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CHAPTER 1

General Introduction
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Gastrointestinal complications ranging from mild feeding intolerance to fulminant
nee rousing enterocolitis are major causes of morbidity and mortality in preterm
neonates, particularly in those of very low birth weight (<1500 g) The incidence
of necrotising enterocolitis is 1-3 per 1000 live births. 1-8% of all admissions to
the neonatal intensive care unit, and up to 10% in very low birth weight neonates.
Necrotising enterocolitis is the single most common surgical emergency in preterm
neonates. With an overall mortality rate of 29%, it is expected that this disease
will even surpass the respiratory distress syndrome as the principal cause of death
in preienn neonates. In view of the growing number of preterm births and the
improved survival rate of very low birth weight neonates, gastrointestinal complica-
tions will be of increasing concern in the management of these patients (1-13).

Necrotising enterocolitis (NEC) is a syndrome which is characterised by mucosal
and transmural inflammation and necrosis of a single or multiple areas of the
neonatal intestine, most commonly the terminal ileum and proximal colon (4). 'ITie
clinical characteristics of NEC consist of abdominal distension, rectal bleeding, high
gastric residuals, and vomiting. These abdominal signs are accompanied by sys-
temic signs including lethargy, frequent periods of apnea. acidosis, bacteracmia,
and shock (14). Although medical treatment is the first choice therapy, surgical
resection of the necrotic part of the intestine or peritoneal drainage is indicated
in case of clinical deterioration or intestinal perforation (9,1S). Infants which sur-
vive the acute stage of the disease are threatened by serious long-term sequelae. In-
cluding gastrointestinal complications, such as intestinal strictures, fistulas, abscesses,
and short bowel syndrome, as well as neurodevelopmental impairment (10-19).

Traditionally, three major inciting factors are implicated in the aetiology of
NEC: feeding practices, intestinal bacterial flora, and intestinal hypoxia (Figure 1).
Although many demographic reports have described these variables associated
with NEC, none of these factors in isolation can adequately explain the paihogen-
esis, since no associated disease states are more common in affected neonates
as compared with age-matched controls (5-9,11,14,20-25). More than 90% of the
neonates are born before term. Moreover, prematurity itself is the single consis-
tently identified risk factor for this disease, the risk being highest in the youngest
neonates (26). This supports the concept that NEC in preterm infants is a disease
of multifactorial origin, being the final outcome of the interaction between an
immature gastrointestinal tract and potentially injurious exogenous influences (1).

In case of preterm birth, the gastrointestinal tract is forced to adapt to the
transition from the intrauierine to the extrauterine environment ahead of time. In
neonates of very low birth weight, the intestine is exposed to the extrauterine en-
vironment at 0.6-0.8 of total foetal gestation, i.e., as much as 15-8 weeks ux) early.
At that moment the basic morphologic development and the differentiation of the
epithelial cells of the gut have been completed. However, the development of var-
ious functional aspects of the intestine occurs at a much slower pace (Chapter
2). Consequently, preterm birth exposes a functionally immature intestine to the
stresses of extrauterine life, requiring precocious activation of its nutritive and bar-
rier functions. It is hypothesised that failure of the immature intestine to adapt
adequately to the transition from the intrauterine to the extrauterine environment
predisposes the preterm neonate to intestinal complications.
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Figure I. Aetiology of neCTOlising enterocolitis



Insight into the origin of intestinal complications in prrterm neonates
comprehensive understanding of the physiology and pathophysiology of the
immature gastrointestinal tract At present there is a paucity of information on this
sub|ect, since research in human foetuses and neonates is seriously confined by
ethical and technical restrictions. Within the framework of the present thesis we
sought to enhance the insight into the intrinsic development of the gut. as well
as the interaction of the immature gut with its environment from U>ili .1 g.tMrorn-
terologic and a cardiovascular point of view, using an integraiivc clinical and basic
experimental approach.

Chapter 2 summarises the current knowledge with regard to the sinumr.i! and
functional development of the human intestine, and presents an owivicv ol the
specific nutritional management of the preterm neonate. Growth and differentia-
tion of the intestine, as well as the execution of its (xistnatal nutritive and harrier
functions are ultimately dependent on the adequacy of intestinal hlood supply. An
overview of the complex regulation of the splanchnic circulation in the intestine is
provided in the second part of Chapter 2.

Adaptation of the neonate to extrauterine life depends on the ability of the
intestine to absorb nutrients from ingested food, while preventing host invasion
by luminal microorganisms. The development of the absorptive capacity and the
barrier function of the intestinal epithelium is investigated in preterm neonaies
born between 25 and 32 weeks gestation (Chapter 3) The consequences of early
minimal enteral feeding as a nutritional intervention to enhance the maturation of
these functions are studied in a randomised controlled trial (Chapter 4). Research
concerning the splanchnic circulation in preterm neonaies is limited. We therefore
designed a novel experimental animal model for studying the microcirculalion
and resistance vasculature in the developing gut. The development of leukcx-yte-
vessel wall interactions in the microcirculation of the immature intestinal wall is
presented in Chapter 5. The mechanisms which regulate blood flow to the imma-
ture intestine are studied in Chapters 6 and 7. The outcomes of the clinical and
experimental studies are discussed in Chapter 8. Interpretation of these data in
view of the pathophysiology of intestinal complications in preterm neonates con-
clude this thesis.
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INTESTINAL DEVELOPMENT

The pathophysiology of intestinal complications in very low birth weight neonalM
appears to be closely related to the premature exposure of the intestinal tract to
the extrauterine environment. Throughout foetal gestation, the bulk of nutrients
is delivered to the foetus intravenously via the placental-umbilicaJ route. The diges-
tive tract is exposed to sterile amniotic fluid, the ingestion of which contributes to
foetal gastrointestinal and somatic growth (1-3).

Birth induces an abrupt transition from the intrauterine to the extraulerine
environment, which has important consequences for the demands placed on the
intestinal tract. First, after delivery of the baby, the continuous intravenous nutrient
supply via the placental-umbilical conduit ceases and the neonate becomes solely
dependent on its gastrointestinal tract tor the acquisition of sufficient nutrients
from orally ingested milk feeding. Second, as soon as the neonate loaves the sterile
intrauterine environment and passes through the maternal birth canal, the diges-
tive tract comes into contact with a large amount of antigens each day. The intes-
tinal lumen is being colonised with bacteria and other microorg.inisms. .uul is
exposed to dietary antigens via the oral ingestion of food. The miiMnul \\ .ill ,u is .is
a barrier which prevents that potentially pathogenic microorganisms, their end»
and exotoxins. and dietary antigens invade the intestinal wall and gain access to
the systemic circulation. Taken together, the switch from the intrauterine to the
extrauterine environment requires the presence of the anatomical structures, as
well as the activation of the nutritive and barrier functions of the intestine in order
to support neonatal growth and survival during extrauterine life (Figure I).

ivenous
nutrition

sterile
amniotic flu

barrier

function

(

enteral nutrients bacteria

Figure 1. Transition from intrauterine to extrauterine environment
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Preterm birth is denned as birth prior to 37 weeks, i.e., prior to 0.9 of foetal gesta-
tion. 'I"he preterm neonates which are at highest risk for developing intestinal
complications are born at less than 32 weeks, i.e., prior to 0.8 of foetal gestation.
As a result of this early birth, the nutritive and barrier functions of the intestine are
called upon ahead of time. 'I"he adaptation of the intestinal tract to extrauterine life
depends on its structural and functional development at the time of birth.

The morphological development of the primitive gut in the human foetus
starts during the fourth week of gestation. During subsequent weeks the basic
structural components of the gut, consisting of mucosa, submucosa, and muscle
layers, are formed. Between 10 and 12 weeks gestation, amplification of the epithe-
lial surface commences by the formation of plicae circulares, crypts, villi, and micro-
villi. 'iTie structural development and the final anatomic position of the intestine are
completed by 20 weeks gestation. The remaining period of gestation between 20
and 40 weeks is mainly dedicated to length growth and functional development of
the intestine (4,5).

The first part of this chapter provides an overview of the current knowledge
on the functional development of the intestine in the human foetus. Insight into
the time course ol the maturation of the intestinal nutritive function is an essential
prerequisite for adequate nutritional management of the preterm neonate, since
the administration of oral feeding should obviously be adapted to the ability of the
intestine to process and absorb nutrients from the intestinal lumen. In view of this,
common feeding practices in the neonatal intensive care unit are discussed.



DEVELOPMENT OF INTESTINAL NUTRITIVE FUNCTION

At birth, the continuous intravenous nutrient supply from the mother via (he
placenta to the foetus ceases. The nutrient supply becomes fully dependent on
intermittently administered oral milk or formula feeding. Consequently, peristaltic
activity, regulated digestive enzyme production, and effective nutrient absorption
must be present in the gastrointestinal tract at the time of birth. In this Mviinn an
overview is given on the development of these nutritive function» ul IIK Immun
foetal intestine. •

Afotor acttrtffy
Oral feeding after birth requires the development of efficient coordination of
sucking, swallowing, and intestinal inotility. The first sucking movements in the
human foetus already appear by 12 weeks, and foetal swallowing of amnlotic fluid
starts by 20 weeks gestation. The coordination of sucking and swallowing, how-

ever, commences only by 34 weeks gestation (6). Intrauterine swallowing has sev-
eral important functions. During the second half of gestation the foetus produces
500-1000 ml of amniotic fluid daily, mainly in the form of urine and lung tluid. Since
the foetus again ingests 300-1000 ml of this, foetal swallowing is important in the
regulation of amniotic fluid volume (7,8). In addition, the absorption ot nutrients
from the amniotic fluid provides up to 10% of energy and nutrient requirements of
the near term foetus and contributes to normal foetal growth (2,3,9-12).

Studies conducted in preterm infants have revealed the development of lnte.v
tinal motor activity. Prior to 31 weeks gestation the small intestine displays only
random contractions during fasting, with no motor response to frxid. Between 31
and 34 weeks gestation clustered contractions appear during fasting, and post-
prandial activity is induced. After 34 weeks gestation prolonged phasic activity
with aboral propagation of intestinal contractions occurs during fasting, which is
replaced by continuous contractile activity in response to enteral food. Migrating
motor complexes, which are responsible for the propulsion of food, appear near
term (13,14).

tfo«
The acquisition of nutrients from the intestinal lumen requires that orally admin-
istered nutrients are digested into smaller components which arc subsequently
absorbed by the intestinal epithelium. This section summarises the current infor-
mation on the appearance of digestive enzymes and the development of epithelial
absorptive mechanisms for carbohydrates, lipids, and proteins in the human intes-
tine. The major part of this information is derived from studies conducted in still-
born foetuses, and a minor part from studies performed in preterm neonates.

About 40-45% of the total energy content of human milk and formula
by carbohydrates (15). Carbohydrates are mainly present in the form of lactose. The
disaccharide lactose is digested to the monosaccharides glucose and galactose by
the enzyme lactase. which is present at the epithelial brush border membrane in
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the small intestine. Lactase appears in the human foetal gut at 9 weeks gestation.
The activity of lactase increases by 14 weeks gestation, remains at this level until
25 weeks, after which it rises again. By 34 weeks gestation lactase activity has in-
creased to 30% of the term level, and by 38 weeks to 70%. A further increase in
lactase activity occurs during the first postnatal weeks (15-19). The activity of
lactase is highest in the proximal and middle jejunum, and decreases along the
distal end of the small intestine. Furthermore, laclase is predominantly located at
the tips of the intestinal villi (20-22).

In view of the nutritional importance of lactose, attention is mainly focussed
on the development of lactase in the neonatal gut. However, the appearance of
other disaccharidases and polysaccharidases is relevant with respect to the prepa-
ration of the gut lo the acquisition of carbohydrates from a more mixed diet during
later postnatal life. Besides laclase, three other disaccharidases are present in the
small intestinal brush border membrane: sucrase-isomaltase, maltase-glucoamyiase,
and trehala.sc. Sucrase-isomaltase and maltase-glucoamyiase activities appear by 8
weeks gestation. The levels of these enzymes steadily increase until 14 weeks gesta-
tion, and rise more slowly thereafter. In contrast to lactase, the activity of these
enzymes already reaches 70% of term levels by 34 weeks gestation. Trehalase activ-
ity is found in the kx-tal mucosa by 12 weeks, and reaches the adult level by 23
weeks gestation. Thus, the development of these enzymes precedes that of

lactase. Furthermore, these enzymes express highest activity in the middle and
lower region o/ the intestinal villi (20-22). Digestion of polysaccharides is mediated
by the enzyme amylase present in pancreatic fluid and saliva. Secretion of amylase
by the foetal pancreas is low, even at birth. In contrast, salivary amylase already
appears in the human foetus at 16 weeks gestation, and is therefore the most im-
portant enzyme in polysaccharidc digestion in the neonate (23,24).

The digestion of carbohydrates generates the monosaccharides glucose,
galactose, and fructose, which are absorbed by the enterocytes in the small intes-
tine. Glucose and galactose are absorbed by active carrier-mediated transport.
Transport of these monosaccharides across the brush border membrane is media-
ted by the Na'/glucose carrier protein SGLT1. This transport is an energy-depend-
ent process, since it is driven by a sodium gradient across the brush border
membrane, which is maintained by the Na*/K*-ATPase at the basolateral mem-
brane. Efflux of glucose and galactose at the basolateral membrane of the ente-
rocytes into the blood occurs by facilitated diffusion, which is mediated by the
transporter protein GLUT2. In contrast to glucose and galactose, fructose is absorb-
ed by carrier-mediated transport along its concentration gradient, which is not
an energy-dependent process. Transport of this monosaccharide at the brush
border membrane is mediated by the carrier protein GLUT5, and at the basolater-
al membrane by GI.IJT2. These carrier proteins are expressed in fully differentiat-
ed enterocytes lining the upper third of small intestinal villi (25,26).

Active glucose transport is present in the human jejunum by 10 weeks gesta-
tion, and increases between 10 and 19 weeks (27,28). Glucose transport is more
pronounced in the jejunum as compared with the ileum of the human foetus,
accounting for the proximal-to-distal transport gradient which is also present in the
mature intestine (29,30). Information with regard to the further maturation of sugar
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transport during the second half of foetal development is lacking. Consequently,
it is not known to what extent the intestine of the preterm neonate is adapted to
absorb sugars, and when glucose absorptive capacity reaches the level of the term
neonate (31)-

Fat constitutes about 50% of the total energy content of milk and formula. Lipid
digestion depends on the presence of bile salts and 11 pases in the intestinal lumen.
Bile salts act as detergents in the jejunum, promoting the subsequent digestion of
dietary fats by Upases. Bile salts are synthesised and secreted by the liver, and enter
the duodenum via the biliary tract in the form of bile. Most of the bile salts are
reabsorbed in the terminal ileum, and return to the liver via the portal venous
blood to be secreted again into the bile. Although hepatic synthesis and secretion,
intestinal reabsorption, and hepatic uptake of bile salts all appear during gestation,
these functions are still immature at birth, resulting in low concentrations ol iiura-
luminal bile salts in neonates (26).

LJpids are digested by lipases secreted by the pancreas and stomach. Pancre-
atic lipase activity is first detected in the human foetus at 21 weeks gestation, and is
still very low at birth. In contrast, gastric lipase is already secreted by 10 weeks gesta-
tion, and further increases with subsequent foetal development. Therefore, gastric
lipase is the most important mediator of lipid digestion in the neonate. The secretion
of pancreatic lipase increases toward adult levels within t he first 6 months after birth,
becoming the major mediator of fat digestion during later postnatal life (23,32).

The free fatty acids and monoglycerides generated by the hydrolysis of fat In
the intestinal lumen are subsequently absorbed by the cnterocytcs. The diffusion
of fatty acids and monoglycerides through the cell membrane, their intraccllular
binding to fatty acid-binding protein, and the formation of chylomicrons, is initi-
ated between 14 and 20 weeks gestation and increases slightly after birth (33).
Further insight into the development of the various stages of lipid absorption in
the human foetus remains to be established. The retention of fat from (<xxl in-
creases after birth and reaches 90% of the adult level at about one month ol age
(34).

Proteins contribute 5.5-8% to the total energy content of human milk and formula,
and are necessary to support neonatal growth. After oral ingestion, proteins arc
hydrolised into smaller peptides and amino acids by proteolytic enzymes, which
are subsequently absorbed by small intestinal enterocytes. Digestion of proteins
starts in the upper gastrointestinal tract by proteases secreted in the gastric and
pancreatic juices. Proteolysis in the stomach depends on two factors: the secretion
of pepsin by gastric chief cells, and the production of gastric acid by parietal cells.
Pepsin is already present by 16 weeks gestation (32). However, gastric acid output
in neonates is still low, and starts to increase in the course of the first year of life
(35). As a result, gastric proteolytic activity in the newborn infant is only 2% of the
adult level (23).
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Pancreatic secretion of the proteases trypsin and chymotrypsin starts at 20 weeks
gestation and rapidly increases after birth in both preterm and full-term neonates
(36,37). The activation of these pancreatic proteases is critically dependent on
enterokinase, which is present in the brush border membrane of the proximal
small intestine. This enzyme is first detected at 24 weeks, and increases during
gestation. At term birth the enterokinase activity is still only 25% of that in older
infants (19).

Further digestion of proteins is mediated by various peptidases present in
the brush border membrane of the small intestine. These peptidases appear by 8
weeks gestation, and their activity rises between the early foetal period and child-
hcx)d (38). Taken together, the proteolytic activity at the time of birth is low at all
levels of the digestive tract, resulting in a limited capacity to digest proteins.

The small peptides and amino acids which are generated by the digestion of
proteins are subsequently absorbed by the enterocytes in the small intestine. After
absorption, dipeptides and tripeptides are further reduced to amino acids by sol-
uble pcptklases in the cytoplasm of the enterocytes. Data on the development
of peptide and amino acid transport, as well as of intracellular peptidases in the
human foetus are limited. Active transport of amino acids across the enterocyte
brush border membrane is first detected between 15 and 18 weeks gestation, as is
the presence of soluble peptidases (39,40). A special form of protein absorption
Ls the iniaci uptake of some biologically active proteins via endocytosis (41). This
macromolecular uptake of growth factors, hormones, and immunoglobulins from
amniotic fluid and maternal milk may contribute to the development of the diges-
tive tract

It is clear from the previous paragraphs that the maturation of intestinal motor
activity, digestive enzyme secretion, and absorptive capacity mainly occurs in the
course of the third trimester of foetal gestation. Consequently, when an infant is
born before term the development of various components of the intestinal nutri-
tive function has not proceeded to the extent that the neonate can fully rely upon
the gastrointestinal tract to fulfil its nutritional demands. This obviously has impor-
tant implications for the nutritional management of the preterm neonate.
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DEVELOPMENT OF INTESTINAL BARRIER FUNCTION

The gastrointestinal tract of the foetus is sterile. However, as soon as the foetus
leaves the sterile surroundings of the maternal uterus and is exposed to the
extrauterine environment, microorganisms enter the intestinal lumen. A major
function of the gut is to protect the neonatc from invasion by these potentially
pathogenic microorganisms, as well as by their endo- and exotoxins, which Is
referred to as the intestinal barrier function.

The first micrwrganisms acquired by the neonate are those which are transferred
from the maternal cervix, vagina, and anus during vaginal delivery, or from the
environment in the case of caesarean secrJoa After birth, the intestinal tract Is
exposed to cutaneous, oral, and environmental microorganisms from the mother
or nursing staff during neonatal care, as well as to those that enter with IIMKI Alt-
hough the neonatal gastrointestinal tract is rapidly exposed to a variety ot h.u tci i.il
and non-bacterial species, not all these will subsequently colonise the gut. Specific
bacteria become established in particular hosts during various phases of develop-
ment, a process referred to as bacterial succession.

A schematic overview of the bacterial colonisation pattern in the neonatal gut
is shown in Figure 2. In full-term infants, the intestinal colonisation pattern is influ-
enced by the type of enteral feeding. Neonates which are fed human milk are pre-
dominantly colonised by bifidobacteria and lactobacilli, whereas the intestine of
formula-fed neonates contains high numbers of bactcroides and clostridia. These
differences disappear after the introduction of solid food in the diet, when the
intestinal microflora shifts towards a mature pattern. Mac terial succession in the
preterm neonate is different from that in the term neonate. This difference may
be related to the relatively aseptic environment of the neonatal intcasive care unit,
intravenous antibiotic therapy, and delay in the initiation of enteral feeding (4H-SO).
In contrast to full-term infants, the colonisation pattern in preterm neonates is
not affected by the type of enteral feeding, nor is it influenced by gcstational age,
birthweight, mode of delivery, maternal antibiotic or steroid treatment, or duration
of rupture of the membranes. The intestine of the preterm neonate contains relativ-
ely few species, low numbers of lactobacilli and bifidobacteria, and high numbers
of enterococci and staphyiococci, including 5. epitfermfefts and 5. /wcmo/y/icuJ.
The numbers of lactobacilli and bifidobacteria, as well as the total bacterial counts
increase with postnatal age. The intestinal microflora of the preterm neonate starts
to resemble that of the full-term neonate by the end of the first month after birth
(48,51-59).
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Figure 2. Bacterial colonisation of the neonatal intestine

/tttestfno/ fearrter/wnctfow
In order to prevent luminal microorganisms and their products from invading the
intestinal wall and systemic circulation, the gut is equipped with an elaborate sys-
tem of non-iminunologic and immunologic defence mechanisms, collectively re-
ferred to as the intestinal barrier function. In addition, the passage of dietary
antigens from the gut lumen to underlying immune cells is limited by proper
mucosal barrier functioning, which is essential to controlling antigenic responses
and ensuring systemic tolerance.
Structural and functional components of the intestinal barrier include:
• gastric acid and digestive enzyme secretion
• peristalsis
• mucus layer
• intestinal epithelium
• nonspecific host defence (including leukocytes and secretory antibacterial

peptides)
• immune system:

gut associated lymphoid tissue (Peyer's patches, lamina propria lymphocytes,
intraepithelial lymphocytes)
secretory imtnunoglobulins (slgA, slgM)

Although immaturity of local defences has been proposed to be involved in the
pathogenc-sis of NEC. information on the development of the various aforemen-
tioned components of the gut barrier in humans is scarce (42,60-65).

An important part of the first-line defence to the penetration of noxious sub-
stances is constituted by the intestinal epithelial lining, acting as a physical barrier
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and actively participating in mucosal immune responses (66). The |
function of the intestinal epithelium is dependent on the close interaction of
adjacent epithelial cells. To this end. epithelial cells are joined by tight functions,
which form a circumferential seal at the apical pole of adjacent cells, and delineate
the distinct apical and basolateral regions of the enierocyte cell membrane. The
tight junction complex consists of various proteins, such as /.oiuila tx'dudcns pro-
tein-1/2/3. occludin, and claudins. The tight junctions do not form a rigid harrier
in the intercellular space, but are influenced by intracellular and external factors,
including cyiokines, growth factors, synthetic peptides, and toxins. Attenuation of
the tight junctions is associated with increased intestinal paracellular permeability,
resulting in the penetration of luminal antigens (67-72).

to
A role for intestinal microorganisms in the aetiology of NEC is
clinical and epidemiologic observations. NEC does not occur In utero, usually
occurs at a time when the intestine is fully colonised, and is accompanied by bac-
teraemia in 30% of cases. Moreover, cases of NEC are often clustered in time and
place, are associated with an increased frequency of gastrointestinal symptoms
among the nursery staff, and may be interrupted by inlection control measures
(73-78).

The damage in NEC may be due to direct infection of the intestinal tissue by a
single pathogen. Enteropathogenic organisms which have been implicated in cases
of NEC include .Vä/monißo. rotavirus, coronavirus, and enterovirus. Furthermore,
the similarities between the pathologic findings in NEC and in enteric infections
caused by Clostridial species, including pigbel and pseudoinembranous colitis,
have suggested that NEC is elicited by a bacterial enterotoxin. including toxins
released by (7/osfrW/Mrw <fl#ic</e and <7/os/rk#um per/r»M#ms type C, or delta-toxin
produced by coagulase-negative staphylococci (79,80).

Although these observations indicate the involvement of intestinal micro-
organisms in the pathogenesis of NEC, the absence of a single common pathogen
suggests that NEC is not a primary infectious disease, but rather results from sec-
ondary invasion of the intestine after mucosal disruption. The aberrant colonisa-
tion pattern in preterm neonates combined with an immature gut barrier may
allow overgrowth and subsequent translocation by strains of common enteric
microorganisms, including £sc/ieric/ito, £nterD6oc/er; X/etafc/fci, <7/o5/rfe//um,
ftpudomonas, and .SVflp/» v/ococcus species (51,58,81-83). This hypothesis Is sup-
ported by the demonstration of NEC-like lesions in gnoiobioiic animal models
inoculated with a single nonpathogenic C'/o5/rfafrum strain (84,85).
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NUTRITIONAL MANAGEMENT OF THE PRETERM NEONATE

In the preterm infant, many aspects of the motor activity, digestive enzyme secre-
tion, and nutrient absorption in the gastrointestinal tract are still immature. In view
of this immaturity the normal principles of entcral feeding for healthy full-term
infants cannot be applied to preterm neonates. With the emergence of necrotising
cntcrocolitis as one of the most common causes of early postnatal mortality in
preterm neonates, dietary management of these neonates has become a main
focus of attention in neonatal intensive care.

According to the American Academy of Pediatrics, the goal of nutritional man-
agement of the preterm neonate is to achieve a postnatal growth rate that approx-
imates the intrautcrine growth rate of the normal foetus at the same postconcep-
tional age, without imposing stress on the infant's immature intestinal, metabolic,
and excretory functions (86). In order to accomplish (his goal, it is common prac-
tice in most neonatal intensive care units to initiate intravenous nutrition shortly
after birth, and to replace this with enteral nutrition as the neonate matures and
its medical condition stabilises. The shift from complete parenteral to complete
entcral nutrition (total caloric intake >100 kcal/kg/day) is a gradual process that
may take several weeks, especially in very low birth weight neonates (87-94).

Intravenous nutrition is the mainstay of the nutritional management during the
early postnatal period in preterm neonates, especially those under 32 weeks gesta-
tion. Intravenous nutrition consists directly after birth of dextrose solutions, in
order to maintain glucose homeostasis as well as fluid and electrolyte balance.
Since nutrient stores are only limited, nutritional support by means of total par-
enteral nutrition is usually initiated at the first or second day of life, and consists
of amino acids, glucose, and lipid emulsion with added electrolytes and vitamins.
Analogous to the intrauterine situation, these nutrients are directly infused into the
circulation. The composition and volume of the infusate are adjusted in response
to clinical and chemical monitoring of the neonate. In many neonatal centers
preterm neonates are exclusively parenterally fed during the first one or two weeks
alter birth in an attempt to spare the immature gastrointestinal tract, and prevent
the development of enteral feeding-related intestinal complications (91,93,95).

Frequent complications of total parenteral nutritition are related to the inser-
tion of intravenous catheters, including thrombophlebitis and sepsis. Furthermore,
total parenteral nutrition is associated with metabolic complications, such as
cholestatic jaundice, osteopenia. and disturbances in plasma levels of glucose,
amino acids, fatty acids, and electrolytes (91).

After a period of exclusive parenteral feeding, enteral nutrition is Introduced and
advanced according to the clinical condition of the neonate until all nutrients can
be delivered via the gastrointestinal route. The absence of coordinated sucking
and swallow ing (8) requires that enteral feeding is administered directly into the
stomach via a nasogastric tube in neonates born prior to 34 weeks gestation. Even



then, the further propulsion of food from the stomach to the large intestine is
siow. because migrating motor complexes during tasting and intestinal contrac-
tions in response to iuminal food are largely absent. Because oi slow intestinal tran-
sit, enteral feeding is initiated cautiously in these neonates t96»97). The optimal
timing, volume, rate of increment type, and mode of enters! nutrition for the
preterm neonate are still subject oi debate 19Ö).

There is universal agreement that human milk is the first choice enteral feeding for
the term infant. No such standard has been set for the precise nutriikm.il needs
of the preterm neonate (98,99). Feeding human milk during the early postnatal
period in preterm infants is associated with improvements in gastrointestinal func-
tioning, including nutrient digestion and absorption, gastrointestinal motility, neo-
natal defence against infection, and reduced incidence of necrotising enierot oliti>
(99-102). Additional beneficial effects of human milk include enhance«.} brain Mem
maturation, better long-term neurodevclopmental outcome and lower blood press-
ure (103-105). The beneficial effects of human milk may be related to the presence
of a variety of btoactive factors, including digestive enzymes, growth factors, hor-
mones, and neuropeptides, as well as antimicrobial, itnmunomodulatory, and anti
inflammatory agents (64,106-110).

Nonetheless, in addition to variability in composition and availability, a.s well as
losses during storage procedures, human milk does not entirely meet the i siiin.iii-d
nutritional requirements of the preterm neonate (109). Human milk Ix-yond the
first few weeks after birth has a low energy content and provides insulin lent
quantities of protein, calcium, phosphorus, and sodium. Unfortified human milk
feeding to preterm neonates may fail to support intrauterine growth rates, and may
result in poor bone mineralisation and hyponatraemia (110). Supplementation of
expressed breast milk with commercial fortifiers to augment its energy and nutri-
tional contents improves nutritional status, weight gain, and growth in preterm
infants (94,111,112).

For preterm neonates, the most appropriate substitute for human milk U
preterm formula, which is designed to meet the calculated nutritional needs of
these patients (92). As compared with regular formula, preterm formula contain«
increased amounts of energy, whey protein, medium chain triglycerides, minerals,
vitamins, and trace elements, as well as a reduced lactose load. These supple-
mented nutrients may account for the better ncurodevelopmental outcome in
neonates fed preterm formula during the early postnatal |>eriod as compared with
those fed standard term formula (113)- Furthermore, preterm formula feeding has
been associated with even higher rates of weight and length gain as compared with
fortified human milk feeding (102).

EanFy m/n/ma/ entenz//ee*/f n#
The common feeding policy in preterm neonates discussed in the previous sec-
tions has been designed to follow the natural course of events which would have
taken place during this period if the neonate had not been born prematurely.
Intravenous nutrition is the sole mode of nutrient supply during the first few weeks
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after birth, as would be the case at this time during intrauterine life.
The nutritional management of preterm neonates is adapted to the marura-

tif >nal process of the digestive tract. However, one of the major differences between
intravenous nutrient supply to the foetus and parenteral nutrition of the preterm
infant Is the absence of amniotic fluid in the lumen of the digestive tract in the
latter. During intrauterine development, the foetal gut is continuously exposed to
amniotic fluid. Experimental studies suggest that the ingestion of amniotic fluid
by the foetus is necessary for normal development of the gastrointestinal tract
(1,114-117). This may be related to the presence of growth factors and hormones
in the amniotic fluid, such as epidermal growth factor, insulin and glucocorticoids
(33,118-120). Therefore, the absence of amniotic fluid in the gut lumen may inter-
fere with the development of the gastrointestinal tract in the preterm neonate.

In addition, in case of exclusive parenteral feeding, the gut of the preterm
neonale is deprived of enteral nutrients. It has been shown both in neonatal ani-
mals and in adult patients that enteral starvation is associated with inhibition of
intestinal growth, mucosal atrophy, a reduction of lactase and sucrase levels, de-
creased absorption, and increased bacterial translocation (121-123). Hence, with-
holding enteral feeding from preterm neonates, which was originally intend-
ed to protect the immature gut, may actually be counterproductive to aiding the
normal maturation of the intestinal tract that started in utero with the ingestion of
amniotic fluid.

In an attempt to avoid these negative effects of enteral starvation without the
risks of full-volume enteral nutrition, the concept of early minimal enteral feeding
in preterm neonates has evolved. Early minimal enteral feeding is denned as the
administration of nutritionally insignificant quantities of enteral feeding (12-24
ml/kg/day) soon after birth, while delivering the majority of nutrients parenterally.
Various terminologies are used for these small feedings, including minimal enteral
nutrition, gut priming, trophic feeding, and hypocaloric feeding (124). The effects
of early enteral feeding on short-term clinical outcome have been the subject of
investigation in several trials (Table 1). The mechanisms underlying the reported
beneficial influences of early enteral feeding on gastrointestinal functioning have
not been elucidated yet. Postulated mechanisms include augmented release of
intestinal hormones (125), reduction of intestinal permeability (126), and stimu-
lation of lactase activity (127) and gut motility (128-130).
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Tririe 1. Clinical outcome in pretenn neonates after early minimal enteral feeding (88.128,131-134)

Increased weight gain and head growth
Less metabolic bone disease
Reduction of physiologic and cholestau'c jaundice *
Reduction in the days to full enteral feeding*
Reduction in the total number of days that enteral feeding »-as withheld*
Reduction in total hospital stay*
Leoepoodes of sepsis <
ft wo diy» of supplemental oxygen
No increase in the incidence of necrotising enterocolitis*

•mmWrntr/ demonstrated in a systematic meta-analy>u> of these studies (135)

A relationship between enteral feeding and necrotising enterocolitis is .suggested by
the epidemiologic observation that the majority of affected neonates has received
enteral feeding prior to the onset of clinical symptoms (77). However, the disease
also occurs in neonates which have never been fed, and delayed introduction of
oral feeding does not lower the incidence of NEC (136,137).

Several mechanisms have been postulated to explain this relationship. Knteral
administration of hyperosmolar feeding or hypertonic drug solutions may cause
direct mucosal damage. Moreover, specific components of human milk or for-
mula, such as casein, whey protein, and Iipids, may contribute to the induction of
intestinal tissue injury either directly or via the release of inflammatory mediators
(138-142). It has also been postulated that the combination of enteral feeding and
bacteria in the gut lumen leads to mucosal damage, as a result of bacterial fermen-
tation of unabsorbed carbohydrates and/or promotion of bacterial proliferation
(81,143).
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AIMS OF THE CLINICAL STUDIES M - ; i« ^; v ^

Adequate adaptation of the preterm neonate to the stresses of extrauterine life is
in part dependent on the ability of the intestine to absorb nutrients from ingested
food while preventing invasion by potentially harmful agents from the intestinal
lumen. To date, information on human functional intestinal development and the
regulation thereof is scarce and are largely deduced from in vitro studies in intes-
tinal tissue of stillborn human foetuses. The first aim of the clinical studies pre-
sented in this thesis was to elucidate the early postnatal development of the nutri-
tive and barrier functions of the intestinal epithelium in preterm neonates (Chapter
3).

Prclerm birth requires a precocious activation of intestinal nutritive and barrier
functions. Experimental evidence indicates that nutrients present in the intestinal
lumen are important regulators of enterocyte function. The second aim of the clini-
cal studies was to assess whether the administration of small amounts of enteral
feeding soon after birth is a useful nutritional intervention to enhance the matura-
tion of these intestinal epithelial functions in preterm neonates. In a randomised
controlled trial we investigated the effect ol early minimal enteral feeding on the
development of intestinal absorptive capacity and epithelial integrity in neonates
born between 25 and 32 weeks gestation (Chapter 4).



SPLANCHNIC CIRCULATION

The structural and functional differentiation of the gut, as weil as the maintenance
of its motor, digestive, absorptive and barrier activities are dependent on adequate
intestinal blood supply. In older to deliver oxygen and substrates for the energy-
dependent processes in the intestinal tissue, and u> remove absorbed nutrients,
electrolytes, fluids, and metabolic waste products, an extensive vascular network
is established in the intestinal tract live perfusion of the splanchnic circulation is
controlled by systemic as well as local factors. These factors haw Ix-en well charac-
terised in the adult gut, and most of this information is derived from experimental
animal studies. However, information regarding the control of the splanchnic cir-
culation in the tbetal and neonatal gut is limited.

Adequate adaptation of the pretenn gut to extrauterine life is obviously depen-
dent on the capacity of the splanchnic circulation to support its metal x>li*itt.
Insight into the maturation of the regulation of intestinal blood supply during
foetal development is prerequisite to understanding the physiology of the intesti
nal circulation in preierm neonates. This section presents a general overview of the
regulation of blood supply in the adult and neonatal gut

The arterial supply to the small intestine is derived from branches of the superior
mesenteric artery, which pass between the two layers of the mesentery toward
the mesenteric margin of the bowel. After coursing over ihe serosal surface of
the intestine, the mesenteric arteries give rise to smaller branches which penetrate
the longitudinal and circular muscle layers of the gut to enter the submucosal arte-
rial plexus. From there, blood is distributed to the muscle layers, submucosa, and
mucosa. Mucosal arterioles originate from the submucosal arterial plexus, ascend
each villus, and branch into capillaries in a fountain pattern at the vlllus lip. The
villus shaft and intestinal crypts are supplied by a separate pericryptal capillary
network, arising from the same submucosal arteriole. The subepithclial capillary
plexus drains into a single venule that descends the villus to |oin the submucosal
venous plexus. From the submucosal veins further venous drainage of the bowel
parallels its arterial supply, and ends in the portal vein (144).

o/frt
Intestinal blood How, blood oxygen content, and tissue oxygen extraction deter-
mine the oxygen supply at the tissue level. Blood flow through the intestinal circula-
tion is dependent on the arteriovenous blood pressure gradient, and on resistance
to flow of the intestinal vascular tree. Resistance to How, in turn, is determined
by vascular topology and diameter. Arterial diameter depends on arterial smooth
muscle tone, the contractile state of the smooth muscle cells, which is controlled
by both extrinsic (systemic) and intrinsic (local) mechanisms. An overview of the
complex regulation of the intestinal blood flow is shown in Figure 3-
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Figure 3. Regulation of intestinal blood How

Vasoconstrictor control of the intestinal circulation is designed to restore cardiovas-
cular homeostasis under conditions of haemodynamic instability, such as hypoten-
sion or hypoxia. It serves to protect the whole organism, even at the expense of
the intestinal perfusion. Regulation of the splanchnic perfusion as one of the major
peripheral vascular beds contributes to the control of the systemic blood pressure.
To this end, the intestinal arterial diameter is regulated by a number of neural and
humoral mechanisms which originate extrinsic to the gut.

Neural control is exerted by postganglionic sympathetic nerve fibers which
innervate the mesenteric vessels and the submucosal vascular plexus of the gut,
and which predominantly release norepinephrine at the terminal nerve endings.
These sympathetic nerve fibers arise from neurons in the intermediolateral area of
the luinbosacral segments of the spinal cord. The preganglionic nerve fibers join
to form the greater, lesser, and least splanchnic nerves as well as the lumbar
splanchnic nerves, which supply the coeliac, superior mesenteric, and inferior
mesenteric ganglia. Neurons in these prevertebral ganglia give rise to postgan-
glionic axons which form the perivascular sympathetic nerves. The sympathetic
neurons in the spinal cord are controlled by descending nerve pathways from the
vasomotor centre in the brain stem, which in turn receives afferent input from the
baroreceptors and chemoreceptors (145).

Humoral extrinsic control of the intestinal circulation is mainly exerted by
circulating epinephrine and norepinephrine released from the adrenal medulla
Catecholamine release from the adrenal gland is controlled by preganglionic sym-



pathetic nerves, and is also directly influenced by the arterial oxygen concentration
(146-148). Furthermore, other systemic vasoactive substances, such as vasopressin
and angiotensin II contribute to the vasoconstrictor control of the Intestinal cir-
culation (149).

Information regarding onset and maturation of theaMMfcnfUlttloaofifliafr
tinal perfusion has been deducted from data on the CUdtoPMCubw ICtpome to
acute hypoxia in foetal animals at different stages of development. In foetal sheep
at 0.9 gestation, an acute reduction in blood oxygen content was nssocuiol wuli
a decrease in intestinal blood flow (150.151). This decrease in blood How 11 >uLI ho
prevented by the systemic administration of an ot-adrencrgic antagonist, .is w ell .is
by chemical sympathectomy. indicating the involvement of a-adrencxeptors .mil
sympathetic nerves in the control of intestinal blood How at this stage (152,15.i).
Since no reduction in intestinal blood flow was observed in foetuses of younger
gestation, it was suggested that extrinsic control of intestinal arterial diameter com-
menced at the end of foetal development (154). Comparable responses were found
in the developing chick foetus (155.156).

In these studies, changes in intestinal blood flow were determine I l>\ mrans
of a microsphere technique or flow probe, not alterations in aruiul ill.under.
Although both methods can adequately measure absolute or relative < lunges In
total organ blood flow, the mechanisms underlying these changes cannot Ix- iden-
tified by either of these techniques. As was indicated in a pa-vious paragraph,
blood flow is determined by a large number of local and systemic variables. A
reduction in intestinal blood flow may be secondary to active constriction of the
mesenteric resistance arteries (or the more distal intestinal vasculature), shunting
of blood towards other (dilated) vascular beds, or a reduction in cardiac output.
Therefore, although the aforementioned observational studies provide a lirsi Indi-
cation of the regulation of intestinal perfusion, they do not provide insight into the
site and mechanisms of extrinsic control of intestinal vascular tone, as well as the
developmental changes herein.

Intrinsic regulation of the blood flow to the intestinal tissue serves to adapt oxygen
delivery to metabolic demand of the intestinal tissue, and to maintain intestinal
perfusion under conditions of altered systemic haemodynamics. Two ma|or mecha-
nisms are involved in the intrinsic control of diameters of intestinal resistance
arteries and arterioles in the gut wall, i.e., metabolic and myogenk feedback.

Metabolic feedback regulates intestinal blood flow proportionally to tissue
oxidative demand. Tissue P02 is the principal variable controlled by this mecha-
nism. Increased metabolism Ls associated with tissue hypoxia and accumulation of
vasodilator metabolites, such as adenosine, CO2, H*. lactate, and histaminc (157).
Dilation of precapillary arterioles by metabolic feedback increases blood flow and
oxygen diffusion area in the intestinal microcirculation, thus enhancing oxygen
extraction in the gut (158.159) In the adult, arterioles are more sensitive to meta-
bolic feedback than resistance arteries, suggesting that metabolic regulation of
resistance arterial diameter comes into play only when the capacity of exchange
vessels to maintain tissue oxygenation is insufficient (160).
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Myogenic feedback modulates arterial smooth muscle tone in response to changes
in perfusion pressure, and is based on the capacity of vascular smooth muscle cells
to contract in response to a stretch stimulus. Circumferential vascular wall tension
is the principal variable controlled by this mechanism. A reduction in perfusion
pressure is associated with an increase in intestinal arterial diameter, while the
opposite occurs in response to a rise in arterial pressure (161-163).

In addition, local vascular control is exerted by a large number of other vaso-
active substances which are released within the intestinal parenchyma, including
gastrointestinal hormones (e.g., cholecystokinin, enteroglucagon, gastrin) neu-
rotransmitters of the enteric nervous system (e.g., vasoactive intestinal polypep-
tide, calcitonin gene-related peptide, substance P), paracrine and autocrine factors
(e.g., prostaglandins, nitric oxide, endothelin, angiotensin II, serotonin), as well as
absorption of specific nutrients (164-166).

These mechanisms, either alone or in combination, reduce intestinal arterial
resistance in an effort to preserve intestinal oxygenation during conditions which
cither compromise intestinal oxygen delivery or enhance tissue oxygen consump-
tion. Intrinsic regulation of blood flow limits the reduction in intestinal perfusion in
the lace of moderately severe hypotension (pressure-flow autoregulation), during
continuous adrenergic stimulation (escape phenomenon), and during moderate
hy|K>xaemia (167-169). In addition, the metabolic mechanism and other locally
released mediators are involved in initiating the increase in intestinal blood flow in
response to the ingeslion of a meal (postprandial hyperaemia) (165,170,171).

Information regarding the development of the intrinsic regulation of intestinal
perfusion is based on observations made in neonatal swine. It was proposed that
intrinsic regulation in the neonatal gut is predominantly exerted by metabolic feed-
back mechanisms. Escape from prolonged sympathetic nerve stimulation (172,173),
and postprandial hyperaemia were present in the gut of 3-day old swine (174-176).
The neonatal gut also demonstrated an increase in arteriovenous oxygen content
difference as well as an increase in capillary exchange capacity during periods of
hypotension or hypoxia (176,177). In contrast, myogenic control of arterial tone
and pressure-flow autoregulation were absent in the neonatal intestinal circulation
(175,178-180). As a result, moderate hypoxaemia or hypotension were accom-
panied by a considerably smaller increase in intestinal blood flow in newborn
swine than in older swine (158,178,181,182). These data suggest that the neonatal
intestine is prone to hypoxic injury during conditions which reduce intestinal per-
fusion pressure and/or arterial oxygen content, since oxygen delivery to the tissue
can only be maintained by increasing tissue oxygen extraction by opening capil-
lary exchange vessels (183,184).

Based on the aforementioned studies it was proposed that the maturation of
the intrinsic regulation of intestinal arterial tone depends on postnatal age. How-
ever, several limitations preclude the interpretation of these studies with regard to
the maturation of intrinsic vascular control. These studies were conducted in neo-
natal animals born at term, and may therefore not be applicable to the developing
gut. In addition, many of the observations were done in isolated intestinal loops,
which may not correctly represent the in vivo situation. Moreover, since total intes-
tinal blood flow was determined, these studies do not provide information on the



exact site and mechanisms of intrinsic control of intestinal vascular tone, as wefi M
the developmental changes herein.

From the previous sections it is clear that the intesunal blood supply is regulated
by two systems which affect the intestinal arterial diameter in opposite directions.
Extrinsic mechanisms decrease the intestinal arterial diameter, whereas intrinsic
mechanisms increase the arterial diameter. It follows that the blood supply to the
intestinal tissue is ultimately determined by the balance between constriction and
dilation of intestinal arteries and arter ioies. A disturbance in this balance may lead
to insufficient intestinal blood supply and, consequently, intesunal hypoxia.

intestinal hypoxia causes structural and functional changes in the adult gut,
such as mucosal atrophy, decreased motor activity, and increased intestinal per-
meability, leading to loss of intestinal nutritive and barrier functions. Such a
sequence of events may also contribute to the initiation and/or progression of
intestinal complications in preterm neonates, including NEC as indicated by the
presence of coagulation necrosis in surgical specimens of affected btwel (185,186).
Although the intestinal necrosis is sometimes cieariy related to insults which obvi-
ously affect the oxygenation of the gut, such as inesenteric thrnmi>oe!nholism,
antenatal cocaine abuse, polycythaemia, and exchange transfusion, in most cases
of NEC no such trigger events have occurred.

perinatal hypoxic event

1 I
L immature intrinsic I extreme extrinsic ^ B |

vasodilator capacity | vasoconstrictor capacity j

f intestinal tissue damage

P»gnre4. Common hypotheses on the role of circulatory disturbances in necrotblngenterocolHi*
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Two major theories have been postulated regarding the origin of circulatory dis-
turbances in the pathophysiology of NEC (Figure 4). According to the classic the-
ory, perinatal events induce an intense constriction of the splanchnic vasculature,
resulting in a severe reduction of intestinal blood flow or even complete ischaemia,
eventually causing hypoxic tissue damage (77,187,188). Potential perinatal events
implied in the pathogenesis of NEC include birth asphyxia, respiratory distress
syndrome, persistent ductus arteriosus, and congenital heart disease (189-194).

An alternative theory poses that immaturity of intrinsic vasodilator regulation
in the splanchnic circulation leads to insufficient perfusion of the developing gut
(183,184). As reviewed in the previous section, metabolic and myogenic vasodilator
mechanisms are only present to a limited extent in the newborn gut. In contrast
to older neonates and adults, which attempt to maintain gut oxygenation by in-
creasing both blood flow and tissue oxygen extraction, the newborn gut can only
increase oxygen extraction during periods of decreased oxygen delivery. There-
fore, the immature gut is prone to compromised oxygenation under circumstances
such as hypoxacmia and/or hypotension.

In addition to hypoxia itself, it has been proposed that subsequent restoration
of oxygen supply to the intestine may produce ongoing injury to the intestinal
tissue by initiating an inflammatory response (195-198). Release of reactive oxygen
metabolites and inflammatory mediators, such as platelet-activating factor and
tumor necrosis factor-alpha, during hypoxia-reoxygenation has been implied in
the pathogenesis of intestinal damage in experimental animal models of NEC
(199-204). Moreover, it has been shown in adult animals that accumulation of acti-
vated leukocytes into the tissue during reoxygenation may aggravate intestinal
damage, via the release of cytotoxic mediators (205-207). The initiation of an
inflammatory response in the neonatal gut by a wide variety of precipitating events
may represent a final common pathway for the development of intestinal injury
(208). This is supported by the finding of elevated plasma levels of a number of
pro-inflammatory cytokines in patients with NEC, including tumor necrosis factor,
platelet activating factor, interferony, and interleukin-6 and -8 (200,202,204,209-
211).

In conclusion, intestinal hypoxia as a consequence of circulatory disturbances
appears to play a role in the pathophysiology of intestinal complications in
prcterm neonates. However, the exact nature of such disturbances remains to be
elucidated.



AIMS OF THE EXPERIMENTAL STUDIES ,*

Data regarding the circulatory physiology in the developing intestine are virtually
nonexisting. Progression in this field is hampered by the lack of an adequate ani-
mal model. We therefore designed a model for studying the circulation in the
developing intestine of the chick foetus in vivo at consecutive stages during the
second half of foetal development by means of intravital videomicroscopy (Chap-
ter 5).

The chick foetus was selected as the experimental animal for several reasons.
First, the chick foetus has been demonstrated to be a valid model for studying cir-
culatory physiology (1%). With regard to the intestine, development of the human
gut is more closely related to that of precocial species (pig. chick, guinea pig) as
compared with that of altricial species (rat. mouse). Second, the intestine of the
chick foetus is partly located outside the abdomen in its natural omphalocele until
two days before hatching. This renders the intestinal circulation readily accessible
without elaborate invasive surgery and anaesthesia, thereby avoiding any inlluence
of anaesthetics on arterial tone. Third, foetal haemodynamic parameters an- not
influenced by maternal factors, since the chick loetus develops independently of
its mother within the eggshell. Nutrients are provided to the foetus by the albumen
and yolk-sac compartments, whereas gas exchange Ls provided by the chorioallan-
toic membrane, a highly vascularised membrane which lines the inside ol the egg-
shell and is regarded as the avian homologue of the mammalian placenta.

The main objective of the experimental studies was to elucidate the develop
ment of the intrinsic and extrinsic mechanisms controlling blood How to the
immature intestine. To this end, we investigated the regulation of vascular tone in
mesenteric resistance arteries in response to pharmacological stimuli. In addition,
we determined vasomotor responses as well as changes in heart rate and blood
pressure during acute hypoxia (Chapter 6). Subsequently, we studied the role of
oxygen in the establishment of local vasomotor and centra) haemodynamic control
(Chapter 7). A detailed description of the experimental procedures is given in the
respective chapters.
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CHAPTER 3

Intestinal Permeability and Carrier-mediated Monosaccharidc
Absorption in Preterm Neonates during the Early
Postnatal Period

De beste mef/iexfe om de <ftn#en
is /m« ver/oop /e reryo/̂ eM



Abstract

tf. Immaturity of intestinal epithelial barrier function and absorptive capacity may play a role in the
pathophysiology of intestinal complications in preterm neonates during the early postnatal period. We deter-
mined the intestinal permeability and carrier-mediated absorption of monosaccharides in preterm neonates
during the first two weeks after birth.
.SWy «feflfffn. Fifty-nine preterm neonates born between 25 and 32 weeks gestation were included within 24
hours of birth. Neonates received exclusively parenteral nutrition during the first 7 days after birth; enteral
feeding was initiated at day 8. An intestinal permeability-absorption test was performed at 1,4, 7, and 14
days after birth. The ladulose/rhamnose ratio was determined as a marker of intestinal permeability. Urinary
excretion percentages of l)-xylose and 3-O-methyl-D-glucose were determined as markers of passive and active
carrier-mediated monosaccharide absorption, respectively.
feuto. Intestinal permeability transiently increased between day 1 and 7 in all neonates (p<0.05). Carrier-
mediated monosaccharide absorption increased between day 1 and 14 in neonates of 28-30 wk (p<0.05) to
the level observed in the neonates of 30-32 wk gestation. In neonates <28 wk, intestinal permeability at day
7 was higher (p<005) and carrier-mediated monosaccharide absorption at day 14 was lower (p<0.01) as
compared with the older neonates.
t 'ondw/orw The barrier function of the intestinal epithelium transiently decreases during the first week
«her birth In preterm neonates which are not enterally fed. Diminished barrier function and low mono-
saccharide absorptive capacity, particularly in neonates <28 wk, may predispose these patients to the devel-
opment of intestinal complications during the early postnatal period.



INTRODUCTION

Gastrointestinal complications, such as feeding intolerance, necrotising enterocol-
itis, and gut-associated sepsis, pose a considerable problem in the c are of preterm
neonates. At present, necrotising enterocoutis is the most common surgical emer-
gency and a major anise of death in this patient population (1-3). These intestinal
complications occur mostly in the fir« weeks after birth, suggesting that they result
from failure of the immature intestine to adapt adequately to the transition I rum
intrauterine to extrauterine life.

Birth induces mo major changes in the luminal environment of the intestine.
First, after delivery the neonatal gut is exposed to microorganisms and their prod-
ucts. To prevent host invasion by potentially pathogenic microorganisms, a full
barrier function of the intestinal wall is required. Second, the intravenous nutrient
supply via the placemal-umbilical circulation is interrupted after birth. Conse-
quently, the neonate depends on the gastrointestinal tract for the acquisition of
nutrients through the processes of propulsion, digestion, and absorption of in-
gested food.

The anatomical differentiation of the human foetal gut is already completed
by 20 weeks gestation (4). However, mature levels of digestive enzyme secretion
are not reached until the end of foetal gestation (5,6). Lactase activity at 34 weeks
gestation is only 30% of the level in the lull-term newborn (7). Furthermore, intes-
tinal motor activity in response to luminal nutrients is not present until 31 weeks,
and is still immature at 40 weeks gestation (H). Thus, the development of various
functions of the intestine lag behind its structural development.

Little is known about the development of the barrier function as well as the
absorptive function of the human gut. intestinal barrier function is in part depend-
ent on the close interaction of intact adjacent epithelial cells, which im|x-dcs the
diffusion of luminal substances. This property of the epithelium can be assessed
indirectly by determining the intestinal permeability to orally administered water-
soluble molecules, such as lactulosc and 1.-rhainno.se (9,10). It has previously been
shown in preterm neonates that the permeability changes during the first month
after birth, and that it may be affected by enteral nutrition (11-13)1 lowever, these
studies did not investigate the permeability during the immediate postnatal period,
and/or did not discern between preterm neonates of different gcstational ages. The
aim of the current study was therefore to investigate the intestinal permeability in
preterm neonates born at 25 to 32 weeks gestation during the first 14 days alter
birth. Next we studied the capacity of the intestinal epithelium to absorb mono-
saccharides by both passive and active carrier-mediated transport mechanisms, by
measuring the urinary excretion of orally administered I>xylose and 3-< )-methyH>
glucose in these neonates. In order to investigate the influence of enteral nutrients
on intestinal permeability and monosaccharide absorption, these parameters were
studied during a one-week period of exclusive parenteral nutrition as well as after
the initiation of enteral feeding.
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METHODS

The study was conducted in the neonatal intensive care unit of the University Hos-
pital Maastricht from July 1997 to September 1999, and was approved by the local
medical ethics committee. Parents of eligible neonates were informed in detail
about the study, and written informed consent was obtained before enrollment.

Pretcrm neonates admitted to the intensive care unit were eligible for the study
if they were born at a gestational age of 25-32 weeks and if postnatal age was less
than 24 hours. Criteria for exclusion included: major congenital anomalies, severe
asphyxia (defined as 5-minute Apgar score ^3), persistent hypoxaemia or respira-
tory acidosis, and severe hypotension. For each neonate we recorded clinical
characteristics at study entry, including gestational age, birth weight, sex, Apgar
score at 1 and 5 minutes, CRIB score (Clinical Risk Index for Babies) (14), pres-
ence of asphyxia, mode of delivery, prolonged rupture of the membranes (>24
h), chorioamnlonitis, (pre)ecIampsia/HELLP syndrome, antenatal administration
of corticosteroids, tocolysis, and multiple pregnancy. We furthermore recorded the
occurrence of sepsis, denned as clinical signs of sepsis and positive blood culture.

In order to investigate the influence of enteral nutrients on intestinal permea-
bility and monosaccharide absorption, the study was implemented in two phases.
Between day 1 and 7 after birth, neonates received only intravenous fluids. Intra-
venous fluids consisted of 10% glucose/calcium solution for the first day, and of
total parenteral nutrition thereafter. In general, initial fluid intake was 80 ml/kg/
day and was increased by 20 ml/kg/day up to approximately 150 ml/kg/day. This
volume was adapted on the basis of clinical evaluation, urine production, weight
measurement, and serum electrolyte values. From day 8 after birth onwards, neo-
nates received enteral feeding in addition to parenteral nutrition. Enteral nutrition
consisted of either mothers' own milk (obtained and used within 48 hours) or
lull strength (24 kcal/30 ml) preterm formula (Nenatal, Nutricia, Zoetermeer, the
Netherlands), according to the choice of the parents. Enteral feeding was admin-
istered as bolus feedings via a nasogastric tube at an initial volume of 12 ml/day,
and increased until complete enteral nutrition (approximately 150 ml/kg/day) was
achieved. The rate of enteral feeding increment was determined by the attending
physician and adapted as required by the infants' clinical condition. In case of feed-
ing intolerance, as defined by emesis, large gastric residuals, abdominal distension,
and/or ileus, enteral feedings were reduced or withheld until the problem resolved.
Non-bloody gastric residuals of less than 3 ml per 2 hours were refed.

Tb allow the simultaneous evaluation of intestinal permeability and monosaccha-
ride absorption, we conducted a sugar permeability-absorption test at day 1, 4, 7,
and 14 after birth. The sugar solution consisted of 8.6 g lactulose (Centrafarm,
Elten-Leur, the Netherlands), 140 mg L-rhamnose (Acros Organics. Pittsburgh, PA),
70 mg D-xylose (Genfarma, Maarssen, the Netherlands), and 140 mg 3-O-methyi-
l>glucose (Sigma. St. Louis, MO) dissolved in 100 ml demineralised water (425
mOsnv'l)- Each test day, 2 ml of the sugar solution was administered to the neonate
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via the nasogastric tube. Ail urine passed in the next 4 hours was collected in an
adhesive urine bag (Urinocol Premature. Braun Biotrol. Parts, France). At d*y 14, no
enteral feeding was given in the 2 hours preceding and following ingest ion of the
test solution These time points were chosen to minimise interference with routine
nursery protocols of the N1CU. The complete 4-hour urine volume was measured
and a 2 ml aliquot was stored at -80 "C until analysis. The sugar absorption tost criti-
cally relies on a complete urine collection. Therefore, in case urine collection failed
in an infant, the sugar absorption lest was repeated the next day. If urine sampling
failed again, then measurements for the infant at this panicul.tr test day wore re-
garded as missing values. Urinary concentrations of lactulose. L-rhamnose. I >-xylose,
and 3-O-methyl-D-glucose were determined by gas-liquid chromatography as previ-
ously described (15). This test is noninvasive, requires only minimal handling, and
can be used safely in preterm neonates (16).

The four saccharides used in this test cross the intestinal epithelium via dif-
ferent pathways and are cleared by the kidneys. The percentage of the orally
administered dose of each saccharidc which is excreted in the urine thus reflects
the functional state of the particular intestinal permeation pathway. Lactulo.se i.s a
disaccharide which crosses the intestinal epithelium by passive diffusion through
the paracellular tight junctions. L-rhamnose is a monosaccharide which crosses
the intestinal epithelium mainly by transcellular passive diffusion through aqueous
pores. The urinary excretion percentages of lactulo.se and rhaninose arc markers
for paracellular and transcellular diffusion, respectively. To correct for nonmuco.sal
factors which may affect the intestinal uptake of these saccharides, including the
rate of gastric emptying, intestinal transit time, and renal clearance, the urinary
excretion percentages of lactulose and rhamnose were expressed as the lactulose/
rhamnose excretion ratio (L/R ratio). Since nonmucosal factors will affect urinary
excretion of both saccharides to a similar extent, the L/R ratio provides a reliable
index of the permeability of the intestinal epithelium (9,10). D-xylosc and 3-O-
methyl-D-glucose are monosaccharides which are absorbed by the intestinal cp^
thelial cells via passive and active carrier-mediated transport mechanisms, respect-
ively. The urinary recovery of orally administered xylose and methylglucose are
markers for passive and active carrier-mediated monosaccharide absorption, re-
spectively (17,18).

AfeosKrpttOTir o/«rfruiry D&ctote cwicen/rah'on
To investigate whether an increase in intestinal permeability to sugar probes was
associated with an increase in the permeation of other substances present in the
intestinal lumen, we measured the urinary excretion of D-lactate. This stereoisomer
of L-laaate is derived from fermentation of unabsorbed carbohydrates by bacteria
within the gut lumen, is neither produced nor metabolised by mammalian cells,
and is excreted by the kidneys. Therefore, urinary D-lactate excretion is considered
to reflect bacterial production and intestinal uptake (19).

Urinary D-lactate was determined at day 1, 4, 7, and 14 after birth. Urine sam-
ples were stored in 1 ml aliquots at -80 "C until measurement D-lactate was meas-
ured by means of an enzymatic assay according to a method previously described
(20). Briefly, thawed urine was deproteinised with perchloric acid and centrifuged.
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The supernatant was added to a NAD*-grycine-hydrazine solution to form pyruva-
tehydrazon coupled with the reduction of NAD* to NADH at a pH <90. This reac-
tion was catalysed by the enzyme D-lactate dehydrogenase. NADH was measured
spectrophotometrically at 340 nm. The D-lactate concentration (in mmol/1) was
expressed relative to the creatinine concentration (in mmol/1) in the urine sample
to yield the D-lactate/creatinine ratio.

Data are presented either as median and interquartile range (clinical parameters)
or as mean ± SEM (biochemical parameters). The overall effect in time was deter-
mined by a repeated measurements analysis using the GLM procedure in SPSS
version 10. However, missing data at several points in time precluded the use of
this procedure for the assessment of differences between gestational age groups.
Therefore, subsequent comparisons within groups were made using the Wilcoxon
signed ranks test. Comparisons between groups were made using the Mann-
Whitney U test. Statistical significance was defined as p<0.05 (two-sided).

Table 1. Clinical characteristics of the patients

Variable

Birth weight (g)
Femakmale (% female)
Apgar score

1 min
5min

CRIB score
Asphyxia (%)
Caesarcan delivery (%)
Rupture of membranes >24 h (%)
Chorioamnionitis (%)
(Pre)edampsia/HELLP(%)
Antenatal corticosteroids (%)
Tocolysis (%)
Multiple pregnancy (%)
Sepsis (%)

day 1
day 4
day 7
day 14

Group A
(25-27** wk)

«-18

880(808-1006)
12:6(66.7)

6(3.5-8)
9(8-9)
1.5(1-7)

16.7
»9
22.2
16.7
5.6

83.3
72.2
27.8

5.6
5.6

16.7
27.8

Group B
(28-29* wk)

n-24

1050(795-1240)
11:13(45.8)

9(7-9)
5(4«)

15(1-5)
16.7
62.5
29-2
4.2

16.7
54.2
37.5
25

0
8.3
25
286

Group C
(30-32 wk)

«-17

1340(1105-1488)
8:9(47.1)

7(5-9)
9(7.5-10)
1(0.5-1.5)

17.6
58.8
35.3

0
5.9

47.1
52.9
353

0
0
6.7

27.3

* Values are percentage of patients except for birth weight. Apgar score, and CRIB score, which are median
(.interquartile range).
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Fifty-nine preterm neonatcs born between 25 and 32 weeks gestation were enroll-
ed. Neonates were stratified lor gestational age: 25-27'<> (group A, M-18), 28-29'<"
(group B, «-24), and 30-32 weeks gestation (group C n-17). Clinical characteristics
of the infants are summarised in Table 1. The sugar permeability-absorption test
was not successful in all neonates at all four tune points, due to one of the following
reasons; failure of complete urine collection, failure of chemical analysis, unstable
clinical condition, or transfer to another hospital.

Repealed measurements analysis for the group of neonaies a.s a whole
demonstrated an increase in the excretion of lactulose over time (p-0.014).
Subgroup analysis showed that lactulose excretion did not change significantly
during the first 14 days after birth in group A, whereas it significantly increased as
compared with day 1 at day 4 (p-O.O33) and 7 (p-0.006) in group B. and at day 7
(p-0.028) in group C (Fig. 1 A).

Repeated measurements analysis of L-rharnnose excretion demonstrated a
decrease over lime for the whole group (p-0.011). The reduction In urinary L-
rhamnose excretion was statistically significant in group A at day 7 (p-0.03H) and 14
(p-0.050), and in group C at day 4 (p-0.046). Rhamnose excretion at day 7 and 14
was significantly lower in group A as compared with the other two groups (p-0.009
and p-0.008, respectively; Fig. IB).

As a result of these changes in lactulose and rhamnose excretion, the L/K ratio
increased over time for the group as a whole (p-0.001). Subgroup analysis demon-
strated that the increase in L/R ratio between day 1 and 7 was significant in all three
groups (p-0.018, p-0.006, p-0.046 in group A, B, C, respectively). This jx-ak in L/R
ratio at day 7 was significantly higher in group A as compared with the other two
groups (p-O.O25). The L/R ratio declined between day 7 and 14 (Fig. 1C).

The pattern of urinary D-lactate excretion closely resembled that of the L/R
ratio (Fig. 2). Since no significant differences in the I)-lactate/creatininc ratio were
noted between the groups, data obtained in the three gcstational age groups we«
pooled at each time point. The D-lactate/creatinine ratio was significantly higher at
day 7 as compared with day 1 (102 ± 21.5 vs. 48 ± 10.3, p-0.001), and subsequently
decreased at day 14 after birth (60± 138).

Repeated measurements analysis demonstrated an increase in the urinary
excretion percentages of xylose and 3-O-methyl-I>glucose for the group of neo-
nates as a whole (p-0.007 and p-0.028, respectively). However, subgroup analysis
showed that xylose excretion in group A did not change during the first two
weeks, and was significantly lower as compared with the other two groups at day
4 (p-0.024) and 14 (p-0.002) after birth (Fig. 3A). In contrast, in group B, xylose
excretion increased significantly at day 4 (p-0.011), 7 (p-0.005), and 14 (p-0.036)
as compared with day 1. Xylose excretion was highest in group C, and remained at
a constant level during the study period.

The changes in the urinary excretion percentages of methylglucose parallelled
those of xylose. In group A, methylglucose excretion did not significantly increase
during the two weeks, and was significantly lower as compared with the other
two groups at day 4 (p-O.O43) and 14 (p-0.003) after birth (Fig. 3B). In group B, a
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significant increase in methylglucose excretion was observed «I day 4 (p-0,041),
7<p-0.0l6kand 14 (p-0.017) as compared with day I I'rinary excretion of mcthyi-
ghjcose at day 1 after birth »-as highest in group C and remained at this lewd
during the first 14 days after birth.

We also evaluated the influence of the clinical variables mentioned In Table 1
on the urinary- excretion percentages of each of the tour saccharides and on the
lactuiose/rhamnose ratio. We compared the neonates exposed to the particular
variable with those which were not exposed. Comparisons were made for the
group of neonates as a whole, since the numbers in the individual gestation.»! age
groups were too low to allow reliable statistical analysis. Only the L/R ratio at day
1 after birth was significantly higher in neonates whose mothers received steroids
antenataliy with those who did not (0.079 ± 0.01 vs. 0.039 ± 0.01. p-O.O23). This
difference was not continued at later time points. No statistically significant differ-
ences were detected with regard to the other factors or the type of enteral feeding.

DISCUSSION

The neonate depends on its intestine for protection against microorganisms and
for absorption of ingested nutrients. To date, little is known about the develop-
ment of the barrier and nutritive functions of the intestine in preterm neonates. In
the present study, we investigated the changes in intestinal epithelial permeability
and carrier-mediated absorption of monosaccharides in preterm neonaie* born
between 25 and 32 weeks gestation. The data showed that intestinal permeability
increased during the first week after birth, most markedly in neonates <28 weeks,
and subsequently decreased during the second postnatal week after the initiation
of enteral feeding. Both passive and active carrier-mediated mono.saccharide
absorption at day 14 after birth were higher in neonates born between 28 and 32
weeks as compared with those <28 weeks gestation.

Previous studies provide conflicting data with regard to neonatal intestinal per-
meability. Both decreases and increases in permeability during the first month after
birth have been reported (11-13). Interpretation of the findings of these studies is
further hampered by discrepancies in gestational age, clinical condition, ieeding
regimen, and postnatal age at study. We assessed the intestinal permeability at 1,4,
7, and 14 days after birth in preterm neonates by determining the urinary lactulose/
L-rhamnose excretion ratio (L/R ratio). The L/R ratio at day 1 was similar in all
neonates born between 25 and 32 weeks gestation. Although there are unfor-
tunately no data available on intestinal permeability in older neonates using a
similar lactulose/rhamnose test, the L/R ratio in the current study was within the
normal range previously reported for healthy infants and adults (21,18). Together,
this may suggest that a mature level of intestinal epithelial barrier function Is
already attained by 25 weeks gestation

The increase in L/R ratio during the first week after birth was in part due to a
decrease in rhamnose excretion in all neonates, most markedly in those born be-
tween 25 and 28 weeks gestation. Since rhamnose crosses the intestinal epithelium
predominantly via passive diffusion through small aqueous pores in the cell mem-
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branes of villus epithelial cells (9.10). these data indicate that transcellular diffusion
across the intestinal epithelium decreased during the first week after birth. In neo-
nates 228 weeks gestation, the increase in L'R ratio also resulted from an increase
in lactulose excretion. Since lactulose permeates the intestinal muctvsa via para-
cellular diffusion through the tight junction complexes between adjacent epithelial
cells (9.10), these data indicate that the leakiness of the tight junctions had in-
creased at day 7 after birth in these neonates.

Interestingly, the L/R ratio declined after the initiation of enteral feeding during
the second week of life. This suggests that the increase in intestinal permeability
during the first postnatal week was at least partly related to the absence of nutrients
in the intestinal lumen. Similar increases in permeability have been found in adult
patients for whom total parenteral nutrition is the sole nutritional source (22). Fur
thermore, it has been demonstrated that enteral starvation of a previously normal
gut is accompanied by jejunal mucosal hypoplasia (23). A reduction of intestinal
villous height may lead to a diminished mucosal surface area for the diffusion of
rhamnose, while at the same time facilitating the diffusion of lactulose in the cry pi
regions (24). In addition, other factors, such as the release of cyiokinc.s and intes-
tinal hypoxia during periods of intestinal hypoperfusion, may contribute to the
increase in intestinal permeability by attenuating epithelial tight junction func-
tioning (25,26).

The clinical significance of an increase in intestinal permeability for sugar
probes is still a subject of investigation. Although the assumption has IK-CD made
that alterations in gut barrier function as assessed by changes in intestinal perme-
ability predispose to bacterial translocation and septic complications, there is yet
no evidence in humans to support this view (27,28). A direct relation Ix-tween
increased permeability and enhanced passage of luminal factors has thus far only
been demonstrated for IgA immune complexes, oval bum in, and bacterial chemo-
tactic peptides (29-31).

The rise in L/R ratio between day 1 and 7 was accompanied by an increase
in urinary D-lactate excretion. D-lactate is derived from the fermentation of unab-
so r bed carbohydrates by bacteria present in the gut lumen (19). Therefore, urinary
D-lactate excretion may increase as a consequence of enhanced production and/or
increased permeation of the substance across the intestinal epithelium. Since total
bacterial counts in the neonatal gut continue to increase during the first month
after birth (32), it is unlikely that the transient peak at day 7 was due to increased
bacterial production. The increase in D-lactate excretion therefore most likely
resulted from increased intestinal uptake, thereby supporting the hypothesis that
increased intestinal permeability enhances the transmucosal passage of substances
from the gut lumen.

In addition to the permeability of the intestinal epithelium, we also assessed
the early postnatal development of passive and active carrier-mediated monosac-
charide absorption. To this end, we measured the urinary excretion percentages of
D-xylose and 3-O-methyl-D-glucose, respectively, the absorption of which mainly
occurs in the proximal small intestine (33,34). Interestingly, in neonates born be-
tween 28 and 30 weeks, absorption of these monosaccharides rapidly increased
to the levels of the older neonates at the end of the first postnatal week, even in
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the absence of enteral nutrients. In contrast, in neonates born between 25 and 28
weeks, the absorption of xylose and methylglucose remained considerably lower
throughout the first two weeks alter birth. These changes in intestinal uptake of
xylose and methylglucose over time could not be explained by alterations in pre-
or postmucosal factors, including gastric emptying, intestinal transit, or renal clear-
ance, xs this would have affected the excretion of these two monosaccharides and
rhamnose equally. Taken together, our data indicate that the capacity of the gut
to absorb monosaccharides by passive as well as active carrier-mediated transport
mechanisms is very limited in neonates born at less than 28 weeks gestation
throughout the early postnatal period.

To our knowledge, this is the first study which provides insight into the early
postnatal development of the barrier function of the intestinal epithelium as well
as of the sugar absorptive capacity in preterm neonates. Our data indicate that pre-
mature exposure of the immature intestine to the extrauterine environment in the
absence of enteral nutrients is associated with a reduction in epithelial integrity.
Both a diminished barrier function and a low absorptive capacity during the early
postnatal period, particularly in neonates born at less than 28 weeks gestation, may
underlie the high vulnerability of these patients to intestinal complications. Given
the finding that epithelial integrity was restored upon the initiation of enteral feed-
ing, early administration of enteral nutrition may offer an effective strategy to sup-
port the intestinal adaptation to extrauterine life in preterm neonates.
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CHAPTER 4

Early Minimal Enteral Feeding
in Very Low Birth Weight Neonates:
an Effective Strategy to Improve Mucosal Functions
of the Immature Gut

7tene is no/iwr faves/men/ybr any tommuntty



Abstract

*. Functional immaturity of the gut poses a considerable problem in the nutritional management of
preterm neonates, and plays a role in the pathophysiology of gastrointestinal complications in these patients.
Previous reports have shown that early introduction of enteral feeding, in conjunction with parenteral nutri-
tion, may be beneficial to these patients. We investigated to what extent the initiation of minimal enteral feed-
ing shortly after birth, in comparison with exclusive parenteral feeding, provides an effective intervention
to promote the maturation of intestinal barrier function and sugar absorptive capacity in preterm neonates
during the early postnatal period.
S/tt/ytfert/ifH. Preterm neonates (25-32 weeks gestation,«-120) stratified by gestational age were randomly
assigned to start minimal enteral feeding (12 ml/day) either at day 1 (intervention group, »-61) or at day 8
(control group, H - 5 9 ) after birth. A sugar permeability-absorption test was performed at 1,4,7, and 14 days
after birth. The lactulose/L-rhamnose ratio was determined as a marker of intestinal permeability. Urinary
excretion percentages of D-xylose and 3-Omethyl-D-glucose were determined as markers of passive and active
carrier-mediated monosaccharide absorption, respectively.
AV.sMto. Intestinal permeability during the first week after birth was significantly lower in the intervention
as compared with the control group. This effect was due to a preservation of epithelial integrity in the inter-
vention group. Active carrier-mediated monosaccharide absorption at the end of the second postnatal week
was signilicuitly higher in the intervention as compared with the control group.
6'o»rfftffon5. The introduction of low volumes of enteral feeding shortly after birth is an effective method to
improve the barrier function as well as to enhance the maturation of the sugar absorptive capacity of the gut
In very low birth weight neonates.
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INTRODUCTION

Functional immaturity of the intestinal tract predisposes preterm neonates to
intestinal complications, such as feeding intolerance and necrotising enterocolitis,
and poses a considerable problem in the nutritional management of these patients.
Due to potential complications caused by the introduction of enteral feeding,
it is common practice to provide total parenteral nutrition as the sole mode of
nutritional support during the initial postnatal period. 1 lowever, studies in adults
have shown that withholding enteral feeding may rapidly lead to structural and
functional deterioration of the gut, including a decrease in mucosal barrier func-
tion (1-4). Moreover, we recently reported that the barrier function and the sugar
absorptive capacity of the intestinal epithelium are low during the early postnatal
period in parenterally fed preterm neonates (5).

Early administration of small volumes of enteral feeding in addition to par
enteral nutrition has been shown to exert beneficial effects on the premature gas-
trointestinal tract, including enhanced intestinal motility. increased lacta.se activity,
and greater mineral absorption (6-9). Furthermore, early minimal cntcral feeding
has been reported to improve feeding tolerance and shorten the duration of hos-
pital stay (10-16).

The primary objective of this study was to identify to what extent enteral nutri-
ents can be used to enhance the maturation of the epithelial barrier function and
absorptive capacity of the immature intestine. In a randomised controlled trial we
evaluated intestinal permeability and carrier-mediated monosaccharide absorption
in preterm neonates receiving early minimal enteral feeding compared with those
receiving exclusively parenteral nutrition during the initial postnatal period.

METHODS

The randomised controlled trial was conducted in the neonatal intensive care unit
of the I iniversity Hospital Maastricht, and was approved by the local medical ethics
committee. Parents of eligible neonates were informed in detail about the study,
and written informed consent was obtained before enrollment.

Preterm neonates admitted to the intensive care unit were eligible for the study
if they were born at a gestational age of 25-32 weeks and if postnatal age was
less than 24 hours. Criteria for exclusion included: major congenital anomalies,
severe asphyxia (denned as 5-minute Apgar score S3), persistent hypoxacmia or
respiratory acidosis, and severe hypotension. At study entry, for each nconatc we
recorded gestational age, birth weight, sex, Apgar score at 1 and 5 minutes, CRIB
score (Clinical Risk Index for Babies), presence of asphyxia, mode of delivery,
prolonged rupture of the membranes (>24 h), (pre)eclampsia/HELLP syndrome,
chorioamnionitis, antenatal administration of corticosteroids, tocolysis, and multi-
ple pregnancy.

Neonates enrolled in the study were stratified by gestationaJ age (25-27*6, 28-
29*^, 30-32 weeks). A randomisation list was generated by a computer program for
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each gestational age category, ensuring balance of group size by employing block
sizes of 4. At the day of birth, infants were assigned to either the early minimal
enteral feeding (intervention) group or the late enteral feeding (control) group.
From day 1 through 7 after birth, the intervention group received 12 ml/day of
enteral feeding, and the remaining fluids as standard parenteral nutrition solutions,
whereas the control group received only parenteral nutrition. Enteral feeding was
administered as 2-ml bolus feedings via a nasogastric tube at 4-hour intervals (9),
and consisted of either human milk (obtained and used within 48 hours) or full
strength preterm formula (Nenatal, Nutricia, Zoetermeer, the Netherlands), accord-
ing to the choice of the parents. The regimen of parenteral nutrition, as well as the
rate of increase and total fluid intake were the same for both groups. Total fluid
intake was initially 80 ml/kg/day and was increased by 20 ml/kg/day up to approxi-
mately 150 ml/kg/day. Care was taken to adjust the volume of parenteral nutrition
for enteral fluid intake, in order to provide comparable fluid, energy, and nutrient
intakes among intervention and control groups.

At day 8 after birth, enteral feeding was also initiated in the control group. In
both groups the enteral feeding volume was gradually increased, while the volume
of parenteral nutrition was decreased, until complete enteral nutrition (approxi-
mately 150 mlAg/day) was achieved. The rate of enteral feeding increment was
determined by the attending neonatologist, and adapted as required by the infants'
clinical condition. In case of feeding intolerance, as denned by emesis, frequent
gastric residuals of more than 3 ml, abdominal distension, and/or ileus, enteral
feedings were reduced or withheld until the problem resolved. Nonbloody gastric
residuals of less than 3 ml per 2 hours were refed.

To allow the simultaneous evaluation of intestinal permeability and monosaccha-
ride absorption, we conducted a sugar permeability-absorption test at day 1, 4, 7,
and 14 after birth. This test is noninvasive, requires only minimal handling, and
can be used safely in preterm neonates (17). The sugar solution was produced in
the hospital pharmacy and consisted of 8.6 g lactulose (Centrafarm, Etten-Leur, the
Netherlands), 140 mg L-rhamnose (Acros Organics, Pittsburgh, PA), 70 mg D-xylose
(Genfarma, Maarssen, the Netherlands), and 140 mg 3-O-methyl-D-glucose (Sigma,
St. Louis, MO) dissolved in 100 ml demineralised water (425 mOsm/1). Each test
day, 2 ml of the sugar solution was administered to the neonate via the nasogastric
tube. All urine voided over the next 4 hours was collected in an adhesive urine bag
(Urinocol Premature. Braun Biotrol, Paris, France). In the intervention group, no
enteral feeding was given in the 4 hours preceding and following ingestion of the
test solution at day 1, 4, and 7. Thus, these infants received 5 x 2 ml of minimal
enteral feeding and 2 ml of the sugar solution at the test days. At day 14, oral feeding
was withheld for 2 hours prior to and after the administration of the sugar solution
in both the intervention and the control groups. These time points were chosen to
minimise interference with routine nursery protocols. The complete 4-hour urine
volume was measured, and a 2 ml aliquot was stored at -80 "C until analysis. The
sugar absorption test critically relies on a complete urine collection. Therefore,
in case urine collection failed in an infant, the test was repeated the next day. If



urine sampling failed again, then measurements for the infant at this particular test
day were regarded as missing values. Urinary concentrations of lactulose, l.-rham-
nose, D-xylose, and 3-O-methyH>glucose were determined by gas-liquid chro
matography as previously described (18).

The four saccharides used in thus test cross the intestinal epithelium via dif-
ferent pathways and are cleared by the kidneys. The percentage of the orally
administered dose of each saccharide which is excreted in the urine thus rellects
the functional state of the particular intestinal permeation pathway. Laciulose is a
disaccharide which crosses the intestinal epithelium by passive diffusion through
paracellular tight junctions. L-rhamnose is a monosaccharide which crosses the
epithelium mainly by iranscellular passive diffusion through aqueous pores. The
urinary excretion percentages of lactulose and rhamnose are markers for paracel-
lular and transcellular diffusion, respectively To correct for nommirosul factors
which may affect intestinal uptake of these saccharides, including the rate ol gas-
tric emptying, intestinal transit time, and renal clearance, the urinary excretion per-
centages of lactulose and rhamnose were expressed as the lactulose/rhamnose
excretion ratio (L/R ratio). Since nonmucosal factors will alfeci urinary excretion
of both saccharides to a similar extent, the L/R ratio provides a reliable index of
the permeability of the intestinal epithelium (19,20). l>xylose and 3-O-methyl-l)-
glucose are monosaccharides which a a- absorbed by intestinal epithelial cells via
passive and active carrier-mediated transport mechanisms, respectively. The uri-
nary recovery of orally administered xylose and methylglucose are markers for
passive and active carrier-mediated monosaccharide absorption, respectively
(21,22).

Clinical outcome variables were evaluated at 14 and 30 days of age, or at hospital
discharge, whichever occurred first. These include the number of days required to
reach full enteral nutrition (150 ml/kg/day), the net enteral balance (enteral intake
- gastric residual) at 14 and 30 days, the number of days that oral feedings were
withheld, body weight gain, the periods of sepsis (defined as clinical signs and
positive blood culture), and necrotLsing enterocolilis (NEC;). Diagnosis of NEC was
based on the presence of clinical signs, such as abdominal distension and rectal
blood loss, and the presence of intestinal pneumatosis on abdominal radiographs.
In addition, in the course of the trial we determined short-term growth in a subset
of infants (n-20 in both intervention and control groups), by measuring fronto-
occipital circumference, crown-rump length, and lower leg length, using methods
published previously (23).

Several measures were taken to ensure unbiased evaluation of trial outcome. The
principal investigator (ER) was by no means involved in the clinical management
of the neonates. The staff of the neonatal intensive care unit, who were responsi-
ble for daily care of the infants, were not involved in the trial. Urine samples were
coded, and chemical analysis was performed by the department of clinical chem-
istry.
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Data of the sugar absorption test are presented as 95% confidence intervals (CI)
for mean differences between intervention and control groups in the text, and as
mean ± SKM in the graphs. Clinical variables are presented as median and inter-
quartile range. Data analysis was by intention to treat, i.e., all randomised patients
were included. The overall effects in time of the indices of intestinal permeability
and absorptive capacity were determined by a repeated measurements analysis,
using the GLM procedure in SPSS version 10.

The effects of early minimal enteral feeding were analysed with generalised
least squares (GLS) random effects models, using Stata Statistical Software version
7. These models take into account the fact that each neonate had up to three fol-
low-up moments (repeated measures). In addition, they handle missing values
flexibly and provide an overall significance test of the treatment effect, thus avoid-
ing the multiple testing problems that occur with multiple endpoints (potential
effects on day 4, 7, and 14). In all these (longitudinal) analyses, the corresponding
values at randomisation were used as a co-variable. The time points were modelled
as indicator variables (day 4 as reference). In each longitudinal analysis we
attempted to answer the question whether the effects of early minimal enteral feed-
ing differed between lime point and gestational age (in three categories). When
no such interactions emerged, the model was simplified to answer the question
whether the effects of early minimal enteral feeding differed between the time
points (treatment-time interactions). If this was not the case, a simple model
estimating the overall treatment effect was adopted. The question to what extent
the effects of early minimal enteral feeding differed between human milk and
pretcrm formula was analysed using conventional least squares regression methods
controlling for gestational age category, CRIB score, and baseline value. Clinical
(dichotoinous) variables were compared using the chi-squared test or Mann-
Whitney U test. To assess interactions, a cut-off level of p-0.10 was used. In all other
cases statistical significance was defined as p<0.05.



RESULTS A

Recruitment of patients started in Jury 1997 and ended in September 19W.
We recruited 120 preterm neonates born between 2*> and 32 weeks geatatkXL
Neonates were stratified for gestational age: 2S-27*<> (H-.V7). 28-29"*> (n-48), and
30-32 weeks gestation (n-35). Neonates in each of these categories were randomly
allocated to the early minimal enteral feeding (intervention) group or the late

enteral feeding (control) group within 24 hours of birth Clinical characteristics of
the patients are summarised in Table 1. The sugar permeability absorption test was
not successful in all neonates at all four time points, due to one of the following
reasons: failure of complete urine collection, failure of chemical analysis, unstable
clinical condition, or transfer to another hospital.

Tablet. Clinical characteristics of the patients at study'entry'

VfctaMe

Birth wight (»)

fcmale:roüe<\femiie)
Apgarscon

lmtai
5 mil

CJUBKOR

JkMtiyxfc(%)
CMMiand(il«cry(V
tupural membnnes >24 h (%)
Caoriounnionlln ( \ )
(Prt)eckmpstt/HELLP (%)
Antenatal cortcmterokb ( \ )
Tocolyw(X)
MulBple prepunch*)

Neonsues 2S 2
üuerveniioa

«-W

840
(760-1125)
4:15(21.1)

5 (a)
8(74)
4(1-6)
154
263
364
316
5.3
68.4
684
364

7*6 wk
Control
»-18

880
(808-1006)
12:6(66.7)

6(35*)
9(74)
15(17)
16.7
389
22.2
16.7
5.6
833
72.2
274

NoonilP!» 2 8 .
uuervemioa

**M

1140
(1003-1295)
8:16 (33 J)

7(4-8)
9(84)
1(13)
204
417
50
12.5
M
66.7
625
57.5

£*»**> wk
Control
»-24

1050
(79VI240)
11:13(454)

7(54)
9(84)
1.5(1-5)
16.7
625
292
4.2
16.7
54.2
375
25

Seim««.«»:
Intrrtrntlon
n-IH

1368
(I15&1493)
513(274)

7.5(4 754)
8(8425)
1(0-2)
16.7
667
278
0
I I I
61.1
444
444

Uwk
Control
»-17

1340
(11051488)
8-9(471)

5(4«)
9(75-10)
1(0 515)
17.6
584
3S3
0
5.9
471
529
35J

" Wues are percentage of patient» except for birth weight, Apgar score, and CUB score, which are median

(interquartile range)
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Figure 1
Effect of carry minimal enteral feeding on intestinal paracellular diffusion (A), transcellular diffusion (B),
and permeability (("). as represented by the urinary excretion percentages of orally administered lactulose,
I. -rhamnose. and the lactulose rhamnose excretion ratio, during the first two weeks after birth in preterm
neonates of 2S-32 weeks gestation. Data are mean ± SEM.
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Lactulose excretion increased during the tin»! week .»her birth in ail neonates
(quadratic association, p-0,001). The difference in tactulose excretion between the
intervention and the control group during the period of observation was -0.024%
(95% O -0.18 to 0.13%, p-0.767; Fig. 1A ).

Repeated measurements analysis of L-rhamnose excretion showed a significant
decrease during the first week after birth in all neonates (quadratic association,
p-0.01). However, overall rhamnose excretion during the period of observation
was higher (2.1%, Q 0.5 lo 3-6%) in the intervention group compared with the con-
trol group (p-0.009, Fig. 1B). We found no indications that this effect depended on
gestational age.

As a result of these changes in lactuiose and rhamnose recovery, the L/R ratio
for all neonates (intervention and control groups) significantly increased during
the first week after birth (quadratic association, p-O.OOOJ. The L/R ratio at day 7
after birth was lower (-8.3%, Q -13-1 to -3.5%) in the intervention group as coin-
pared with the control group (p-0.001, Fig. 1C). We found no indications that this
effect depended on gestational age.

Repeated measurements analysis demonstrated significant increases in the excre-
tion percentages of D-xylose and 3-O-mcthyl-I)-glucose over time lor the group
of neonates as a whole (linear associations, p-0.000 and p-0.000, rcs|K'c lively).
During the period of observation, xylose recovery was not significantly different
between the intervention and control groups (1.5%, CI -0.7 to 3.7%; Fig. 2A). Methyl-
glucose excretion at day 14 after birth was higher (4.0%, CI 1.2 to 6.9%) in the
intervention as compared with the control group (p-0.007, Fig. 2B). We found no
indications that this effect depended on gestational age

o/earfy m/
Within the intervention group 19 infants received human milk and -12 infants
received preterm formula feeding during the first week after birth. The difference
in l/R ratio at day 7 between human milk and formula fed neonates, adjusted
for gestational age category, CRIB score, and baseline value, was 4.1% (Cl -0.2 to
9.8%, p-0.15). Similarly, the adjusted difference in urinary excretion percentages
of methylglucose at day 14 between the two groups was -23% (CI -2.8 to -7.4%,
p-0.367). In addition, there were no differences between human milk (w-39) and
formula fed («-41) neonates (intervention and control groups) in intestinal per-
meability and monosaccharide absorption at day 14, or in clinical outcome.
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14 -
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0

• control
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Figure 2A

14

Figure 2B

14
Postnatal day

Figure 2
Effect of earl)' minimal enteral feeding on intestinal passive (A) and active (B) carrier-mediated mono-
saccharide absorption, as determined by the urinary excretion percentages of orally administered D-xylose
and 3-0-methyl-D-glucose, during the first two weeks after birth in preterm neonates of 25-32 weeks
gestation. Data arc mean ± SEM.
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C&sfcatl OBSeerae variables aie samiHarised in Table 2 In ne*Mi;ees wsmper than
38 weeks nestasea. die set ef*$e?ai balance at clay 14 wax significantly higher in the
taSefweeto« as coaipaiesi wtth the control groap < pMM>2W>. A silttil;» sr i«Hk*t\ty •«:**
kRämi to n«MSS6e$ bors ai 28-29**«eefe fp-O.ö63) For the sltitly fXipukttksn a»
a whole» i » ^ p ^ e s i t t sMfexenees weie msed between totervYaisiii ami control
asefiates wtth repaid so the t»a»bef of days 10 l«l enierai feeding, the

tncidsriKe trf ,se|>«s.
c o l i ^ wear dtagimK^xl in the ««use i>i the irtd, whkit •

[ between tfee iiötrtentkMi ans! llie « M « K 4 fäfsmp. hksrtc >
iwonaies with n^rotismg estsoraiitis died

the sftsiy perfesA T«o talants swtTereJ fn«n
^ aad d te l at 4ä^ 4 after hath because oi extensive

cetebrai iBSa|sieJKrli>fBal h«BK*nii^e. In three cases inortaitty wsi rdsisd to
of ihese fl«>fyffi^ was eotonfaed wtth Ischerirhfa

foüowing rtsc ̂ «eteptnent of systemic
t l a f ^ . The other two tafsiRts died at day itt and t6 alter btath as

I ERSrobK^cr dc^cse se^iv, rt«speetiwty Ai
weie Ixsa at leas than 29 w e d s gestätkm, alter tnuiti|jk-

saney, hari a ClIB seote >2» and isoefeaKl earty mtataa! enteral feeding wtth human
milk or preterm formula. The difference in mortality rate between the intervention
and control group was 8.2% (CI 1.3 to 15.1%, p-0.058).

Lower leg length gain at day 14 and day 30 was significantly greater in the inter-
vention as compared with the control group as a whole (4.6 ± 0.39 vs. 3*> ± 0.37 mm,
p-0.046 and 12.2 ± 1.05 vs. 9.1 ± 0.93 mm, p-O.O23). A similar difference was found
in the increase in crown-rump length at 30 days of age (36.1 ± 2.20 vs. 25.3 ± 323
mm, p-0.022).

1fcble2. Clinical outcome*

Intervention Control
*-!9 »-W

Intervention Control
•-24 »-24

Neonairs .W .52 wk
Intervention Control
»-18 n-17

A«tMlcmcnlfeedln«(ikr>)
Nctamlbalamxdnl)

20(17-22) 20(1*26) 1605-26) 20(16-23) I9OV27) 1403-17)

101(29-137) 26(H3) «3(^151) 137(101173)
193(1271) 20302+242) 259(67321) 23*067266)
0(0-1) 0(0-2) 0(0-1) 0(00)

»«tap

Dad«, no. ft)

*2(35-10ir 30(147)
195049216)
0(0-1) 0(0-2)

7303-10») 35(*94) 1O5(2VM3) M»(5(H9O) 155(66-24«)
310(250420) 275059471) 433(370*75) 55O(34»555) 5*0(365-750) 375(2*3^9»)

»(55^) 12(50) l l(45i) 9(50) 4(235)
2(105) 1(5« 2(»3) 2 (S3) 1«t) 0(0)

0(0) 2(13) 0(0) 0(0) 0(0)

* Values are either median (interquartile range) or number (%) of patients
* Differs significantly from control Rroup, p<0.05

CHATTEB4 -



DISCUSSION

The aim of this randomised controlled trial was to investigate the effect of early
minimal enteral feeding on the postnatal development of gut mucosal functions
in preterm neonates during the initial postnatal period. The data show that the
introduction of low volumes of enteral feeding starting shortly after birth in con-
junction with parenteral nutrition, in comparison with exclusive parenteral feed-
ing, improved the barrier function and enhanced the sugar absorptive capacity of
the intestinal epithelium in very low birth weight neonates.

Our data confirm the role of enteral feeding in the maintenance of the struc-
tural integrity of the intestinal epithelial barrier. The common practice to provide
exclusively parenteral nutrition initially after birth was associated with a rise in
intestinal permeability, indicating that the barrier function of the intestinal epithe-
lium deteriorated in the absence of luminal nutrients (3,24). This increase was the
combined result of loosening of intercellular tight junctions, as indicated by the
increase in lactulose recovery, as well as loss of functional mucosal surface area,
as indicated by the reduction in rhamnose absorption. By comparison, neonates
which received small amounts of enteral feeding in addition to the parenteral nutri-
tion from the first day after birth onward had a significantly better absorption of
rhamnose. This indicates that the initiation of minimal enteral feeding shortly after
birth reduced the loss of functional intestinal epithelial cells, thereby preserving
mucosal integrity oJ the immature gut in the early postnatal period.

Although early enteral feeding improved the barrier function of the intestinal
epithelium, it did not provide evidence for a lower incidence of septic complica-
tions. I lowever, the integrity of the epithelium is only one part of the intestinal
barrier. Other factors, including mucus secretion, peristalsis, gut immune function,
and splanchnic blood flow are also involved in the maintenance of gut barrier func-
tion.

Early minimal enteral feeding also stimulated the maturation of active carrier-
mediated monosaccharide absorption in the intestine of preterm neonates, as indi-
cated by the increase in the recovery of 3-O-methyl-D-glucose. Transport of this
monosaccharide is similar to dial of glucose and galactose, i.e., depends on an
active NaVK*-ATPase at the basolateral membrane of the enterocyte, and is media-
ted via the same carrier proteins, NaVglucose cotransporter (SGLT1) at the brush
border membrane, and facilitated glucose transporter (GLUT2) at the basolateral
membrane (25).

The enhancement of methylglucose absorption in the early minimal feeding
group was not accompanied by an increase in the absorption of other test
saccharides. This strongly suggests that the effect of early minimal enteral feeding
was specific for the active carrier-mediated transport mechanisms of the intestinal
epithelium, and was not solely due to an increase in mucosal surface area, in-
creased paracellular diffusion, or extraintestinal factors. A potential mechanism for
the enhanced uptake of methylglucose may be increased expression and activity
of the epithelial carrier proteins as a result of the presence of sugars in the gut
lumen (25,26). This idea is supported by findings in neonatal animal studies which
showed that the expression of the brush-border membrane transporter proteins for
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glucose (SGLT1) and fructose (GLUT5) is enhanced by the supply of glucose and
fructose, respectively (27-29). Irrespective of the underlying mechanisms. improve-
ment in active monosaccharide transport may lead to Ix-tter uptake of orally
administered milk or formula feeding, and support the nutritional status and
growth of the preterm infant during the early postnatal period.

In contrast to previous studies (9,30,31). the current study did not show addi-
tional benefit of human milk over cow's milk-based preterm formula with regard
to either intestinal epithelial barrier function and absorptive capacity or clinical
outcome. This suggests that the beneficial effects of early enter.il feeding on
preservation of epithelial integrity' and on stimulation of carrier-mediated mon-
saccharide absorption are related to the presence of nutrients in the intestinal
lumen (32), rather than on the presence of growth factors or other bioactive agents
found in human milk. Alternatively, the period of human milk administration may
have been too brief to identify measurable benefits of breast milk feeding over
formula feeding on gut mucosal functions.

Short-term growth rates were significantly higher in neonates receiving early
minimal enteral feeding compared with those receiving only parentcral feeding.
These data are consistent with previous observations showing that minimal enteral
feeding is associated with greater absorption and retention ol minerals such as
calcium and phosphorus, as well as elevated levels of serum calcium and alkaline
phosphatase activity, as indicators of postnatal growth (9).

Contrary to a number of previous reports, there were no differences among
groups with regard to nutritional milestones, including the time to attain complete
tube-feeding, and thus duration of parenteral nutrition, or the number of days
that feedings were withheld. However, both in the intervention and the control
group full enteral nutrition was already established by approximately 20 days of
age, which is considerably earlier than in previous studies in neonates of similar
gestational age (6,9-11,13-16). Furthermore, the overall incidence of NliC was lower
(6.7%) than that reported by others (about 12%) (9,16). These improvements in
clinical outcome in the current trial may be due to the overall earlier introduction
and rapid progression of enteral feeding. Our feeding strategy differed from
previous reports in that enteral feeding was considered early when initiated by 24
hours after birth, and late when administered after the first week of life. In contrast,
in most other reports the introduction of 'early' feeding was delayed until 3 to
8 days after birth, whereas late feeding was associated with a period of entcral
starvation as long as two weeks.

The mortality rate was higher in the intervention as compared with the control
group. At first sight, it may be suggested that this was related to the intervention
itself. However, the causes of death did not appear to be of intestinal origin. Fur-
thermore, the rate of intestinal complications, such as necrotising entcrocolitis, was
similar in both groups. Therefore, it is not very likely that the higher mortality rate
in the intervention groups can be attributed to the early enteral feeding.

In conclusion, these data confirm and expand on previous observations on the
beneficial effect of early minimal enteral feeding on the maturation of intestinal
functioning (6-9). The practice of initiating low volume enteral feedings directly
after birth offers an effective strategy to support the intestinal adaptation to
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extrauterine life in preterm neonates by preventing the loss of mucosal integrity
and inducing a precocious maturation of intestinal nutrient transport
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CHAPTER 5

Effect of Repetitive Asphyxia on Leukocyte-Vessel Wall
Interactions in the Developing Intestine



A b s t r a c t • • . - . * • • • . : . . . *

Information on leukocyte-vessel wall interactions (LVWl) during development of the immature intestine is
scarce. We therefore designed a new experimental model for studying the microdrculation in the developing
intestine of chick foetuses at days 13 (»-12), 15 (»-17), and 17 («-19) of incubation (0.6,0.7, and 0.8 of
the incubation time, respectively) using intravital microscopy. In addition, we investigated whether episodes
of asphyxia increase LVWl, and induce tissue damage in the developing intestine. Asphyxia was induced
by clamping of the chorioallantoic vein for 6 periods of 5 minutes each, with 5-minute intervals, while in
sham groups a sham procedure was performed. Video recordings were made before as well as 10,20, and 30
minutes after the end of the asphyxia or sham protocol. Baseline number of rolling leukocytes per minute
significantly increased (p<0.001) from 0 at 0.6 incubation to 1.5 and to 4 at 0.7 and 0.8 incubation time,
respectively. At 0.6 and 0.7 incubation no adherent leukocytes were observed under baseline conditions,
whereas at 0.8 incubation single leukocytes adhered to the venular wall. LVWl variably increased during the
course of the experiments. Asphyxia neither enhanced LVWl nor induced histological damage in the intestine.
These Undings indicate that 1) leukocyte-vessel wall interactions mature during foetal development, and 2)
repetitive episodes of asphyxia induce neither an inflammatory response nor histological tissue injury in the
developing intestine from 0.6 to 0.8 incubation. We hypothesise that immaturity of leukocyte-vessel wall inter-
actions, as part of the nonspecific host defence to invading bacteria, might play a role in the development of
necrotlsing cnterocoliUs in prclerm neonates.



INTRODUCTION

Hypoxia/reoxygenation injury of the immature intestine after birth has been sug-
gested to play a role in the aetiology of neonatal necrotising enterocolitis (1-3). It
has been demonstrated that impairment of intestinal oxygen supply, as a result of
interruption of intestinal perfusion, followed by restoration of oxygenatlon during
reperfusion results in necrosis of the intestinal mutosa (•>). This tissue injury is
partially mediated by activated leukocytes which accumulate Into the intestinal
interstitium during the reperfusion period (S.6). Intravital microscopic studies
have shown that the extravasation of leukocytes Ls preceded by rolling along and
adhesion to the microvascular endothelium (7,8). Previous studies, however, were
either conducted in adult or in full-term neonatal animals (9) Since necrotising
enterocolitis is predominantly encountered in prematurely born infants, it may
be more appropriate in this respect to investigate the effects of intestinal hypoxia/
reoxygenation on induction of leukocyte-vessel wall interactions and tissue damage
in a developing intestine.

Research with regard to the effects of hypoxia/reoxygenation on the microvas-
culature in a developing intestine has been hampered by lack of an adequate
animal model. Therefore, the first aim of the present study was to design an ex|xrri-
mental model for studying the microcirculation in a developing intestine using
intravital microscopy. The chick foetus is especially suited for this purpose, lx*cause
its intestine is partly located outside the abdominal wall in an omphalocele,
thereby enabling noninvase investigation of the intestinal micitxirculatlon at
successive stages of foetal development. Furthermore, the chick foetus Ls commc >nly
used for perinatal studies on cardiovascular (10) and immunological development
(11). In the present study we evaluated the development of leukocyte-vessel wall
interactions in the intestinal microcirculation of chick foetuses at days 13. 1*>, and
17 of incubation, which corresponds to 0.6,0.7, and 0.8 of the incubation time.

A major cause of hypoxia/reoxygenation of a developing intestine may be
related to episodes of perinatal asphyxia. It has been demonstrated that asphyxia
elicits a cardiovascular response, which is characterLsed by a redistribution of the
cardiac output in favor of the heart and brain, at the expense of peripheral organs,
including the intestine (12). A reduction in intestinal blood flow in combination
with a diminished arterial oxygen content decreases the oxygen supply to both
endothelial and intestinal parenchyma! cells. After a period of asphyxia has ended,
intestinal perfusion is restored and reoxygenation occurs. In our model we inves-
tigated whether repetitive episodes of asphyxia increase leukocyte-vessel wall
interactions, and induce hLstologically detectable damage in the intestinal mucosa
at 0.6,0.7, and 0.8 of chick foetal incubation time.
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MATERIALS AND METHODS

Experimental procedures were in accordance with the Dutch law on the use of
laboratory animals. Fertile Lohman selected White Leghorn eggs were incubated at
37 "C and a relative air humidity of 60%, and rotated once every hour (Polyhatch
incubator; Brinsea product Ltd., Sandford, England). Incubation time until hatching
is 21 days. In this study we used chick foetuses at days 13, 15, and 17 (0.6,0.7, and
0.8 of the incubation time, respectively), corresponding to stages 39-43 according
to I lamilton and I lamburger (13).

Manipulations were performed in a clinical neonatal intensive care incubator
(type 7510, Drägerwerk AG, Lübeck, Germany) equipped with a dissecting micro-
scope (Leica MS5, Rijswijk, the Netherlands). During preparation temperature and
relative air humidity in the incubator were maintained at 37 "C and 60%, respec-
tively. The eggs were opened at the blunt side, containing the air cell. After ope-
ning the egg by removing part of the eggshell and outer shell membrane, the inner
shell membrane was moistened with 0.9% NaCl to visualise the vessels of the under-
lying chorioallantoic membrane (CAM). After penetrating the CAM in an area with
sparse vascularisation the omphalocele was localised and centered at the level of
the opening by means of two sutures (Ethicon, Prolene 6-0). The omphalocele was
opened by careful blunt dissection and the intestine was exposed. One segment of
the umbilical loop of the ileum was placed on a 1 cm piece of cotton tape which
was attached to the egg shell. To prevent dehydration a drop of paraffin oil was
applied on the exposed intestinal loop after which it was covered with a thin trans-
parant plastic wrapping. Only preparations which required minimal manipulation
were included, For further microscopic evaluation in vivo, the egg was transferred
Into a single-egg chamber, in which temperature (37 °C) and air flow (21% O2,
4 1/min) were controlled, and placed in an intravital microscope setup (Fig. 1).

monitor VCR
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Figure 1. Sdiematic representation of the intravital microscope setup



All in vivo observations were made with an intravital microscope (Leitz Orthoplan
946627). The intestinal microvasculature was visualised with a Leitz 20x long work-
ing distance objective (numerical aperture 0.32) via a Leitz Ploemopak illuminator
2.1 (125x). equipped with a Leitz POL-cube (14) The intestine was epi-illuintnated
using a 75W Xenon lamp with neutral density niters to reduce the light intensity
to the lowest level that yielded good quality of the video image. Images were pro-
jected onto a CCD camera with an effective scanned area of 8.3x6.3 mm (1 iam.im.it.Mi
Photonics, Hamamatsu. Japan), connected to a Super-VHS Videorecorder (I'.UI.IN, >

nie, model NV-FS100HQ). and stored on videotape (Sony. Super VMS VXSlv IH0\ I).
Images were displayed on a monitor screen (Sony, model PVM-122CE). Final
resolution was 1 jim.

Foetuses at predetermined incubation times were randomly divided In 2 group»
asphyxia and sham groups. After an equilibration period of IS minutes, 2-minute
baseline video recordings were made of 2 separate regions of the exposed intes-
tinal loop. In each region one arteriole (diameter 9-34 (im) and a parallel vcnule
(17-49 >im) were selected, and these same vessels were observed throughout the
experiment. A schematic drawing of the observed region was made to facilitate
localisation of the vessels during the course of the experiment. The microvcssels
were located in the outer layer of the intestinal wall. Selection of vessels was based
on optical clarity and, hence, the ability to visualise lcukocyte-vcsscl wall inter-
actions.

Subsequently, the egg was placed in the incubator and repetitive asphyxia
was induced in the experimental groups. To this end, the chorioallantoic vein
was occluded with a small vessel clamp during 6 periods of S minutes each, with
intervals of 5 minutes during which the clamp was released. Total duration of this
experimental protocol was 60 minutes. In the sham groups, the chorioallantoic
vein was manipulated but not occluded, using the same time protocol. Ten, 20, and
30 minutes after the end of the asphyxia or sham protocol, microscopic images
of the selected vessels were again recorded on videotape during 2-minute periods
(Fig. 2).

10 n*i 20 mm 30mln

NBpMnWB SBpnyiM Of SnVTI
procadure (60 mln) H

Aaphyx» group* 8x6 mm ocdualon of CAM vMn wWi M n M of 9 mm

vdng(2x2mm)

Figure 2. Experimental protocol
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To assess whether clamping of the chorioallantoic vein for 5 minutes indeed
induced the biochemical characteristics of asphyxia, we collected blood samples
at the end of a 5-minute period of asphyxia in a separate set of experiments at
0.7 foetal incubation time (w-4) and compared the blood gas values with those
obtained from a sham group (w-4). Blood samples (0.2 ml) were obtained from
the omphalomesenteric artery using a heparinised syringe with a 30 G needle and
analysed at 37 "C (Radiometer ABL510, Copenhagen, Denmark).

In a separate series of foetuses at 0.8 incubation time (n-4), we investigated the
effect of topical application of increasing concentrations of N-formyl-methionyl-
leucyl-phenylalanine (FMLP) on leukocyte-vessel wall interactions in intestinal
and mesenteric microvessels. FMLP is a synthetic chemoattractant which induces
leukocyte adhesion in adult animal models (15). FMLP was dissolved in dimethyl-
sulfoxide (1% solution) and further diluted in 0.9% NaCl to final concentrations
of 10''-10^ M. Video recordings of the vessels were made before as well as during
3 minutes after topical application of 20 jil aliquots of increasing concentrations
00'MO"* M) of FMLP. Solutions were prepared freshly on the day of the experi-
ment.

All experiments were analysed off-line from videotape. The degree of leukocyte
rolling was quantified by counting the number of rolling leukocytes passing an
imaginary line perpendicular to the vcnular axis per minute (nRL). Leukocytes
were considered to be rolling if they could be seen moving slowly along the
venular wall. Rolling leukocytes move at least an order of magnitude slower than
free (lowing blood cells. Since peristaltic contractions of the intestine occurred
with a frequency of approximately 3-4 waves per minute, the microvessels were
not always in focus. Rolling leukocytes were only counted between the peristaltic
waves; the total counting period lasted 60 seconds per vessel. The average number
of adherent leukocytes (nAL) was determined in a 100-nm segment of the venule.
Leukocytes were considered to be adherent (sticking) when they remained station-
ary for more than 30 seconds. Arteriolar (Da) and venular (Dv) luminal diameters
were measured using an image-shearing device (IPM, model 908, San Diego, CA).
Within the selected vessel segment, the diameter was measured three times at the
same site; the average was taken as the actual diameter. The data of all experimental
parameters obtained from the two observed regions of the intestinal loop in each
toot us were averaged.

•S'urr/f w/ rate <««/ Ateto/ogy
In a separate series of experiments the extent of histological damage in the intes-
tine was assessed after repetitive asphyxia (same protocol as for intravital micro-
scopy experiments) at 0.6.0.7, and 0.8 foetal incubation time (n-10 in each group)
and compared with sham foetuses of similar ages («-10 in each group). Following
completion of the asphyxia or sham protocol, eggs were sealed with tape and
further incubated for 24 hours. Alter 24 hours survival rate was determined, and
surviving foetuses were sacrificed by means of decapitation. The intestine was
removed and placed in buffered 4% formalin for at least 24 hours. Biopsy speci-
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mens were later dehydrated and embedded in paraffin DeparafTinised 4-um sec-
tions were stained with hematoxyiin-eosin stain. The degree of intestinal tissue
injury was evaluated on a grading scale from 0 to 8 according to Park et al (4X

Data are presented as median and interquartile range (i.e., spread from 25th to
75th percentile). The term n refers to the number of foetuses in which observa-
tions were made. In order to evaluate the influence of developmental stage on the
experimental parameters, baseline values of sham and asphyxia groups were taken
together and compared between the three incubation times. Differences from base-
line values were determined by the Wilcoxon signed ranks test, while differences
between groups at each time point were determined by the Mann Whitney I) test.
Statistical significance was defined as p<0.05.

RESULTS

Figure 3 shows a schematic picture of the intestinal microcirculation in the chick
foetus at 0.6, 0.7, and 0.8 incubation time under baseline conditions. The IIIIIDIHT

of vascular branches in the microcirculation of the outer layer of the inte.slin.il wall
increased from 0.6 to 0.8 foetal incubation time. Microscopic observations always
were performed in vessels with a diameter of on average 20-30 um. Since luminal
diameters of both anerioles and venules increased from 0.6 to 0.8 foetal incubation
time, we selected vessels of a higher branch order at successive stages of develop-
ment

artwy

A B C

Figure 3
Schematic representation of the rnkrodrculation in the outer layer of the chid foetal intestine al 0.6 CA), 0.7
(B), and 0.8 (C) foetal incubation time; the site of microscopical observation is indicated by the drde.

CHATTE» 5 - FocTALtM/TMicaoencixuiTtoi« 79



Leukocyte-vessel wall interactions were only observed in venules, not in arterioles.
Baseline values of the numbers of rolling and adherent leukocytes in venules of
chick foetuses at 0.6 («-12), 0.7 (n-18), and 0.8 («-18) incubation time are pre-
sented in Figure 4. At 0.6 foetal incubation time a single rolling leukocyte was
observed in venules of only 2 of the 12 foetuses. In contrast, leukocyte rolling was
observed in all venules at 0.7 and 0.8 foetal incubation time. Leukocyte adhesion
was never observed under baseline conditions at 0.6 and 0.7 foetal incubation
time, whereas in venules of 4 of the 18 foetuses a single adherent leukocyte was
observed at 0.8 foetal incubation lime.
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Figure 4
leukocyte-vessel wall interactions in foetal intestinal venules under baseline conditions. Median number
of rolling leukoqies (nRl.) per minute (A) and number of adherent leukoqies (nAL) per 100-nm venule
segment (B) ' " chick foetuses at 0.6,0.7, and 0.8 foetal incubation time. Bars denote interquartile ranges.
" psO.Ol, 0.7 vs. 0.6 foetal incubation time, *** p<0.001,0.8 vs. 0.6 foetal incubation time
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Blood gas analysis in a sham group at 0.7 incubation showed a Pô  of S.84 ± 0.S0
kPa, Pcoj of 4.66 ± 0.29 kPa, and pH of 7.47 ± 0.01. Clamping of the chorioallantoic
vein for 5 minutes resulted in a decrease of Poj (1-S7 ± 0.44 kPa). an increase in PcOj
(11.25 ± 0.98 kPa). and a decrease in pH (7.07 ± 0.03); these bUxxl gas values were
significantly different from those of the sham group (p<0.05).

The effect of repetitive asphyxia on leukocyte rolling in the three age groups
is shown in Figure 5. No significant differences in nRL Ix'tween sham aiul a>phy\i.i
groups were observed at any incubation time. At 0.6 foetal incubation time (he
number of rolling leukocytes did not significantly change during the course of
the experimental period in either the sham (n-7) or the asphyxia group (w-S).
In contrast, at 0.7 foetal incubation time there was a signiticant time-dependent
increase in nRL in the sham group (n-8, p<0.0S). In the asphyxia group (it-10) at this
stage we also observed an increase in nRL, that was only significantly different I nun
baseline at 10 minutes (p<0.05) after the end of the asphyxia protocol. At 0.8 foetal
incubation time nRL also increased in both the sham (M-9) and the asphyxia group
(H-9) , although statistical significance was not reached. At all time-points nRL was
significantly higher in the 0.7 and 0.8 incubation groups compared with the 0.6
incubation group (p<0.01).

Figure 6 demonstrates the effect of repetitive asphyxia on leukocyte adhe-
rence. No effect of asphyxia on nAL was observed at any incubation time. Except
for the 0.6 incubation groups, the number of adherent leukocytes (nAL) Increased
during the course of an experiment in the sham as well xs the asphyxia groups. 1 his
increase reached statistical significance at 10, 20, and 30 minutes after the end of
the asphyxia or sham protocol at 0.7 incubation, and at 30 minutes in the asphyxia
group at 0.8 foetal incubation time. The nAL after 10,20, and 30 minutes in both the
sham and the asphyxia group was significantly higher at 0.7 and 0.8 incubation as
compared with 0.6 foetal incubation time (p<0.05).

Arteriolar diameters remained constant throughout the experimental period
in the sham as well as the asphyxia groups at all three incubation times. Venular
diameters also remained fairly constant during the experimental period, although
there was a slight decrease in venular diameter at 20 and 30 minutes in the sham
group at 0.8 foetal incubation time (from 31 to 24 and 21 urn, respectively; p<0.05).

j9 /
During 3 minutes following topical application of increasing concentrations of
FMLP onto the intestine at 0.8 foetal incubation time neither rolling nor adhesion
of leukocytes was observed in any of the intestinal or mesenteric vcnules (n-4)

Survival rates 24 hours after the asphyxia or sham protocol were approximately
80% in both groups at all incubation times. None of the surviving foetuses at 0.6,
0.7, and 0.8 foetal incubation time from either the sham or the asphyxia group
demonstrated any sign of histologkral damage in the intestine.
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DISCUSSION

Our study is the first to present a mode) for in vivo evaluation of leukocyte-vessel
wall interactions in the intestinal microcirculation during foetal development, in
this model we demonstrated that the level of leukocyte-wssel wall interactions be-
tween 0,6 and 0.8 of chick foetal incubation time is low. At 0.6 foetal incubation
time rolling or adherent leukocytes were rarely observed. Baseline numbers of
rolling leukocytes increased at 07 and 0.8 foetal incubation time, which is in
contrast to leukocyte adhesion. At these incubation times we also observed an
increase in both leukocyte rolling and adhesion during the course of an experi-
ment Topical application of the chemoattfactant FMLP at 0.8 foetal incubation
time did not induce leukocyte adhesion. Repetitive episodes of asphyxia did not
enhance leukocyte-vessel wall interactions. Furthermore, no hbtoiogtral damage ot
the intestinal mucosa was detected 24 hours after the asphyxia protocol.

The baseline number of rolling leukocytes was low, but increased during foetal
development. This increment in leukocyte rolling may be attributed to a rising level
of circulating leukocytes, or to an increase in the expression and/or function of
adhesion molecules on the leukocytes or on the endothctiai cells. Total ieuktxyte
count in the chick foetus has been demonstrated to increase wich incubation time,
from 0.1xl0*/l at day 15 (0.7 foetal incubation time) to 9x10**/! just before hatching
(16). The low circulating leukocyte count at 0.7 foetal incubation nine may thus
contribute to the rare observation of leukocyte-vessel wall interactions in these
young foetuses. In our experimental setup we were not able to determitw the
type of leukocytes interacting with the venular wall. In adult animals, however,
it has been shown that the majority of interacting leukocytes in the mesentery
are neutrophils (17). Because the heterophil, which is the avian equivalent of the
mammalian neutrophil, is the predominant leukocyte type throughout chick foetal
development (16), this seems to be the most likely candidate in our experiments.

Firm adhesion of leukocytes to the venular endothelium under baseline con-
ditions was almost always absent at all three incubational stages. However, at 0.7
and 0.8 foetal incubation time there was an increase to an average of 2 adherent
leukocytes per 100 urn during the course of an experiment (thus not under base-
line conditions), indicating that all attributes necessary for leukocyte adhesion arc
present at these stages. The discrepancy between the levels of Icukcx'yte rolling and
adhesion may be related to the sequence of adhesion molecule expression during
foetal development. Only a few studies have addressed the expression and/or func-
tion of adhesion molecules involved in leuktxyte-vessel wall interactions in the
foetus. L-selectin, one of the adhesion molecules that mediates leukocyte rolling, is
expressed at adult levels on neutrophils and eosinophils in human ftK.-tu.ses as early
as 23 weeks of gestation (18). In contrast, Anderson et al. demonstrated that induc-
tion of the surface expression of Mac-1, an adhesion molecule that mediates firm
leukocyte adhesion, is significantly lower in neonatal leukocytes compared with
adult leukocytes (19,20).

The present study shows that leukocytes of the chick foetus do not adhere to
the venular endothelium in response to topical application of FMLP. Leukocyte
adherence to the endothelium in response to FMLP is dependent on the presence
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of the receptor for this peptide on leukocytes, as well as subsequent espa-ssion
of leukocyte adhesion molecules. Results of in vitro experiments haw shown that
FMLP induces chemotaxis of mononuclear leukocytes of adult chickens, which
suggests that the receptor for FMLP is present in this avtan species, at least in adult
animals (21). It is not known whether this receptor is already present in foetal chick
leukocytes. Because results of the current study show that letikmyje adhesion
can occur, we suggest that failure of FMLPinduced adhesion of leukocytes at 0.8
foetal incubation time is related to a lack of FMLP-receplor expression. Future stu-
dies addressing the development of adhesion molecule expression on leuktx"vies
and endotheiial cdb in the chick foetus may define the underlying mechanisms of
these observations.

Repetitive asphyxia enhanced neither leukocyte rolling nor leukocyte adhesion
in the foetal intestinal mjerocircuiation at 0.6, 0.7, and 0.8 foetal incubation ttme
compared with sham groups at the respective ages. Although the effect of hypoxia
on adhesion moiecule expression has been investigated in adult leukocytes and
endotheiial cells, no studies have addressed this subject in the »tKial period Results
of in vitro studies have demonstrated that hypoxia indite?* t! s« m! »f udhe-
sion molecules, such as P-sekrcun <22), E-selectin <25) and H.U I , . üuiar adhesk>n
molecute-1 <24)onendothelial ceils, as well as the expression of the integrin Ma« I
on adult leukocytes (25). Our finding of the absence of enhanced leukocyte-vessel
wall interactions after asphyxia suggests that foetal leukocytes and/or endoihcMal
celk at 0.6 to 0.8 foetal incubation time are not yet able to express adhesion mole-
cules in response to hypoxia. In this respect, the absence ot intestinal tiswc »»jury
after asphyxia in our experiments is not surprising, because leukocytes generally
are believed to be major mediators of tissue injury (6).

An alternative explanation for the absence of enhanced leukocyte-vessel wall
interactions after asphyxia may be an increase in circulating levels of various
hormones during asphyxia. It has been demonstrated in foetal sheep that acute
hypoxia is associated with an increase in circulating glucocorticoids (26). Results
of several studies in adult animal models have shown that glucocorticoids sup-
press leukocyte adhesion and emigration (27,28). It has been shown that gluco-
corticoids diminish the expression of E-selectin and intercellular adhesion mole-
cule-1 on endotheiial cells as well as the expression of intcgrins on neutrophlls
(29).

The present study may be of relevance with respect to the aetiology of necro-
tising enterocolitis in preterm neonates. Our findings that asphyxia did not enhance
leukocyte-vessel wall interactions, and failed to induce tissue damage in (he devel-
oping intestine does not support the hypothesis that injury in an immature intes-
tine, such as in preterm neonates, can be caused by activation and infiltration of
leukocytes after episodes of asphyxia. However, in contrast to the sterile devel-
oping intestine in our experiments, the immature intestine of preterm neonates is
exposed to luminal bacteria and their toxins. Under these circumstances, a limited
ability of leukocytes to adhere to the vessel wall and migrate into the intestinal
tissue may increase the vulnerability to bacterial invasion. This is even more impor-
tant considering the fact that it has been demonstrated that the gastrointestinal
barrier function is immature in preterm neonates, and that asphyxia may reduce
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clearance of luminal bacteria, thus facilitating bacterial translocation (30,31). Since
leukocyte migration into sites of bacterial invasion is fundamental to the host
defence response, we hypothesise that immaturity of leukocyte-vessel wall inter-
actions in preterm neonates might play a role in the development of necrotising
enterocolitis.
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CHAPTER 6

Development of Vasomotor Responses
in Foetal Mesenteric Arteries

fan A/Vres*. 6* eeuw «



Abs t rac t

Changes in mesenteric arteriaJ diameters were studied using intravital microscopy in chick foetuses at days
13 and 17 of incubation, corresponding to 0.6 and 0.8 foetal incubation time, both during 5 minutes of
hypoxia followed by 5 minutes of reoxygenation, and after topical administration of increasing concen-
trations (KrMO"' M) of norepinephrine and acetylcholine. Baseline diameters of second order mesenteric
arteries increased from 56 jim at 0.6 incubation to 75 um at 0.8 incubation. Acute hypoxia induced a
reduction in arterial diameter to 87 ± 4.4% of baseline at 0.6 incubation and to 44 ± 6.7% at 0.8 incubation
(p<0.01). During reoxygenation, mesenteric arteries dilated to 118 ± 6.5% and 121 ± 7.5% of baseline al 0.6
and 0.8 foetal incubation time, respectively. Phentolamine did not affect the vasoconstriction during hypoxia
at 0.6 incubation, whereas the a-adrenergic antagonist significantly attenuated the vasoconstrictor response
at 0.8 incubation (to 93 ± 2.7% of baseline, p<0.01). Topical norepinephrine induced maximal vasoconstric-
tion to 71 ± 3.0% of baseline at 0.6 incubation and to 35 ± 3.8% at 0.8 incubation (p<0.01). Maximal vasodila-
tlon to topical acetylcholine was 113 ± 4.4% and 122 ± 4.8% of baseline at 0.6 and 0.8 incubation, respectively.
These in vivo findings show that foetal mesenteric arteries constrict in response to acute hypoxia, and that
the Increase In magnitude of this vasoconstrictor response from 0.6 to 0.8 of foetal development results from
an increase in adrenergic constrictor capacity.
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INTRODUCTION

Neonatal necrotising enterocolitis is a clinical condition which is characterised by
necrosis of the neonatal intestine. An imbalance between oxygen consumption of
and arterial oxygen supply to the intestine has been implicated in the pathophys-
iology of this disease (1,2). Previous studies with regard to circulatory physiology
of the neonatal intestine were conducted in piglets during the first month after
birth. However, necrotising enierocoliiis is predominantly observed in preUTin
neonates, with an increased incidence with decreasing gcstational age at birth.
Since arterial oxygen supply depends in part on the capability to regulate arterial
diameter, insight into the regulation of mesenteric arterial tone in the foetal devel-
oping intestine may contribute to our understanding of the pat ho physiology of
this disease.

Information regarding onset and nature of the regulation of arterial tone dur-
ing foetal development may be derived from experimental studies conducted in
foetal sheep and chick foetuses, which addressed the redistribution of the cardiac
output during an acute reduction of the arterial oxygen «intent at consecutive
stages of foetal gestation (3,4). it was demonstrated that acute hypoxia induced
a decrease in intestinal blood flow at 0.9 of foetal gestation in both SJKH ies (4,5).
Since both administration of the a-adrenergic antagonist phenoxybenzamine (6)
and chemical sympathectoiny using 6-hydroxydopamine (S) blunted tht.s reduc-
tion in intestinal blood flow, it was postulated that circulating catecholamines or
sympathetic nerves may be involved in the control of intestinal arterial tone at
this stage of foetal gestation. However, interpretation of these observations will»
respect to the regulation of intestinal arterial tone is hampered by the fact that in
these studies intestinal blood flow was measured, by means of a microsphere tech-
nique or How probe, instead of actual arterial diameter. According to Poiseuille's
law, blood flow is determined by vascular resistance and blood pressure. Hence,
a reduction in intestinal blood flow during hypoxia may be caused by an increase
in intestinal arterial resistance, and/or by a decrease in arterial pressure. The latter
may be due to a reduction of cardiac output or a resistance decrease in cerebral or
myocardial vascular beds (shunting). Additionally, changes in blood pressure may
also directly influence arterial diameter through alteration of the myogenic tone of
the vessel. In order to discern between these mechanisms responsible for a reduc-
tion in intestinal blood flow, it is necessary to measure both intestinal arterial dia-
meter and blood pressure during acute hypoxia.

We designed an experimental setup using intravital microscopy to investigate
changes in mesenteric arterial diameters in vivo in response to physiological and
pharmacological stimuli in the developing chick foetus. The intestine of the chick
foetus is partly located outside the abdomen in the naturally occurring omphalo-
cele, hence the mesenteric arteries can be studied without extensive invasive sur-
gery and general anaesthesia, thereby avoiding any influence of anaesthetics on
arterial tone (7). The study was conducted at days 13 and 17 of incubation, which
corresponds to 0.6 and 0.8 foetal incubation time. It has been suggested that reg-
ulation of arterial tone may be initiated in this period of foetal development (8).
First, we determined the changes in mesenteric arterial diameter during an acute

CHACTU6-



reduction in foetal oxygen supply (hypoxia), and the subsequent response after
restoring oxygen delivery (reoxygenation). In order to elucidate the possible role
of a-adrenoceptors in this response, experiments were also performed during
a-adrenergic blockade. Since acute hypoxia in the chick foetus is associated with
a rise in plasma levels of norepinephrine (9), we subsequently investigated the
effect of exogcnously applied norepinephrine on mesenteric arterial diameter. The
vasodilator capacity of the mesenteric arteries at 0.6 and 0.8 foetal incubation time
was evaluated by measuring changes in vascular diameter in response to acetyl-
choline.

MATERIALS AND METHODS

lixjKTimcntal procedures were in accordance with the Dutch law on the use of
laboratory animals. Fertile Lohinan selected White Leghorn eggs were incubated at
37 "C, a relative air humidity of 60%, and rotated once every hour (Polyhatch incu-
bator; Brinsea product Ltd., Sandford, UK). Incubation time until hatching for these
eggs Is 21 days. In thLs study we used chick foetuses at days 13 and 17 of incubation
(0.6 and 0.H of foetal incubation time, respectively), corresponding to stages 39 and
42 according to Hamilton and Hamburger (10).

Surgical preparations were performed in a clinical intensive care incubator
(type 7510, Drägerwerk ACi, Lübeck, Germany) equipped with a dissecting micro-
scope (Leica MS5, Kijswijk, the Netherlands), while temperature and relative air
humidity were maintained at 37 "C and 60%, respectively. The eggs were opened
at the blunt end containing the air cell. Alter removing part of the egg shell and
outer shell membrane, the inner shell membrane was moistened with 0.9% NaCl
to visualise the vessels of the underlying chorioallantoic membrane (CAM). After
penetrating the CAM in an area with sparse vascularisation, avoiding bleeding, the
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Figure I
Schematic representation of the intravital microscopy setup (left): top view of foetal mesenteric preparation
with site of observation in circle (right).
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omphalocele was localised and centered at the level of the CAM by moons of two
sutures through the connective tissue (Ethicon, Prolene 6-0). The omphalocele w«8
opened by careful blunt dissection and the intestine was exposed. One segment
of the umbilical loop of the ileum with its mesentery was placed on a 1 cm piece
of cotton tape which was attached to the egg shell. Only preparations which \\x>re
completed within 15 minutes after opening the egg and which required minimal
manipulation during positioning were included in the experimental protocol. For
further microscopic evaluation in vivo, the egg was transferred to a single-egg
chamber where temperature (37 "C) and air How (4 1/min) were controlled, and
subsequently placed in an intravital microscope setup (Fig. 1).

All in vivo observations were made with an intravital microscope (Leitz Orthoplan
946627). Visualisation of the vasculature was performed with a l.eitz 2()x long
working distance objective (numerical aperture 0.32) via a Leitz Ploemopak illu-
minator 2.1 (1.25x), equipped with a Leitz POL-cube (11). The intestine was epl-
Uluminated using a 75W Xenon lamp. Images were protected onto a CC1) camera
(Hamamatsu Photonics. IIamainat.su. Japan), connected to a Super-VMS video-
recorder (Panasonic, model NV-FS100HQ), and stored on videotape (Sony, Sii|>er
VHS VXSK-180V0 Images were displayed on a monitor screen (Sony, model PVM-
122CE). Final resolution was 1 u.m. Arterial diameters were analysed off-line using
an image-shearing device (IPM, model 908, San Diego, CA). All experiments were
performed on anatomically similar locations of second order branches of the
omphalomesenteric artery.

Drw#s <znrf so/wtfons
Norepinephrine (1-artenolol-bitrate, NE), acetylcholine (ACh), sodium nitroprus-
side, adenosine, papaverine, and phentolamine (PHENT) were obtained from
Sigma Chemical Co. All drugs were dissolved in HF.PF.S buffered Krebs with the
following composition (in mM): NaCl 1433, KCl 4.7, MgSO« 1.2, KH^PO« 1.2, CaCl,
2.5, glucose 5.6, HEPES 15. The pH of the buffer was adjusted to 7.4. Final concen-
trations of the solutions ranged from 10* to 10"* M. All drugs were freshly pre-
pared on the day of the experiment; temperature of the solutions at the time of
administration was 37 °C.

o/ocu/e
Evaluation of the effect of acute hypoxia on second order mesenteric arterial
diameters was performed at 0.6 («-8) and 0.8 (w-7) foetal incubation time. After
an equilibration period of 15 minutes following surgical preparation, a 2-minute
baseline recording was made. Subsequently, hypoxia was induced by replacing
the ambient air (21% Oj) in the egg chamber by 100% Nj (4 l/min) for 5 minute»,
according to a method described previously (4). After completion of the hypoxic
period, reoxygenation was achieved by replacing the N^ with ambient air. During
this period one mesenteric artery was continuously kept in focus and recorded.
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To verify whether this protocol actually reduced blood oxygen content, i.e., resul-
ted in hypoxaemia, blood samples were collected at the end of the 5-minute period
of hypoxia in a separate series of chick foetuses at 0.6 (n-6) and 0.8 («-7) foetal
incubation time and bicxxl gas values were compared with control groups under
normoxic conditions. Samples (0.2 ml) were obtained by withdrawing blood
from the chorioaliantoic vein using a 1 ml heparinised syringe attached to a 21G
needle and analysed at 37 "C using a blood gas analyser (Radiometer ABL510,
Copenhagen, Denmark). The chorioaliantoic vein, being the avian equivalent
of the mammalian umbilical vein, transports blood from the chorioaliantoic
membrane (where gas exchange takes place) to the foetus. Therefore, changes in
chorioaliantoic vein blood gas values reflect changes in foetal arterial blood gas
values.

/4/orx/pressure* measurements
In an additional series of experiments at 0.6 (n-5) and 0.8 (n-6) foetal incubation
time, mean arterial pressure and heart rate were determined under normoxic
conditions xs well as during a 5-minute period of hypoxia. The technique for meas-
uring NCXKJ pressure in the chick foetus was adapted from a method previously
dcscrllxrd by Tazawa et al., and has been demonstrated to provide reliable blood
pressure measurements while maintaining foetal gas exchange (12). Briefly, after
opening of the egg in the clinical incubator, one of the two branches of the
chorioallantoic artery was cannulated with a 10-cm-long nylon catheter (internal
diameter 0.5 mm) which was tilled with 0.9% NaCl. The catheter was inserted into
the artery with its tip pointing upstream. The free end of the catheter was con-
nected to a pressure transducer (Baxter Uniilow, Baxter B.V., Uden, the Netherlands)
which was placed al the same height as the egg. Pressure signals were recorded
on a computer using a data acquisition system and the heart rate was calculated.

/jfTiff q/7op»ca//y app/KY
The effect of a-adrenergic blockade on vasomotor responses to acute hypoxia was
assessed in chick foetuses at 0.6 (n-8) and 0.8 (n-8) foetal incubation time. After
equilibration and baseline recording a 20 ul aliquot of a 10-' M phentolamine solu-
tion (PMENT), corresponding to a single dose of 6.35 ng, was applied to the mesen-
teric arteries. During the 5 minutes after application of phentolamine, a recording
was made to assess the effect of a-adrenergic blcxrkade on baseline arterial diame-
ter. Subsequently, hypoxia was induced for 5 minutes followed by 5 minutes of
reoxygenation. During this period the same mesenteric artery was continuously
kept in focus and recorded.

In a separate series of chick foetuses at 0.6 (n-8) and 0.8 (n-10) foetal incubation
time, we assessed constrictor responses of the mesenteric arteries to norepineph-
rine (NE). After equilibration and baseline recording a cumulative log molar con-
centration-response curve was constructed by applying 20 iü aliquots of increasing
concentrations (Kr*-UH M) of NE to the mesenteric arteries, corresponding to
single closes of 6.38 ng- 63-8 |ig. After application of each dose a 2-minute recording
was made.



To verify the efficacy of the a-adrenergic blockade we also constructed a con-
centration-response curve for NK S minutes after topical administration of a 20 nl
aliquot of a 10'* M phentolamine solution to the mesenteric arteries in a separate
series of chick foetuses at 0.6 (n-6) and 0.8 (w-6) foetal incubation time.

To assess the vasodilator capacity of second order mesenteric arteries both under
baseline conditions and after induction of arterial tone using 10"* M topically
applied NE, we measured changes in mesenteric arterial diameters in response to
topically applied acetylcholine (ACh). Dilator responses under baseline conditions
were assessed in chick foetuses at 0.6 (n-6) and 0.8 (n-7) foetal incubation time.
After equilibration and baseline recording a cumulative log molar concentration-
response curve was constructed by applying 20 pJ aliquots of increasing concen-
trations (10 -̂10"' M) of ACh to the mesenteric arteries, corres|x>nding to single
doses of 3.63 ng-36.3 Mg- After each dose a 2 minute recording was made Dilator
responses in NE-constricted arteries were assessed in a similar way by topical
application of 20 nl aliquots of ACh 10*-10"* M after administration of lO'' M NK to
the mesenteric arteries.

In a separate series of chick foetuses at 0.8 foetal Incubation lime (n-S),
we investigated whether topical application of a 20 (il aliquot of 10' M ACh indu-
ced maximal vasodilation. To this end, the vasodilator effect of JO''' M ACh was
compared to a cocktail of 10-* M each of sodium nitroprusside, adenosine, and
papaverine. No additional increment in arterial diameter was observed after appli-
cation of this cocktail on top of ACh (data not shown), indicating that a 20 |il aliquot
of 10^ M ACh induced maximal vasodilalion.

The effect of repetitive application of the buffer solution was assessed in a
separate series of chick foetuses at 0.8 foetal incubation time (w-5). TO this end,
20 til aliquots of HEPES buffered Krebs were applied to the mesenteric arteries
10 times, with 2-minute intervals. No significant changes in arterial diameters were
observed during 10 successive applications of 20 pi of HEPES buffered Krebs
within a 30-minute period (data not shown).

Lununal diameter of a second order mesenteric artery was measured at about 50
|im from the bifurcation of the first order mesenteric artery, a site with clear dis-
tinction of the inner margins of the vessel wall (13). In the course of an experi-
ment, all measurements were performed at this site of the second order mesenteric
artery. Changes in diameter are presented as percentage of baseline diameter, with
baseline being 100%.

Data are expressed as mean ± SEM. The term w refers to the number of foetuses; one
artery per foetus was selected. Statistical comparisons between groups were made
using the Mann-Whitney U test Statistical comparisons within groups were made
using the Wilcoxon signed ranks test Statistical significance was denned as a p<0.05.
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Figure 2
Diameter tracing of the
effect of hypoxia and
reoxygenation on a
second order mesenteric
artery at 0.8 foetal incu-
bation time. Arterial dia-
meter was measured
every 15 seconds, under
baseline conditions
(-120-0 s), during hypo-
xia (0-300 s), and during
reoxygenation (300-600
s); TN indicates timepoint
of maximal vasoconstric-
tion.
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Figure 3
Effect of 5 minutesofhypo-
xia followed by 5 min-
utes of reoxygenation on
mesenteric arterial dia-
meter at 0.6 and 0.8 foetal
incubation time. Acute
hypoxia induced a sig-
nificant reduction in ar-
terial diameter at both
0.6 and 0.8 foetal incuba-
tion time. The magnitude
of the vasoconstriction
was significantly larger
in the older foetuses.
During reoxygenation a
similar level of vasodila-
tion above baseline was
obsened at both stages of
foetal incubation.
»« p<0.01, 0.6 vs. 0.8
foetal incubation time
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RESULTS

Figure 2 illustrates a diameter tracing of the effect of acute hypotrift a
order mesenteric artery at 0.8 foetal incubation time. The artery was recorded con-
tinuously and arterial diameter was measured every IS seconds. The response to
hypoxia was characterised by an initial transient constriction with ;t peak after
about 100 seconds, followed by a relaxation to baseline level that continued until
the end of the 5-minute hypoxic period. Reoxygenation resulted in a vasodilaiion
above baseline, which was maintained until the end of the "»-minute period of
reoxygenation.

In subsequent experiments, mesenteric arterial diameters were measured at
four time points: before hypoxia (base), at maximal vasoconstriction during hypoxia
OV). at the end of the hypoxic period (*>'), and at the end of reoxygenaUon
(10'). Baseline diameters increased from 56 ± 2 9 um at 0.6 incubation to 7S ± 2.4
jim at 0.8 foetal incubation time. During hypoxia arterial diameters significantly
decreased to 87 ± 4.4% of baseline (from 56 to 49 urn, p<0.05) at 0.6 foetal incuba-
tion time and to 44 ± 6.7% <from 64 to 28 urn, p<0.05) at 0.8 foetal incubation time
(Fig. 3). The magnitude of this vasoconstrictor response was fourfold larger at 0.8
as compared with 0.6 foetal incubation time (p<0.01). Maximal vasoconstriction
during the 5-minute period of hypoxia was observed at 106 (51-207) seconds and
105 (79-137) seconds from the start of hypoxia at 0.6 and 0.8 foetal incubation time,
respectively, and lasted for approximately 30 seconds. During reoxygenation a
significant vasodilation above baseline was observed in both groups (to 118 ± 6.5%
and 121 ± 7.5% of baseline, p<0.05, at 0.6 and 0.8 foetal incubation lime, respect-
ively).

Blood gas analysis demonstrated that 5 minutes of hypoxia induced a signifi-
cant decrease of arterial Po^ from 11.7 to 30 kPa at 0.6 foetal incubation time, and
a reduction of arterial Poj from 7.2 to 1.6 kPa at 0.8 foetal incubation time The
absolute level of the arterial Po^ at the end of the 5-minute period of hy|x>xia
was higher at 0.6 as compared with 0.8 foetal incubation time. However, when
expressed as a percentage of control (normoxic) oxygen tension, arterial Po^ was
reduced to a similar extent at 0.6 and 0.8 foetal incubation time (74% and 78%,
respectively, Table 1).

Table I. Blood gas values at 0.6 and 0.8 foetal incubation time at the end of the 5- minute period of hypoxia
(100% Nj) as compared with control conditions (21% 0j)

0.6 foetal Incubation time 0.8 foetal Incubation time

control (n-5) hypoxia (n-5) control (n-7) hypoxia (n-7)

11.65 ±0.63 2.98±0.26* 7.18±0.59 1.57±0.18"

Pcoj(kPa) 1.98 ±0.07 1.43 ±0.04* 4.57 ±0.41 4.45 ±0.25

pH 7.57 ±0.02 7.63 ±0-03 7.56 ±0.03 7.53 ±003

*. ** p<0.05, p<0.01, at the end of 5 minute» of hypoxia vs. control
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Figure 4A

Figure 4B

Figure-»
Effect of 5 minutes of hypoxia on mean arterial pressure (A) and heart rate (B) at 0.6 and 0.8 foetal incuba-
tion time.
* p<O.OS, vs. baseline; *• p<0.01,0.6 vs. 0.8 foetal incubation time

Mean arterial pressure under baseline conditions significantly increased from 11
± 0.4 mm Hg at 0.6 foetal incubation time to 21 ± 0.6 mm Hg at 0.8 foetal incu-
bation time (p<0.01). During acute hypoxia mean arterial pressure significantly
decreased to 4.0 ± 1.1 mm Hg (p<0.05) at 0.6 and 11.8 ± 2.8 mm Hg (p<0.05) at
0.8 foetal incubation lime (Fig. 4A). Heart rate under baseline conditions was not
significantly different between 0.6 and 0.8 foetal incubation time (216 ± 3 beats/
min and 210 ± 14 beats/min. respectively). During hypoxia heart rate significantly
decreased to 68 ± 31 beats/'min (p<0.05) at 0.6 and 132 ± 20 beats/min (p<0.05) at
0.8 foetal incubation time (Fig. 4B).
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Topical application of PHENT alone did no« significantly alter baseline meMMOriC
anerial diameters at 0.6 and 0.8 foetal incubation time (97 ± 2S% and 98± 5.0%,
respectively). At 0.6 foetal incubation time, neither the hypoxia-:issociated vaao-
constriction (to 89 ± 4.0% of baseline) nor the vascxJUation during reoxygenatk>n
(to 116 ± 3-2% of baseline) were significantly affected by a-adrenergic blockade.
In contrast, at 0.8 foetal incubation time the vasoconstrictor response during hypo
xia was significantly attenuated by a-adrenergic blockade (p<0.01. Fig. S). In the
presence of PHENT acute hypoxia induced only a slight decrease in mesentertc
arterial diameter (to 93 ± 2.7% of baseline, p-0.05). Subsequently, diameters In-
creased to 117 ± 33% above baseline(p<0.05). and further increased to 122± 2.7%
(p<0.05) during reoxyge nation.
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Rgure5
Effect of topically applied phentolamine on vasomotor responses during acute hypoxia and reoxygenation
at 0.8 foetal incubation time. Alpha-adrenergic blockade significantly reduced the hypoxia-assodated vaso-
constriction.
»• p<0.01, hypoxia in the presence of phentolamine vs. hypoxia alone
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Figure 6
Effect of topically applied
norepinephrine on mesente-
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Cumulative application of increasing concentrations of NE caused a decrease
in arterial diameter in both age groups (Fig. 6). Maximal vasoconstriction was
observed after application of 10** M (0.6 incubation) or 10' M (0.8 incubation) NE.
At these applied concentrations, arterial diameters significantly III-CIV.IM-II to "1 t
3.0% (p<0.05) and 35 ± 3.8% (p<0.01) of baseline at 0.6 and 0 8 I.KI.II HU uh.inon
time, respectively. The magnitude of maximal constriction to NF. was approximately
twofold larger at 0.8 as compared with 0.6 foetal incubation time (p*0.01).

Topical administration of a 20 uJ aliquot of 10' M phentolamine to the
mesenteric arteries completely prevented the reduction in arterial diameter by
norepinephrine at 0.6 foetal incubation time. At 0.8 foetal incubation time the con-
centration-response curve for norepinephrine shifted to the right in the presence
of phentolamine, indicating a reduction in norepinephrine sensitivity (Fig. 7).

Subsequent application of increasing concentrations of ACh to the same arteries
resulted in a gradual vasodilation at both 0.6 and 0.8 foetal incubation time.
Maximal arterial diameters were observed after application of 10 ^ M ACh, and were
significantly different between 0.6 and 0.8 foetal incubation time (63 ± 3.5 Jim vs. 91
± 2.3 um, p<0.001). However, expressed as percentage change from baseline, maxi-
mal levels of vasodilation were not significantly different between the two stages of
foetal development (to 113 ± 4.4% and 122 ± 4.8% of baseline at 0.6 and 0.8 foetal
incubation time, respectively; Fig. 8A).

Topical application of increasing doses of ACh under baseline conditions, i.e.,
without prior constriction with NE, also caused a concentration-dependent dila-
tion of the mesenteric arteries at 0.6 and 0.8 foetal incubation time. Maximal levels
of vasodilation in both groups were not significantly different (to 125 ± 2.6% and
133 ± 5.4% of baseline at 0.6 and 0.8 foetal incubation time, respectively; Fig. 8B).

At both stages of foetal development, maximal levels of vasodilation after
application of 10"' M ACh were similar in NE-constricted arteries and in arteries
under baseline conditions. Furthermore, maximal diameters in response to topical
application of ACh were not significantly different from maximal diameters
observed during reoxygenation after 5 minutes of hypoxia.
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DISCUSSION

In order to obtain information with regard to the regulation of vascular tone in
mesenteric arteries during foetal development, we designed a novel cx|X*rimental
setup for measurements of mesenieric arterial diameter in the intact chick loeius
at different stages of foetal development. Between 0.6 and 0.8 of chick foetal
incubation time, baseline luminal diameters of second order mesenteru .UUMK-S

increased from 56 (xm to 75 jim. Since topical administration of the vasodilator
substance acetylcholine induced an increase in arterial diameter of approximately
20% above baseline at both 0.6 and 0.8 foetal incubation time, it may be concluded
that the mesenteric arteries already exhibit a degree of vascular tone under KIM-
line conditions. Topical administration of the non-selective a-adrenergic ai u .)>•< > 111 si
phentolamine did not affect baseline arterial diameter This suggests that during tin-
observed period of foetal development a-adrenergic mechanisms are not involved
In the establishment of baseline arterial tone at this level of the arterial tree.

The mesenteric arteries constricted in response to topically applied norepi-
nephrine at both 0.6 and 0.8 foetal incubation time. Furthermore, this constriction
was significantly attenuated in the presence of phentolamine. This indicates that
functional a-adrenergic pharmacomechanicai coupling is present in the mesen-
teric arteries as early as 0.6 foetal inclination time. The maximal constrictor
response to norepinephrine increased about twofold between 0.6 and O.H foetal
incubation time. This may be due to developmental changes in the efficacy of
the a-adrenergic signal transduction pathway, amount of adrenoceptors as well as
maturation of the vascular smooth muscle contractile apparatus. Interestingly, the
mean arterial pressure increased about twofold during thus period of development,
from 11 mm Hg at 0.6 to 21 mm Hg at 0.8 foetal incubation time. Assuming that
the perfusion pressure at the level of the second order mesenteric arteries also
increased, the arteries at 0.8 foetal incubation time were subjected to a higher
transmural pressure as compared with 0.6 foetal incubation time. Hence, in order
to obtain the observed decreases in luminal diameter, the contractile force gener-
ated by the mesenteric arteries at 0.8 foetal incubation time must be substantially
larger as compared with 0.6 foetal incubation time.

A 5-minute period of hypoxia induced a transient decrease in mesenteric arte-
rial diameter at both stages of foetal development The magnitude of the hypoxia-
associated vasoconstrictor response increased from a 13% reduction of arterial
diameter at 0.6 incubation to a reduction of 56% at 0.8 foetal incubation lime. At
0.6 foetal incubation time application of phentolamine did not significantly affect
the vasoconstriction. This suggests that the constrictor response is not mediated by
a-adrenergic receptors at this stage of foetal development. In contrast, at 0.8 foetal
incubation time the vasoconstriction during hypoxia was substantially attenuated
in the presence of phentolamine. This suggests that it is at least in part mediated by
a-adrenoceptors at this stage of foetal development

At 0.8 foetal incubation time the concentration-response curve for norepi-
nephrine shifted to the right in the presence of phentolamine. This indicates a
reduction in norepinephrine sensitivity, which is typical of a competitive antago-
nist such as phentolamine. Based on these results it cannot be ruled out that the
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7% constriction which remained during acute hypoxia in the presence of phentola-
mlne is related to incomplete a-adrenergic blockade at 0.8 foetal incubation time.

Central haemodynamic measurements showed that during acute hypoxia both
heart rate and blood pressure decreased considerably at 0.6 as well as at 0.8 foetal
incubation time. Assuming a reduction of perfusion pressure at the level of the
incsenterlc arteries, luminal diameter may passively decrease due to elastic recoil of
the arteries subjected to a lower perfusion pressure. This may alternatively explain
the observed small diameter reduction in the presence of phentolamine.

Finally, it may be argued that the difference in the vasoconstrictor response
during acute hypoxia between 0.6 and 0.8 foetal incubation time is due to a dif-
ference in the level of hypoxia. Indeed, arterial P02 during acute hypoxia is lower
at 0.8 as compared with 0.6 foetal incubation time. However, arterial P02 under
normoxic conditions is also proportionally lower at 0.8 as compared with 0.6
foetal incubation time, thus the relative decrease in arterial Poj is comparable. The
mechanisms underlying the developmental change in arterial P02 under normoxic
conditions are beyond the scope of this article but are discussed in detail by
Tazawa et al (14). Briefly, it has been demonstrated that during the third trimester
of chick foetal incubation under normoxic conditions there is a gradual decrease
in arterial 1*0̂  and an increase in Pco, which is in part metabolically compensated.
According to these authors the changes in blood gas levels during late foetal devel-
opment are related to a rise in metabolic rate of the foetus during this period of
incubation. Oxygen concentration of the arterial blood, however, is maintained by
concomitant increases in haematoerit and oxygen affinity of haemoglobin. Since it
has been postulated that oxygen sensitive cells sense the oxygen concentration of
the blood (.9), it seems unlikely that the difference in the vasoconstrictor response
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during acute hypoxia between 0.6 and 0.8 foetal incubation time is due to the dif-
ference in arterial Po_,

Thus, the current study shows that foetal mesenteric arteries constrict in re-
sponse to acute hypoxia. and indicates that the increase in magnitude of this vaso-
constrictor response during 0.6O.8 of foetal development results from an increase in
adrenergic constrictor capacity.

Interestingly, during the reoxygenation period the mesenteric arterial diame-
ters increased above baseline levels, suggesting a hyperaemlc response at both 0.6
and 0.8 foetal incubation time. The maximal arterial diameters obtained during the
reoxygenation period were comparable to the levels of vasodilation obtained with
topically applied 10^ M acetylcholine, a concentration sufficient to obtain maxi-
mal vasodilation. The vasodilator response actually started during the hypoxic
phase and progressed during the reoxygenation phase. Maximal vasoconstrlciion
during the S-minute period of hypoxia was observed at approximately 100 seconds
from the start of hypoxia. and lasted for about 30 seconds. By the end of the
5-minute hypoxic period arterial diameters returned almost to baseline level. In
contrast, the vasoconstriction observed after topical application of norepinephrine
under normoxic conditions lasted as long as 30 minutes (data not shown). Since
acute hypoxia in the chick foetus is associated with a rise in plasma levels of
norepinephrine (IS), it is interesting to observe a vasodilator res|jonse already
during the hypoxic phase. This suggests that secondary to the initial const riet ion In
response to hypoxia a potent vasodilator substance is released locally.

In conclusion, the chick foetal mesenteric vasculature is a readily accessible
vascular bed for studying the development of vasomotor control in small resist-
ance-type arteries. In the current study we showed that a-adrenergic pharmacome-
chanical coupling is already present in chick foetal mesenteric arteries as early as
0.6 foetal incubation time. The ability of mesenteric arteries to constrict in response
to both physiological and pharmacological stimuli increases between 0.6 and 0.8
foetal incubation time. In contrast, vasodilator responses of the mesenteric arteries
remain constant during this period of foetal development. This may suggest
that the maturation of vasodilator mechanisms precedes that of vasoconstrictor
mechanisms during foetal development
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CHAPTER 7

Chronic Foetal Hypoxia Alters Haemodynamic Control
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INTRODUCTION

During embryonic development, blood vessels arise through the procMMtof va*
culogenesis. angiogenesis. and aneriogenesis. The primitive vends develop iMO
arteries and veins after recruitment of vascular smooth muscle cells and com-
mencement of perfusion. Molecular mechanisms controlling the morphogenic
transition of primitive blood vessels into a mature vascular network are rapidly
being unraveled (1). However, little is known on the acquisition of vasomotor
properties. It is still unknown when these newly formed arteries attain the ability
to regulate local vascular tone in response to the oxygen demand of the individual
organs, when central nervous coordination over the different vascular Iwls is
instituted in order to regulate blood pressure, and which signals guide the matu-
ration of this complex regulation.

According to the foetal programming hypothesis, aberrant development of
the mechanisms which regulate vascular tone lies at the origin of c ardiovascular
diseases in later life, for example essential hypertension. It is speculated that dc|>
rivalion of oxygen availability during foetid development, which is associated with
tntrauterine growth retardation, induces permanent alterations in the functional
behaviour of arteries, thereby increasing peripheral vascular resistance and pro-
gramming for hypertension. This hypothesis is based on epidcmiologk relation-
ships between low birth weight and development of cardiovascular disease In
adulthood (2).

It is well established that hypoxia triggers the production and release of vas-
cular endothelial growth factor (VEGF) and adenosine, which stimulate angiogen-
esis and arteriogenesis, respectively (1,3,4). Both factors also exert vasodilator
effects (5). These observations support the idea that chronic hypoxia may alter
arterial network design and local regulation favouring a reduction in peripheral
vascular resistance, rather than the hypothesised rise in resistance. Such an uncom-
pensated decrease in vascular resistance might result in a drop in central blood
pressure. In order to retain blood pressure, it may be postulated that foetal
hypoxia interferes with central autonomic nervous control of the vasculature.
Recent experimental evidence indeed suggests that hypoxia or angiogcnic factors
related to hypoxia may exert neurotrophic effects or modulate nervous function
(63).

It is clear that oxygen availability is a critical determinant of the long-term
design of the vascular system. The objective of this study was to investigate /«
MI« the role of oxygen on the long-term establishment of local vascular tone as
well as on the regulation of central haemodynamics. To this end, we studied the
effects of prolonged exposure to a physiologically relevant level of hypoxia on
ot-adrenoceptor mediated vasoconstriction and nitric oxide-dependent dilation, as
well as the functional maturation of the sympathetic nervous system, in combi-
nation with measurements of arterial pressure and heart rate in near-term chick
foetuses.
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MATERIALS AND METHODS

Experimental procedures were in accordance with the Dutch law on the use of
laboratory animals. Fertile Lohman selected White Leghorn eggs were incubated
at 37 "C and a relative air humidity of 60%. Experiments were conducted in chick
foetuses at day 19 of the 21-day incubation period, corresponding to 0.9 of total
foetal incubation time. From the first day of incubation onward, foetuses in the
normoxic (N) group were incubated at 21% O2, whereas foetuses in the chronic
hypoxic (CH) group were incubated at 15% O2. Survival rate over the 19-day incu-
bation period in the CH group was lower as compared with the N group (51.4% vs.
72.5%).

To assess the effect of chronic hypoxia on foetal arterial oxygen levels and ery-
thropoiesls, blood gas values and haematocrk were determined under baseline
(21 % Oj) conditions in a separate series of normoxic and chronic hypoxic foetuses,
as previously described (9). Body weights were measured to determine the effect
of chronic hypoxia on foetal growth.

Swrjj /ra/ /we/rarwf/on
All surgk al preparations were performed in a clinical infant incubator (21% O2), as
described in detail elsewhere (9)- In short, the egg was opened at the blunt end
com.lining the air cell, and alter penetrating the chorioallantoic membrane (CAM),
the foetus was stabilised by means of two sutures through connective tissue of
the abdominal wall. For assessment of vasomotor responses, the omphalocele was
centered at the level of the CAM, opened by careful blunt dissection, and the intes-
tine was exposed. A segment of the ileum with its mesentery was placed on a 1 cm
piece of cotton tape which was attached to the egg shell. Subsequently, the egg was
transferred to a single-egg chamber where temperature (37 "C) and air flow (21%
Oj, 4 l/min) were controlled, and placed in an intravital microscope setup (9).

The intestine was epi-illuminated to iivo with a 75W Xenon lamp. Second order
mesenteric resistance arteries were visualised using an intravital microscope,
equipped with a 20x long working distance objective, and a Ploemopak illuminator
2.1 (1.25x) with a polarizer-analyzer cube (Leitz), resulting in a 25x magnification
at the camera plane. Images were projected onto a CCD camera (Hamamatsu
Photonics, llain.unat.su, Japan), displayed on a monitor screen, and stored on
videotape. Final resolution was 1 (im.

l.ummal arterial diameters were analysed off-line using an image-shearing
device (1PM, model 908, San Diego, CA). In the course of an experiment, all meas-
urements were performed at the same site of the mesenteric resistance artery.
Changes in diameter are presented as percentage of baseline diameter, with base-
line being 100%.

&Y/x»rf »it»«/«/ profoco/
To investigate the effect of chronic hypoxia on the establishment of a-adrenoceptor
mediated vasoconstriction and dilation, we measured the changes in mesenteric arte-
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rial diameter in response to topically applied norepinephrine (NE) and additional
acetylcholine (ACh) in normoxic and chronic hypoxk" foetuses. Alter an equi-
libration period of 15 minutes following surgical preparation, a 2-minute baseline
recording was made. A cumulative log molar concentration-response curve was
constructed by sequential application of 20 nl aliquots of increasing concentrations
(10*-10 •* M)of NE to the mesentery, and recording of the mesenteric artery linage for
2 minutes following each application. The vasodilator capacity of t he N Ii-constricted
arteries was subsequently determined in a similar way by measuring the changes
In arterial diameters in response to application of 20|*1 aliquots of H)"-10 •* M ACh.

The effect of chronic hypoxia on the functional maturation of perivascuiar
sympathetic nerves was assessed by measuring changes in mesenteric arterial
diameter in response to topically applied ryramine (Tyr, 10MO'' M). Tyramine
releases norepinephrine fn>m perivascuiar sympathetic nerve endings, and does
not affect presynaptic reuptake (10,11).

In addition, changes in mesenteric arterial diameter as well as in central
haemodynamic parameters were determined in response to a short period of
severe hypoxia. After equilibration and baseline recording, acute hypoxia was
induced by replacing the ambient air (21% O^) in the egg chamber by 100% N^
{4 l/min) for 5 minutes. Reoxygenation was achieved by replacing the N^ with
ambient air. During this period one mesenteric artery was continuously kept in
focus and recorded.

Mean arterial pressure and heart rate under baseline conditions as well as during
acute hypoxia were measured according to a previously described method (9). In
short, a 10-cm-long nylon catheter (internal diameter 0.5 mm) which was filled with
0.9% NaCl was inserted into one of the two branches of the chorioallantoic artery
with its tip pointing upstream. The free end of the catheter was connected to a
pressure transducer (Baxter Uniflow, Baxter B.V., Uden, the Netherlands) which
was placed at the same height as the egg. Pressure signals were recorded on a
computer using a data acquisition system and the heart rate was calculated.

Norepinephrine (1-artenolol-bitrate, NE), acetylcholine (ACh) and tyramine (Tyr)
were obtained from Sigma Chemical Co (St. Louis, MO). Drugs were dissolved in
HEPES buffered Krebs with the following composition (in mM): NaCl 1433, KC14.7,
MgSO« 1.2, KH2PO41.2, CaClj 2.5, glucose 5.6, HEPES 15. The pH of the buffer was
adjusted to 7.4. Temperature at the time of administration was 37 "C.

Dafcj analysis
Data are expressed as mean ± SEM. The term n refers to the number of foetuses;
observations were made in one artery per foetus. Statistical comparisons between
groups were made using the Mann-Whitney U test Statistical comparisons within
groups were made using the Wilcoxon signed ranks test. Statistical significance was
denned as p<0.05.
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RESULTS

The effecLs of chronic hypoxia (15% Oj) on foetal characteristics at 0.9 incubation
time, as measured under baseline (21% O2) conditions, are shown in Table 1.
Chronic hypoxic foetuses had a significantly lower body weight (21.9 ± 0.49 vs. 24.7
± 0.40 g, p<0.001), and higher haematocrit (0.34 ± 0.014 vs. 0.30 ± 0.010, p<0.05) as
compared with normoxic foetuses. The reduced survival rate, lower body weight,
and higher hacmntocrit in chronic hypoxic foetuses are indicative of prolonged
reduction in oxygen availability to the growing foetus, which justifies the experi-
mental protocol used. Arterial POj levels under baseline (normoxic) conditions
were similar in both groups (6.3 ± 0.96 and 5.8 ± 0.46 kPa), whereas PCO2 was lower
in the CH group (3.9 ± 0.26 vs. 4.8 ± 0.34 kPa, p<0.05).

Table I. Effects of dironic hypoxia on baseline foetal characteristics at 0.9 foetal incubation time

Variable

Body wrlght (g)

Haemaiocrit

Blood gas values

Poj(kPa)

Pco,(kPa)

PH

Nonnoxk(n)

24.7 ±0.40 (21)

0.3010.01(17)
(7)
5.78 ±0.46
4.83 ±0.34
7.48 ±0.04

Chronic hypoxic (»)

21.9 ±0.49*'* (22)
0.34 ±0.014* (7)
(7)
6.30 + 0.96
3.93 ±0.26*
7.47 ±0.03

' p<O.OS, p<0.001, chronic hypoxic vs. normoxic foetuses

Absolute baseline diameters were similar in the CH and N group (89 ± 5.1 and 98
± 5.0 urn, «-7 and w-9). Cumulative application of increasing concentrations of
norepinephrine (NE) caused a decrease in arterial diameter in the CH and N group
(Fig. 1A). Maximal constrictor response, obtained at a concentration of 10'* M NE,
was similar in Ixith groups (to 34 ± 36% and 29 ± 2.0% of baseline).

Subsequent application of increasing concentrations of acetylcholine (ACh) to
the NE-constricted arteries resulted in a gradual dilation in the CH and N group.
Mesenteric arteries in the CH group dilated to a significantly larger extent in
response to 10"* M ACh as compared with the N group (to 88 ± 12.0% vs. 67 ± 9.1%
of baseline, p<0.05), indicating a shift to the left of the dose-response curve for
ACh (Fig. IB). Maximal dilator response, attained at a concentration of 10•* M ACh,
was also significantly greater in the CH group as compared with the N group (to
118 ± -».9% vs. 105 ± 2.4% of baseline, p<0.05; Fig. 2). However, absolute maximal
diameters were similar in both groups (104 ± 5.0 and 104 ± 4.9 Jim).
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Figure 1
Effect of topically applied norepinephrine (A) and acetylcholine (B) on mesenteric arterial diameter in
normoxic (N) and chronic hypoxic (CH) foetuses at 0.9 foetal incubation time. Maximal constriction to NE
was similar in both groups. Subsequently, acetylcholine was applied on the NE-preconstricted mesenteric
arteries. Sensitivity to ACh was higher in CH as compared with N foetuses, as indicated by the left-shift of the
dose-response curve. Data are expressed relative to baseline diameter (100%).
*P<0.05,CH vs. N group
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Maximal vasodilation to ACh
10-2 M was greater in CH as
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CH

topical .klmmiMr.iiion of 20-fil aliquoLs of increasing concentrations of tyramine
Cl'yr) induced a reduction in inesenteric arterial diameter in both the CH and N
(both n-8 , data not shown). Maximal constrictor response, attained at a concen-
tration of 1 0 ' M Tyr, was significantly greater in the CH compared with the N group
(37 ± 3 6 % vs. 19 ± 5.2% decrease of baseline, p<0.01; Fig. 3).

Figure 3
Effect of topically applied tyra-
mine on mesenteric arterial
diameter at 0.9 foetal incuba-
tion time. Maximal constriction
to Tyr 10-3 M was larger in CH
as compared with N foetuses.
Data are expressed as percen-
tage decrease of baseline dia-
meter.
"p<0.01,CH vs. N group

CH
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Absoiute baseline diameters were similar in the CH and N group {94 ± 4.8 and 95
± 4.5 ftm, «-9 and n-10). The vasomotor responses of the mesenteric resistance
arteries to acute hypoxia (0% Oj) and subsequent reoxygenation (21% O^) were
similar in the CH and X group, in magnitude as well as in time course (Fig. 4).
In both groups, a significant and sustained reduction in arterial diameter was
observed during 5 minutes of acute hypoxia (to 42 ± 2.5% and 46 ± 5.3% of baseline,
p<0.01). which returned to baseline during reoxygenation.

Mean arterial pressure under baseline conditions was similar in the CH and N
group (27 ± 2.2 and 25 ± 1.4 mm Hg; n-8 and n-9; Fig. 5A). However, during acute
hypoxia. arterial pressure significantly decreased in the CH group (to 22 ± 1.8 mm
Hg. p<0,05), whereas it remained constant in the N group (25 ± 0.9 mm Hg). During
reoxygenation arterial pressure significantly increased above baseline in the CH
and N group (to 31 ± 2.2 and 35 ± 1.7 mm Hg, p<0.05). This iiutv.i-.i- u t s greater
in the N group (p<0.01). Baseline heart rate was also .similar in the CH and N
group (205 ± 6 and 199 ± 9 beats/min; Fig. 5B). Although acute hypoxia induced a
significant fall in heart rate in both groups (p<0.01), heart remained at a higher level
in the CH group as compared with the N group (132 ± 3 vs. 117 ± 6 beats/'min,
p<0.05). During reoxygenation heart rate returned to baseline in the N group (185
± 8 beats/min), but only partially recovered in the CH group (172 ± 3 beats/min,
p<0.05).
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on mesenteric arterial
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Effect of S nünutes of severe hypoxia on mean arterial pressure (A) and heart rate (B) at 0.9 foetal incubation
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DISCUSSION

This <n H I « study conducted in intact, unanaesthetised near-term foetuses was ini-
tiated by the concept that reduced oxygen availability during foetal development
may alter the functional behaviour of foetal arteries, and may influence blotxl
pressure regulation. We demonstrated that chronic hypoxia results in enhanced
contractile responsiveness to direct stimulation of perivascular sympathetic nerves
in the mesenteric vascular bed of near-term foetuses. Since maximal respon-
siveness and sensitivity to norepinephrine were not altered, these data indicate
that chronic hypoxia induces sympathetic hyperinnorvation, which may lead to
an increase in arterial tone. Chronic hypoxia was, however, not accompanied
by an elevated systemic blood pressure level. These findings support the idea
that hypoxia influences central autonomic nervous control over the individual
vascular beds in order to maintain cardiovascular homeostasis.

Chronic hypoxia induced a twofold increase in the contractile resjx>nse to
tyramine at 0.9 foetal incubation time. /« «tfix> measurement of arterial diameter
reduction using tyramine is a sophisticated method enabling direct sympathetic
nerve stimulation. The contractile response to tyramine hits been demoastratcd
to reflect the total norepinephrine content of the perivascular sympathetic nerve
endings (11). Since the a-adrenergic sensitivity of the mesenteric arteries in our
experiments was unaffected by chronic hypoxia, the greater constrictor res|x>nse
to tyramine of mesenteric arteries in chronic hypoxic as compared with nonnoxlc
foetuses is indicative of a higher norepinephrine content in the perivascular
sympathetic nerves of chronic hypoxic foetuses. These data suggest that chronic
hypoxia induces functional sympathetic hyperinnervation of peripheral resistance
arteries.

Increased arterial tone after chronic hypoxia was suggested by the response
to acetylcholine. Compared to baseline levels, the maximal vasodilator response to
acetylcholine was larger in chronic hypoxic as compared with normoxic foetuses.
However, in absolute values, arterial diameters during maximal dilation were sim-
ilar in both groups. Since we have previously shown that acetylcholine at a con-
centration of 10"* M increases arterial diameter to a maximal extent (9), these data
indicate that chronic hypoxia increases mesenteric arterial tone under resting
conditions.

The increase in arterial tone at 0.9 foetal incubation time was not reflected in
central haemodynamics, since mean arterial pressure and heart rate were similar
in chronic hypoxic and normoxic foetuses. One explanation for this discrepancy
may be that the total vascular resistance had not changed in chronic hypoxic foe-
tuses. Two important determinants of vascular resistance are vascular tone and
arterial branching pattern. Chronic hypoxia has previously been shown to stimulate
angiogenesis in chick foetuses. Perfusion experiments showed that chick foetuses
incubated at an oxygen level of 15% had a reduced whole body peripheral vas-
cular resistance during maximal vasodilation, indicating that a hypoxia associated
change in architecture of the vascular network was accompanied by a decrease in
structural vascular resistance (12,13). It may thus be suggested that the observed
increase in arterial tone is compensated by a change in vascular network structure.
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Acute hypoxia is a stimulus for increasing efferent sympathetic nervous activity,
and release of catecholamines from the adrenal gland (14). Our data show
that in response to acute hypoxia, blood pressure in chronic hypoxic foetuses
dropped, whereas blood pressure in normoxic foetuses remained at a constant leveL
However, the level of mesenteric arterial constriction was similar in both groups.
Assuming that constriction in the splanchnic circulation reflects a generalised
rise in peripheral vascular resistance (15), the blood pressure decrease in chronic
hypoxic foetuses may have been caused by a reduction in cardiac output. Although
It is known that acute hypoxia exerts a negative inotropic effect on the heart,
studies demonstrating that chronic hypoxia potentiates this effect are lacking. To
address this question further, detailed cardiac output measurements are necessary,
but are currently beyond the possibilities of our foetal model.

At the cellular level, hypoxia increases the activity of the transcription factors
hypoxia-induciblc factor-1 (HIF-1) and HIF-2 (or F.PAS-1). These transcription fac-
tors trigger the expression of genes which are held responsible for hypoxia asso-
ciated angiogenesis, including VEGF (16). Furthermore, HIF-1 and VEGF induce
the expression of nitric oxide synthascs in endothelial cells, promoting the pro-
duction of nitric oxide (17-19). ThLs may explain the enhanced sensitivity of the
prcconstricted mesenteric arteries for the muscarinic agonist acetylcholine, a
known stimulator of endothelial nitric oxide production, which we observed in
chronic hypoxic foetuses. VEGF also stimulates axonal outgrowth and cell survival
in the peripheral nervous system (7), and via its coreceptor neuropilin-1, is impli-
cated in sympathetic axon guidance (6). Knock-out mice lacking the hypoxia-
rcsponse element in the VEGF promotor showed motor-neuron defects (8).
However, it is yet not known whether sympathetic neurons are also affected.

Based on colocalisation of the expression of HIF-2 with the expression of
tyroslne-hydroxylase, the rate limiting enzyme in the synthesis of norepinephrine,
HIF-2 has been postulated to upregulate norepinephrine production (20). Mice
lacking HIF-2 die at midgestation due to profoundly reduced catecholamine levels
(21). The current study shows that chronic hypoxia increases the arterial respon-
siveness to tyramine. This is the first direct evidence obtained IM w'ro of enhanced
norepinephrine production and secretion by perivascular sympathetic nerves after
prolonged exposure to hypoxia. The increase in arterial tone after chronic hypoxia
is the functional effect of this increase in sympathetic innervation.

Although hypoxia has been reported to alter the expression of a-adrenergic
receptor subtypes (22), the current study did not show any change in the sensitiv-
ity or maximal contractile responsiveness of the mesenteric arteries to norepi-
nephrine after chronic hypoxia.

In conclusion, the present study indicates that reduced oxygen availability
to the developing foetus results in sympathetic hyperinnervation, an increase in
mesenteric arterial tone, but no change in blood pressure and heart rate in near-
term foetuses. We postulate that oxygen plays a critical role in the long-term
orchestration of the haemodynamic regulation in pace with the structural design
of the cardiovascular system.
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During foetal life an orderly sequence of developmental changes in
structure and function prepares the gut for the demands of extrautertae life.
Although the morphological differentiation of the intestinal epithelium is already
completed halfway through foetid gestation, the functional development of the gut
occurs at a much slower pace (Chapter 2). When an infant is born before term the
transition from the intrauterine to the extrauterine environment is forced to
occur ahead of time, which requires a precocious activation of gut functions.
Within the framework of this thesis the intrinsic development of the gut as well as
the interaction of the immature gut with its environment were investigated from
both a gastroenterologic and a cardiovascular point of view. The obtained insights
into developmental biology may enhance our understanding of the complex mul-
tifactorial origin of intestinal complications in preterm neonates (Figure 1).
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Figure 1
Novel insights into the multifactorial origin of intestinal complications in preterm neonates.
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INTESTINAL MATURATION

Our observations in preterm neonates provide evidence for the concept that the
functional development of the human intestinal tract is partly governed by an
internal biologic clock and partly by external triggers (1-5). The appearance of var-
ious components of the barrier and nutritive functions of the gut was controlled
by an ontogenetic timing mechanism, modulated by dietary factors. Whereas the
epithelial barrier function had progressed close to a mature level already by 25
weeks gestation, the integrity of the epithelium deteriorated in the absence of
luminal nutrients. Passive and active carrier-mediated monosaccharide absorption
started to increase by 30 weeks postconceptional age, independently of the pres-
ence of luminal nutrients (Chapter 3). However, the development of the intestinal
absorptive capacity for glucose was enhanced by the administration of enteral
nutrition shortly after birth (Chapter 4).

This Is in line with previous findings in transplantation models. When human
small and large intestine were xenografted to mice, the foetal intestine underwent
normal morphological differentiation in the absence of exogenous control by
luminal factors and systemic hormones (6). Similarly, in rodent models the appear-
ance of sucra.se, as well as the induction of fructose absorption and the expression
of its apical transporter protein GLUT5 were independent of external signals (7,8).
A precocious expression of nutrient transporters such as GLUT5 could be induced
by early dietary manipulation (7,9-11).

The time of appearance of a wide range of gut functions is of eminent importance
when an infant is born before its intrauterine development has been completed.
Premature exposure of the gut to the extrauterine environment in the absence of
effective nutritive and barrier functions is a central component to the pathophys-
iology of intestinal and systemic complications in preterm neonates (Figure 1).

In contrast to the foetus, which receives most of the nutrients directly into
the circulation, nutrients arc introduced to the neonate via oral feeding that needs
digestion and subsequent absorption by the intestinal epithelium before reaching
the circulation. Approximately 40% of the energy content of human milk and pre-
term infant formula is provided by carbohydrates (8 g/dl), mainly in the form of
lactose (12,13). The digestion of lactose has been shown to be incomplete prior
to 37 weeks gestation due to low lactase activity (14). In addition, we demonstra-
ted that the capacity for the carrier-mediated absorption of the products of the
digestive process, glucose and galactose, is limited during the first few weeks after
birth in preterm neonates, particularly in neonates born at less than 28 weeks
gestation (Chapter 3). Consequently, introduction of oral feeding to a preterm
neonate in excess of the digestive and absorptive capacity of the gut may lead to the
sequelae of carbohydrate malabsorption.

Fermentation of ingested carbohydrates by bacteria in the lumen of the distal
small intestine and colon generates organic acids (e.g., lactate, acetate, butyrate,
propionate) and gases (e.g., Hj, CO.., methane) (12,15-17). Although short-chain
fatty acids are a major fuel source for colonocytes, excessively high levels of organic
acids, especially butyrate. decrease the luminal pH and cause mucosal damage
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(18). Furthermore, butyrate has been shown to stimulate cytoktne release from
intestinal epithelial cells (19). In addition, gaseous distension of the intestinal
lumen may reduce blood flow in the intestinal wall resulting in compromised
tissue oxygenation. and finally hypoxic injury (20). A role for carbohydrate malab-
sorption and fermentation in the pathophysiology of NEC is supported by the
finding that removal of dietary lactose in a gnotobiotic lactase-defkient animal
model in quails reduced the production of organic acids and hydrogen and sup-
pressed NEC-lÜce caecal lesions (21). Furthermore, hydrogen gas has been found
in intestinal specimens, and breath hydrogen excretion is increased in patients
with NEC (22,23). Low sugar absorptive capacity may thus, as a consequence of
carbohydrate malabsorpuon, predispose the preterm neonate to mucosal injury.

In addition to nutrients, the neonatal gut is exposed to microorganisms. In con-
trast to the foetus, which develops within the sterile amniotk iluid, the newlxirn
infant must be prepared to deal with bacterial colonisation of the gut and with
the ingestion of dietary antigens. To prevent the penetration of potentially harmful
substances, the intestinal tract is equipped with an elaborate system of defence
mechanisms (24). An important line of delence is »instituted by the epithelial
monolayer, composed of cells and the intercellular tight junctions (2S). We showed
that the premature transition from intrauterine to extrauterine life is associated
with a temporary reduction in the integrity of the epithelial barrier. Hits apjx-ars to
be caused by a disruption of the cellular elements and by modulation of the tight
junctions, resulting in an increase in intestinal permeability (Chapter 3).

In our study, the intestinal permeability increased during a period of enteral
starvation in preterm neonates, and was restored or prevented by enteral nutrition
(Chapter 4). This points to a role for enteral nutrition in the origin of these early
postnatal changes. Our observations are in line with the changes in intestinal mor-
phology and function that occur in adult patients for whom parenteral nutrition
is the sole mode of feeding, including mucosal hypoplasia and increased perme-
ability (26,27). It may be speculated that other factors, including exposure to bac-
teria, circulatory disturbances and intestinal hypoxia, contribute to the loss of
epithelial integrity during the neonatal period (28).

In addition to the physical properties of the epithelial barrier, several key
components of the intestinal mucosal immune system are immature in the preterm
neonate. These include the germinal centers in Peyer's patches, IgA producing
plasma cells in the lamina propria, and inlraepithelial lymphocytes, which do not
appear until the end of foetal gestation (29). Furthermore, recent studies showed
that the level of enteric defensin expression, an antibacterial peptide produced by
Paneth cells, is low in the developing gut (30,31 )• Consequently, the gut of the very
low birth weight infant is precociously colonised by an atypical bacterial flora and
exposed to dietary antigens in the presence of a vulnerable mucosal barrier.

What may be the consequence of a disrupted intestinal barrier for the preterm
neonate? According to the gut origin hypothesis, failure of intestinal barrier func-
tion may permit bacterial and endotoxin translocation. This may subsequently
trigger splanchnic and systemic cytokine generation and elicit a systemic inflam-
matory response, leading to sepsis and multiple organ failure (32). Likewise,
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translocation of bacteria and proinflammatory dietary proteins, such as casein, has
been suggested in the initiation of intestinal complications and sepsis in preterm
neonates (20,33,34). In adult patients increased intestinal permeability, endotox-
aemia and/or bacterial translocation have been observed following burn injury,
major trauma, sepsis, acute pancreatitis, and major surgery (35-42). Furthermore,
bacterial translocation has been associated with an increased incidence of infec-
tive complications, at least in immunocompromised patients (40,43). Although
these descriptive studies do not provide absolute proof of a causality between
intestinal permeability, bacterial translocation, and septic morbidity (39,44), they do
support the hypothesis that translocation of bacteria and their products is an
important early step in the promotion of sepsis and multiple organ failure in the
adult. ()ur finding of enhanced systemic recovery of bacterial D-lactate in the pres-
ence of Increased intestinal permeability (Chapter 3) is the first indication that dis-
rupted barrier function is accompanied by intrusion of bacterial products from
the gut lumen, thereby supporting the gut origin hypothesis in preterm neonates.

It is becoming clear that the intestinal epithelium does not only constitute a
physical barrier, but also participates in the mucosal immune response by active-
ly interacting with luminal microorganims through microbial-epithelial crosstalk
(45-47). It has been shown that cnterocytes are able to mount an innate immune
response to bacterial components, such as lipopolysaccharide and peptidoglycan,
resulting In the release of inflammatory cytokines. This immune response is medi-
ated by Toll like receptors present on intestinal epithelial cells (48). In recent inves-
tigations these receptors have also been identified on the basolateral surface of
human foetal small intestinal crypt enterocytes (49). Moreover, exposure of foetal
enterocytes to lipopolysaccharide and interleukin-1 increased the transcription of
Toll-like receptors, and generated a greater release of inflammatory cytokines as
compared with mature enterocytes (50). Epithelial cytokine production, in turn,
can diminish intercellular tight junction integrity and alter intestinal permeability,
which further compromises the intestinal barrier (51). It is speculated that expo-
sure of immature intestinal epithelial cells to bacteria leads to an imbalance be-
tween release of pro- and anti-inflammatory cytokines from the intestinal mucosa.
resulting in an excessive local and systemic inflammatory response (50,52-54).
Attenuation of the physical properties and immaturity of the innate immune func-
tion of the intestinal epithelium, in conjunction with microbial colonisation of the
intestinal tract, may underlie the development of local intestinal and systemic com-
plications in preterm neonates.

From the previous section it is clear that due to low absorptive capacity and vulne-
rable epithelial barrier function during the early postnatal period (Chapter 3). pre-
term neonates may fail to adapt to the extrauterine environment. Fortunately, the
luminal surroundings of the intestinal epithelium are directly amenable to dietary
manipulation. This provides the opportunity for the design of clinically applicable
interventions to improve the barrier and nutritive functions of the immature gut.
Indeed, our studies suggest that enteral nutrients aid in the maintenance of the
epithelial integrity, and even induce a precocious enhancement of nutrient trans-
porters (Chapter 4).

126



These insights into postnatal events that affect gut development contribute to
the growing body of data available on gastrointestinal ontogeny, and .dlow
an increasingly rational approach to the nutritional management of very low
birth weight infants. Nowadays, protocols for nutritional care vary considerably
between neonatal intensive care units due to a scarcity of evidence. It is the fear of
feeding related complications by care givers, particularly necrotising enterocolitis.
which governs when feedings are started, how rapidly they are advanced, what
type of feeding is used, and when they are interrupted. As a consequence, it is still
common practice in many neonatal units to provide only total parenteral nutrition
initially after birth. The limited absorptive capacity of the intestinal epithelium
indeed precludes the administration of large volumes of and rapid advances in
enteral feeding. However, complete enteral starvation is accompanied by a delete-
rious effect on the integrity of the mucosal barrier (Chapter 3). Based on current
clinical evidence in preterm neonates, the early introduction of small volumes of
human milk or preterm formula shortly after birth supplemented by parenteral
feeding to fulfil nutritional and energy requirements is a safe method to supjx>rt
the maturation of intestinal functions which started in utcro with the tngestion of
amniotic fluid.

In addition to nourishment, enteral feeding may thus also be considered as a
form of nutritional therapy to enhance the adaptation of the immature gut to the
transition from the intrauterine to the extrauterine environment. Karly provision of
unmodified human milk or preterm formula is a first step in this process. In recent
years, attention in the management of critically ill adult patients has focussed on
the use of nutritional support. The optimal route of nutrient delivery in critically
ill adults remains controversial (44,55-60). Potentially beneficial effects of supple-
mented enteral feeding on gut barrier and immune function and reduction in
infectious complications have been demonstrated for a wide range of nutrients,
including L-glutamine, L-arginine, omega-3 essential fatty acids, and nucleotides
(61-63). In preterm neonates enteral glutamine supplementation is safe, and is
associated with a reduction in septic events and feeding intolerance (64-66).

Another approach to promote the adaptation of the gut is to manipulate the
development and composition of the intestinal microflora in the preterm neonate.
One way of influencing the composition of the intestinal microbiota is the oral
administration of viable preparations of harmless bacteria, referred to as probi-
otics. It is purported that the probiotic species occupies the same site as the poten-
tial pathogen, and thereby outcompetes the pathogenic strain by colonisation
resistance (67,68). Protective effects of probiotic supplementation with bifidobac-
teria have been demonstrated in animal models of NEC (69-72). Enteral probiotic
supplementation with lactobacilli and bifidobacteria may be beneficial in preterm
neonates by modulating their colonisation patterns (73-76).

Together, a nutritional program consisting of the early administration of low
volumes of enteral nutritional regimens enriched with specific nutrients, such as
glutamine and arginine, prebiotics (77), such as fructo-oligosaccharides, and pro-
biotics, such as lactobacilli and bifidobacteria (68,74-76), could be a promising
approach to promote the adaptation of the gut, thereby preventing intestinal com-
plications and improving the health status of the neonate during early postnatal
life.

CHAPTU 8 - GcmatAL DISCUSSION 127



In addition to short-term benefits of nutritional management, nutrition during crit-
ical periods of neonatal development may profoundly influence long-term out-
comes, a concept known as nutritional programming (78-81). Prospective ran-
domised trials in preterm neonates showed that even a brief period of breast milk
consumption is associated with better neurodevelopment, lower blood pressure,
and enhanced bone mineralisation during childhood and adolescence (82-85). On
the other hand, prolonged breast feeding for more than four months is associated
with a reduction in arterial distensibility, as an early marker of cardiovascular dis-
ease (86). Likewise, based on our data it may be speculated that dietary manipu-
lation in early life affects the development of gut functioning. This is an additional
reason to pay close attention to the nutritional management of preterm neonates.
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VASCULAR MATURATION

The experimental studies in the chick foetus provide unique insights into the
development of the regulation of the perrusion in the immature gut. Hie balance
between intrinsic and extrinsic regulation of intestinal arterial snuxtth muscle
tone shifts from predominant intrinsic control towards extrinsic control. Or, stated
otherwise, the level of vasomotor regulation shifts from predominantly local
control in young foetuses to central control at the end of foetal development.

Extrapolation of these conclusions to the human situation provides a new
concept regarding the role of circulatory disturbances and hypoxia in intestinal
complications in preterm neonates. We hypothesise that consequent to the switch
from local to central vasomotor control, the origin of intestinal tissue damage in the
course of intestinal development shifts from a central to a local problem in oxygen
distribution.

Regulation of arterial smooth muscle tone and thereby arterial diameter is a
dynamic process, which is determined by the balance between dilator and con-
strictor mechanisms. We obtained insight into the dynamics of vasomotor control
by investigating the mesenteric arterial response to acute hypoxia under physio-
logic conditions in the intact foetus (Figure 2). Mesenteric arteries between 0.6
and 0.9 of foetal development exhibited a constrictor response during acute
hypoxia. The vasoconstrictton was rapidly taken over by a dilator response (Chap-
ter 6), and was only maintained in near-term foetuses (Chapter 7). This indicates
that the delicate balance of vasomotor regulation shifts from local dilator control to
central constrictor control during foetal development.
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B«Ml vascular tone in the mesenteric arteries was established by 0.6 of foetal
development (Chapter 6). Potential candidates for the establishment of vascular
tone identified in the neonatal intestinal circulation include a myogenic response,
catecholamines, and endothelin-1 (87). Towards the end of foetal development
mesenteric arterial diameter was already maximal under resting conditions
(Chapter 7). Thus, in spite of an increase in extrinsic vasoconstrictor control,
mesenteric arterial tone under resting conditions decreased towards the end of
foetal development (Figure 3). Our findings are in line with previous observations
in neonatal piglets, which showed that blood flow is near maximal to meet the rel-
atively high oxygen demand of the growing gut under normal physiologic cir-
cumstances (88-90).

Due to the establishment of vascular tone in the foetal mesenteric arteries at
0.6 gestation, the capacity to dilate was present from this early stage onward
(Chapter 6). Moreover, the maximal vasodilator capacity of 2096 is similar to that
previously reported for the same vessels in adult animals (91). At least some of
the vasodilator control in the foetal arteries was conducted via receptor mediated
mechanisms, including the adenosine receptor and the muscarinergic receptor-
nitric oxide system (Chapter 6). This confirms the importance of nitric oxide in the
local regulation of blood flow in the foetal gut, as it is in the neonatal gut (92-95).

Consequent to the early presence of vasodilator control, the perfusion of the gut
was preserved during acute hypoxia despite a serious reduction in blood pressure in
the young foetus (Chapter 6). Several potential mechanisms may be responsible for
the hy|K)xia-associated vasodilation, including the local release of a vasodilator
metalxilite. a direct effect of hypoxia on the vascular wall, and/or a myogenic
response. Evidence In support of the latter is provided by the relation between
changes in mesenteric arterial diameter and in systemic blood pressure in foetuses
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of different gestational ages (Chapters 6 and 7). During the hypoadc period
vasodilauon occurred when acute hypoxia was accompanied by a fall in hkxxt
pressure, but did not occur when systemic blood pressure remained constant.
Furthermore, the increase in arterial diameter generally started during the second
minute of hypoxia when arterial pressure reached its lowest level This Indicates
that a myogenic response is already established at 0.6 of foetal development, and
is an important participant in the intrinsic regulation of the circulation in the
developing gut.

Intrinsic vasodilator control of the splanchnic circulation serves to maintain
the local perfusion in order to optimise tissue oxygonation necessary for the struc-
tural and functional maturation of the developing gut. By the end of foetal devel-
opment a hierarchical regulation of the circulation is installed, which serves to
maintain the oxygen supply to those organs which are essential to the survival of
the whole organism, i.e., the heart and brain To this end, extrinsic neumlnimor.il
constrictor control becomes established during the second half of foetal develop-
ment in less vital vascular beds, including the splanchnic circulation.

Vasoconstriction mediated by a-adrenoceptors was already inducible in the
mesenteric resistance arteries by 0.6 gestation, but was not yet involved in the reg-
ulation of intestinal arterial tone during hypoxia at this stage (Chapter 6) The
adrenergic constrictor capacity of the mesenteric resistance arteries increased
considerably between 0.6 and 0.9 of foetal development (Chapter 7). The most
important mediators of the humoral control of the foetid mesenteric resistance
arteries are a-adrenoceptors, as indicated by the finding that the hypoxia-assoclat-
ed constriction was prevented for 95% by the a-adrenoceptor antagonist phento-
lamine (Chapter 6). This implicates that the proposed contribution of other con-
strictor agents, such as endothelin, vasopressin, and angiotensin II (96-100), as well
as an effect of hypoxia itself on vascular smooth muscle (101,102), is negligible in
vivo. As a consequence of enhanced adrenergic constrictor capacity, the magni-
tude of the constrictor response to acute hypoxia increased during the second half
of foetal gestation (Chapter 6).

Our findings also shed light on the role of the sympathetic nervous system in
the vascular response to hypoxia in the foetus. Functional neural control of the
intestinal circulation by perivascular sympathetic nerves was only attained at 0.9
of foetal gestation (Chapter 7). Considering this fact, sympathetic neural control is
not involved in the a-adrenoceptor mediated constrictor response to hypoxia prior
to this stage. It is therefore highly likely that after the appearance of functional
a-adrenergic receptors on the vascular smooth muscle cells, adrenergic control is
initially exerted by circulating catecholamines released from the adrenal gland as a
direct consequence of a reduction in blood oxygen concentration (103-105).

This sequence of the maturation process has obvious consequences for the regu-
lation of the perfusion of the developing gut. Due to the relatively limited a-adren-
ergic pharmacomechanical coupling in the presence of already well established
intrinsic vasodilator properties, intestinal blood flow during acute hypoxia was
preserved prior to 0.9 of foetal development (Chapter 6). Vasoconstriction started
to predominate following the establishment of neural control of the intestinal cir-
culation, leading to a fall in gut perfusion during acute hypoxia (Chapter 7).
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Kvcn morc important are the implications of local vasomotor control in individual
vascular beds lor the integrated regulation of systemic haemodynamics (Figure 4).
Acute hypoxia was accompanied by a strong decrease in heart rate in all foetuses
between 0.6 and 0.9 of development (Chapter 7). Since heart rate is a major deter-
minant of the cardiac output, bradycardia is accompanied by a drop in cardiac
output. The latter, in turn, leads to a fall in blood pressure, unless it is compensated
by a simultaneous rise in peripheral vascular resistance. Assuming that the splanch-
nic circulation is representative of other major peripheral vascular beds, including
the renal tract and musculoskeletal system (106), predominance of local vasodila-
tor control prior to 0.9 of foetal development precluded a compensatory increase
in peripheral vascular resistance, resulting in a decrease in arterial pressure during
acute hypoxia (Cliapter 6). Dominance of vasoconstriction in the peripheral vas-
culature in foetuses near term resulted in maintenance of the systemic blood
pressure during acute hy|x«ia (Chapter 7), which is vital to preserve the perfusion
and oxygenation of the heart and brain in order to protect the survival of the whole
organism (107). In conclusion, the maturation process of vasomotor control has
important consequences for the distribution of oxygen when oxygen supply to the
developing organism becomes compromised. Consequent to the shift from local
to central control of vasomotor tone, the level of oxygen distribution shifts at the
expense* of the individual organs in favour of the survival of the organism.
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Extrapolation of these conclusions provides a new concept regarding the role
of circulatory disturbances and hypoxia in intestinal complications in preterin
neonates (Figure 1). In previous reports it was postulated that the intestine
becomes ischaemic during a perinatal hypoxic event, due to exaggerated vaso-
constriction and/or insufficient autoregulation of the intestinal circulation.
Subsequent restoration of the oxygen supply to the gut was supposed to Induce
an inflammatory response, causing further damage to the gut tissue, ultimately
resulting in necrotising enterocolitis (Chapter 2). However, these reports ilul not
take into account the aspect of development, i.e.. that the preterin neonate is IK>I 11
in the course of the second half of foetal gestation. Our experimental data suggest
that the immature gut is actually well protected from ischaemia-reperfusion injury.
First, perfusion of the developing gut was preserved during hypoxic periods, due
to the early establishment of local vasodilator control (Chapter (>). Second, the
developing gut was protected from reoxygenation damage following episode«. <>f
hypoxia, due to immaturity of leukocyte-vessel wall interactions, as part ol a local
inflammatory response (Chapter S). In view of the switch from local to central
vasomotor control with increasing gestational age, a role for local gut ischaeinia in
the initiation of tissue damage, if any. is only likely in (near) term neonates.

These findings are consistent with the epidcmiologic evidence. Perinatal
hypoxic events are more common in near- and full-term neonates afflicted with
NEC as compared with healthy gestational age-matched controls. Moreover, in
these neonates NEC usually develops within several days alter such an event (108-
111). In preterm neonates, however, such a consistent causal or temporal associa-
tion between perinatal hypoxic events and NEC has not been demonstrated (112-
115).

Temporary reductions in arterial oxygen content due to respiratory and car-
diac distress are common in preterm neonates (116). As we showed, the ability to
maintain cardiovascular homeostasis under conditions of compromised oxygen
supply depends on the level vasomotor control. We hypothesise that premature
exposure to the extrauterine environment, especially at less than 32 weeks (less
than 0.8 gestation), vasomotor control may still be inadequate to anticipate
episodes of hypoxia. A generalised failure of systemic haemodynamic control may
contribute to intestinal complications in preterm neonates (Figure 1).
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CONCLUDING REMARKS ;

The number of preterm births, especially very low birth weight infants, has steadi-
ly risen during the last two decades. This appears largely attributable to the
increased use of earlier obstetric interventions for pathologic pregnancies, such
as those complicated by severe pre-eclampsia, foetal growth retardation, and
prolonged rupture of membranes, the increase in the rate of multiple births
(caused largely by treatment for infertility), and the increase in the proportion of
deliveries to women aged 35 years or older (117-119). In addition, specific perinatal
and neonatal therapeutic interventions, such as antenatal steroids and exogenous
surfactants, have contributed to continued improvement in the survival of very low
birth weight neonates (120-122).

Ciiving premature birth to an infant is traumatic for parents, and the provision
of intensive care to these patients is expensive. Preterm birth is the most impor-
tant child health problem in developed societies, as it is the leading cause of infant
mortality and is associated with major short-term as well as long-term respiratory,
intestinal, ophihalmologic, and neurodevelopmental morbidity (123,124). There is
a growing appreciation that external triggers, including nutrition and oxygenation
status, during critical windows of development may profoundly influence long-
term outcomes. This adds a new dimension to the care of the preterm neonate and
provides a potential opportunity to prevent such long-term sequelae. The growing
number of very low birth weight neonates and their specific pathologies under-
lines the need for further basic experimental and clinical research in advancing
our understanding of the maturation processes involved in the adaptation to
exirauterine life.
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SUMMARY

Intestinal complications such as necrotising enterocolitis aix- at present main causes
of morbidity and mortality among preterm neonates, in particular very low birth
weight neonates. This topic is introduced in Chapter I Several factors are implied
in the pathogenesis of intestinal complications, including enteral feeding, intestinal
bacterial flora, and dismrbances in intestinal perfusion and oxygenatkm I lowever,
the lack of a comprehensive understanding of the underlying pathophysiologlc
mechanisms has precluded the development of effective preventive measures.
Since the risk of intestinal complications is related to the degree of pa-maturity,
it appears that intestinal complications are the final outcome of the interaction
between an immature gastrointestinal tract and potentially injurious exogenous
influences. The preterm neonate Ls exposed to the stresses of extramerine lile
ahead of time, requiring precocious adaptation of its intestinal tract and cardio-
vascular system. It is hypothesised that a failure to adapt to ihe premature- transition
from the intrauterine to the extrauterine environment predisposes the pretenn
neonate to intestinal complications.

In the first part of Chapter 2 an overview is given of the current knowledge regard-
ing the development of the human gut. Attention is addressed to the intestinal
nutritive and barrier functions, i.e.. the ability to absorb nutrients from Ingested
food, and to pa-vent invasion of potentially harmful luminal factors. In addition,
the specific nutritional management of these patients Ls summarised. The main-
tenance of the structural and functional differentiation of the developing gut
critically depends on adequate blood supply to meet the metabolic demand of the
intestinal tissue. The second part of Chapter 2 presents a review of current litera-
ture concerning the regulation of intestinal perfusion.

To obtain insight into the functional maturation of the human intestinal epithelium
and the influence of nutrition during the early postnatal period on this process,
we conducted a randomised controlled trial in preterm neonates. In Chapter 3
the nutritive and barrier functions of the intestinal epithelium were investigated
in preterm neonates of 25-32 weeks gestation. By means of a sugar absorption-
permeability test we determined passive (D-xylose) and active (3-O-methyl-D-
glucose) carrier-mediated absorption of monosaccharides as well as epithelial per-
meability (lactulose/L-rhamnose ratio) at 1, 4, 7, and 14 days after birth. Neonates
received total parenteral nutrition during the first postnatal week, and enteral nutri-
tion was initiated thereafter.

With respect to the development of intestinal nutritive function our data
showed that the ability of the intestinal epithelium to absorb monosaccharides by
passive and active carrier-mediated transport is established by 25 weeks gestation
and increases around the 30th week of gestation, independent of the presence
of enteral nutrients. Regarding the development of intestinal barrier function we
demonstrated that epithelial barrier function is attained by 25 weeks gestation.
However, the intestinal permeability increased in the course of the first postnatal
week, and restored upon the initiation of enteral feeding. This suggests that the
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preservation of the integrity of the epithelial barrier is dependent on the presence
of luminal nutrients.

In Chapter 4 we evaluated the effects of early administration of small volumes
of enteral nutrition on the maturation of the intestinal sugar absorptive capacity
and barrier function in preterm neonates. To this end, neonates were randomly
assigned to one of two feeding protocols. Neonates in the intervention group
received 12 ml/day of human milk or preterm formula in addition to parenteral
nutrition during the first postnatal week. The control group only received par-
enteral nutrition during the first week after birth, and enteral feeding was initiated
thereafter.

Neonates in the intervention group had higher rates of active carrier-mediated
mono-sacrharidc absorption at the end of the second week as compared with the
control group. Furthermore, intestinal permeability during the first postnatal week
was lower in neonates receiving early enteral feeding. These data indicate that the
administration of small amounts of enteral feeding shortly after birth is an effec-
tive nutritional intervention to accelerate the maturation of the sugar absorptive
capacity of the intestine as well as to preserve the epithelial barrier function in very
low birth weight neonates during the early postnatal period.

In the first part of Chapter 5 a novel foetal animal model is described, which was
designed to study the microcirculation of the immature gut, as well as to investigate
the maturation of vasomotor responses of the mesenteric resistance arteries and
systemic haemodynamics in vivo during the second half of foetal development.

In the second part of Chapter 5 the response of the intestinal wall microcircu-
lation to repetitive periods of asphyxia and reoxygenation was investigated at con-
secutive stages of foetal development. A temporary impairment of the oxygen
supply followed by reoxygenation was not accompanied by an increase in leuko-
cyte-vessel wall interactions, did not lead to leukocyte accumulation in the intes-
tinal tissue, and did not induce histologic damage of the intestinal tissue. These
findings contradict common theories regarding the role of ischaemia-reperfusion
injury in the origin of necrotising enterocolitis. In contrast to the adult gut, leuko-
cyte sequestration into the intestinal tissue after episodes of hypoxia-reoxygena-
tion is not a major contributor to the initiation of injury in the immature gut.

In Chapter 6 the establishment of vasomotor regulation in the intestine during the
second half of foetal development was investigated. To this end, we studied in vivo
diameter changes in mesenteric resistance arteries, as well as changes in heart rate
and blood pressure in response to pharmacologic stimuli and to acute hypoxia in
chick foetuses between 0.6 and 0.8 of development

With respect to the development of vasodilator control we demonstrated that
a maximal vasodilator response to a variety of agents was already present at 0.6
gestation. This indicates that the vasodilator capacity of the mesenteric resistance
arteries is already established at an early stage of foetal development. Regarding
the maturation of vasoconstrictor control we showed that the adrenergic regula-
tion of the intestinal circulation is initiated at approximately 0.6 gestation, is predo-



minantly mediated by a-adrenoceptors, and strongly increases towards the end of
foetal gestation. Acute hypoxia was associated with a fall in heart rate and mean
arterial pressure, and induced a transient constriction of the mesenteric arteries
which was principally mediated by a-adrenoceptors. The magnitude of the hypoxia-
associated constriction in the intestinal circulation considerably increased during
the second half of foetal development, due to the enhancement of the a-adrenergic
constrictor capacity. The predominance of local \~as<xlilaior properties preserved
gut blood How despite a reduction in perfusion pressuav

In Chapter 7 we investigated the role of oxygen on the long-term establishment of
local vasomotor and central haeinodynamic control. To this end. we studied the
effects of prolonged exposure to hypoxia on dilator and constrictor properties of
mesenteric resistance arteries, as well as the structural and functional maturation
of perivascular sympathetic nerves, in combination with measurements of blood
pressure and heart rate in near-term chick foetuses. Chronic hyp« >\u \\ is .I»M H i.iu-d
with functional sympathetic hyperinncrvation, an increase in IIICM-IIU-I u .nu tul
tone, but no change in blood pressure and heart rate at 0.9 of foetal devel« >j)imiit.

Together, the experimental data indicate that in the young foetus vasomotor
control is established at the level of the individual organs, in ordci u > pt«-M-i \ <• tissue
oxygenation necessary for the structural and functional maturation ol ilu devel-
oping organs. At the end of foetal development, central vasomotor control takes
over, resulting in a hierarchical regulation of the circulation, whu li M-IWS to main-
tain oxygen supply to those organs which are essential to the survival ol the whole
organism. Oxygen availability to the developing foetus appears to play a critical
role in the long-term orchestration of the haeinodynamic regulation in pace with
the structural design of the cardiovascular system.

In Chapter 8 the outcomes of the clinical and experimental studies are discussed
in light of the role of intestinal and cardiovascular maturation in the precocious
adaptation to extrauterine life, as well as the implications for the pathogenesis and
potential prevention of intestinal complications in preterm neonates.
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SAMENVATTING

Darmcompücaties vormen in toeneinende mate een belangrijk probleem bij de
zorg voor te vroeg geboren baby's (premature neonaten). Een deel van deze kindc-
ren heeft milde darmproblemen, zoals moeiie met het verdragen van borst- of lles-
voeding in de ecrste weken na de geboorte. De meest ernstige darmaandoening bi|
premature neonaten is necrotiserende enterocolitis (N H > HK-IIMI ivn «.pr.ikc v.m
een ontsteking van een of meerdere gedeeltes vandedumu.' en ot dikkr il.uin. die
uiteindelijk leidt tot onherstelbare beschadiging van het darmwivKi-l M r koint
bi| 1-3 per 1000 pasgeborenen voor, en zelfs bij 6-10% van de baby's geboun voor
32 weken zwangerschapsduur Een op de drie getroffen neonaten overlijt.li ,un «.lit
ziektebeeld. De behandeling bestaat in het merendeel van de gevallen nit chirurgi-
sche verwijdering van het afgestorven darmsegmeni. Ondankseen Mi-ikc MIIHIO-

ring van de klinische zorg voor te vroeg geborenen, en met name \i >oi AVI viocg
geborenen, is NEC momenteel een van de belangrijkste dood.M>ot/.ikc.n hij deze
patienten. Ook bij de neonaten die de eerste moeilijke periode owrleven. heeft dit
ziektebeeld vaak ingrijpende complicaties op de längere termijn. IX- uitgobrvide
operatieve ingrepen op jonge leeftijd leiden niet alleen tot levcnslange lx-|>eikin-
gen van de darmfunctie, maar kunnen tevens ernstige ontwikkelingsstoornis.sen
tot gevolg hebben.

Ondanks uitgebreid onderzoek is de oorzaak van darmcomplicatk-s bij te
vroeg geborenen nog onbekend. Er wordt verondersteld dat drle factoren betrok-
ken zijn bij het ontstaan van NEC: voeding, bacterien, en stoornlssen In do blot-d-
en zuurstofvoorziening van de darm. Echter, geen van deze factoren alzoiulcrlijk
kan het ontstaan van dit ziektebeeld volledig verklaren. Het is gebleken dat de
kans op het ontwikkelen van darmcomplicaties nauw samenhangt met de mate
van vroeggeboorte. Dit wijst erop dat immaturiteit of "onrijpheid" van de dann een
centrale rol speelt in deze problematiek.

Voor de geboorte is de darm een relatief inactief orgaan, gevuld met steriel
vruchtwater. Immers, de foetus krijgt zijn voedingsstoffen via de navelstrcng direct
in het bloed toegediend. Na de geboorte verändert deze situatie op twee fronten.
Ten eerste is de baby afhankelijk van de darm voor de opname van voedingsstof-
fen uit melk. Bovendien komt de dann in contact met bacterien, via de voeding, de
moeder en de omgeving. Hierdoor worden twee belangrijke darmfuncties aange-
sproken, waarbij de darmcellen (het darmepitheel) een essentiele taak vervullen.
Enerzijds is het darmepitheel verantwoordelijk voor de opname van voedingsstof-
fen (de nutritieve functie). Anderzijds biedt de nauwe interactie tussen intacte
darmcellen bescherming tegen de invasie van schadelijke componenten uit de
darm, zoals bacterien en hun producten (de barridre functie).

Tijdens de foetale ontwikkeling wordt de darm op deze functies voorbereid.
De structurele aanleg van het maagdarmkanaal vindt plaats tijdens de eerste helft
van de zwangerschap en is reeds compleet rond de 20e week. De functionele
ontwikkeling van de darm blijkt daarentegen een stuk langzamer te verlopen en
vindt grotendeels plaats in de laatste paar maanden van de zwangerschap. Dit heeft
belangrijke consequenties in geval van vroeggeboorte. Immers, in tegenstelling tot
de normale zwangerschapsduur van 40 weken komt de te vroeg geborene in een
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eerder stadium van de ontwikkeling ter wereld. Als gevolg hiervan wordt een func-
tioneel immature darm aan de omgeving blootgesteld en worden de nutritieve en
barriere functies van de darm voortijdig vereist Het is de vraag in hoeverre de
darm hierop is voorbereid. Een onvoidoende adaputie van de premature neonaat
aan de overgang van het intrauteriene naar het extrauteriene milieu kan predispo-
nvren tot intcsiinale complicaties.

In het eerste gedeelte van dit proefschrift werd bestudeerd in hoeverre de darm
van te vroeg geboren baby's in staat is om suikers zoals glucose op te nemen (de
absorpticcapaciteit) en tcgclijkertijd de passage van mogelijk schadelijke compo-
nentcn te voorknmen (de barridre functie). Immers, een van de belangrijkste ener-
glebronnen voor de baby in borst- en flesvoeding is (melk)suiker. Bovendien werd
ondcrzocht of het mogelijk is om de ontwikkeling van deze darmfuncties te stimu-
leren d(x>r tocdiening van kleine hoeveelheden borst- of flesvoeding kort na de
geboorte, /.ogenaamde stimulatic-voeding.

Het onderzock werd uitgevoerd bi| 120 premature neonaten geboren tussen
25 en 32 weken /wangerschapsduur die waren opgenomen in de neonatale inten-
sive care unit. Door iniddcl van loling werd bepaald of de neonaten gedurende
dc eerste week na de geboorte uitsluitend voeding via een infuus kregen (late voe-
ding gniep) of infuusvocding aangevuld met 12 ml/dag borst- of flesvoeding toe-
gediend via ecu inaagsonde (vrocge voeding groep). De absorptiecapaciteit en de
doorlaalbaarhcid, ;ds maal voor de barriere functie, van de darm werden gemeten
mot Ix-hulp van een siiikerabsorpiielest op dag 1, 4, 7 en 14 na de geboorte.

De tapacileit van de darin om glucose op le nemen was laag bij neonaten
longer dan 28 weken, en steeg rond de 30e week. Vroege borst- of flesvoeding ver-
lioogde de absorptiecupaciteit. De barriere functie van de darm was reeds ontwik-
keld rond de 25e week, lichter, bij de kinderen die alleen infuusvoeding kregen,
nam de barriere funciie van de dann tijdens de eerste week na de geboorte af. Deze
alnainc werd vcx>rkomen door vroege borst- of flesvoeding.

Deze resultaten tonen aan dat vroegtijdige toediening van kleine hoeveelhe-
den borst- of flesvoeding een eenvoudige methode is om de maturatie van de
nutritieve functie van de darm te stimuleren en de barriere functie van de darm te
bevorderen bij premature neonaten.

In het tweede gedeelte van dit proefschrift werd de bloed- en zuurstofvoorziening
van de zieh ontwikkelende dann onderzocht. Immers, de ontwikkeling en instand-
houding van de dann zijn afhankclijk van een adequate toevoer van bloed en
zuurstof aan het darmweefsel. Stoornissen in de bloedvoorziening van de imma-
ture darm zijn mogelijk betrokken bij het ontstaan van darmcomplicaties bij prema-
ture neonaten. Hr wordt verondersteld dal tijdens een kortdurend zuurstofgebrek
van de baby, bijvoorbeeld gedurende de geboorte, de doorbloeding van de imma-
ture dann tijdelijk vermindert. Het tekort aan zuurstoftoevoer naar de darm en het
opt reden van een ontstekingsreactie na het herstel van de doorbloeding zouden
kunnen leiden tot een onhersielbare beschadiging van het darmweefsel.

De doorbloeding van hei darmvaatbed wordt hoofdzakelijk door twee facto-
ren bepaald: de mate waarin de aanvoerende bloedvaien openstaan (de arteriele
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diameter) en de bloeddruk. I'it onderzoek bty vohvassen dieren blijki dat de arte-
riele diameter door een groot aantal factoren wordt beinvloed. Doze factoren ver-
oorzaken ofwel een loename in de diameter (dilatatie) ofwel een ainame in de
diameter (constrictie), en leiden daardoor respectievelijk tot een toe- of ainame van
de darmdoorbloeding. Deze factoren kunnen grofweg in twee groepen worden
verdeeld. Factoren die lokaal in de darin worden geproduceerd, bljvoorbeeld in
de vaarwand en in het darmweefsel, reguleren de arteriele diameter zodanlg dat
de bloedvxxjrziening wordt aangepast aan de behoefte van «.U- il.irm /elf (Ynn.tle
factoren daarentegen coördineren de verdeling van hot Hocdvoluinc mvon «.U- \ i-r-
schillende organen en zijn belangrijk bij de handhaving van de hlooddruk. I liorux'
behoren adrenaline, dat in het bloed vrijkomt vanuit de bijnier, en (sympathische)
zenuwen rond de bloedvaten.

In tegenstelling tot de volwassen dann is het niet bekcnd hoe de doorbloeding
van de immature dann wordt gereguleerd. IX* mogelijkhoden »in deze onderwor-
pen te bestuderen in de menselijke foetus en de te vroeg geborene zijn vanwege
ethische en technische redenen zeer beperkt IXrhalve hebben wij een nieuw
experimenteel diermodel opgezet, waarbij het vaatlx-d van de darmwand en de
aanvoerende bloedvaten van de dann werden onderzocht bij kippenembryo's tij-
dens de tweede helft van de foetale ontwikkeling.

Ten eerste werd in dit model onderzcx'ht of een kondurende onderbroking van
de zuursioftoevoer aan het embryo aanlciding geeft tot een ontsteking en Ixvscha-
diging van de dann. Als maat hiervoor werd de interactie tussen de witte blood-
cellen (leukocyten) in het bloed en de vaatwand bepaakl in de kleine bloedvaten
(microcirculatie) van de darmwand. Deze experimenten tonen aan dat herhaalde
periodes van kortdurend zuurstofgebrek geen toename in leukocyt-vaatwandinter-
acües en geen beschadiging van de darm veroorzaken. Echter, behalve als onder-
deel van een ontstekingsproces, vormen leukocyt-vaatwandinteracties ook een
belangrijke component van de aspeeifieke afweer tegen bacterien. De beperkte
aanwezigheid van dergelijke interacties in de microcirculatie draagt derhalve bij tot
een verminderde barriere funetie van de immature darm.

Ten tweede werd in het kippenembryo model de regulatie van de doorbloe-
ding van de darm bestudeerd op verschillende tijdstippen van de foetale ontwikke-
ling. Hiertoe werd met behulp van een microscoop de reactie van de aanvoerende
bloedvaten van de darm gemeten op lokaal toegediende Stoffen en op een kortdu-
rende onderbreking van de zuurstoftoevoer aan het embryo. Deze experimenten
tonen aan dat in het jonge embryo het vermögen tot constrictie van de bloedva-
ten in de darm slechts beperkt is, terwijl het vermögen tot dilatatie in dit stadium
wel al volledig is ontwikkeld. Naarmate de ontwikkeling van het embryo vordert,
neemt het vermögen tot constrictie toe. Bovendien blijkt dat de doorbloeding
van de darm in eerste instantie wordt gereguleerd door lokale factoren en dat cen-
trale regulatie pas tegen het einde van de ontwikkeling gaat overheersen. Deze
balansverschuiving heeft belangrijke consequenties wanneer de zuurstoftoevoer
aan het embryo tijdelijk wordt verminderd. Het jonge embryo kan onder dergelijke
omstandigheden wel de bloedvoorziening van de darm, maar niet de bloeddruk
handhaven. Dit kan leiden tot verminderde doorbloeding van de organen die vitaal
zijn voor de overleving van het individu, zoals het hart en de hersenen, en derhalve

SAMENVATTMG 147



tot de dood. Daarentegen is het oude embryo goed in Staat om zijn bloeddruk in
stand te houden, ofschoon dit ten koste gaat van de darmdoorbloeding.

Deze experimentele gegevens bieden nieuw inzicht in de rol van stoornissen
in de bloed- en zuurstofvoorziening in het ontstaan van darmcomplicaties bij te
vroeg geborenen. Wij denken nu dat darmschade bij premature neonaten (verge-
lijk het jonge embryo) niet primair wordt veroorzaakt door een lokale stoornis in
de bloed- en zuurstofvoorziening van de darm, maar dat darmcomplicaties bij deze
kinderen een lokaal gevolg zijn van een algeheel onvermogen tot adequate regula-
tie van de bloeddruk.

Met het oog op het groeiende aantal zeer vroeg geborenen en de toenemende
overlevingskansen van deze kinderen zullen darmcomplicaties in de toekomst naar
verwachting een steeds groter probleem worden op de neonatale intensive care
unit. De ernst van deze aandoeningen onderstreept de noodzaak tot fundamenteel
wetenschappeli|k en klinisch onderzock naar de verdere onrwikkeling van preven-
tieve maatregelen en nieuwe behandelingsinethoden.
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