrenergic stimulation was sensitive to
pertussis toxin, suggesting the involvement of a pertussis toxin sensitive Gprotein in the coupling of a,-adrenoceptors to calcium channels (Chapter 5). Taking into account the findings in chapter 3, this indicates that a,A-adrenoceptors on resistance arterial smooth muscle couple through a pertussis toxin sen-

149

CHAPTER 11

Ca2+

PIP2

contraction

Figure 11.2. Schematic representation of a small artery smooth muscle cell membrane.
Both a,^- and u,„-adrenoceptors were identified. The relative contribution of these a,-adrenoceptors in small artery smooth muscle is larger for the 0,^- then the a,„-subtype (indicated
by size of receptor), a^-adrenoceptors may couple to a calcium channel through pertussis toxin sensitive G-proteins (G,), whereas oc,B-adrenoceptors couple through a pertussis
toxin sensitive G-protein (G,J to phospholipase-C (PLC). Activation of PLC leads to the
generation of inositol triphosphate (IP,) and diacylglycerol (DAG). IP, stimulates the
release of calcium from intracellular stores. Diacylglycerol activates protein kinase-C
(PKC) which in turn may affect the calcium sensitivity of the contractile apparatus or the
function of calcium channels. Both o,-adrenoceptor subtypes may, however, couple to
other G-proteins (crossed arrows), suggesting that a^-adrenoceptor activation may stimulate PLC and a,„-adrenoceptor activation may lead to calcium channel activation.

sitive G-protein to calcium channels (Fig. 11.2). However, unlike observations
by Nichols et al., (1989), also the contractile response induced by the oc,-adrenoceptor agonist phenylephrine in the absence of extracellular calcium was abolished following pretreatment with pertussis toxin. Moreover, the inhibition of
contractile responses to noradrenaline in the absence of extracellular calcium by
pretreatment with chloroethylclonidine suggests that these adrenoceptors belong to the otiB-adrenoceptor subtype which are thought to couple to phospholipase-C (Fig. 11.2) (Chiu et al., 1987; Khalil et al., 1987; Raymond et al., 1990). Paradoxically/ the G-proteins that couple to phospholipase-C have in several studies been
suggested to be insensitive to inactivation by pertussis toxin (Nichols et al., 1989).
This could indicate that cc,-adrenoceptor subtypes are not necessarily linked to
specific G-proteins but that these receptors may also activate other G-proteins
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(Fig. 11.2) (Liebau et al., 1989). Similarly, serotonergic (5HT2)-, vasopressin (V,)and endothelin (ET,)-receptors which have also been shown to activate phospholipase-C (Grillone et al., 1988; Minneman, 1988; Akbar et al., 1989; Huang et al., 1989; Kondo
et al., 1989; Mitsuhashi et al., 1989) may have a different affinity for specific G-proteins and hence for the activation of the G-protein coupled second messenger
systems (Chapter 5). In analogy with the suggestion proposed by Liebau et al.,
(1989), agonist-receptor complexes may have different affinities for specific Gproteins (Fig. 11.2), leading to different "intrinsic activities" and relative resistance to inhibitors of second messenger systems.
Does prota>7 <:/>iflse-C p/ay a ro/e in confracf/on o/sma// arteries?
Activation of phospholipase-C leads to the generation of two second
messengers; inositol triphosphate (IP3) and diacylglycerol (DAG) (Berridge, 1986a).
The former induces the release of calcium from intracellular stores (Berridge,
1986b) and is believed to be involved in the initiation of the contractile response.
Observations in chapters 3 and 5 are in accordance with this. In the maintenance of the contractile response however, IP3 appears to play a minor role which
is strengthened by the observation that chloroethylclonidine is rather ineffective in reducing contractile responses to noradrenaline in the presence of calcium in small mesenteric arteries (Chapter 3). DAG is a potent activator of protein kinase-C (Nishizuka, 1986). This kinase is believed to exert multiple effects on
ion handling, and intracellular mechanisms (Huganir and Greengard, 1987; Rasmussen
et al., 1987; Fabbro et al., 1988; Khalil and Van Breemen, 1988; Drenth et al., 1989; Boscoboinik et
al., 1990; Raymond et al., 1990; see also Chapter 6).

We evaluated the role of protein kinase-C in contractile responses of
small arteries. Activation of protein kinase-C by phorbol myristate acetate
(Nishizuka, 1986) caused a significant shift in the sensitivity for the contractile
effect of potassium (Chapter 6). Furthermore, staurosporine, an inhibitor of protein kinase-C activity, reduced contractile responses to high potassium (Chapter
6). These findings suggest that protein kinase-C is involved in activation of
voltage operated calcium channels. Following depolarisation of vascular
smooth muscle, protein kinase-C may be activated by calcium entering the cell
through voltage operated calcium channels and in turn, protein kinase-C may
further activate calcium influx (Berridge, 1986b; Nishizuka, 1986; Ho et al., 1988). Whether this is through a direct effect of protein kinase-C on the calcium channel
(Fish et al., 1988) or through effects on membrane potential remains to be established. Besides an effect of protein kinase-C on membrane channels, the kinase exerted effects on intracellular regulatory elements rendering the contractile
machinery more sensitive to calcium. The latter effect was demonstrated previously by Drenth et al., (1989) and Nishimura et al., (1990). These authors suggested that protein kinase-C was responsible for the increased sensitivity of the
contractile apparatus for calcium during a,-adrenergic stimulation. Taken together, the results indicate that protein kinase-C is probably not only involved in
contractile responses of resistance arterial smooth muscle following pharmacological stimulation but also during electro-mechanical coupling (Fig. 11.3).
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o/ confrac/i/e responses m s/na// arfen'es by mec/iamca/ /actors
As discussed in chapters 7 and 8, isometric contractile responses in isolated small mesenteric arteries are sensitive to modulation by distension. A
length-dependency of contractile responses has been described in striated muscle but also in vascular smooth muscle and was attributed to overlap of contractile filaments (Gordon et al., 1966; Mulvany and Warshaw, 1979). However, findings
presented in Chapter 7 do not only show a non-selective length-dependency of
the amplitude of contractile responses, but also "agonist" selective effects on
sensitivity and effects on the morphology of responses to high potassium
which we suspect are linked to the three state mode of activation of voltage
operated calcium channels.

Pharmacomechanlcal
coupling

H:—"
\

\

PKC

PKC
Vm

/

/ \ / \
Electromechanical
coupling

|
\

Vm

ƒ

Mechanotransductlon

Figure 11.3. Excitation-contraction coupling in small artery smooth muscle represented as
the three major pathways that can be distinguished: electromechanical coupling, pharmacomechanical coupling and mechanotransduction. In small arteries these operate in
close relation to each other to regulate the function of voltage operated calcium channels
(middle) through modulation of the excitability of the cell membrane (V^) or through the
activity of protein kinase-C (PKC). In adult SHR a change may be present within the
shaded area resulting in hypersensitivity to vasoconstrictors.

We further investigated the involvement of calcium channels in the distension dependency of contractile responses in isolated small arteries (Chapters 7
and 8). The sensitivity for depolarising solution, a,-adrenergic stimulation and
extracellular calcium increased with increasing distension of small arteries.
These observations confirm those made previously by Price et al., (1981) and
Nilsson and Sjöblom, (1985). The hypersensitivity for potassium as a result of
distension was not affected by the removal of the endothelium, suggesting that
in this respect, the modulatory role of the endothelium on vascular smooth
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muscle function is minor (Griffith and Edwards, 1990; Rubanyi et al., 1990). Indirect
observations presented in Chapter 7 suggest that distension could affect the
regulation of membrane potential of small artery smooth muscle and additionally affect the sensitivity of the contractile apparatus for calcium. Direct measurements of membrane potential confirmed these suggestions (Chapter 8). At
rest, small artery smooth muscle cells are less polarised in highly distended
vessels as compared to those with low distension. This difference persisted in
the presence of intermediate stimulations with potassium. As a consequence
[Ca^]j is increased during intermediate stimulation of vessels at high distension. This could partly explain the hypersensitivity to potassium and noradrenaline during distension. However, besides a change in membrane potential,
the sensitivity of the contractile apparatus for calcium was observed to be increased with distension (Chapter 8) suggesting that the efficacy of the contractile
response increases with higher distension. It remains to be elucidated how
distension alters membrane potential and the sensitivity of the contractile apparatus for calcium. In this respect, stretch sensitive ion-channels (Laher and
Bevan, 1989; Meininger et al., 1991a) or activation of second messenger systems (Watson, 1991) may be involved.
and
Effects of activation of protein kinase-C (Chapter 6) and distension (Chapters
7 and 8) on contractile responses induced by depolarising potassium solution
show a marked similarity. Both activation of protein kinase-C and distension of
small arteries increase the sensitivity of the contractile effect of potassium. One
may speculate that a relation exists between the activity of protein kinase-C
and distension-dependent modulation of contractile responses following electro-mechanical stimulation. Some reports are in agreement with this hypothesis. It has been shown that in striated muscle, protein kinase-C can be activated
by deformation of the cell (Richert et al., 1987; Watson, 1991). Also in stretch-induced
responses in isolated small arteries, protein kinase-C has been suggested to
play an important role (Laher et al., 1989; Osol et al., 1991). Additionally, calcium
influx in itself may trigger phospholipase-C activity and subsequently activate
protein kinase-C (Bemdge, 1986b; Nishizuka, 1986; Ho et al., 1988) which in turn may
promote calcium entry in a positive feedback manner. However, Ohanian and
Heagerty, (1991) and Ollerenshaw et al., (1991) suggested that the role of protein kinase-C in vascular reactivity would be negligible because they showed
that diacylglycerol, which is an activator of protein kinase-C, is metabolised
very rapidly into posphatidic acid and arachidonic acid. Activation of protein
kinase-C, however, may require the presence of physical stress (Laher and Bevan,
1987; Laher et al., 1989; Hill et al., 1990; Osol et al., 1991) or an intact integrity of cytoskeletal components (Richert et al., 1987; Watson, 1991) which were absent in these biochemical studies. Nonetheless, it is unclear whether effects of dynamic-stretch
(myogenic autoregulatory responses) and static stretch (increased mean blood
pressure) on excitation-contraction coupling can be ascribed to the same mechanotransducing mechanism. Therefore, finding the physical parameter responsible for distension-induced changes in excitation-contraction coupling is
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crucial to the understanding of these phenomena. Inseparable physical factors
such as pressure, tension, strain, stress or dynamic stretch, however, complicate
the analysis of the true sensors in mechanotransducing pathways.
Regardless the nature of the length- or stretch sensor, differences are
present in effects of distension on contractile responses in small arteries of
WKY and SHR. The relation between transient and sustained responses to
potassium was significantly different between vessels of these strains. It is
tempting to speculate that the altered sensitivity for calcium that is seen during
a,-adrenergic stimulation, rhythmic contractile responses in small arteries and
differences in length-dependency of small arteries of SHR can be explained by
the altered activity of the phosphoinositide signalling pathway (Koutouzov et al.,
1987; Uehara et al., 1988). Moreover, observations with respect to mechanotransducing mechanisms are in line with the hypothesis put forward for the role of
protein kinase-C in electromechanical and pharmacomechanical coupling. In
conclusion the above findings may suggest that on the resistance arterial level
electro-mechanical coupling, pharmacomechanical coupling and mechanotransduction act in concert rather than separately to affect small artery reactivity
(Fig. n.3).

SMALL ARTERY REACTIVITY AND
HYPERTENSION
Do changes in vascular reactivity contribute to the development or maintenance of hypertension? The answer to this question was the objective of a
vast array of studies in essentially hypertensive humans and various experimental animal models of hypertension. Many reports show a hypersensitivity of vascular smooth muscle to vasoconstrictors in hypertensive subjects
(Lais and Brody, 1978; Webb, 1984; Triggle, 1989; Kong et al., 1991). Hypersensitivity tO
vasoconstrictors has been suggested to reside in a cellular defect in the handling of calcium (Harder and Hermsmeyer, 1983; Hermsmeyer and Harder, 1986; Exton, 1988;
Sharma and Bhall.i, 1988; Swales, 1990), which has been shown to be present in the
absence of an increased blood pressure (Mulvany and Nyborg, 1980; Bukoski, 1990) and

was therefore put forward as a possible candidate involved in the genesis of
hypertension. On the contrary, other observations in small arteries of hypertensive humans show a hyposensitivity to the contractile effect of calcium (Aalkjaer
and Mulvany, 1983; Aalkjaer et al., 1987).

Changes in receptor-effector coupling could be responsible for hypersensitivity to vasoconstrictors. In this respect, alterations in adrenoceptor affinity
(Michel et al., 1989, 1990), changes in the activity of phospholipase-C (Koutouzov et al,
1987; Uehara et al., 1988), and changes in the excitability of the cellmembrane (Harder
and Hermsmeyer, 1983; Hermsmeyer, 1987) have been suggested. On a higher level,
hyperactivity of the sympathetic nervous system (Abel and Hermsmeyer, 1981; Abboud, 1982; Head, 1989; de Champlain, 1990; Esler et al., 1990) and the renin-angiotensinsystem (Lüscher, 1990; Scott-Burden et al., 1992) have been suggested to be responsible
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for the development of hypertension. Changes in vascular structure that may
either be genetically determined (Folkow et al., 1958; Folkow, 1982; Gray, 1984) or
brought about by any of the above mentioned alterations (Overbeck, 1980; Lever,
1986; Plunkett and Overbeck, 1988; Smeda et al., 1988; Daemen et al., 1991; Schelling et al., 1991),
could play a pivotal role in the evolution of the hypertensive state.
77SSMI' cn/fwrt'

o/forge<md sww// mesewferic arteries
To evaluate the primary or secondary nature of changes in vascular
reactivity and their relation to high blood pressure, two approaches were used.
Tissue culture of isolated mesenteric arteries was chosen because this offers
some advantages compared to in iróo studies or cultures of isolated smooth
muscle cells. Vascular reactivity and sensitivity to vasoconstrictors could be
assessed in the absence of pressure and pressor influences of neuro-endocrine
origin. It was shown that qualitative differences in sensitivity and reactivity to
different vasoconstrictors exist in small and large mesenteric arteries of adult
SHR. Small arteries were hypersensitive to phenylephrine whereas large arteries were hypersensitive to both serotonin and vasopressin. These differences
were lost during four day culture (Chapter 9), suggesting that hypersensitivity to
vasoconstrictors in hypertension could be a secondary adaptation.
reacfiwfy in young Mor/notewsiue andrtyperfensiuerate
In 6 week old SHR systolic blood pressure is slightly increased compared to that in WKY (Chapter 10). Vascular sensitivity for different vasoconstrictors
was unaltered (Chapter 10). These observations suggest that it is unlikely that the
hypersensitivity for vasoconstrictors observed in adult SHR is a primary defect.
They therefore strengthen the hypothesis that hypersensitivity may be secondary to blood pressure rise. A hypersensitivity for calcium during a,-adrenergic stimulation has, however, previously been observed in both adult (Mulvany
and Nyborg, 1980) and young SHR in which blood pressure was only marginally
elevated (Mulvany and Nyborg, 1980). The present results do not confirm these latter
findings (Chapter 10). Small arteries of young SHR did, however, show a nonselective hyperreactivity to vasoconstrictors, which could be explained by increased media cross-sectional area (Chapter 10). These changes in vascular structure could be inherent to SHR and independent of the increased blood pressure. To evaluate this possibility we infused young WKY rats with phenylephrine or angiotensin II. These substances were chosen because they mimic
overactivity of systems that have been suggested to be involved in the development of hypertension (Abel and Hermsmeyer, 1981; Abboud, 1982; Head, 1989; de Champlain, 1990; Esler et al., 1990; Lüscher, 1990; Scott-Burden et al., 1992).

Unlike small mesenteric arteries of SHR those of WKY treated with phenylephrine displayed a general hyporeactivity to vasoconstrictors and a homologous hyposensitivity to a-adrenergic stimulation. Treatment of WKY with
phenylephrine did not alter structural dimensions of these small arteries. In
combination with only minor effects of phenylephrine on cardiac contractility
(Tung et al., 1986), marked bradycardia and reduced endothelium-dependent relaxing reactivity, this suggests that the elevated blood pressure was probably due
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to increased active vasoconstriction. Like in WKY treated with phenylephrine,
angiotensin II caused significant bradycardia and reduced endothelium-dependent relaxing responses, suggesting that the increase in blood pressure was also
due to elevated peripheral vascular resistance. In contrast to phenylephrine,
vascular reactivity was shown to be increased significantly following infusion
with angiotensin II (Chapter 10). Like in vessels of young SHR, this change in
reactivity was accompanied by a marked increase in media cross sectional area
and wall to lumen ratio. From these, we conclude that angiotensin II rather
than an elevated blood pressure may be responsible for small artery changes in
young spontaneously hypertensive rats. Angiotensin II may affect vascular
structure through a direct trophic effect on vascular smooth muscle (Daemen et
al., 1991, Griffin et al., 1991), a central or peripheral effect on sympathetic neurotransmission (Kawasaki et al., 1988; van Kleef et al., 1992) or through a combination of
these. The role of the renin-angiotensin system in the pathogenesis of hypertension in spontaneously hypertensive rats is strengthened by observations that
long term administration of ACE-inhibitors, unlike antihypertensive treatments
with calcium antagonists, vasodilators or (3-blockers, prevent and reverse structural vascular changes (Christensen et al., 1989; Eriksen et al., 1992). The discrepancy
between this and the normal plasma renin activity in spontaneously hypertensive rats may find its origin in altered tissue renin-angiotensin system and
increased structural responsiveness of arterial smooth muscle cells of spontaneously hypertensive rats to normal levels of angiotensin II.

From the present thesis it can be concluded that different mechanisms of
excitation-contraction coupling exist in small artery smooth muscle. These mechanisms interdigitate in many aspects. In this regard, it is suggested that
membrane potential and protein kinase-C play important roles in the activation
of voltage operated calcium channels and contraction of small artery smooth
muscle by electrical, pharmacological as well as mechanical stimuli. Differences
in the activity of in particular the phosphoinositide system may explain changes in vascular reactivity that are observed in adult spontaneously hypertensive rats. Vascular reactivity, however, is governed to an important extent by
vascular structural dimensions. Changes in vascular structure rather than in
hypersensitivity for vasoconstrictors or calcium or hyposensitivity to vasodilators may be responsible for the development of the increased blood pressure in
spontaneously hypertensive rats. Antihypertensive agents that not only lower
blood pressure through vasodilatation of resistance arterial smooth muscle but
also through regression of altered vascular structure would therefore be favourable for successfull treatment of hypertension. Because not only elevated blood
pressure but also structural vascular changes start to be recognised as independent risk factors for stroke, coronary artery disease and myocardial infarction,
this consideration may have consequences for human morbidity and mortality.
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SUMMARY
Total vascular resistance is controlled by the functional and structural
regulatory capacity of resistance-sized arteries. Vascular reactivity depends on
the function of excitation-contraction coupling mechanisms in the vascular
smooth muscle cells and on the structure of the vessel wall. Furthermore,
remote (neuro-endocrine) and local (endothelium, metabolic and mechanical
factors) systems modulate vascular function acutely and vascular structure
chronically. Alterations in the reactivity of resistance arteries may lead to the
development and maintenance of high blood pressure. However, the mechanisms responsible for these changes are as yet, unknown.
In the present dissertation we investigated excitation-contraction coupling mechanisms of small artery smooth muscle and evaluated the role of these
in the development and maintenance of hypertension. Small arteries are different from large conducting arteries with respect to their susceptibility to calcium
antagonists. Heterogenous distribution of a,-adrenoceptor subtypes over large
and small arteries may contribute to this regional difference (Chapter 3). Furthermore, effects of dihydropyridines in small arteries indicate that during pharmacological stimulation, voltage operated calcium channels (VOC) contribute
to a larger extent to the contractile response in small than in large arteries. Observations with dihydropyridine calcium antagonists and agonists on contractile responses induced by high potassium and noradrenaline suggest that the
function of VOC may be modulated directly by noradrenaline (Chapter 4).
Effects of a,-adrenoceptor activation on calcium channels was found to
be mediated by pertussis toxin-sensitive G-proteins. Also a,-adrenoceptor mediated release of intracellular calcium was sensitive to pertussis-toxin suggesting a role for G-proteins in the activation of phospholipase-C (PLC) and subsequent generation of inositol triphosphate (IP3) (Chapter 5). Activation of PLC normally leads also to the generation of diacylglycerol which in turn activates protein kinase-C (PKC). Stimulation of this kinase with a phorbol ester and inhibition of the enzyme affected contractile responses to electromechanical stimulation. The data suggest that PKC may affect both the function of VOC and the
sensitivity of the contractile apparatus for calcium (Chapter 6).
Distension of small arteries affected the sensitivity and reactivity to potassium, noradrenaline and calcium (Chapter 7). This hypersensitivity can be attributed to effects of distension on smooth muscle membrane potential (VJ,
intracellular calcium concentrations ([Ca"*]j) and on the sensitivity of the contractile apparatus for calcium (Chapter 8). Effects of distension were comparable
to those observed during activation of PKC. The hypersensitivity to extracellular calcium during stimulation with noradrenaline that is observed in small
arteries of spontaneously hypertensive rats (SHR) may be explained by an altered modulatory effect of noradrenaline on VOC (Chapter 4).
In the final chapters, we studied the relationship of altered vascular sensitivity to the development and maintenance of hypertension in the SHR. Hypersensitivity to vasoconstrictors in small arteries was readily lost during tissue
culture, suggesting that hypersensitivity developed in response to the elevated
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blood pressure (Chapter 9). In small arteries of young SHR hyperreactivity to
vasoconstrictors, but no hypersensitivity was observed. The alterations could
be attributed to increased media mass. Infusion of young normotensive Wistar
Kyoto rats with pressor doses of angiotensin II and phenylephrine had differential effects on vascular reactivity and structure. Those observed in rats
treated with angiotensin II were comparable to those seen in young SHR. From
these we conclude that in SHR, angiotensin II rather than increases in blood
pressure or hypersensitivity to vasoconstrictors may account for alterations in
structure and hence hyperreactivity of small arteries (Chapter 10).
Taken together, observations presented in this thesis suggest that different means of excitation-contraction coupling in small arteries interdigitate.
These mechanisms may interact at common sites such as the activity of PKC
and regulation of V„, which in turn affect the function of VOC. In spontaneously hypertensive rats the modulatory role of PKC may be altered during
the established phase of high blood pressure resulting in hypersensitivity to
vasoconstrictors. However, hypersensitivity to vasoconstrictors or calcium are
probably not responsible for the development of hypertension. Changes in vascular structure may precede changes in vascular function in the genesis of hypertension.
,
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SAMENVATTING
De weerstand die het bloed ondervindt in de vaatboom wordt gereguleerd door functionele (spiervernauwing of verwijding) en structurele eigenschappen (wanddikte, stijfheid) van kleine arteriën (kleine slagaders). De vasculaire reactiviteit (contractiele functie = vernauwende of verwijdende capaciteit) is afhankelijk van de werking van spiercellen in de vaatwand en van de
structuur van het vat. Besturingssystemen zoals zenuwen en hormonen of lokale mechanismen zoals het endotheel (cellaag die de binnenkant van het vat
bekleedt), metabole (afvalstoffen), of mechanische (druk, rek) factoren kunnen
de vasculaire functie en structuur acuut dan wel op de langere termijn reguleren (Fig. 1.1). Veranderingen in de functie van spiercellen in de wand van
kleine arteriën zouden kunnen leiden tot een verhoogde bloeddruk. De mechanismen die hiervoor verantwoordelijk kunnen zijn, zijn echter nog vrijwel onbekend.
In dit proefschrift zijn mechanismen onderzocht die stimulatie van arteriële spiercellen koppelen met krachtontwikkeling. De veranderingen hierin zouden een rol kunnen spelen in het ontstaan van hoge bloeddruk. Samentrekken
(contractie) van spiercellen in de vaatwand komt tot stand wanneer een boodschapper (bijvoorbeeld gegeven door een zenuw) zich vasthecht aan een eiwit
(receptor) op de celmembraan. Deze receptor stuurt een tweede signaal in de
cel dat uiteindelijk via een keten van enzymen tot contractie leidt (Fig. 1.2 en
1.3^). Bij dit proces is calcium essentieel. Wanneer de cel gestimuleerd wordt
stroomt calcium de cel binnen door kanalen die op verschillende manieren geopend kunnen worden. De resultaten in hoofdstuk 3 tonen aan dat kleine arteriën verschillen van grote omdat ze veel gevoeliger zijn voor calcium antagonisten die de instroom van calcium belemmeren. De oorzaak hiervoor zou een
verschil in verdeling van specifieke receptoren (a,-adrenoceptoren) kunnen zijn
over grote en kleine vaten. Verder blijkt, uit de resultaten verkregen met blokkers van calciumkanalen (Hoofdstuk 4) dat in kleine vaten verschillende manieren
van stimulatie (via een receptor of door verandering van membraan potentiaal
= elektrisch spanningsverschil over de celmembraan) niet zo sterk van elkaar
gescheiden zijn als werd gedacht. Verschillende calciumkanalen zouden wel
eens één en dezelfde kunnen zijn (Hoofdstuk 4).
a,-Adrenoceptoren blijken gekoppeld te zijn aan zogenaamde G-eiwitten
die op hun beurt calcium kanalen kunnen openen of die, uit opslagplaatsen in
de cel, calcium kunnen vrijmaken via activatie van een bepaalde enzymketen
(Hoofdstuk 5). Een enzym, het fosfolipase-C, breekt een vetsuiker in tweeën. De
stoffen die overblijven, inositol trifosfaat en diacylglycerol, zullen op hun beurt
calcium in de cel vrijmaken of een volgend enzym activeren, het proteïne kinase-C (PKC) (Fig. 1.3*). Resultaten die verkregen zijn met behulp van een activator of een remmer van PKC suggereren dat dit enzym een positief effect zou
kunnen hebben zowel op de opening van calciumkanalen als op de calciumgevoeligheid van het contractiel apparaat (verzameling eiwitten verantwoordelijk voor contractie van de cel) (Hoofdstuk 6).
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VergToten van de rek op spiercellen in kleine vaten beïnvloedt de gevoeligheid voor verschillende prikkels (Hoofdstuk 7). Deze verhoogde gevoeligheid
voor vaatvernauwers kan veroorzaakt worden door een effect van rek op de
membraan potentiaal, de hoeveelheid calcium in de cel of de gevoeligheid van
het contractiel apparaat voor calcium (Hoofdstuk 8). Opmerkelijk is dat effecten
van rek vergelijkbaar zijn met de effecten na activatie van PKC. De verhoogde
gevoeligheid voor calcium tijdens receptorstimulatie met de zenuwboodschapper noradrenaline die waargenomen kunnen worden in kleine arteriën van
spontaan hypertensieve ratten (SHR; ratten die spontaan een hoge bloeddruk
ontwikkellen) zou verklaard kunnen worden door een effect van noradrenaline
op calciumkanalen die ook gevoelig zijn voor veranderingen in membraan potentiaal (Hoofdstuk 4).
In de laatste hoofdstukken staat een onderzoek beschreven naar de relatie tussen veranderingen in de gevoeligheid van vasculaire gladde spiercellen
voor verschillende stimuli en het ontstaan en onderhouden van een hoge
bloeddruk in de SHR. Wanneer uit de SHR geïsoleerde kleine arteriën in cultuur (weefselkweek) gebracht worden (d.w.z. in de afwezigheid van een verhoogde bloeddruk), dan verdwijnt de toegenomen gevoeligheid voor contractiele stimuli. Dit suggereert dat het verschil in gevoeligheid voor vaatvernauwers in vaten uit normale dieren en dieren met een hoge bloeddruk een gevolg
zou kunnen zijn van de verhoogde bloeddruk (hoofdstuk 9). Verhogen van de
bloeddruk in ratten met een normale bloeddruk met behulp van verschillende
vaatvernauwers heeft verschillende effecten op kleine arteriën. Wanneer angiotensine II (hormoon betrokken o.a. bij bloeddrukregulatie) als bloeddruk-verhogende stof wordt gebruikt, dan treden veranderingen op die vergelijkbaar zijn
met die in vaten van jonge SHR. Uit deze resultaten kan geconcludeerd worden dat in de SHR waarschijnlijk angiotensine II, eerder dan een toegenomen
bloeddruk of een verandering in de gevoeligheid van kleine arteriën, verantwoordelijk zou kunnen zijn voor structurele veranderingen en als gevolg daarvan veranderingen in de contractiekracht van deze vaten (Hoofdstuk 10).
Kort samengevat suggereren de resultaten die beschreven zijn in dit
proefschrift dat verschillende manieren van stimulatie van kleine arteriën leidt
tot krachtontwikkeling via mechanismen die elkaar beïnvloeden via de activiteit van PKC of de membraan potentiaal (Fig. 11.3). De laatste beïnvloedt op
zijn beurt de potentiaal gevoelige calcium kanalen in de celmembraan. Bij de
SHR zou een verandering in de rol van PKC als gevolg van de aanhoudende
hoge bloeddruk kunnen leiden tot de waargenomen overgevoeligheid in kleine
arteriën. Echter, de overgevoeligheid voor vaatvernauwers of calcium is waarschijnlijk niet verantwoordelijk voor de ontwikkeling van hoge bloeddruk. Vermoedelijk zijn veranderingen in de structuur van kleine arteriën betrokken bij
het ontstaan van hoge bloeddruk.
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