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ress-inauce aa aecreas e OT intestin a naii  Darne r umctiomng : 
aa genera l phenomenon ? 

AnnetteAnnette  van Kalkeren 



Stellingen n 

1.. Op de korte termijn zijn dieren met een reactieve coping style niet gevoeliger voor een door 
stresss geïnduceerde verhoging van de darmpermeabiliteit dan dieren met een proactieve coping 
stylee (dit proefschrift). 

2.2. Een verhoogde gevoeligheid van mestcellen in de darm zou kunnen verklaren waarom 
voedselallergiesymptomenn verergeren wanneer een patiënt stress ervaart (dit proefschrift). 

3.3. Dat zoveel mensen een Aha-Erlebnis krijgen bij de woorden "Ik doe onderzoek aan het effect 
vann stress op darmen", zou te maken kunnen hebben met de vinding, in muizen, dat de 
gevoeligheidd van de darm voor secretagogen is toegenomen na voortdurende blootstelling aan 
stresss (dit proefschrift). 

4.4. "To understand a man's stomach, one must understand the man" zei Stewart Wolf (in The 
psychepsyche and the stomach. A historical vignette, 1980. Gastroenterology 80:605-614). Voordat we 
eenn analoge one-liner kunnen neerzetten voor muizen -'To understand a mouse's intestine, one 
mustt understand the mouse." - moet er nog veel experimented werk verzet worden (n.a.v. dit 
proefschrift). proefschrift). 

5.. Wetenschappers zijn opgeleid om de complexe werkelijkheid in hanteerbare modellen te gieten 
enn deze te gebruiken om de toekomst - zoals de uitkomst van hun experimenten - te 
voorspellen.. De kunst van wetenschap bedrijven is om zich daarvan voortdurend bewust te zijn 
(n.a.v.(n.a.v. dit proefschrift). 

6.. 'The most exciting phrase to hear in science, the one that heralds the most discoveries, is not 
'Eureka!',, but Thats funny...!", aldus Isaac Asimov. Onfortuinlijke wetenschappers hebben ook 
hunn positivo's! 

7.. De gevleugelde uitspraak "shit happens!" krijgt een bijzondere betekenis wanneer ze gebezigd 
wordtt in een lab vol darmfysiologen. 

8.. Hoewel de onderzoekers soms ernstig ongerief ondervinden van de omslachtigheid van 
procedures,, kan geconcludeerd worden dat de dierexperimentencommissie van de UvA zich 
niett schuldig maakt aan gedoogbeleid. Een zwaar bevochten 'license to ki l l ' is dan ook steevast 
'kassa!'' voor 's lands bekendste vlaaienbakker... 

9.. "Wat het klonen van mensen betreft: natuurlijk gaat dat door. En als het niet hier mag, dan 
magg het wel in China of een of andere bananenrepubliek (of Engeland en de USA, AvK). We 
komenn onszelf dus ongetwijfeld nog eens tegen!" (Nederlands Dagblad, 22-01-'98) 

10.. "In een debat is het niet moeilijk zijn mening te verdedigen, maar te weten wat die is" 
AndréAndré Maurois, 1865. 

11.. Op de puinhopen van de mediademocratie! 

Stellingen,Stellingen, behorend bij het proefschrift "Stress-induced decrease of intestinal barrier functioning: 
aa general biological phenomenon?" Annette van Kalkeren, 24 april 2002 
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Preface Preface 

Dailyy life is often a challenge for organisms. Stressors threaten the individual's homeostasis 
andd welfare. Usually, organisms are very well able to withstand these challenges, since they 
aree provided with adequate physiological and psychological equipment. A short state of stress 
seldomm leads to permanent health problems and is rather thought to be necessary or even 
beneficiall  for the adequacy of the stress response. However, the link between ongoing 
exposuree to stressors or single life events and loss of health, is obvious. Very well-known 
exampless of stress-related diseases in humans are cardiovascular disturbances and psychiatric 
illnesss like depression and anxiety, but also gastrointestinal complaints such as irritated bowel 
syndrome,, Crohn's disease, ulcerative colitis and other forms of abdominal discomfort. At 
leastt in certain populations of patients, periods of stress are very often accompanied or 
followedd by periods of gastrointestinal problems, although gastrointestinal dysfunction itself 
mayy also be a cause of stress. 

Muchh research has been focussed on the effect of stress on motility and secretory or 
absorptivee functions of the intestine and the mechanisms and signaling pathways that are 
involved.. This thesis will focus on a far less understood and investigated function of the 
intestine:: the effect of stress on the barrier function, in relation to different behavioral and 
physiologicall  characteristics of individual animals. Studies in rats have shown enhanced 
epitheliall  permeability to macromolecules. This may increase the antigenic load of the 
mucosall  immune system and lead to gastrointestinal disease and food allergy. However, not 
everyy individual may be equally vulnerable: the same stressor can exert different effects in 
differentt individuals, or seemingly have no effect at all. Is there any relation between the 
effectss of stress on intestinal permeability and coping style? 
Thesee issues will be addressed in this thesis, titled Stress-induced decrease of intestinal 
barrierbarrier functioning: a general biological phenomenon? and will introduce the reader into an 
intriguingg topic, of which only a very small part is revealed. 



Chapterr  1 

generall  introduction, aim and outline 
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Abstract t 

Thee major physiological functions of the gastrointestinal tract are digestion of food and 
absorptionn of nutrients into the bloodstream. The gastrointestinal tract is also largely 
involvedd in immunity. These functions are supported by a variety of different structures, 
tissuess and cell-types, both along the craniocaudal axis (from mouth to anus) and from the 
innerr to the outer layers of the wall (lumen to serosa). These structures are under close 
controll  of nervous systems, most importantly the enteric nervous system. 

Stressorss have been shown to drastically disturb the adequacy of the gastrointestinal 
system.. Depending on the coping abilities of the stressed host and the plasticity of the 
system,, these disturbances may have long-term consequences. 

Thiss chapter focuses on intestinal functions, the matching anatomical structures and 
somee regulatory mechanisms. Additionally, effects of stress on gastrointestinal functioning 
wil ll  be shortly reviewed. Finally, the reader is briefly introduced in the concept of 
individuall  differences in coping strategy as well as in its connection with gastrointestinal 
diseases. . 

2 2 



chapterchapter 1 

1.. Anatomy and function of the small intestine 

1.11.1 Anatomy 
Thee intestinal wall consists of many different cell-types in several layers, serving various 
andd often highly specialized functions (figure 1). From the body cavity the first layer is the 
serosa,, surrounding the longitudinal muscles. The longitudinal muscles are divided from 
thee underlying circular muscles by the myenteric nerve plexus (Auerbach's plexus). The 
submucouss nerve plexus (Meissner's plexus) is located between this circular muscle layer 
andd the mucosa. Both nervous plexuses are part of the enteric nervous system (ENS) (see 
below). . 

FigureFigure 1 - The general organization of the layers of the gastrointestinal tract (adapted from 
ref.ref. 9). 

Thee mucosa is a highly organized and folded surface area, yielding (in humans) 
approximatelyy 300 m2 of tissue available for contact with the intestinal content, so that 
nutrientss passing the intestine are effectively absorbed. The mucosa can be conveniently 
dividedd into three distinct layers. The deepest is the muscularis mucosa, a thin continuous 
smoothh muscle layer, separating the mucosa from the submucosa. It might be involved in 
movementss of the vill i (one villus is drawn in figure 2). The middle layer is the lamina 
propria,, connective tissue containing plasma cells, lymphocytes, macrophages, mast cells, 
fibroblasts,, small unmyelinated nerve fibers, blood and lymph vessels and smooth muscle 
cells.. The blood and lymph vessels transport absorbed nutrients from the epithelium to the 

3 3 



chapterchapter I 

restt of the body. The immunocytes serve an immunological function in health and disease. 
Thee third layer is the epithelium, a continuous one cell thick sheet of epithelial cells that 
liness the vill i and crypts. It is divided from the lamina propria by the basement membrane, 
andd is located at a strategic interface between the intestinal lumen (which is continuous 
withh the external environment) and the internal milieu of the host. 

Thiss epithelial layer contains crypt epithelium, undifferentiated cells of which many 
proliferatee and migrate in several days to villus (mainly absorptive) epithelial cells, mucin-
secretingg goblet cells, defensin-secreting Paneth cells, endocrine cells (for instance 5-HT 
containingg enterochromaffin cells) and antigen-presenting M-cells. The undifferentiated 
cellss play an important part in intestinal cell renewal. M-cells are located on the apical side 
off  the Peyer's patches, which are aggregates of small lymphoid follicles. 

Enterocytess (epithelial cells) are sealed together with apical intercellular attachment 
zones,, the zonula occludens, or tight junctions. Tight junctions consist of branching fibril s 
off  transmembrane proteins (occludins and claudins), encircling the lateral aspect of each 
cell.. They form charge- and size-selective gates between the luminal and blood side of the 
epitheliumm and regulate the paracellular permeability by influencing the flow of fluid and 
solute.. Small ions and water can penetrate through the tight junctions, but passage of 
macromolecules,, bacteria and bacterial products is kept to a minimum™. 

BB lymphocytes 

TT lymphocytes 

Plasmaa cells 

Macrophages s 

Mastt cells 

Eosinophils s 

Intraepithelial l 
ymphocytes s 

FigureFigure 2: A small intestinal villus (adapted from ref9) 

1.21.2 Transport function of the epithelium 
Transportt of nutrients, water and ions is the main function of the intestinal epithelium. This 
transportt function is bi-directional: it involves both absorption and secretion, functions that 
aree spatially distinct along the villus-crypt axis. Nutrient uptake occurs predominantly 
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acrosss the villus enterocytes whereas the crypt region is the main site of electrolyte and 
waterr secretion. Both transport processes are dependent on the sodium ion pump (Na+/K+ 

ATPase)) located in the basolateral membrane of the enterocyte, which creates an 
electrochemicall  sodium gradient (three Na+ ions are actively pumped out of the cell in 
exchangee for two K+ ions). This gradient facilitates Na+ absorption down its concentration 
gradientt and thereby nutrient absorption from the lumen via co-transporter systems located 
inn the apical cell membrane. Nutrients are accumulated in the cells and leave the cells via 
carrierr systems, mainly into the lateral intercellular space. Water molecules follow the 
osmoticc gradient generated by Na+Cl~ and nutrient uptake. This way, both uptake of 
nutrientss and resorption of water take place. Conversely, luminal ion secretion that mainly 
takess place via Cf channels in the apical membrane is facilitated by the electrochemical 
gradientt provided by the Na+/K+/2C1" exchanger in the basolateral membrane of the 
enterocyte.. Sodium follows via the tight junctions by simple electrochemical diffusion. 
Waterr follows the sodium and chloride ions passively. Too much absorption of water 
causess constipation, whereas too much secretion induces diarrhea. Extracellular substances 
(forr instance enterotoxins, neurotransmitters or mast cell mediators), which change 
concentrationss of intracellular messengers (e.g. Ca"+, IP3, diacylglycerol, cyclic AMP or 
cyclicc GMP) and the conductance of the tissue by the loosening of tight junctions or the 
openingg or closure of ion channels, are able to enhance or decrease epithelial transport 

7,20 0 

processes s 
Uptakee of macromolecules and even (products of) microorganisms also takes place. The 

entryy of microorganisms and macromolecules into the body is usually prevented by the 
physicall  barrier formed by epithelial cells and the tight junctions. The active uptake of 
smalll  amounts by specialized cells like M-cells, which present the foreign molecules to the 
immunee system, is functional for the development of an adequate mucosal immune 
function,, as will be explained hereafter. Active uptake of proteins, bacteria and endotoxins 
takess place transcellularly via endocytosis. In general, three types of endocytotic uptake are 
distinguished:: 1) highly selective receptor-mediated uptake, 2) adsorptive endocytosis after 
bindingg of molecules to the cell membrane and 3) non-specific fluid-phase endocytosis of 
substancess dissolved in the luminal fluid. The last two are thought to be of particular 
interestt for the uptake and transfer of potential immunogenic proteins. Transcytosis is a 
quitee complex energy-dependent event and occurs via formation and fusion of endosomes 
andd membrane vesicles. These processes are G-protein coupled and require polarization of 
thee cytoskeleton. They are under control of the enteric nervous system, primarily via 
activationn of muscarinic receptors on the epithelial cells n>35'43. 

1.31.3 Barrier function 
Thee primary function of the intestinal mucosa is the digestion of food, the absorption of 
nutrientss and delivery to the blood circulation. For this purpose, the intestinal epithelium is 
thee largest surface area of the body that is in close contact with the external environment. 
Thee enormous borderline area, however, also implicates exposure to many noxious 
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substancess and parasites, which are abundantly present in the gastrointestinal tract. 
Consequently,, another major function of the intestinal mucosa is the maintenance of a 
physicall  barrier against invasions of these substances and parasites 42. 

Thee paracellular pathway is cut off by the tight junctions, which effectively exclude 
peptidess and macromolecules as well as bacteria and endotoxins, and simultaneously 
preventt reflux of solutes from the lateral intercellular space. The main barrier consists of 
thee epithelial cell membranes, which prevent transcellular passage of large and hydrophilic 
molecules.. In addition, the transcellular route is impeded by the coating of epithelial cells 
withh closely packed microvilli which are covered by the glycocalix, a thick layer of 
glycoproteins,, which constitute an effective diffusion barrier. Further prevention of contact 
withh epithelial cells occurs by local secretion of mucins from goblet cells and secretory 
immunoglobulinn A (slgA) antibodies. IgA is produced by plasma cells in the lamina 
propria,, which are probably generated after induction by the lymphoid follicles. These 
largee polymeric immunoglobulins are transported by enterocytes and glandular cells from 
thee lamina propria onto the luminal surface to form a first line of defense against the 
endotoxinss of adhered bacteria or to restrict the uptake of antigens and bind noxious agents 
43,45 5 

1.41.4 Immune function 
Intestinall  epithelial cells form a barrier that separates the host's internal milieu from the 
externall  environment. Besides their important role in the maintenance of the physical 
barrier,, these cells are in the frontier of the host's innate and acquired immune system, 
whichh can also be considered as a barrier. 

Thee critical paradox of mucosal immunity is the avoidance of unnecessary and 
potentiallyy harmful reactivity to dietary proteins and enteric flora (tolerance), matched with 
aa necessity for rapid responsiveness to episodic threats from pathogens. This requires 
continuouss monitoring, antigen sampling, discrimination of dangerous from harmless 
signalss and tight regulation of effector sites. Errors in these processes may affect mucosal 
homeostasiss and lay a basis for chronic inflammation as in Crohn's disease or 
hypersensitivityy to food ingredients 59. 

Immunee cells (mast cells, phagocytes and lymphocytes) are abundantly present within 
thee mucosa, either diffusely spread or aggregated in follicles. These immune cells are in 
factt part of the mucosal barrier against the invasion of unwanted compounds. They 
producee pro- and anti-inflammatory substances that can alter epithelial physiology. The 
entrancee of unwanted compounds may induce a subclinical and local inflammatory 
responsee leading to the elimination of the antigen, or to an excessive and inappropriate 
response,, such as the type-I hypersensitivity reaction (figure 3). Sensitized mast cells play 
aa key role in this type-I reaction by recruiting other immune-mediators like cytokines and 
immunoglobulinn E (IgE). They produce serotonin (5-HT), histamine, prostaglandins and 
cytokines,, which are released by cross-linking of the high affinity IgE- receptor FceRI with 
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antigenn (or, in some species, the high affinit y IgG-receptor  through FcyRI), but also upon 
activationn by neuro-active compounds. The sensitization of mast cells, which is required 

developmentt in time 

 type- l hypersensitivit y 

FigureFigure 3 - Schematic drawing of the hypothetical induction of a Type-I hypersensitivity 
(allergic)(allergic) response. After bypassing the intestinal epithelium, without being processed by 
antigen-presentingantigen-presenting cells, antigens bind to the low affinity receptors CD23 (or FceRII) on B 
lymphocytes.lymphocytes. Activation of B cells leads to IL-4 production in Thelper-2 cells, which 
stimulatesstimulates antigen-specific immunoglobulin E (IgE) production by B-cells and plasma cells. 
TheseThese antibodies sensitize mast cells by binding to high affinity receptors (FCERI). Additional 
challengechallenge with the same antigen- which is now considered a specific allergen - leads to 
releaserelease of primary and secondary mast cell mediators, under which histamine, 
prostaglandinsprostaglandins and cytokines. Release of mast cell mediators cause an anaphylactic 
responsesresponses of the intestinal epithelium, while other immunocytes are stimulated and attracted 
toto the site of inflammation, causing a late-phase response. Both the early and late-phase of 
thethe hypersensitivity response contribute to further aggravation of intestinal symptoms by 
theirtheir action on the epithelial surface. 

forr  this type-l hypersensitivity reaction, is induced by the activity of B and T lymphocytes. 
Afterr  bypassing the epithelial barrier , antigens bind to low-affinit y receptors 
(CD23/FceRII)) of B cells. Activation of B cells induces the production of interleukin-4 
(IL-4 )) by TH(eiPer)2 cells. 11-4 stimulates the production of IgE by B-cells, as well as the 
proliferatio nn of memory cells (carrying low-affinit y receptors) and induces antigen-specific 
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IgEE (or in some cases IgG) antibody production by plasma cells. These specific antibodies 
sensitizee mast cells for weeks or even months by binding to the high affinity receptors in 
thee membrane. Binding of recognized antigens to the sensitized mast cells then induces the 
releasee of primary mediators (histamine, proteases, eosinophil-chemotactic factor, 
neutrophil-chemotacticc factor, heparin) and secondary mediators (platelet-activating factor, 
leukotrienes,, prostaglandins, bradykinin, and cytokines (TNF-oc, TGF-p1, GM-CSF and 
severall  interleukins)34. 11-4 released from mast cells in turn stimulates IgE production by 
B-cells,, as a positive feedback regulation to up-regulate the excitability of mast cells and 
enhancee immediate hypersensitivity responses to new antigen challenges. 

However,, not every contact with antigen leads to hypersensitivity reactions. The 
allergenicityy of the antigen depends on the genetic constitution and age of the host and on 
thee dosage and the way of presentation of the antigen. Moreover, once ingested, the 
antigenss are taken up and processed by antigen presenting cells (APCs), which present 
themm to T cells. The type of antigen-presenting cell together with preformed IgE, the 
secretionn of permissive cytokines and the presence and type of immune cells in the 
neighborhood,, determine what the phenotype of the TH response is, TH1 or TH2. Whereas 
thee TH2 response elicits the type-1 hypersensitivity, involving increased production of 11-4, 
IgEE and mast cells as well as maturation, activation and accumulation of eosinophils, a TH1 
responsee reduces this type of reaction by intervention of interferon-y (IFN-y). IgE 
productionn is inhibited in favor of the production of IgG and IgM. It is generally thought 
thatt the balance between 11-4 and IFN-y determines the amount of IgE produced. Similarly, 
thee balance between TH2 and THI responses seems to determine the individual's 
responsivenesss to antigens. It is known that atopic (i.e. 'inherited allergic') individuals 
havee more TH2 cells whereas non-atopic individuals have more THI cells i4M. 

Otherr immunocytes that are involved in the prevention of antigenic load of the mucosal 
immunee system, are phagocytes. They raise a first line of defense by producing 
inflammatoryy mediators like proteases, oxygen metabolites and cytokines. Moreover, 
epitheliall  cells themselves also participate in antigen sampling, signaling and 
discriminationn of antigens. Enterocytes are not just efferent transporters of secretory IgA, 
butt are capable of producing a variety of regulatory factors which can influence epithelial 
processess itself as well as alert other systems in the lamina propria, thus acting as afferent 
sensorss of danger within the luminal microenvironment. These regulatory factors 
encompasss growth factors, interleukins, interferons, neuropeptides and hormones. 
Epitheliall  cells also express the major histocompatibility complex class II (MHCII), as 
welll  as immunoglobulin and interleukin receptors. In addition, endocrine cells in the 
epitheliumm monitor the intestinal content and can activate the immune system. 
Enterochromaffinn cells, for instance, release 5-HT, possibly to alarm neighboring 

.. 27.49,59.62 

immunocytes s 
Thee mucosal immune function is partly innate, but is also for a great part acquired 

duringg life. Under normal conditions, limited amounts of macromolecules, for instance 
foodd antigens, and even some bacteria, bacterial products and viruses, as well as vaccines 
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aree transepithelially transported and presented to lymphocytes. It is thought that this 
lymphocytee presentation importantly contributes to adequate development of immunity 
andd to the reduction of immunological reactivity to a variety of macromolecules passing 
thee intestinal tract, by inducing tolerance. Indeed, the immune system must learn to 
distinguishh between harmful and harmless, 'foreign' and 'familiar' substances. A nice 
examplee of this functional uptake of macromolecules is seen in the immature intestine. In 
fetusess and neonates of several mammalian species and humans, macromolecules are 
easilyy absorbed by the gastrointestinal mucosa through the process of pinocytosis, whereas 
thee adult gastrointestinal tract is relatively impermeable. This absorption by the immature 
intestinee is thought to be necessary for passive immunization by uptake of maternal 
immunoglobulins,, induction of tolerance for dietary proteins and the rapid delivery of 
hormoness and growth factors from mother milk. Adherence of foreign compounds to the 
antigen-samplingg M-cells may be included in this process, as is the endocytotic uptake by 
macrophagess and dendritic cells in the lymphoid tissue of the Peyer's patches , 

1.51.5 Regulation of gastrointestinal function 
Secretoryy and absorptive functions as well as immunological defense mechanisms and 
barrierr properties of the intestinal wall are regulated and coordinated by circulating 
hormones,, paracrine agonists and neurotransmitters. Paracrine substances are released in 
thee vicinity of target cells and, like hormones, regulate secretory and motor functions of the 
gastrointestinall  tract. Extrinsic neurons and both intramural plexuses form the ENS. The 
myentericc plexus is associated with intestinal motility, while the submucous plexus is more 
involvedd in transport processes. Both myenteric and submucous plexuses are networks of 
nervee fibers and ganglia. Figure 4 illustrates and summarizes the nervous regulation of the 
gastrointestinall  tract. 

Primaryy afferent sensory neurons monitor the state of the gastrointestinal tract from 
moment-to-momentt via mechano-, chemo- and thermoreceptors. Their cell bodies are 
locatedd in the gut wall or in vagal or dorsal root ganglia and their projections and 
connectionss are in or outside the gut wall. Complex networks of interneurons integrate and 
processs information of sensory receptors. They connect afferent sensory fibers with 
efferentt motor neurons that are final common pathways to effector systems and orchestrate 
thee activity of these systems. Effector systems are the musculature, epithelial cells, blood 
vessels,, immune cells and endocrine cells. Moreover, the ENS produces it's own pattern-
generatingg circuitry that drives motor neurons for automatic control of repetitive cyclical 
behaviorr or stereotyped operations of effector systems. This makes the ENS an 
independentt integrative processing system, consisting of 10 neurons in the human gut, 
withh reflex arcs, and structural and functional properties analogues to the central nervous 
systemm (CNS). It acts as 'the brain in the gut' that is able to coordinate and program 
gastrointestinall  functions. It uses numerous neurotransmitters and neuromodulatory agents 
forr signal transduction. Transmitters that exert direct actions on epithelial cells are the pro-
secretoryy substances acetylcholine (ACh), serotonin (5-HT), vasoactive intestinal 
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polypeptidee (VIP) and substance P and the pro-absorptive neuropeptide Y (NPY), 

somatostatinn and norepinephrine. Other well-known neuromodulatory substances are 

histaminee and prostaglandins8-21'36. 

centrall  nervous system 

PVN/LC C 

ia a 
brainstem brainstem 

3ABA_ _ 

sympathetic c 
efferents s r r 

NA A 

I I 
para--
sympathetic c 
efferents s 

ft ft splanchic c 
andd vagal 
afferents s 

NAA ACh NANC Glu/... . 

myentericc plexus <-» submucosal plexus 
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motorneuranss —» effector 
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| | . \\ sensory 
f \\ „ / receptors 

11 ( ^  * 

FigureFigure 4 - Schematic drawing of the nervous control of the gastrointestinal tract. White 
arrowsarrows indicate inhibitory pathways, while black arrows indicate excitatory pathways. 
EffectorEffector systems are muscles, epithelial cells, blood vessels, immune cells and endocrine 
cells.cells. The circle with the cross indicates the sensory and processing integrative system. The 
circlecircle with the gulf indicates the motorsystem. Abbreviations: PVN:paraventricular nucleus; 
LC:LC: locus coeruleus; GABA: J-amino-butyric acid; ACh: acetylcholine; NA: noradrenaline; 
Glu:Glu: glutamate; NANC: non-cholinergic non-adrenergic. 

Notwithstandingg its independent state, the ENS stays in close contact with the CNS and the 

ANS.. Signals from different areas in the CNS (among which the paraventricular nucleus of 

thee hypothalamus) are transmitted to the ENS along the sympathetic and parasympathetic 

branchess of the autonomic nervous system. Sympathetic innervation of the gastrointestinal 

tractt occurs mainly via postganglionic adrenergic fibers. Most of the adrenergic fibers do 

nott directly innervate structures in the tract, but rather terminate on neuronal circuits of the 

entericc nervous system. They usually indirectly inhibit motor and secretory activities. 

Somee sympathetic fibers, however, act directly on blood vessels and cause vasocontriction. 

Thee dorsal vagal complex (DVC) in the brainstem importantly contributes to the 

transductionn of parasympathetic efferent information to the gastrointestinal tract. 

Excitatoryy cholinergic and inhibitory non-adrenergic non-cholinergic (NANC) efferent 
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informationn is send from the dorsal motor nucleus of the vagus nerve (DMN) to the gut. 
Parasympatheticc fibers terminate predominantly on ganglion cells in the intramural 
plexuses.. The ganglion cells then directly innervate smooth muscles and other target cells. 
Thee CNS gets feedback from afferent splanchnic and vagal afferent fibers, which have 
theirr cell bodies mainly in the nodose ganglion and terminate primarily in the nucleus of 
thee solitary tract (NTS) adjacent to the DMN and the vagal motor fibers in the medulla. 
Thee activity of the parasympathetic efferent neurons for instance, is partially regulated by 
glutamatergicc feedback from afferent fibers in the gut to the NTS. Glutamate release in the 
NTSS activates GABA-ergic interneurons, which in turn inhibit the activity of the efferent 
neuronss in the DMN. This, in short, is the vago-vagal reflex pathway 23'2436. 

2.. Effects of stress on the small intestine 

2.12.1 Stress-related gastrointestinal disease 
Stresss is a complex of internal and external challenges that form a threat for the 
homeostasiss of an organism. The stress response is an individualized response aimed at 
restoringg the milieu interieur. A response that manifests itself in significant biological 
changess generally referred to as changes in activity of the autonomic nervous system and 
neuroendocrinee systems (hypothalamus-pituitary-adrenal axis). Usually, these changes 
occurr quickly and also disappear rapidly within hours, but they can sometimes persist for 
longg periods of time even after stress has ceased to exist. These inappropriate biological 
changess may lead to stress-related diseases. 

Thiss is certainly applicable to gastrointestinal functioning. A wide variety of clinical 
evidencee indicates that anxiety and stress are associated with development or flare-up of 
gastrointestinall  dysfunction, like irritable bowel syndrome (IBS), inflammatory bowel 
diseasee (IBD) (consisting of ulcerative colitis (UC) and Crohn's disease (CD)) and gastric 
ulcerationn as well as other forms of abdominal discomfort, including diarrhea. Among the 
patientss with gastrointestinal symptoms, a high incidence of physically and sexually 
abusedd women is reported. IBS patients are often comorbid with psychiatric illnesses, 
affectivee disorders and anxiety being most prominent amongst them. Acute life-threatening 
episodess (leading to posttraumatic stress disorder), loss of primary caregivers and neglect 
aree also considered to be risk factors in the development of functional gastrointestinal 
disorderss 68. In piglets, environmental stress (weaning, novelty and mixing with unfamiliar 
conspecifics)) has been shown to affect mucosal architecture, proliferation of epithelial cells 
andd brush-border enzyme activity, leading to less efficient uptake of nutrients and 
subsequentt chronic growth depression, in pig husbandry known as the 'wasting-pig 
syndrome'' . 

Thesee stress-induced gastrointestinal responses are for a great part mediated via nervous 
signalss coming from the CNS, in close interaction with the ANS and ENS. The 
paraventricularr nucleus (PVN) of the hypothalamus plays an important role in the 
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integrationn of many stress signals coming from other brain areas. Release of corticotropin-

releasingg factor (CRF) from the PVN not only stimulates the release of glucocorticoids via 

activationn of the hypothalamus-pituitary-adrenal axis (HPA-axis) but also influences the 

activityy of the parasympathetic and sympathetic branches of the ANS. Especially 

parasympatheticc (i.e. vagal) activation seems heavily involved in stress-related 

gastrointestinall  disturbances. Innervation of the vagus nerve and other peripheral limbs of 

thee ANS provide the network for rapid responses of the gastrointestinal system to stress 

togetherr with peripheral CRF receptors and mast cells, as wil l become clear in the 

followingg sections 67. In these sections, effects of stress on different gastrointestinal 

functions,, as studied in experimental human and animal models, wil l be reviewed. Herein, 

effectss of stress on intestinal barrier function wil l get an emphasis, since this is the main 

subjectt of this thesis. 

2.22.2 Effect of stress on intestinal functions 

2.2.12.2.1 - intestinal motility 

Thee influence of emotional and physical stress on gastrointestinal motility and transit was 

alreadyy described a century ago by Pavlov and his contemporaries. Since then, stress-

inducedd changes in motility pattern of the gastrointestinal tract, transit and defecation have 

beenn intensively studied. For instance, physical and psychological stressors like abdominal 

surgery,, swimming, restraint stress, novelty, cold-stress and difficult mental tasks are 

knownn to induce marked changes in gut motility in several experimental paradigms in 

humans,, dogs and rodents. In humans with IBS, psychological stress reduces the frequency 

off  the interdigestive migrating motor complex (MMC). The MM C is involved in the 

preventionn of bacterial overgrowth and translocation from the colon to more proximal parts 

off  the gastrointestinal tract and other organs. In rodents in the fed state, stress induces 

delayedd gastric emptying and increased colonic transit and fecal output at the same time, 

whilee the peridiocity pattern of the MMC is affected. In fasted rats, the MM C pattern is 

immediatelyy replaced by patterns of irregular spiking under conditions of restraint stress, 

whilee the spike burst frequency in the colon is increased. Placement of male Wistar rats in 

aa novel environment increased colonic myoelectric activity in fasted control rats. The 

increasee in spike bursts was still stronger in fear-conditioned rats that were previously 

subjectedd to electric foot shocks. Water-avoidance stress increased colonic transit in fed 

ratss and meanwhile reduced gastric emptying 64'68. In dogs, restraint stress also increased 

smalll  intestinal motility41. 

Inn rodents, gastrointestinal stress responses are mimicked by intracerebroventricular 

(i.c.v.)) administration of CRF and blocked by i.c.v. application of CRF-receptor 

antagonistss (both in a dose-dependent fashion), suggesting an important role for this 

neuropeptide.. Neuroanatomical data, showing CRF immunoreactivity and receptors 

localizedd in hypothalamic and medullary nuclei regulating visceral function, further 
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supportt the idea that, during stress, CRF is a reasonable mediator of changes in 
gastrointestinall  motility. This occurs mainly via the regulation of autonomic nervous 
pathwayss through the CRF receptor-subtypes 1 and 2 that seem to differentially influence 
gastrointestinall  motility. However, CRF is clearly not the only mediator. Cold-stress is 
knownn to release thyrotropin-releasing hormone (TRH), which has also been shown to 
potentlyy increase the intestinal motility and transit in rabbits, via a direct action on TRH-
receptorss in the dorsal motor nucleus of the vagus nerve and subsequent activation of 
peripherall  muscarinic receptors 66'68. Activation of the vagus nerve is also implicated in the 
increasedd small intestinal motility as observed in dogs 

2.2.22.2.2 - epithelial transport function 
Bothh physical and psychological stress alter ion transport in human and rat intestinal 
epithelium.. Barclay and Turnberg found a reversal of Na+ and CI" absorption to secretion in 
humanss experiencing psychological stress from dichotomous listening . In addition, they 
reportedd that cold-induced hand pain and exercise stress significantly decreased electrolyte 
andd water absorption 3'4. In all three studies, an important contribution of the vagus nerve 
wass demonstrated. Saunders et al. showed increased small intestinal baseline CI" secretion, 
leadingg to a 50-100% increase in short-circuit current in Wistar-Kyoto rats subjected to 4 
hourss (cold-) restraint. Electrical transmural stimulation of enteric nerves, on the contrary, 
ledd to smaller increase of short-circuit current in stressed animals compared to control 
conspecifics.. The reason for this diminished responsiveness may be either a stress-induced 
depletionn of excitatory neurotransmitters like acetylcholine, or an increased release of 
inhibitoryy neurotransmitters 54. In addition, the presence of mast cells seems a prerequisite 
forr the stress-induced enhanced ion-secretion since chronic water-avoidance stress (5 days, 
11 hour per day) increased jejunal baseline ion secretion in wild-type but not in mast cell-
deficientt rats 52. In Wistar-Kyoto rats, restraint stress caused a two-fold increase in colonic 
ionn secretion, which was abolished by previous intraperitoneal treatment with the CRF-
receptorr antagonist oc-helical CRF(9_4i) (which cannot cross the blood-brain barrier and 
thereforee is considered to act peripherally) and was mimicked by peripheral administration 
off  CRF. CRF is not only found in the brain, but also at numerous peripheral sites, 
includingg the gastrointestinal tract, smooth muscles, nerve terminals and inflammatory 
tissues,, where it displays paracrine/autocrine activities . CRF-mediated ion-secretion was 
abolishedd by the mast cell stabilizer doxantrazole, the muscarinic receptor antagonist 
atropine-sulphatee and the nicotinic receptor blocker hexamethonium, whereas the 
adrenergicc blocking agent bretylium-tosylate and the glucocorticoid synthesis-blocker 
aminogluthetimidee had no effect53. Both stress- and CRF-induced ion-secretion are largely 
mediatedd by muscarinic receptors and mast cells. Mast cell mediators like prostaglandins, 
5-HTT and particularly histamine alter epithelial transport properties and have therefore 
beenn implicated in the pathogenesis of a number of intestinal diseases, for instance IBD 
17,46 6 
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Inn summary, physical or physiological stressors affect intestinal ion secretion via release 
off  mast cells by activation of muscarinic- and CRF-receptors. The mast cell products may 
activatee epithelial cells directly and via the intrinsic nervous system. 

2.2.32.2.3 - epithelial barrier function 
AA variety of experiments has proven that exposing rats to different stressors decreases the 
intestinall  barrier for molecules of various molecular weight, such as mannitol (182 D), 
5lCr-labeledd EDTA (350 D), horseradish peroxidase (HRP, 40 kD) and ovalbumin (45 kD). 
Subjectingg Wistar-Kyoto rats to 4 hours restraint stress at either 20°C or 8°C increased 
bothh transcellular and paracellular fluxes of  51Cr EDTA and HRP in jejunal preparations in 
vitrovitro . Thirty minutes hypoxia and intestinal reperfusion after 10-minutes of ischemia 
causedd respectively 3 and 10-fold increased intestinal permeability to 5iCr EDTA in 
neonatall  Sprague-Dawley rats 37. Chronic water-avoidance stress for 1 hour daily on 5 
consecutivee days impaired the mucosal barrier function in rats up to 72 hours after the last 
exposuree to the stressor . Sub-chronic mild noise exposure (95dB) increased transcellular 
macromolecularr uptake in the small intestine of male Wistar rats '2. Recently, Santos et al. 
alsoo reported increased permeability to HRP and the bacterial peptide fMLP (N-
formylmethionyl-leucyl-phenylalanine)) in the colon of male Wistar-Kyoto rats after 
exposuree to cold-restraint 53. Meddings reported increased paracellular permeability to 
sucrose,sucrose, lactulose/mannitol and the artificial sucrose-analogue sucralose in diabetes-prone 
BBB rats in vivo . Impaired barrier function was also observed in pigs and mice. Transport 
stresss in pigs increased the concentration of intestinal-derived endotoxins in the blood 
suggestingg a disrupted barrier function in these animals, which may largely influence the 
healthh of the animals and the quality of the meat 73. In mice, immobilization stress is 
associatedd with translocation of indigenous bacteria from the gastrointestinal tract to 
mesentericc lymph nodes, liver, spleen and other organs 2. 

Thee stress-induced effects are likely to affect the physical, physiological, enzymatic and 
immunologicall  barriers of the intestine which are under neurohormonal control. Kimm et 
al.. showed that the epithelial barrier for macromolecules is under nervous control by 
experimentss in which the neurotoxin tetrodotoxin (TTX, a sodium channel blocker that 
preventss propagation of action potentials in nerves) reduced basal transcellular uptake of 
thee protein bovine serum albumin (BSA) with 45% in rat jejunum 29. Cholinergic 
muscarinicmuscarinic innervation is of particular interest, since atropine pretreatment of the tissues 
reducedd uptake of BSA with approximately the same percentage. Phillips and colleagues 
showedd in 1987 that cholinergic stimulation of rat distal ileum largely increased the 
epitheliall  permeability for HRP, both transcellularly and paracellularly (through the tight 
junctionss of crypt epithelium)47. Bijlsma et al. found increased paracellular permeability as 
welll  as enhanced endocytotic uptake of HRP in in vitro preparations of distal ileum of 
femalee Wistar rats after serosal application of carbachol, a stable analogue of acetylcholine 

.. It was repeatedly demonstrated that stress-induced decrease of epithelial barrier is 
preventedd by an injection with the muscarinic receptor antagonist atropine prior to 
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exposuree to the stressor, suggesting an important mediating role for the cholinergic nerves 
inn gastrointestinal barrier control8. Thus, the contribution of muscarinic receptor activity to 
alterationss in barrier function is unquestionable. 

Pharmacologicall  experiments with CRF and CRF-receptor antagonists have also 
revealedd a role for peripheral CRF-receptors. Intraperitoneal CRF administration in rats 
mimickedd the enhancement of the colonic epithelial permeability for macromolecules as 
seenn in the restraint stress paradigm S3. However, ganglionic and muscarinic blockers of 
thee cholinergic system as well as tetrodotoxin reduce the effect of CRF, suggesting that 
CRFF acts via the neuronal system. 

Moreover,, mast cell deficient rats, seem resistant to stress-induced and CRF- induced 
effectss on macromolecular epithelial permeability 52. Histological investigations have 
revealedd that enteric nerve fibers are located in close apposition of mast cell in the 
gastrointestinall  tract and physiological studies have proved the functional relation between 
peripherall  nerves and mast cells 7'10. A functional link between the CNS and mucosal mast 
cellss has been shown by Macqueen, who reported Pavlovian conditioning of rat mucosal 
mastt cells following an audio-visual cue, resulting in degranulation of mast cells 
Furthermore,, mast cell degranulation took place in response to stress-exposure 
(immobilization,, restraint and environmental stress) 16,5°. The presence of muscarinic- and 
CRF-receptorss on mast- cells may be of relevance in stress- induced mast cell 
degranulation n 

Soo far, no convincing evidence exists for major glucocorticoid involvement in acute 
stress-inducedd barrier impairment. However, high circulating glucocorticoid concentrations 
mayy become of importance on the longer term. Chronic stress may indirectly change 
intestinall  barrier function by diminishing the production of secretory immunoglobulin A 
(IgA)) via increased glucocorticoid release in the blood circulation. Since secretory IgA acts 
ass a first line of defense in the intestinal lumen, e.g. it prevents bacterial adherence to the 
epithelium,, diminution of IgA levels may increase the hazard of epithelial leakage induced 
byy bacterial endotoxins 63. 

Onn the contrary, mucin-secretion from goblet cells is also triggered under stressful 
conditionss 50. Increased mucus secretion upon acute stress may contribute to an increased 
barrierr function. Cholinergic nerves may importantly contribute to this process, since crypt 
goblett cells release their content within 5 minutes after cholinergic stimulation and 
cholinergicc nerve endings are found in the proximity of these cells 47. Again, a special role 
seemss to be reserved for mucosal mast cells, since stress-induced mucin release is largely 
diminishedd in mast cell deficient mice (Kitw/Kit Wv) in comparison to their wild-type 
counterpartss 16. This stress-induced alteration of mucin release might be relevant from a 
clinicall  point of view: In patients with IBS, discharge of mucin release is frequently 
reported,, while mucosal mast cells are much more abundant. As suggested by Soderholm 
andd Perdue, on the long term, the thickened mucus layer may be deleterious because the 
tissuee will not be able to adequately respond to ongoing or new threats 61. 
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2.2.42.2.4 - antigenic load of the mucosal immune system 
Stresss may render an organism susceptible to an inflammatory or infectious stimulus by 
alteringg intestinal physiology. Bacterial overgrowth by disturbed intestinal motility and the 
breachh of the barrier function may largely increase the antigenic load of the mucosal 
immunee system. Not only noxious compounds and microbes may gain access to the lamina 
propriaa and threaten the host, but also antigens that are otherwise harmless. The latter 
mightt now cross the barrier via leaky tight junctions and take the paracellular route, instead 
off  undergoing the epithelial processing that is necessary for oral tolerance. This way, they 
mayy activate resident immune cells in the lamina propria, causing inflammation or allergy 

.. Figure 5 is a hypothesis of how stress may influence intestinal function by increasing 
thee antigenic load and subsequent increase the risk for the health of the host. 

Theree is much evidence for the conclusion that stress affects the intestinal physiology. 
However,, the notion that much of the patho-physiology induced by stress may be primarily 
duee to stress-induced impaired barrier function is not studied in depth. The only organism 
wheree stress has been shown to increase permeability for macromolecules is the rat. But 
nott all lines of rats do have the same susceptibility for stress induced increase of 
permeability.. And, even within one inbred line a rather large individual variation in 
responsivenesss was observed (personal communication P. Saunders and M.Perdue). This 
raisess two questions: 1) is the relation between stress and intestinal permeability for large 
moleculess a common biological phenomenon which not only occurs in rats and 2) why do 
nott all individual rats show this phenomenon? Since stress responses of the autonomic 
nervouss system differ considerably between individuals, we hypothesize that the so-called 
copingg style of an individual maybe of relevance in the answer of the second question. 

3.. Coping with stress 

3.13.1 Coping strategies 
Thee general use of the term 'stress' to describe specific forms of physical or psychological 
stimulii  ('stressors') is usually accompanied by an implicit expectation that the 'stress' will 
leadd to a diminished well-being and a decreased resistance to the disease under 
investigationn . The word 'stress' in combination with a particular stimulus e.g. 
'restraint'' or 'isolation', is often referred to as 'restraint stress' or 'isolation stress' (both 
cann be considered as stressors). 'Restraint stress' then is expected to induce stomach ulcers 
andd 'isolation stress' to create behaviorally a-social and aggressive animals. In the previous 
sectionss we sometimes used this kind of generalization for the sake of simplicity, but in 
vieww of the following chapters we need to nuance this terminology and state it more 
explicitly. . 
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FigureFigure 5 - This figure shows the hypothesis of how stress may induce the development of 
hypersensitivityhypersensitivity by increasing the intestinal permeability for antigens, or how it may 
aggravateaggravate existing hypersensitivity by facilitating the entrance of allergens by increasing the 
epithelialepithelial permeability. For explanation of the sensitization process see also figure 3 in 
paragraphparagraph 1.4. 

Wee previously mentioned that the stress response can be defined as a highly 

individualizedindividualized response of an organism to external or internal challenges. The same 

situationn may be very stressful to one individual while not being particularly annoying for 

another.. 'Stress is in the brain of the beholder'71, is a widely recognized notion. A more 

scientificc approach of this statement is given by Koolhaas who mentioned that "not the 

physicall  characteristics of a certain aversive stimulus, but rather the cognitive appraisal of 

thatt stimulus, determines its aversive character and induces a state of stress. The ability of 

ann individual to adequately cope with the situation is crucial to the impact of a stressor on 

well-beingg of the individual" . Stress responses of individuals are determined by a 

multiplicityy of factors, several of them inherited, others developed during lif e span, by 

earlyy experience, social context or other environmental characteristics. These factors 

togetherr affect the individual's coping capacity and determine whether the stressor is 

actuallyy perceived as such, leaving the recipient in a state of stress 5. 
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Copingg can be defined as the behavioral and physiological efforts to master the situation. 
Controllabilityy and predictability importantly contribute to the successfulness of these 
effortss 31. Coping responses have been classified in different patterns, called coping styles 
orr coping strategies. A coping strategy is characterized by a set of behavioral and 
physiologicall  stress responses with a certain consistency, which make it recognizable as 
such.. The word 'strategy' indicates that the stress response is aimed at reducing stress and 
returningg to a state of homeostasis. 

Inn a large variety of animals and in humans, roughly two extreme coping strategies have 
beenn distinguished, originally referred to as the active and the passive coping style ' . 
Thee former is characterized by the fight-flight response with high levels of aggression and 
territoriall  behavior; the latter by a conservation-withdrawal response with immobility and 
loww levels of aggression. However, these descriptions do not acknowledge the fact that 
individualss are always in interaction with their environment. A fundamental difference 
betweenn the two coping styles is the degree to which environmental characteristics 
determinee the stress responses of the individual. For this reason Koolhaas l and others 
preferr to speak about 'proactive' and 'reactive' as indications for active and passive coping 
styless respectively. Proactive coping animals easily drop in a rigid, quite stereotyped and 
intrinsicallyy driven behavior whereas reactive animals are continuously adjusting to the 
environment,, which demands a high level of flexibility . 

Proactivee and reactive animals differ in physiological responses to stressful stimuli. The 
best-knownn physiological difference is the reactivity of the HPA-axis, which is low in 
proactivee and high in reactive animals. This neuroendocrine mechanism may facilitate or 
underliee the behavioral responses to stressors. For instance, the stress response of proactive 
animalss is predominantly sympathetically mediated, as measured by strong tachycardia and 
highh adrenaline and noradrenaline responses. Contrarily, bradycardia as a result of 
parasympatheticc predominance is observed in reactive coping animals, while adrenaline 
andd noradrenaline responses are much lower than in proactive counterparts. Table 1 
summarizess a number of characteristics of both extreme coping strategies. 

Bothh coping strategies seem to a large extent genetically predisposed, a property that has 
beenn used for selective breeding of populations of animals with either of the extreme 
copingg strategies. In feral populations a certain bi-modality is observed in the population 
characteristics,, whereas laboratory populations show more 'intermediate' individuals with 
lesss outspoken coping strategies (due to the absence of selection pressure in the 
laboratory).. Selection of animals for either coping style in the laboratory is usually based 
onn characteristic responses in behavioral paradigms. For instance, attack latency of rodents 
placedd in the resident-intruder paradigm, resistance in manual restraint in supine or 
sidewayss positions in piglets and chickens, or avoidance of electric shocks in a shuttle box. 
Animalss selected for particular behavioral responses in these tests, also differ in behavioral 
andd physiological responses when they meet stressors later on. 

Bothh coping strategies may be successful in decreasing stress levels and avoiding new 
aversivee confrontations. Good examples come from studies in feral populations, for 
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instancee in Mus musculus domesticus, the wild house mouse. In these populations, 
aggressivee proactive and non-aggressive reactive animals have different 'tasks' that 
togetherr increase or stabilize the fitness of the total population. The proactive animals 
fulfil ll  a role as territorial defenders in a settled biotope, whereas their much more flexible 
reactivee counterparts ensure a migrating population of qualified pioneers 6. 

3.23.2 Coping strategy and vulnerability to diseases 
Itt is important to note that the description of these different coping strategies is just an 
attemptt to model a complex reality and should therefore not be converted into an absolute. 
However,, in view of obvious individual differences in susceptibility to diseases, it provides 
aa tool to investigate differences in susceptibility based on different personality profiles. 

Stresss usually manifests itself in biological changes, which generally occur quickly and 
disappearr rapidly within hours. When these changes persist for a long time because the 
individuall  is not able to cope effectively or attempts to cope overstrain the adaptability of 
thee organism, however, they can lead to stress-related diseases. For example, weaning, 
noveltyy and mixing with unfamiliar pigs only causes the wasting-pig syndrome in a subset 
off  piglets which may be unable to cope effectively with these changed environmental 
demandss '. Predictability and controllability as well as environmental factors, including the 
sociall  setting, importantly contribute to the outcome of coping attempts and determine 
whetherr an individual is actually able to make use of it's preferred coping style 31'32. In 
addition,, different stressors may have differential effects in the same individual. Defeating 
inn a social conflict for instance induces effects that are quite different from effects evoked 
byy restraint stress and may therefore implicate other risks for health 58. 

AA number of studies suggest personality-prone susceptibility to diseases, mostly 
concerningg sympathetic activity-related health problems. It is suggested that individuals 
withh a sympathetic predominance in the stress response are candidates for cardio-vascular 
deficienciess ' . The same holds for auto-immune diseases13. Reactivity of the HPA-axis 
iss also an inter-individual variable that conceivably contributes to stress-susceptibility28. 
Parasympatheticc predominance in stress responses is suggested to increase the risk on heart 
failuree (sudden death due to bradycardia) or gastrointestinal disturbance (stomach erosion 
orr ulceration)72. Given the large involvement of the parasympathetic nervous system in 
gastrointestinall  functioning, the latter is to be expected. 

4.. Aim and outline of the thesis 

4.14.1 -Aim 
Inn the previous sections normal functioning of the gastrointestinal tract is briefly reviewed, 
ass well as aberrant functioning as a consequence of exposure to stressors which may be 
relatedd to leakage of the epithelial barrier. 

19 9 



chapterchapter I 

TableTable I - different coping strategies 

Parameter Parameter Proactive Proactive Reactive Reactive 

Behavior Behavior 

Neurology/ Neurology/ 
Endocrinology Endocrinology 

Highh aggression 
towardss conspecifics 
Loww attack latency in resident-
intruderr test 
Highh resistance in restraint 
Highh activity in novel 
environment t 
Routinely/stereotype/ / 
intrinsicallyy driven 
Goodd active avoidance in shuttle 
box x 
Highh level of shock prod 
burying g 

Loww baseline 
corticosteroids s 
Loww HPA-axis reactivity 
Highh baseline testosterone 
Sympatheticc predominance 
Lesss sensitive dopamine system 

Loww aggression 
towardss conspecifics 
Highh attack latency in resident-
intruderr test 
Loww resistance in restraint 
Highh immobility in novel 
environment t 
Flexible/environmentall  cue-
dependent t 
Poorr active avoidance in shuttle 
box x 
Loww level of shock prod 
burying// shock prod avoidance 

Highh baseline corticosteroids 

Highh HPA-axis reactivity 
Loww baseline testosterone 
Parasympatheticc predominance 
Highlyy sensitive dopamine 
system m 

Immunology Immunology Highh stress-induced immuno-
suppression suppression 
Highh NK cell activity 
Highh TH1-mediated cellular 
response e 

Loww stress-induced immuno-
suppression n 
Loww NK cell activity 
Highh TH2-dependent humoral 
(IgE)) response 

References:References: 14,28,31,33,40,51,55,56,60 

Wee have noted the lack of evidence for stress related increase of permeability in other 

animalss than rats. We have pointed out the importance of the vagus nerve, cholinergic 

transmissionn and muscarinic receptors in regulating intestinal physiology. Based on the 

listingss of differences between proactive and reactive coping styles, we hypothesized that 

becausee of their parasympathetic predominance reactive individuals may be prone to 

stress-inducedd increase of the permeability of the intestinal wall. To test this possibility we 

chosee to use mice rats and pigs. Reactive and proactive lines are available in the three 

species. . 
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Inn short, we tried to answer the following questions: 
1.. Does stress-induced increase of macromolecular permeability of the small intestine occur 

inn mice? 
2.. If so, is it possible to predict individual differences in vulnerability to increased 

permeabilityy based on a coping style, in mice, rats and pigs? 
3.. Furthermore, as a pilot, we asked whether it would be possible to make use of 

increasedd permeability to induce immune sensitization to orally applied allergens? 

4.24.2 - Outline 
Alll  studies of permeability and other physiological responses of the intestinal wall are carried 
outt in vitro, using sheets of the small intestine, more precisely, the jejunum, unless indicated 
else. . 
ChapterChapter 2 focuses on the question whether previously reported effects of stress in rats (i.e. 
increasedd permeability, diminished transepithelial resistance and increased ion secretion) are 
reproduciblee in mice. Effects of different stressors (social isolation, swimming and restraint, 
orr a combination of isolation with either restraint or swimming) were investigated in Balb/C 
micee during their active (=dark) phase of the day. Effects of two hours restraint stress were 
alsoo studied in Mus musculus domesticus, during two different periods in the dark phase, 
implicatingg different stages in the intestinal metabolic activity. Both strains were used in later 
studies. . 

Thee experiments described in chapter 3 introduce the concept of coping styles in the 
studiess concerning effects of stress on intestinal permeability. For this study, we used female 
micee of the strain Mus musculus domesticus, which had either highly aggressive and proactive 
fatherss from the SAL (short attack latency) line, or non-aggressive and reactive fathers from 
thee LAL (long attack latency) line. These mice were behaviorally tested in the shock prod 
defensivee burying test and subjected to two hours restraint stress afterwards. Intestinal 
permeabilityy and serum corticosterone concentrations were measured and considered in 
relationn to behavioral profiles. 

Inn chapter 4 effects of cold-restraint stress in rats with different coping strategies were 
compared.. The subjects of this study were rats of the Roman Swiss sub-line, selected for 
eitherr rapid or poor acquisition in the two-way active avoidance in a shuttle box, resulting in 
thee proactive Roman High-Avoidance (RHA) and reactive Roman Low-Avoidance (RLA) 
lines. . 
Inn chapter 5 we describe the results of a study in reactive and proactive pigs. We had the 
opportunityy to join in a large study concerning differences in coping styles in piglets, as 
reflectedd in behavioral and physiological responses to stress exposure. Piglets were classed 
underr High Resistant (HR) or Low Resistant (LR) groups, based on their resistance in the so-
calledd 'backtest' (manual restraint in a supine position). Subsequently, behavioral and 
physiologicall  responses of HRs and LRs to social isolation were compared. After a five-week 
periodd of isolation, we measured the intestinal permeability for macromolecules and 
electrophysiologicall  properties of isolated tissues from proximal jejunum and distal ileum. 
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Wouldd these intestinal properties be different between HRs and LRs? And if so, would it 

bee possible to link these differences to behavioral or physiological data as obtained earlier 

fromm these animals? 

Inn chapter 6 describes a pilot study in which the question was addressed whether single 

orr repeated exposure to more or less severe stressors could induce hypersensitivity to 

orallyorally consumed food allergens in mice. Mice are not likely to spontaneously sensitize to 

foodd allergens, certainly not when these allergens enter the gastrointestinal tract in a 

naturall  way, via food or drinking water. However, since it turned out in chapter 2 and 3 

thatt stress may enhance intestinal macromolecular permeability also in mice, exposure of 

micee to stressors might facilitate food allergens to cross the epithelial barrier, and 

challengee the immune system to react in a way that favors the development of 

hypersensitivity.. Balb/C mice (known as high IgE-responders) were subjected to different 

stresss paradigms, and were meanwhile fed ovalbumine (from chicken egg) dissolved in 

drinkingg water, in an attempt to sensitize them to ovalbumin, using stress exposure as a 

booster. . 

Finally,, in the general discussion, chapter  7, the most important findings of this study 

aree summarized and discussed. 
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Abstract t 
BackgroundBackground and aim: In rats, stress has been shown to affect the intestinal epithelial barrier 
function.. An affected epithelial barrier may underlie some intestinal diseases and food allergy, 
becausee antigens and endotoxins may gain better access to the mucosal immune system. So 
far,, effects of stress on barrier function has not been investigated in mice, although the use of 
thesee animals could be very attractive since they are used in immunology research on a large 
scale.. We investigated whether the stress-induced increase of intestinal permeability as 
observedd in different rat strains, could also be reproduced in two different mouse strains. 
Method:Method: Female Balb/C mice were subjected to various types of stress (swim stress, social 
isolation,, restraint stress, or a combination of isolation and swim stress or restraint) during the 
middlee dark phase, in their active period. Females Mus musculus domesticus mice were 
subjectedd to restraint in the early dark phase (empty intestine) or middle dark phase (filled 
intestine).. Macromolecular permeability of the small intestine to the marker molecule 
horseradishh peroxidase (40kD) was measured in both strains in vitro. Additionally, electrical 
tissuee resistance (R), short-circuit current (Isc) and plasma corticosterone were measured in 
M.. musculus domesticus. Results: Isolation and restraint increased the intestinal permeability 
too horseradish peroxidase in mice. Restraint did not increase the permeability during the early 
darkk phase when the intestine was empty, but it enhanced the HRP flux two-fold in the middle 
darkk phase when the intestine was filled. Isc was not different between stressed and unstressed 
groups,, while R was diminished after stress in the early dark phase. No correlations were 
foundd between either R or Isc and permeability. Corticosterone concentrations were largely 
increasedd in stressed mice, but were not correlated with permeability. Conclusions: Stress-
inducedd increase of intestinal permeability doesn ot only occur in rats, but also in mice and 
mightt thus be considered a more general biological phenomenon. Mice can be used to study 
thiss effect of stress in more detail. The circadian rhythm and nutritional state of the digestive 
systemm should be taken into account in experimental designs. The use of mouse models might 
bee helpful in elucidating the consequences of stress-induced barrier disruption in terms of 
increasedd susceptibility to food allergy and the onset or aggravation of diseases like irritable 
bowell  syndrome or inflammatory bowel disease. 
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Introductio n n 

Manyy studies in humans and animals have provided evidence that physical and emotional 
stresss is correlated with gastrointestinal dysfunction and abdominal discomfort. Alterations in 
gutt functions such as delayed gastric emptying21 and increased gastric and intestinal 
secretionn , intestinal motility 1315-21'23

? fecal excretion and diarrhea U 5 have been associated 
withh stressful events. Gastric ulceration is often thought to be a result of exposure to severe or 
prolongedd stress ' ' . It is also believed that stress and anxiety play a role in the etiology of 
anaphylaxis,, enterocolitis, inflammatory bowel disease and irritable bowel syndrome 
4,9,14,183,33 3 

Off  great importance to adequate functioning of the gastrointestinal tract is the state of the 
mucosall  epithelium, which covers the intestinal wall. Under healthy conditions, this one-cell 
thickk epithelium that readily transports digestive end products, restricts the passage of 
macromoleculess and it serves as a barrier against noxious macromolecules, bacteria, viruses, 
parasitess and toxins, which normally reside in the intestinal lumen 25M. In diseased 
epithelium,, the diminished barrier function allows the passage of these components into the 
mucosa,, which may trigger the mobilization of immunocytes such as lymphocytes and mast 
cellss ' . Subsequently, development of infections or allergies may occur and aggravate 
gastrointestinall  dysfunction. 

Despitee the relevance of altered transport processes through the epithelium, littl e is known 
aboutt the effects of physical and emotional stress on the integrity of the epithelium, and the 
particularr mechanisms underlying these effects. Whether stress might be an initiating factor in 
thee disruption of the epithelial barrier has been investigated in a number of studies using rat 
models.. For example, Saunders et al. (1994) reported that male rats of the stress-susceptible 
strainn Wistar Kyoto (WKY) showed increased epithelial permeability to the inert probes 
[3H]mannitoll  and 51Cr-labeled EDTA, as measured in vitro, after being subjected to 4 hours 
(cold)-restraintt stress30. Kiliaan et al. (1998) assessed increased fluxes of the 40 kD 
glycoproteinn horseradish peroxidase (HRP) through isolated jejunal segments of WKY rats, 
subjectedd to acute restraint stress. Electron microscopy of tissues of these stressed rats 
revealedd increased numbers of HRP-containing endosomes within the enterocytes, goblet cells 
andd Paneth cells, as well as HRP-filled paracellular spaces between the enterocytes17. 
Additionally,, exposing Wistar rats sub-chronically to white noise of 95 dB for 8 days induced 
ann enhancement of intestinal permeability to HRP 6. However, to our knowledge, the effect of 
stresss on intestinal permeability in other rodents, for instance mice has not been investigated 
soo far. 

Inn order to investigate whether this phenomenon also occurs in other species and to study 
thiss phenomenon in more detail, the present experiments were performed in mice. The very 
commonlyy used Balb/C mouse strain and the less frequently used strain Mus musculus 
domesticuss (wild house mouse) were chosen to find out whether the observed effects of stress 
inn rats could also be mimicked in these species. If so, it would be reasonable to expect that 
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stress-inducedd disruption of the mucosal barrier is a more general event in nature. Moreover, 
particularlyy Balb/C mice are interesting models for subsequent immunological research about 
thee consequences of stress-induced macromolecular permeability enhancement in the 
intestinall  tract. Indeed, speculations about stress-induced development of allergy against food 
proteinss are abundant, and immunological knowledge about these mice is overwhelming. The 
Muss musculus domesticus strain is interesting because of the large inter-individual differences 
inn the way these mice cope with stress, both behavioral ly and physiologically, an aspect 
whichh we planned to implicate in future studies. We used females from the non-aggressive 
sub-linee of this species (LAL mice), because they were supposed to show a high stress-
inducedd glucocorticoid responsiveness and a predominance of the parasympathetic branch of 
thee autonomic nervous system (reactive coping response19). The latter could be involved in 
thee stress-induced enhancement of the epithelial permeability, since studies in rats have 
repeatedlyy demonstrated the crucial role of muscarinic receptors, which are targets of 
intestinall  control by the vagus nerve in this stress response 17-29-30, 

Inn the present experiments, females of the Balb/C and Mus musculus domesticus mouse 
strainss were subjected to different types of stressors during different times of their active 
phase,, after which the macromolecular permeability, short-circuit current (Isc) and resistance 
(R)) of the intestinal epithelium to HRP was measured in vitro. 

Methods s 

Experimentt  I 

AnimalsAnimals and housing conditions - Female Balb/C mice (weighing approximately 15 grams at 
theirr arrival) were purchased from Charles River. They were housed in a group of 6-8 
individualss in Macrolon® cages (42*25*15 cm) and allowed to acclimate to the new housing 
conditionss for at least 10 days under a reversed light-dark schedule (lights off: 7.30 h; lights 
on:: 19.30 h). Water and standard food pellets (Hope Farms) were available ad libitum. 

StressStress procedures 
Balb/CC mice were left naive or were subjected to swim stress, isolation stress, and/or restraint 
stress.. Others were single housed (isolated) and subsequently subjected to either swim stress 
orr restraint stress. 
IsolationIsolation stress - The last two animals in a cage were separated and housed individually for 3 
days.. On the third day, permeability of the intestine was measured in vitro. 
SwimSwim stress - A small swimming pool (42*25*15 cm) was filled with 10 cm water of . 
Animalss were placed on a small platform at the water surface. The platform was gently 
movedd downwards, leaving the animals into the water in a horizontal position and forcing 
themm to swim. The swim session was done about 10 a.m. and took 3 minutes after which the 
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micee were dried with a towel and placed back into the home cage for a period of 2 hours 
beforee intestinal permeability measurements took place. 
RestraintRestraint stress - Mice were placed at 10 a.m. in a restraining device (a PVC tube of 7.4 * 
2.77 cm) at room temperature (  20°C) during 2 hours and returned to their home cage for 
anotherr period of 2 hours before the intestinal permeability measurements took place. 
Controls-Controls- Control mice were left naive and undisturbed. They were not housed with swim-
stressedd or restraint-stressed counterparts, to prevent jump over of stress from the stressed to 
thee control animals ('spectator effect'). 

TissueTissue preparation and Ussing chamber studies 
Thee mice were sacrificed by cervical dislocation, the abdominal cavity was opened and the 
ileumm and jejunum were carefully removed. The jejunum and ileum were cut along the 
mesentericc border, rinsed with Ringer's solution and small square segments were excised. 
Peyer'ss patches were avoided. The whole tissue segments were mounted in Ussing chambers 
filledd with Ringer 's solution containing (in mM) 117.5 NaCl, 5.7 KC1, 2.5 CaC ,̂ 25.0 
NaHC03,, 1.2 NaH2P04, 1.2 MgS04 and 5 inosine at 37°C and gassed with 95%02/5% C02. 
Thee serosal and mucosal compartments contained 1.7 ml of the buffer. The exposed area of 
thee tissues was 0.2 cm2. Flux studies were conducted as follows: horseradish peroxidase 
(HRP,, 40 kD, Type VI-A , Sigma) was used as a marker molecule for macromolecular 
permeability.. HRP, diluted in Ringer's solution, was added to the mucosal buffer in a final 
concentrationn of 10"5M. Samples of 200 ul were taken from the serosal buffer at 30, 60, and 
1200 minutes and replaced by fresh buffer to keep the volume constant. An enzymatic assay, 
usingg o-dianisidine hydrochloric acid (Sigma) as a substrate for HRP, was used to measure 
intactt HRP quantitatively16. Briefly, the reaction mixture was a phosphate buffer, containing 
0.3%% H2C»2 and 0.009% o-dianisidine dihydrochloric acid, with 175 ul of the sample added. 
Thee rate of appearance of the reaction product, measured as the change in extinction rate 
(wavelengthh 436 nm) was used to calculate flux values in pmole.h^.cm"2. 

Experimentt II 

AnimalsAnimals and housing conditions - Female mice of the Mus musculus domesticus strain, of the 
LALL sub-line, weighing approximately 15 grams, were obtained from the Department of 
Animall  Physiology of the University of Groningen (The Netherlands). They were housed in a 
groupp of 7-9 individuals in Macrolon® cages (42*25*15 cm) under a reversed light-dark 
schedulee (lights off: 7.30 h; lights on: 19.30 h) and allowed to acclimate to the new housing 
conditionss for at least 10 days. Control mice were kept apart from stressed mice. Water and 
standardd food pellets (Hope Farms) were available ad libitum. 
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StressStress exposure in Experiment II  II 
Thee mice were subjected to restraint stress at  20°C for two hours between 8h a.m. and lOh 
a.m.. (early dark phase, Stress I) or between 12h a.m. and 2h p.m (middle dark phase, Stress 
II) .. Controls were left undisturbed and kept apart from their stressed counterparts. Stressed 
micee were sacrificed immediately after the stress procedure and controls at l l h a.m. (A 
previouss pilot study had shown that the increase of the permeability in mice sacrificed 
immediatelyy after the stress protocol or after a two hours recovery period, like in Experiment 
I,, was similar.) 

PermeabilityPermeability and electrophysiological measurements 
Besidess intestinal macromolecular permeability, which was measured as described above, 
electrophysiologicall  properties of the small intestinal tissue, namely transepithelial resistance 
andd the potential difference, were measured. This was done because stress-induced changes 
inn electrical tissue resistance (decrease) and short-circuit current (increase) are reported in rats 
27,28,29,300 ^ 0 allow electrophysiological measurements, the Ussing chambers were equipped 
withh agar-salt bridges (Ringer's solution containing 4% agar) connected via Ag/Ag-Cl 
electrodess to a pre-amlifier and laptop. The transepithelial potential difference (PD) was 
monitoredd using a custom-made software program. Transepithelial resistance (R) was 
calculatedd from voltage deflections induced by current pulses of + and - 10 uA. The 
resistancee and transepithelial potential difference were taken after 20 minutes of stabilization 
inn the Ussing chambers. From these data the short-circuit current (Isc) was calculated 
accordingg to Ohm's law. All experiments were done in the presence of the neurotoxin TTX 
(10~6M),, to block neural and muscular activity. 

PlasmaPlasma corticosterone concentration 
Bloodd samples were taken by cardiac puncture to measure the concentration of free 
corticosteronee in blood plasma. Samples were analyzed by a radio-immunoassay (ICN 
Biomedicals). . 

StatisticalStatistical analysis 
HRPP fluxes, transepithelial resistance and short-circuit current were expressed as means
SEM.. Differences between HRP fluxes and electrophysiological data were analyzed using a 
two-tailedd Mann Whitney U test and were considered significant when p<0.05. 

Results s 

ExperimentExperiment I 
EffectEffect of different stressors on intestinal permeability in Balb/C mice (figure I) - In control 
Balb/CC mice, small intestinal permeability to HRP was 6.6 0 pmole.hr"1.cm"2. Permeability 
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FigureFigure 1 - In vitro permeability to HRP in female Balb/C mice after different stressors. The 
permeabilitypermeability was significantly increased after 3 days of isolation, with or without additional 
swimswim stress (* p<0.05). Effects of restraint were various, as indicated by the large error bar. 
TheThe number of subjects per group is indicated in the legend (N). 

wass significantly increased in mice subjected to isolation stress with or without subsequent 

swimm stress (10,7  1,5 and 11.6  2.2 pmole.hr-1.cm"2 respectively) while the increase of the 

HRPP flux was not statistically significant in socially housed restraint-stressed animals (11.8

4.22 pmole.hr" .cm" ) due to the large spread in this group. Permeability in isolated animals 

subjectedd to restraint stress, was slightly higher, though not significant, than in the control 

groupp (8.3  1.6 pmole.hr"1.cm"2) as was the case in animals only subjected to 3 minutes swim 

stresss (8.5  1.3 pmole.hr"1.cm"2). 

ExperimentExperiment II 

EffectEffect of stress on intestinal permeability in Mus musculus domesticus (figure 2). 

Inn Mus musculus domesticus mice, restraint caused no increase of the HRP flux early in the 

darkk phase (Stress I 3.9  0.9 pmole.hr-l.cm-2) compared to controls (3.9  0.8 pmole.hr-

l.cm-2).. In contrast, the HRP flux was significantly increased in the mice subjected to 

restraintt during a later period in the dark phase (Stress II 8.0  1.2 pmole.hr-l.cm-2). The 

differencee the two stress groups was statistically significant. 

PlasmaPlasma corticosterone concentrations in Mus musculus domesticus (figure 3). 

Restraintt increased the plasma corticosterone concentration significantly in Stress I 9 

ng.ml"1)) and Stress II 2 ng.ml"1) as compared to controls (367  175 ng.ml"1). No 

correlationn was found between the free plasma corticosterone concentrations and the 

permeabilityy to HRP in control or stressed mice. 
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FigureFigure 2 - In vitro permeability to HRP in female mice from the strain Mus musculus 
domesticusdomesticus , measured at different time points during the dark phase. After 2 hours restraint 
stress,stress, the permeability was significantly increased in mice who were stressed at 12 a.m. (stress 
II)II)  as compared to both controls, sacrificed at 11 a.m., (*  p<0.05) and mice who were stressed 
atat 8.00 a.m (stress I) (#, p<0.05). 

]]  control (6) 
II  stress I (10) 
]]  stress D (10) 

plasmaa corticosterone 

FigureFigure 3 - Free plasma corticosterone concentrations in the Mus musculus domesticus strain. 
TwoTwo hours restraint stress significantly increased corticosterone concentrations independent of 
thethe time of the dark phase (* p<0.05). 

TransepithelialTransepithelial resistance (R) and short-circuit current (Isc) in Mus musculus domesticus 

(figures(figures 4 and 5). 

Resistancee was significantly lower in Stress I (53  4 Q.cm2) than in the control mice (78 8 

Q.cm2).. Resistance in Stress II (69  3 Q.cm2) was not statistically different from control 

values.. No statistical differences were found between the groups with respect to the short 

circuitt current Isc (in uA.cm"2 : controls 47  7; Stress 144  4; Stress II48  2). 
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FigureFigure 4 - Baseline electrical tissue resistance as measured in vitro in Mus musculus 
domesticus.domesticus. The tissue resistance of the mice who were restrained at 8 a.m. (stress I) was 
significantlysignificantly lower than the resistance in controls (*p<0.05) or mice who were stressed at 12 
a.ma.m (stressII). (# p<0.05). 

controll  (6) 
stresss 1(10) 
stresss II (10) 

baselinee Isc 

FigureFigure 5 - Baseline short-circuit current (Isc) as measured in vitro in Mus musculus domesticus. 
NoNo differences were measured between the groups. 

IntestinalIntestinal content - The intestines of Stress I mice were nearly empty, whereas the intestines 

off  the mice Stress II mice were largely filled with food particles. Intestines of control mice 

weree also filled. 

Discussion n 

Thee most important finding in this study is that mice, like rats, are vulnerable for stress-

inducedd intestinal permeability enhancement. Social isolation and restraint (in LAL-derived 

mice)) both enhance the permeability in a subset of animals. Interestingly, in Mus musculus 

35 5 



chapterchapter 2 

domesticuss at least, this effect seems to be dependent on the time of the day and not related to 
circulatingg glucocorticoids. 

Sociall  isolation for three days increased the permeability to HRP in Balb/C mice. Isolation 
iss a relatively mild stressor, but may drastically influence the internal state of the animal, as 
indicatedd by the development of a series of autonomic, neurobiological and behavioral 
deficiencies,, which increase with the length of the isolation period. Well-known alterations in 
sociall  behavior are increased locomotor activity, increased social interaction including 
aggressivenesss against conspecifics, and aberrant sexual behavior 1116'24-36 Neurochemical 
changess include diminished serotonin and norepinephrine and increased dopamine turnover in 
thee brain, as well as modifications in enzymatic processes involving cholinergic transmission 
andd energy metabolism 26-3638. Autonomic and somatic changes include facilitated 
ulcerogenesis,, hypertension and increased corticosterone levels11. Already in 1973, Valzelli 
describedd this 'isolation syndrome' in mice36. Vogel reviewed that housing conditions, 
includingg isolation, largely influence the outcomes of toxicological studies 37. These findings 
indicatee that social isolation certainly requires adaptation of the individual. The isolation-
inducedd increase of intestinal permeability to macromolecules, for instance, may involve a 
seriouss challenge for the mucosal immune system. 

Restraintt stress is considered to be a severe stressor, known to largely increase plasma 
corticosteronee levels, as we also showed in the present experiment in the Mus musculus 
domesticuss strain. Ando et air reported increased metabolism of norepinephrine, serotonin 
andd dopamine in forebrain, hypothalamus and brain stem of male mice after 1 or 2 hours 
restraintt stress. Restraint stress has a reputation as a trigger of ulcerogenesis in the gut of 
consciouss animals '2. Moreover, bacterial translocation of indigenous gram-positive bacteria, 
butt not of gram-negative (i.e. LPS-containing bacteria), to mesenteric lymph nodes, spleen 
andd liver was found in 11% of the one-hour and 50% of the two-hour restrained animals 2. 
Restraintt stress is also known to induce an activation of the parasympathetic (vagal) activity, 
whichh is possibly amplified during the recovery period immediately after stress exposure n'n. 
Thiss might be an underlying mechanism for the stress-induced permeability increase, since 
cholinergicc neurotransmission has been shown to be involved in the stress-induced 
permeabilityy enhancement, as mentioned in the introduction. Restraint stress for 1 hour (in 
Balb/C)) or 2 hours (in Mus musculus domesticus) potently enhanced the permeability in some 
animalss while hardly affecting others, as indicated by the large variation in the results. 
Apparently,, not all mice were equally susceptible to stress induced increase of the intestinal 
permeability.. Stress-responses in general, and responses to restraint stress in particular, are 
knownn to vary considerably between individual animals 12' 7. It is tempting to speculate about 
aa link between the finding of Ando et al. that bacteria only translocate in part of the animals 
(att most 50%) and our findings indicating that restraint stress only affects intestinal 
functioningg in a subset of animals. Applying restraint to isolated animals did not increase 
permeability.. Isolation could have changed internal adaptive functions in such a way that 
restraintt stress did not affect intestinal permeability. Effects of a previous stressor on the 
impactt of subsequent stressors have been recognized previously by others ' . However, 
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literaturee about mechanisms involving adaptation of stress-induced pathophysiology in 
peripherall  organs is lacking. 

Swimm stress for 3 minutes at 32°C did not significantly increase the permeability in Balb/C. 
Thee short period of exposure to the stressor, followed by a two-hour recovery period, could be 
aa reason. A second explanation may be that swim stress-induced opioid analgesia has 
protectedd the epithelium. Swim sessions for 3 minutes at 32°C have been shown to produce 
opioid-dependentt analgesia 22. Yates et al. (2001) described a rat model of intermittent 
exposuree to water-avoidance stress (3 bouts of twenty minutes stress-exposure were 
interruptedd by 5-minute periods of rest in the home cage), in which no effects of stress on 
colonicc mucosal function were observed in terms of increased fluxes of HRP, tissue 
conductancee and ion-secretion, as opposed to a single stress exposure, 60 minutes on end 39. 
Intermittentt stress promoted rapid adaptive responses, restoring mucosal physiology. This 
processs involved activation of endogenous opioid pathways acting on peripheral receptors in 
thee gastrointestinal tract, as shown by treatment with naloxone and methylnaloxone. 

Inn socially isolated mice subjected to swim stress, the HRP flux was increased as compared 
too controls, but was of the same magnitude as in mice that were only kept in isolation. This 
indicatess that swim stress following isolation had no further effect effect on the permeability. 

Twoo hours restraint stress did not enhance the permeability in Mus musculus domesticus 
shortlyy after the onset of the dark (active) phase of the day. Contrarily, a few hours later, the 
macromolecularr permeability was two-fold increased after exactly the same stress-procedure. 
Inn the first case, the intestine was almost empty. In the second case, the intestine was largely 
filledfilled with food particles. The unfilled versus filled state of the intestine involve different 
metabolicc conditions, which may determine the impact of stress exposure on intestinal 
permeability.. Kimm et al. (1994) suggested, after demonstrating the involvement of 
cholinergicc nerves and muscarinic receptors in macromolecular uptake, that sampling of 
macromoleculess may be maximized at times of peak parasympathetic outflow, as is the case 
duringg active digestion, and down-regulated during quiescent periods 18. Activated transport 
processess and increased blood circulation in the intestinal tract might have facilitated the 
occurrencee of intestinal permeability increase. Nabuurs (ID-Lelystad, personal 
communication)) found that ischemia-reperfusion of intestinal segments of pigs only caused 
seriouss damage to the intestinal barrier when the intestine was filled, and not in the fasted 
state.. On the other hand, many studies concerning gastric ulceration due to restraint stress 
ratherr indicate protection against gut pathophysiology by the presence of nutritional elements, 
forr instance glucose !0'12. 

Thee circadian rhythm may be an important factor which also determines the impact of 
stresss on intestinal functioning. Recently, circadian rhythm in the gut was reviewed by 
Schevingg . Several mechanisms in the intestine are following internal biological clocks, 
drivenn centrally in the central nervous system (suprachismatic nucleus and ventral medial 
hypothalamus),, or peripherally by internal mechanisms within cells or by peripheral cell-cell 
interactions.. Circadian rhythms play a major role in the regulation of the digestive system and 
somee are of large amplitude. Cell proliferation, migration, differentiation and structure, vary 
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ass a function of time of the day. Although the clockwork has a genetic basis, feed, and to a 
lesserr extent light, sets the hands of the clocks. Alimentary rhythms are initiated and 
maintainedd by feed, although removal of feed can leave the rhythm intact for a few days. 
Whenn feeding time is altered, the rhythms resynchronize to the new feeding time. The phasing 
off  proliferation rhythms in digestive tissues is different: DNA peak synthesis follows a 
craniocaudall  gradient along the length of the digestive tract, a wave displaced in 6-8 hours, of 
whichh ingestion and transit probably are important regulators. Additionally, digestive 
enzymess also exhibit circadian variations in activity. 

Circadiann phase together with, or regulated by food ingestion and transit might have been 
underlyingg the differences in permeability after restraint stress as observed in the two groups 
testedd on different time points during the dark phase. Circadian day time together with 
nutritionall  state apparently made the difference between no stress-induced effects on 
macromolecularr permeability and a significant increase. This notion may be helpful in 
designingdesigning future experiments, but might also be of clinical interest, since in humans, 
disorganizationn of the circadian rhythm by shift-work or long-distance travelling are often 
associatedd with intestinal complaints. 

Thee electrophysiological data obtained in Mus musculus domesticus suggest that restraint 
stresss did not induce an increased ion-secretion, as indicated by the Isc. This is different from 
dataa obtained in rats. Saunders et al. and Santos et al. found increased Isc in Wistar and 
Wistarr Kyoto rats after cold-restraint (2 hours) during the light phase of the day ' ' . It is 
nott clear whether this implies a difference between species, or is due to a difference in stress-
typee or severity, or to circadian time. Tissue resistance was lower in the stressed group, 
especiallyy in the animals that were stressed in the early phase of the dark period. This is in 
linee with the findings from Saunders and Santos in Wistar and Wistar-Kyoto rats. Thus, the 
permeabilityy to ions was increased, possibly because of loosened tight junctions. However, 
thee lower electrical resistance in the Stress I group was not accompanied by an increased 
macromolecularr permeability. 

Inn these experiments we chose to use female mice because they could be housed in groups. 
Thee possible implications of this choice are discussed in chapter 7. 

Inn conclusion, mice subjected to stressors are, like rats, appropriate as animal models for 
thee investigation of stress-induced impairment of the epithelial barrier function. The changes 
inn electrophysiology, as observed in rats, were not shown by mice. Both isolation and restraint 
cann be used as stressors to increase permeability, albeit that the spread in the results of 
restraintt stress indicates large individual variation in susceptibility. The circadian rhythm and 
nutritionall  state of the digestive system are not to be underestimated in experimental designs 
andd may in fact be crucial to the outcome of the studies. So far, this is the first report 
describingg stress-induced changes in permeability in mice. The use of mice in the follow-up 
studiess might be very helpful in elucidating the consequences of stress in terms of increased 
susceptibilityy to food antigens and the onset or aggravation of diseases like irritable bowel 
syndromee or inflammatory bowel disease. 
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Abstract t 

BackgroundBackground and aim: Stress influences gastrointestinal function and probably plays a role in 
thee development of gastrointestinal diseases, for instance by affecting the integrity of the 
epitheliall  barrier. However, several studies have shown that the susceptibility to stress-
inducedd gastrointestinal dysfunction differs considerably between individuals. We 
investigatedd whether these differences in individual susceptibility are related to differences in 
copingg strategy, as reflected in behavior. Method: Female mice, offspring of the highly 
aggressivee and proactive SAL and the non-aggressive and reactive LAL lines of the Mus 
musculusmusculus domesticus strain were used. The mice were behaviorally tested in the Shock 
Prod/Defensivee Burying test and subjected to two-hour restraint stress afterwards. Plasma 
corticosteronee levels and the in vitro (mucosal-to-serosal) permeability of the small intestine 
too the model macromolecule horseradish peroxidase (HRP, 40kD) were measured. Results: 
Clearr differences were found in the behavioral profiles of the female offspring of SAL and 
LALL mice. Female SAL mice were not susceptible to stress-induced changes of intestinal 
permeability.. Permeability was also not increased in female LAL mice showing fear and panic 
inn the defensive burying test, as reflected in high amounts of rearing and immobility, and littl e 
buryingg behavior. Contrarily, permeability to HRP was increased in LAL mice with a more 
cautiouss and explorative behavioral profile, and with a relatively strong burying response. The 
effectt of stress on intestinal permeability was not correlated with the concentration of 
corticosterone.. Conclusion: Although some LAL mice were more susceptible to stress-
inducedd increase of intestinal permeability than SAL mice, differences in coping style in the 
classicall  sense of the word are not correlated with individual differences in the effect of stress 
onn intestinal permeability, but predictions might be possible based on a behavioral profile. 
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Introductio n n 

Physicall  and emotional stress largely influence health and welfare and its effects are often 
manifestedd in the gastrointestinal tract. Stress is thought to play a role in the development of 
gastrointestinall  diseases, such as Irritable Bowel Syndrome and Inflammatory Bowel Disease, 
andd often precedes relapses or the worsening of symptoms of diseases 719-25. 

Severall  studies have shown that stress alters intestinal functioning: it increases intestinal 
motilityy 5J5-29, decreases gastric emptying 5 l5 and causes ulceration 8'32. Stress affects 
secretionn processes and the barrier function of the intestinal epithelium '-9-2I>23'28'34_ The 
epitheliall  barrier normally prevents the entrance of immuno-reactive or toxic molecules from 
thee luminal content into the body, but may become more permeable after stress. 

Enhancedd intestinal permeability may have severe consequences. The entrance of bacterial 
productss and potential antigens into the lamina propria through a less effective barrier may 
triggerr immunocytes to react. This may cause the appearance of (food)allergies or 
inflammationss ' ' ' ' ' . Evidence for stress-induced increased epithelial permeability is, 
amongg others, obtained from studies in male Wistar-Kyoto rats, subjected to cold-restraint 
stresss for a few hours 22'23. The permeability to a model macromolecule, the 40 kD protein 
horseradishh peroxidase (HRP), was significantly higher in the stressed rats as compared to 
controll  animals. Recently, such a permeability enhancement was also found in female Balb/C 
micee after exposure to different types of stressors, i.e. restraint and individual housing 
(isolation)) (see chapter 2). Although the mechanism underlying the stress-induced changes in 
gastrointestinall  function is not well understood, the parasympathetic branch of the autonomic 
nervouss system, and more in particular the vagus nerve and muscarinic receptors, are thought 
too be involved. This was shown by lesion of the vagus nerve or blockade of (peripheral) 
cholinergicc neurotransmission by the muscarinic receptor antagonist atropine 3AU-23. 

Thee results of our studies with Balb/C mice showed that considerable differences exist 
betweenn individual animals with regard to the effects of stress on intestinal permeability. The 
intestinall  epithelium of some individuals became more permeable to macromolecules, 
whereass in others no change was observed after exposure to exactly the same stressor 
(restraint).. We addressed the question whether this different responsiveness could be related 
too individual differences in coping strategy. 

Briefly,, coping strategy can be defined as a coherent set of behavioral and physiological 
stresss responses which is consistent over time. It is characteristic to a certain group of 
individualss 13. Two extreme strategies are distinguished, the proactive and reactive one. The 
proactivee coping strategy is characterized by a strong sympathetic activation, but a low 
hypothalamic-pituitary-adrenocorticall  (HPA) response. Behaviorally, this is reflected in the 
so-calledd 'fight or flight' reaction. On the contrary, the reactive strategy is characterized by a 
strongg reactivity of the HPA-axis and a strong (cardiac) parasympathetic response. 
Behaviorally,, this strategy is typified by conservation and withdrawal  l31418-26. 

Inn view of the mediating role of the parasympathetic nervous system in stress-induced 
effectss on intestinal functioning, it is reasonable to expect major effects of stress in the 
reactive-copingg animals. The goal of the present experiments was to test this prediction by 
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subjectingg mice with different coping strategies to restraint stress. We used female offspring 
fromm two selection lines of the Mus musculus domesticus, the so-called SAL and LAL mice 
(seee methods) with proactive and reactive coping styles respectively. The females served as 
modelss for individuals with different coping styles and were characterized behaviorally in the 
Shockk Prod/Defensive Burying test (DB). This test has proven to discriminate between coping 
strategy-relatedd behavioral differences in rodents, including male LAL and SAL mice 6-'s>27. 

Method d 

Animals Animals 
Femalee mice from the strain Mus musculus domesticus, bred at the Department of Animal 
Physiologyy of the University of Groningen (NL), were used. The animals originated from a 
colonyy of wild house mice. The males in this population are tested for aggression levels in the 
resident-intruderr test. Male wild house mice are selected for attack latency scores (ALS), 
whichh resulted in an aggressive line, characterized by short attack latencies (SAL) and a non-
aggressivee line, characterized by long attack latencies (LAL) . Further studies have shown that 
bothh selection lines also differ in other behavioral and endocrinological properties. From 
behaviorall  tests it appeared that male SAL mice act in proactive and LAL mice in a reactive 

13,27 7 

manner r 
Inn our experiments we used female mice from both selection lines. Female offspring of 

LALL and SAL - hereafter referred to as 'female SAL1 and 'female LAL ' mice - cannot be 
distinguishedd based on an ALS because they don't show differences in inter-female aggression 
1111,, Females, therefore, are separated based on the ALS of their fathers. We chose females for 
thiss study, because they can be housed in large groups, as opposed to the much more 
aggressivee males, and because of our previous observation that single housing caused 
increasedd intestinal permeability in Balb/C mice (Chapter 2). In addition, females are more 
stress-susceptible.. The mice (2 to 4 months old at their arrival in Amsterdam) were housed in 
Macrolon®® cages (42*25*15 cm) with seven to nine animals per cage. The light-dark cycle 
wass reversed (lights off: 8:00h; lights on 20:00h). Food and tap water were available ad 
libitum.libitum. Mice were allowed to acclimate to the housing conditions for two weeks. 

BehavioralBehavioral testing 
Inn order to characterize their behavioral profile and evaluate possible correlates with 
measurementss of intestinal permeability, all mice were tested once in the Shock 
Probe/Defensivee Burying paradigm (DB). Each animal was placed individually in a clear 
Macrolon®® cage (26*17*14 cm) with 2 cm of fresh sawdust at the bottom. A removable 
electrifiedd (1.5 mA) shock prod (a rod with a diameter of 1 cm and a length of 7 cm) was put 
throughh the wall into the cage, approximately 1 cm above the floor bedding. After one 
minute,, the shock generator was switched on and during a five-minute period of testing, the 
behaviorall  parameters indicated in table 1 were scored. After the test, animals were returned 
too their home cage. 
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TableTable 1 - Behavioral parameters scored in the Shock Prod/ Defensive Burying test 

Parameterr Definition 
Latencyy to 1th Time it takes before the mouse received the first shock since the 

shockk beginning of the test. 
Shockss Number of shocks received in the total 5-minute test period. 
Buryingg behavior Pushing sawdust in the direction of the probe with the forepaws 

(numberr and time). 
Rearingg Standing in upright position on the hind legs (number) 
Immobilityy Sitting still without any explorative movements or grooming (time). 

RestraintRestraint stress procedure 

Bothh SAL and LAL mice were divided in a control group and an experimental group. The 

controlss were left undisturbed in their home cage. The others were stressed (at about 10:30 

a.m.)) by putting them in a restraint device (length 7.5 cm, diameter 2.5 cm) for two hours at 

aboutt 20°C in a separate room. Restraint stress, a very common stress model, was chosen 

becausee it induces a strong activation of the parasympathetic nervous system during and 

shortlyy after restraint stress 4'8'26. 

CorticosteroneCorticosterone analysis 

Immediatelyy after the restraint period, and for the controls at the corresponding time, the 

animalss were killed by cervical dislocation. A blood sample was taken immediately by cardiac 

puncturee to analyze plasma corticosterone concentrations. The plasma was stored at -20°C 

untill  analysis. Blood plasma concentrations of corticosterone were analyzed using a radio-

immunoo assay (ICN Biomedicals). 

TissueTissue preparation and Ussing chamber studies 

Thee abdominal cavity was opened and the small intestine was taken out, rinsed with a 

carboxygenatedd Ringer's solution containing (in mM) 117.5 NaCl, 5.7 KC1, 2.5 CaCb, 25.0 

NaHCCh,, 1.2 NaH2P04, 1.2 MgS04 and 5 inosine. The jejunum was cut along the mesenteric 

borderr and excised segments were mounted in Ussing-type chambers. Peyer's patches were 

avoided.. The Ussing chambers were filled with Ringer's solution kept at 37°C and gassed 

withh 95%02/5% CO2. Both the serosal and mucosal compartments contained 1.7 ml of the 

buffer.. The exposed area of the tissues was 0.2 cm2. Permeability for macromolecules was 

determinedd using horseradish peroxidase (HRP, MW 40kD, Type VI-A , Sigma) as a model 

molecule.. The mucosal buffer contained a final concentration of 10"5M HRP. Samples (200 

ul)) were taken from the serosal solution at 30, 60, 120 and 180 minutes and replaced by (200 

ul)) buffer to keep the volume constant. A colorimetric enzymatic assay was used to measure 

intactt HRP quantitatively. Briefly, the reaction mixture was a 100 mM phosphate buffer, 

containingg 0.3% H2O2 and 0.009% o-dianisidine dihydrochloric acid (Sigma). The rate of 
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appearancee of the reaction product, measured as the increase of the extinction per minute 
(wavelengthh 436 nm) was compared with the rate generated by known concentrations of HRP 
andd the transepithelial flux of undegraded HRP was expressed in pmole.hr"1.cm"2. 

Thee Animal Care Committee of the Amsterdam University approved the experiments. 

Statistics Statistics 
Behaviorall  scores in the DB test, macromolecular permeability and plasma corticosterone 
concentrationss were expressed as means  SEM. Comparison of DB scores of SAL and LAL 
groupss was tested with a two-tailed Mann-Whitney U test. Mean permeability to HRP and 
meann corticosterone levels of control and stressed animals, were performed using an unpaired 
two-tailedd Student's Mest with a Welch's correction when variances were significantly 
different.. Differences in effect of stress on intestinal permeability between control and 
restrainedd groups were tested one-tailed (an increased stress-induced permeability was 
expectedd based on previous experiments). Correlations between behavioral data and HRP 
fluxess were calculated using a two-tailed Spearman rank correlation test. Differences were 
consideredd significant when p < 0.05. 

Results s 

ShockShock Probe/Defensive Burying test 
Resultss of the DB test are presented in table 2. Although both LAL and SAL mice received, as 
aa mean, an equal number of shocks, LAL mice touched the probe for the first time 
significantlyy later than SAL mice. All SAL mice received shocks, whereas 15 LAL mice did 
nott receive any shock in the total 5-minute test period. These 15 mice were excluded from the 
test,, because their behavioral profile was not comparable with the behavior of the other mice, 
whichh were shocked. Burying behavior of the remaining LAL mice did not differ from the 
SALL mice. Rearing was more often observed in SAL than in LAL mice. LAL mice were more 
immobile,, although this did not reach statistical significance. 

WithinWithin group correlations - In the 27 LAL mice a correlation was found between the latency 
too the first shock and the total number of rearings (r= -0.5, p<0.02). The number of shocks 
positivelyy correlated with the rearings (r= 0.6, p<0.01). Burying behavior was inversely 
correlatedd with immobility: (frequency of burying r= -0.5, pO.01; % time burying r= -0.6, 
p<0.01).. In SAL mice, a strong negative correlation was found between the latency to the first 
shockk and burying behavior (r = -0.7, p<0.0001 for both frequency of burying behavior and % 
timee burying). As opposed to LAL, no correlations were found between latency to the first 
shockk and rearing, the number of shocks and rearing, nor between burying behavior and 
immobility.. In both groups burying behavior and number of shocks were not related. 
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TableTable 2 - Defensive burying test results of all LAL and SAL mice 

Behaviorall  parameter SAL(N=17) LAL (N=42*) LAL (N=27) 

Latencyy to 1 shock 
(s) ) 
Shockss (number) 
Buryingg behavior (#) 
%% Time burying 
Rearingg (#) 
%% Time immobile (s) 

1 1 

1 1 
3  1 

2.55 7 
344 5 

9.55 1 

1788  18 1111  17 

1 1 
1 1 

1 1 
199 3 

23.88 0 

0.03/0.28 8 

0.01 1 
0.06 6 
0.21 1 
0.03 3 
0.3 3 

**  The latency to the 1 shock of 15 out of 42 LAL mice who did not receive a shock was set at 
300300 seconds, the total observation time. These 15 mice are excluded from the parameters 
buryingburying behavior, % time burying, rearing and % time immobile. Differences were tested with 
thethe Mann-Whitney Utest (two-tailed). #: number 

PlasmaPlasma corticosterone 
Thee free plasma corticosterone concentration was not different between control LAL and SAL 
mice,, whereas this hormone concentration was significantly increased in restraint-stressed 
LA LL mice compared to control LAL mice 7 ng.ml"1 and 9 ng.ml"1 respectively, 
p<0.05,, figure 1). In stressed SAL mice no significant increase was shown 9 ng.ml"1 

inn stressed versus 0 ng.mf1 in control SAL mice). The plasma corticosterone 
concentrationn was significantly higher in restrained LAL mice compared to restrained SAL 
micee (p<0.05). 
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CZ!!  LAL control (12) 
1 ^^ LAL restraint (13) 
^3^3 SAL control (7) 
^ ^^ SAL restraint (4) 

FigureFigure 1 - Free plasma corticosterone concentrations  in control and stressed 
LALLAL and SAL mice. Restraint stress caused a strong increase in the corticosterone 
concentrationconcentration in LAL mice, whereas in SAL mice no response was observed. * with respect to 
thethe control, p<0.05. # with respect to SAL restraint, p<0.05. (Cardiacpuncture was only 
successfulsuccessful in 25 LAL mice and 11 SAL mice). The number of subjects is indicated in the legend. 
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IntestinalIntestinal permeability to HRP 

Afterr restraint stress the mean permeability of the small intestine to HRP was neither 

increasedd in the LAL nor in the SAL mice as compared to the unstressed control groups 

(figure(figure 2). The permeability in the stressed LAL mice was 0 pmole.hr"1.cm"2 and 0 

inn the controls. The stressed SAL mice had a mean value of 0 pmole.hr" .cm" and the 

permeabilityy in controls was 3 pmole.hr"1.cm"2. No correlation was found between the 

permeabilityy to HRP and the plasma corticosterone concentration (not shown). 

CZII  LAL control (12) 
 LAL restraint (15) 

^3^3 SAL control (8) 
^ ^^ SAL restraint (9) 

FigureFigure 2 - In vitro HRP fluxes (mean  SEM) in jejunum of control and stressed LAL and SAL 
mice.mice. Stress did not increase the mean permeability in both lines. The number of subjects is 
indicatedindicated in the legend. 

Conclusionss and Discussion 

CopingCoping style infernale offspring of SAL and LAL mice 

BehaviorBehavior - As mentioned before, female SAL and LAL mice are not characterized as being 

LA LL or SAL based on an attack latency score, but based on the identity of their fathers. For 

thiss reason, the females of both selection lines were characterized behaviorally in the DB test. 

Inn the DB test, burying behavior and immobility usually are the two major and inversely 

relatedd parameters that distinguish between proactive and reactive coping. Accordingly, in the 

presentt experiment, at least in LAL mice, burying behavior and immobility were negatively 

correlated.. The mean scores for burying behavior were almost significantly different between 

thee female SAL and LAL mice, although only littl e burying behavior was displayed in both 

groups.. This is in line with the findings of Sluyter et al.27 who reported that SAL and LAL 

femaless show less burying behavior than their male counterparts. However, the different 

behaviorall  parameters measured in the DB test and, importantly, their interrelationships, were 

sufficientt to outline the distinct behavioral profiles: On average, the group of SAL mice was 

moree active than the group of LAL mice. On average, SAL mice touched the electrified prod 

earlierr than LAL mice, reared more and showed less immobility. We conclude that the 
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behaviorall  profile of female offspring of LAL and SAL mice is clearly different and shows a 
profile,, which is comparable with male LAL and SAL mice. 
NeuroendocrineNeuroendocrine stress-response - The SAL and LAL females also fit  into the current criteria 
off  proactive and reactive coping strategies with respect to the reactivity of the HPA-axis 
duringg restraint stress. Restraint stress caused a two-fold stronger increase of plasma 
corticosteronee levels in LAL than in SAL. 

PermeabilityPermeability infernale SAL and LAL offspring 
Fromm the different behavioral patterns and the difference in corticosterone response upon 
restraintt stress, we conclude that the female offspring of LAL mice fit in the profile for a 
reactivee coping style and that female offspring of SAL mice fit in the profile of a proactive 
copingg style. 

Despitee the difference in coping style, it appeared that the effect of restraint stress on the 
macromolecularr intestinal permeability was not different in the total group of SAL and LAL 
mice.. We hypothesized that LAL mice would be more susceptible than SAL mice, because 
LALL mice are considered reactive copers. We supposed that the LAL mice would have a 
parasympatheticc predominance in the stress response, as opposed to their proactive SAL 
counterparts.. But this has never been tested. 

However,, by taking a closer look at the individual data of the mice, it becomes apparent that a 
partt of the LAL mice was susceptible to stress-induced increase of intestinal permeability. 
Postt hoc analysis of the data provides a tool to discriminate between susceptible and 
unsusceptiblee mice. This analysis is done in the following sections. 

Resultss of the analysis of the within-group variation 
CorrelationCorrelation of permeability with DB test parameters -Whereas in the SAL mice none of the 
individuall  behavioral parameters measured before restraint exposure was correlated with 
intestinall  permeability after restraint stress, in LAL mice a trend toward a negative correlation 
betweenn rearing in the Defensive Burying test and HRP fluxes after restraint was found, r -
0.55 (p=0.06) (figure 3). This means that, in female LAL mice, rearing might be a parameter to 
predictt the effect of stress on intestinal permeability. Rearing behavior was an interesting 
parameterr in more respects, since it was correlated to several other DB test parameters in these 
animalss (see table 3). 
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FigureFigure 3- Relation between permeability to HRP after restraint stress and the amount of 
rearingrearing previously shown in the DB test, in LAL mice. (Spearman r = - 0.05, p<0.06, two-
tailed). tailed). 

TableTable 3 - Correlation between rearing behavior of the 15 restrained LAL mice in Defensive 
BuryingBurying test with test parameters, HRP flux and plasma corticosterone concentration 

Parameter r 

Latencyy to 1th shock (s) 
Shockss (number) 
Buryingg behavior (number) 
%% Time burying 
%% Time immobile (s) 
HRPP flux after stress (pmole.hr1.cm"2) 
Corticosteronee after stress (ng.ml1) 

Rearingg (number) 
Spearmann r 

-0.5 5 
0.5 5 

-0.4 4 
-0.6 6 
0.1 1 

-0.5 5 
0.5 5 

P P 

0.05 5 
<0.05 5 
0.13 3 
0.02 2 
0.63 3 
0.06 6 
0.08 8 

Significantt correlations were found between the amount of rearing and the number of shocks 

receivedd and the percentage time in which burying behavior was displayed. An almost 

significantt correlation was found with the latency to the first shock, i.e. the time it took for 

animalss to touch the probe for the first time. 

However,, the relation between rearing behavior in the DB test and the HRP flux after stress 

wass not strong enough to only use 'rearing' as a predictor for the effect of stress on intestinal 

permeability.. Therefore, we tried to get a clearer behavioral profile and a better division of 

stress-susceptiblee and stress-unsusceptible LAL mice with respect to macromolecular 

intestinall  permeability, by using this DB parameter as a discriminator to make two sub-

populationss of the restrained LAL group. The mean number of rearings in the stressed LAL 

groupp was 24. Individuals that showed more than 24 times of rearing were pooled in one sub-
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population,, called LALl-R(estraint) (the mean number of rearing was 36  5, n=8). Similarly, 

individualss that had reared less than 24 times in the DB test, (11 , n=7) were pooled in the 

otherr sub-population, called LAL2-R(estraint). For these populations, means were calculated 

forr the different DB parameters, HRP flux and free plasma corticosterone levels. 

BehavioralBehavioral profile - This division resulted in clearer differences between the behavioral 

profiless of both groups. This is plotted in figure 4. 
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5' ' 
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ss  / s

^ L A L 1 - R ( N = 8 ) ) 

 LAL2- R (N=7) 

FigureFigure 4 - Different behavioral profiles ofLALl-R and LAL2-R mice. The division of the 
stressedstressed LAL mice is based on rearing behavior in the DB test. LALI-R: restrained mice that 
showedshowed more than the average amount of rearing (>24) in the DB test. LAL2-R: restrained 
micemice that showed less than the average amount (<24) of rearing in the DB test. * p<0.05, ** 
p<0.01p<0.01 and ***p<0.001:  LALI-R with respect to LAL2-R. The number of subjects is indicated 
inin the legend. 

Thee latency time before touching the probe for the first time was significantly longer in LAL2-

RR 2 s) compared to LALI- R , p<0.05. The division based on rearing behavior 

led,, of course, to a significant difference in number of rearings between LAL2-R and LALI-R , 

pO.001.. The smaller number of received shocks in LAL2-R (2+1) did not reach significance 

inn comparison to LALI- R ) (p=0.07). The number of burying activities was significantly 

higherr in LAL2-R ) compared to LALI- R , (p<0.02), while the percentage time 

spentt on burying was not significantly different between both groups (LALI-R : % and 

LAL2- RR . Only littl e burying behavior was observed in both groups. It was remarkable 

thatt LAL2-R mice, although they received the fewest number of shocks, spent more time 

buryingg than LALI-R . LALI- R tended to be immobile during a greater fraction of the 

observationn time ) than LAL2-R (8+6%). 
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IntestinalIntestinal permeability (figure 5) - The permeability to HRP was significantly different 

betweenn LAL1-R 6 pmole.hr"1.cm"2) and LAL2-R , pO.01. Restraint stress 

didd not increase the permeability in LAL1-R as compared to their control counterparts (LAL -

C,, 5.9+1.0). In LAL2-R, however, there was a statistically significant increased permeability 

(p<0.05).. It must be noted here that dividing SAL-R in two groups based on rearing behavior 

(thee mean amount of rearing was 28 in these animals) did not reveal any significant 

differencess in HRP flux between the sub-groups (>28 rearings: HRP flux 7 pmole.hr" 

'.cm"2;; <28 rearings: mean HRP flux was 0 pmole.hr" .cm" ). 

PlasmaPlasma corticosterone - Figure 6 shows that considerable differences existed between plasma 

corticosteronee concentrations in LAL1-R and LAL2-R. In LAL1-R, restraint stress increased 

thee plasma corticosterone concentration significantly compared to the control LAL mice 

66 vs. 9 ng.ml'1), p<0.02. The concentration in LAL2-R was not significantly 

differentt from the control value (576+94). Stress-induced plasma corticosterone concentration 

wass lower in LAL2-R than in LAL1-R (p=0.06). These results show the strong HPA-axis 

responsivenesss in LAL1-R, which was much smaller in LAL2-R. 

dDLAL-C(N=12) ) 
^LAL1-R(N=8) ) 
^3^3 LAL2-R (N=7) 

FigureFigure 5 - In vitro HRP flux (mean  in jejunum ofLALl-R and LAL2-R mice. * p<0.05, 
LAL-2RLAL-2R with respect to LAL-C (one-tailed Student's t). **p<0.01, LAL2-R compared to LAL1-
RR (two-tailed Student's t). The number of subjects is indicated in the legend. 

HRPHRP flux and plasma corticosterone in the unshocked LAL mice 

Ass noted before, 15 out of 42 LAL mice did not receive any shock during the DB test (see also 

tablee 2). They were excluded from the test because their behavioral profile was inconclusive. 

Afterr subjecting these animals to restraint stress, the mean HRP flux was not increased (5.4 

+1.00 pmole.hr"1.cm"2), which was comparable with the results in 

LAL1- RR and significantly different from LAL2-R (p<0.05). The mean plasma corticosterone 

concentrationn was 9 ng.ml ', which was also fully comparable with LAL1-R. This 

increasee with respect to control LAL mice was significant (pO.01). Concerning the 

physiologicall  parameters, these animals resembled LAL1-R. (Data not shown.) 
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IZZ1LAL-CC (N=7) 
II  1-R(N 7) 

^3^3 LAL2-R (N=6) 

FigureFigure 6 - Free plasma corticosterone concentrations  in LAL1-R and LAL2-R. 
**  p<0.05, LAL1-R compared to LAL-C. The number of subjects is indicated in the legend. 

Discussionn (continued) 

Althoughh restraint stress induced no different effects in the intestinal permeability in the total 

SALL and total LAL group, this post hoc analysis makes clear that a subset of the female LAL 

group,, called LAL2-R, had stress-induced increased permeability. 

Inn LAL mice, the best predicting DB parameter for the effect of stress-induced intestinal 

permeabilityy enhancement was rearing behavior. Rearing behavior is associated with arousal 

and/orr anxiety and reflects a strong sympathetic activation24. Based on this parameter, we 

couldd make a distinction between LAL-mice that were susceptible or unsusceptible to stress-

inducedd increase of intestinal macromolecular permeability. It also resulted in a different 

behaviorall  profile as well as HPA-axis reactivity in LAL1-R and LAL2-R. Based on the 

behaviorall  differences as suggested by the scores for rearing behavior, latency to the first 

shock,, number of received shocks, burying behavior, immobility and HPA-axis reactivity, we 

speculatee that the LAL1-R mice could have been more sympathetically activated and were 

moree anxious and/or panicky than LAL2-R mice. This is confirmed by the fact that, in the 

totall  LAL group, rearing was positively correlated with the number of shocks and negatively 

withh the latency to the first shock, suggesting that the amount of rearing and the frequency of 

contactss with the probe might have been mutually related: frequent rearing (as a reflection of 

anxietyy and panic) might have led to frequent contacts with the probe. Subsequent shocking, 

inn turn, led to more rearing and consequently more shocks. Corticotropin-releasing factor may 

bee in a central position to modulate attentional and arousal mechanisms by interacting with 

cholinergic,, dopaminergic and noradrenergic neurons at the level of forebrain and brainstem 

nucleii  as well as the locus coeruleus and might have differentially modulated the activity in 

bothh groups. The behavioral pattern of LAL2-R was considerably different from LAL1-R (and 

alsoo from SAL-R). It was characterized by more cautiousness, a somewhat exaggerated 

plasmaa corticosterone 
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buryingg response and relatively few rearing. In LAL2-R, sympathetic activation may have 
beenn less pronounced or was counteracted by parasympathetic activation. 

Whereass stress-induced intestinal permeability enhancement was not observed in SAL and 
LAL1-R,, in LAL2-R mice an increase was found. The observed correlates between behavioral 
parameterss and intestinal permeability may be reasonable starting points to find out what 
renderss an animal more or less susceptible to the effect of stress on intestinal permeability. 
Interestingly,, Stam et al. put forward the same suggestion based on colonic spike burst 
frequencyy responses to novel challenges in Wistar rats selected for diverging locomotor 
activityy in the open field test 30. Wistar rats, characterized by small locomotor activity and 
equippedd with electrodes to measure proximal colonic spike burst frequency, reacted to the 
introductionn of a novel box in the open field with a greater increase in colonic spike burst 
activityy than rats selected for high locomotor activity. It is tempting to speculate that mice 
showingg a behavioral pattern like the LAL2 group in the present experiment, may be at higher 
riskk to develop gastrointestinal disturbances, allergies and inflammations than mice showing 
behaviorall  profiles like SAL or LAL1. 

Thee observed behavioral divergence within the LAL group is comparable with the 
divergencee in male LAL littermates, as reported previously by Sluyter et al. : In every LAL 
generationn some males have relatively short attack latencies. These 'attacking' LAL mice 
showw more defensive burying in the DB test than 'non-attacking' LAL mice. In our 
experiment,, LAL2 females buried the shock probe more than LAL1 females. 

IntestinalIntestinal permeability and corticosterone 
AA causal relation between HPA-axis activation and the effect of restraint stress on intestinal 
permeabilityy is not plausible, since no correlation between plasma corticosterone 
concentrationss and HRP flux was found. This is in line with the observations of Santos et al. 
whoo showed that stress-induced increase of the colonic permeability to HRP was still present 
afterr complete blockade of adrenal steroid synthesis by aminogluthetimide. Others also 
concludee that HPA-axis activation is not involved in stress-related gastrointestinal changes, as 
indicatedd for instance by the fact that neither hypophysectomy nor adrenalectomy abolishes 
stress-inducedd motor responses 15'29'33. Contrarily, Meddings et al. reported a causal relation 
betweenn adrenal steroid release and increased stress-induced intestinal permeability in male 
Wistarr to small sugars (i.e. sucrose, sucralose (artificial undegradable sucrose) lactulose, 
mannitol)) and FITC-labeled dextrane (MW 10 kD) as probes 17. Rather than in the two-hour 
stress-periodd used in our experiments, high endogenous corticosterone levels may affect 
mucosall  integrity on a longer term and in an indirect way. For instance by decreasing the 
intestinall  secretory immunoglobuline A levels, thereby facilitating bacterial adherence to the 
mucosa.. Some bacteria can change paracellular permeability by loosening the tight junctions 
27,28 8 

GeneralGeneral conclusions 
Fromm the present experiments we firstly conclude that the Shock prod/Defensive Burying 
paradigmm is useable to distinguish behavioral profiles of female mice with different coping 
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strategies.. Secondly, restraint stress did not induce an increase of small intestinal permeability 

inn female SAL mice and most female LAL mice, but caused a considerable increase in female 

LALL mice with a specific behavioral profile. Thus, thirdly, behavioral parameters may have 

somee predictive value with respect to individual susceptibility to stress-induced increased 

intestinall  permeability. Fourthly, intestinal permeability to HRP was not related to free plasma 

corticosteronee levels. 
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Abstract t 

BackgroundBackground and aim: Stress-exposure has been shown to affect the transport and barrier 
functionn of intestinal epithelium in humans and rodents, as indicated by increased 
permeabilityy to small and large molecules, changed ion-secretion and diminished tissue 
resistance.. Underlying mechanisms have not been elucidated, but it is well-known that 
peripherall  cholinergic neurotransmission, proteases and mast cell mediators are involved. 
However,, large individual differences exist in the susceptibility to the effects of stress on 
intestinall  functioning. This might be related to differences in coping strategy (as reflected in 
autonomic,, neuroendocrine and behavioral stress responses). In the present experiment, the 
effectt of two hours cold-restraint stress on the jejunum of Roman High Avoidance 
(RHA/Verh)) and Roman Low-Avoidance (RLA/Verh) rats, having different coping styles, 
wass investigated. Method: Mucosal-to-serosal fluxes of the macromolecule horseradish 
peroxidasee (HRP, 40 kD) were measured in vitro, as well as electrical tissue resistance (R), 
andd short-circuit current (Isc). Animals were subjected to two hours cold-restraint (8°C). Part 
off  the control and restrained animals were pretreated with atropine methyl-nitrate (i.p.) to 
blockk peripheral muscarinic receptors. Results: The experiments revealed no differences in 
tissuee properties and barrier function in control RLA and RHA rats. After cold-restraint stress, 
thee permeability to HRP was increased in RLA, while no significant effects in RHA were 
observed.. The effect in RLA was consistent with a small decrease in tissue resistance in this 
line.. No effects on short-circuit current were found. Atropine methyl-nitrate increased 
permeabilityy to HRP and decreased resistance in control rats of both Roman lines. These 
atropine-inducedd effects were not observed when atropine-treated rats of both lines were 
subjectedd to cold-restraint stress. Conclusions: RLA rats were more susceptible to stress-
inducedd increase of intestinal permeability than RHA rats. In both rat-lines some muscarinic 
receptorr activity seems to be required to maintain the epithelial barrier. Stress can restore the 
epitheliall  barrier in atropine-treated rats, indicating that stress may also trigger barrier-
protectivee mechanisms in the intestinal wall in these lines of rats. This may explain the 
relativelyy small effects of stress on permeability for macromolecules in Roman rats as 
comparedd to some other rat strains, as known from the literature. 
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Introductio n n 

Numerouss studies have been published about the effects of psychological and physical stress 
onn the permeability of the intestinal epithelial barrier of rats. The intestinal epithelium, lining 
thee whole gut, has an important role in the regulation of transport of water, ions, nutrients and 
otherr substances from the gut lumen into the body or vice versa. But it also serves a very 
importantt barrier function against the entrance of potential toxic, inflammatory or antigenic 
agents.. This barrier includes physical, physiological, enzymatic and immunological 
regulation,, which are all under neuro-hormonal control27. Stress has been shown to alter both 
transportt and barrier functions of this layer of epithelial cells, possibly by acting on the neuro-
hormonall  regulation of the barrier function2. The mechanisms underlying these alterations are 
unknown,, although the understanding of the contribution of several modulating factors like 
cholinergicc neurotransmission and mast cell mediators such as histamine and proteases, is 

15,22,27 7 

growingg ' ' . 
Increasedd permeability to macromolecules such as food antigens may increase the antigenic 

loadd of the mucosal immune system, may raising inadequate immune responses, which 
possiblyy lead to allergy or inflammation. Stress might therefore play a crucial etiological role 
inn the onset of illness. Many reports are known in which both stress and increased intestinal 
permeabilityy precede or accompany symptoms of illness associated with intestinal bowel 
dysfunction28,29. . 

Mostt studies make use of animal models, usually rat models, to investigate effects of 
combinedd psychological and physical stress on the permeability of intestinal tissue. A 
complicationn in these studies is that not all strains are equally stress-susceptible and not all 
strainss respond to stress with a similar effect on intestinal functions. For instance, Sprague 
Dawleyy rats and Wistar rats are less stress-susceptible than Wistar Kyoto rats , personal 
communicationn P. Saunders] and Fischer rats show much less stress-induced activation of 
colonicc motor function than Lewis rats l . The large individual differences within one strain 
andd within one cohort of animals, as seen in both rat and mouse models, may reduce the 
generall  validity of the animal models, unless we understand the origin and biological 
significancee of this variation. Environmental, genetic, metabolic, psychological and 
physiologicall  variables may all contribute to the effect stressors finally exert on intestinal 
functioning. . 

Severall  studies have provided evidence that cholinergic action on muscarinic receptors in 
thee small intestine is involved in the effect of stress on macromolecular permeability. This 
wass shown by experiments in which Wistar and Wistar Kyoto rats were injected 
intraperitoneallyy with the muscarinic receptor antagonist atropine, prior to subjection to cold-
restraintt stress 15. Atropine abolished the increase of the epithelial permeability to the 
macromoleculee horseradish peroxidase (40kD). Another example of possible cholinergic 
involvementt is the fact that Wistar Kyoto rats, which have low choline-esterase (AChE) 
activityy 23 are more vulnerable to stress-induced permeability changes than Wistar rats. The 
permeabilityy increase was inversely correlated with the endogenous choline-esterase activity 
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.. Thus, differences in cholinergic tone may underlie differences in vulnerability to stress-
inducedd changes in intestinal function. 

Inn addition to variation in cholinergic tone, differences in coping characteristics of animals 
mayy also add to the variation in vulnerability. When subjected to stress, animals individually 
showw different behavioral and physiological stress responses. Physiologically, these 
differencess become apparent in hypothalamus-pituitary-adrenal axis activation (plasma 
corticosterone/cortisol)) and autonomic activation (sympathetic versus parasympathetic 
predominance).. Behaviorally, the response is characterized by either high or low aggression, 
highh or low avoidance, high or low activity 16. These stress responses - which are usually 
quitee consistent within animals - are aimed at keeping homeostasis intact. However, under 
certainn conditions one coping strategy may have an advantage over the other. Moreover, 
copingg responses may fail or be inadequate, leading to the continuous high levels of stress 
and,, as is currently thought, subsequent predisposition to long-term health problems after 
exposuree to stressors. 

Inn the present experiment, Roman High- and Roman Low-Avoidance rats of the Roman 
Swisss sub-line were used to compare differences in intestinal permeability for 
macromoleculess and intestinal electrophysiological tissue properties after exposure to cold-
restraintt stress. Both rat strains are known to be different in their behavioral and physiological 
responsee to stress and have a genetically different background. The Roman High-Avoidance 
(RHA)(RHA) line has been selected for rapid acquisition in the two-way active avoidance in the 
shuttleboxx and the Roman-Low Avoidance (RLA) line for extremely poor acquisition . 
Moreover,, the RLA line is more anxious or emotionally reactive than the RHA line ' . RHA 
havee active coping characteristics whereas RLA are more passive copers. RLA rats show 
moree tachycardia when exposed to various unconditioned stressful situations and a more 
pronouncedd bradycardia in response to a conditioned emotional stressor, suggesting stronger 
dynamicsdynamics in autonomic balance 20. Moreover, stress-induced neuroendocrine responses are 
strongerr in RLA rats in case of relatively mild stress, although the increase of the 
corticosteronee level upon severe stress, like immobilization, is comparable in both lines ' . 
Oxytocinn responses are larger in RHA rats after 1 minute of immobilization stress . Effects of 
muscarinic-cholinergicc neurotransmission may be stronger in RLA rats, since the 
transmembranee signaling via the mediator phopholipase C (PLC) is higher in these animals, at 
leastt in the hippocampus and cortex 21 as well as the sensitivity to the muscarinic receptor 
agonistt oxotremorin 17. Behaviorally, RLA rats also show more grooming and freezing 
behaviorr '] . 

Inn the present study, we investigated the intestinal permeability and electrophysiological 
characteristicss of both RHA and RLA rats upon exposure to cold-restraint acute stress and 
theirr dependency on peripheral cholinergic neurotransmission. We hypothesized that the 
reactivee Roman Low-Avoidance rats would be more susceptible to stress-induced increased 
permeabilityy than proactive Roman-High Avoidance rats. Comparison of the results in these 
twoo rat-lines might be helpful in understanding why the effect of stress on intestinal 
functioningg is so different between different strains and between individual animals. 
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Methods s 

AnimalsAnimals and housing 
Twenty-fourr RLA/Verh and twenty-four RHA/Verh female rats of the Roman Swiss sub-line 
weree obtained from P. Driscoll (Zurich, Switzerland). They were housed in groups of 6 
animalss per cage, received normal rat chow (Hope Farms) and water ad lib and were allowed 
too acclimate to the new housing conditions. Lights were on between 7.30h and 19.30h. Just 
beforee the experiments, rats were fasted overnight, to be able to compare our results with 
studiess performed by others. Twelve RLA rats and twelve RHA rats were stressed in an 
adjustablee restraining device at a temperature of 8°C for two hours. Six RLA and six RHA 
ratss were injected intraperitoneally (i.p.) with saline (0.5 ml.kg"1 bodyweight) half an hour 
beforee the stress period and the others received an i.p. injection with atropine methyl-nitrate 
(Sigma)) dissolved in saline (2 mg.kg1 bodyweight). Atropine methyl-nitrate is considered to 
bee peripherally active, since it does not cross the blood-brain barrier. After the two-hour 
stresss period, rats were allowed to recover by free movement in their home cage at room 
temperaturee for another two hours. The remaining animals (12 RLA and 12 RHA) served as 
controls.. Six of these RLA and six of these RHA rats were injected i.p. with saline and the 
otherss received an i.p. atropine methyl-nitrate injection in the same amounts as the stressed 
animals. . 

TissueTissue preparation and Ussing chamber studies 
Too obtain in vitro preparations of the jejunum, rats were anaesthetized intraperitoneally (60 
mg.kg"1)) with sodium pentobarbital (Sigma). The abdominal cavity was opened and a part of 
thee jejunum was ligated and isolated, approximately 5 cm distal from the ligament of Treitz, 
rinsedrinsed with ice-cold Ringer's solution to remove intestinal content, mounted on a rod and 
strippedd of muscle layers. The jejunum was cut along the mesenteric border. Excised flat 
sheetss were mounted in Ussing chambers for macromolecular flux measurements. Peyer's 
patchess were avoided. The Ussing chambers were equipped with agar-salt bridges (4%) and 
Ag/Ag-Cll  electrodes, allowing measurements of electrophysiological properties of the tissues: 
Transepitheliall  potential difference (PD) was continuously monitored. The transepithelial 
resistancee (R) was calculated from voltage deflections induced by current pulses of + and - 10 
uAA and the short-circuit current (Isc) was calculated according to Ohm's law. 

Thee Ussing chambers were filled with carboxygenated Ringer's solution containing (in 
mM)) 117.5 NaCl, 5.7 KC1, 2.5 CaCl2, 25.0 NaHC03, 1.2 NaH2P04, 1.2 MgS04 and 10 
mannitoll  at the mucosal and 10 glucose at the serosal side. The buffer in the Ussing chambers 
wass kept at 37°C and gassed with humidified 95% 02 / 5% C02. Osmolality of the 
carboxygenatedd Ringer was 300 mosmol.kg"1 and pH was 7.3. The Ussing chambers 
containedd 10 ml of the buffer in the serosal and the mucosal compartments. The exposed area 
off  the tissues was 0.5 cm . Mucosal-to-serosal permeability for macromolecules was 
determinedd using horseradish peroxidase (HRP, MW 40 kD, type VI-A , Sigma,) as a model 
molecule.. HRP was added to the mucosal buffer in a final concentration of 10"5M. Samples of 
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2000 ul were taken from the serosal buffer at 30, 60, 90 and 120 minutes and were replaced by 
200200 ul fresh buffer to keep the volume constant. A colorimetric enzymatic assay was used to 
measuree intact HRP quantitatively. The mucosal-to-serosal flux of intact HRP over the period 
30-1200 minutes was expressed in pmole.h'.cm"2. 

StatisticalStatistical analysis 
Resultss are presented as mean  SEM. Differences in mean permeability to HRP between 
groupss were tested using a two-way ANOVA. The differences in electrical resistance and 
short-circuitt current between the different groups were tested with a two-tailed Student's t-
test.. A Welch's correction was applied when variances were significantly different. A 
correlationn between electrical resistance and HPR flux was calculated with the Pearson 
correlationn test (two-tailed). Differences were considered significant when p< 0.05. 

Results s 

IntestinalIntestinal macromolecular permeability 
Meann basal flux rates were of the same order in both rat lines (3.5  0.9 pmole.hr" .cm" in 
RHAA rats and 2.7  0.8 in RLA rats (figure I). No statistically significant effect of stress on 
permeabilityy to HRP was found in the Roman High-Avoidance (4.7  1.1) but in the Roman 
Low-Avoidancee rats a significant increase was found (5.3  1.3). This increase was prevented 
byy atropine-methyl nitrate injection. Surprisingly, injection of atropine methyl-nitrate 

10.0 0 
jj  control 

t t 

ii  1 atropine/control 

ii  mi iatropine/restrain t 

HIGH-AVOIDANC EE LOW-AVOIDANC E 

FigureFigure 1 - Mean (30-120 min)  SEM mucosal-to-serosal HRP fluxes in jejunal tissue of RLA and RHA 

rats.rats. Restraint stress (light grey bar) increased the permeability to HRP in RLA significantly (**,p<0.01) 

asas compared to controls (white bars). Atropine methyl-nitrate prevented this effect of stress (black bar). 

RLA-restraintRLA-restraint with atropine compared to RLA restraint without atropine: $, p<0.05). In both unstressed 

RLARLA and unstressed RHA rats, atropine methyl-nitrate increased the permeability to HRP as compared 

(dark(dark grey bars, **p<0.01, ***p<0.001). In RLA the difference between atropine-treated stressed rats 

andand atropine-treated unstressed rats was significant (#, p<0.05). 
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increasedd HRP fluxes more than two-fold in control rats (RHA 6.7  1.5 and RLA 5.0  0.6 

pmole.hr""  .cm" (p<0.001)). However, when rats were exposed to cold-restraint stress after the 

atropinee injection, this increase was completely abolished and the permeability was 

comparablee with the permeability in tissues of untreated controls (RHA 4.2  0.6 (pO.01) 

andd RLA 3.2  1.0 pmole.hr"1.cm"2 (p<0.05)). 

ElectrophysiologicalElectrophysiological properties of the tissue 

Thee electrophysiological properties of the excised tissue were not different in the two control 

groups.. Stress had no significant effects on R or Isc in both RHA and RLA (figure2A). 

Administrationn of atropine methyl-nitrate reduced R in non-stressed RLA rats {figure 2B) as 

comparedd to untreated control rats; in RHA rats a trend towards a decrease was observed 

whichh was almost statistically significant in RHA (p=0.054). No effects of atropine on Isc 

weree found. The electrical resistance of the intestinal tissue was not significantly changed in 

RHAA and RLA rats subjected to cold-restraint stress after being injected with atropine, 

comparedd to rats that only received the atropine injection. 

]]  control 
I^MI^M restraint 
II  1 atropine/control 
MINII  atropine/restraint 

HIGHH AVOIDANCE LOW AVOIDANCE 

100 0 

< < a. . 

]]  control 
^ BB restraint 
II  1 atropine/control 
II  III 11 atropine/restraint 

HIGHH AVOIDANCE LOW AVOIDANCE 

FigureFigure 2 - A: Electrical tissue resistance (R) in RHA and RLA. Atropine methyl-nitrate 
significantlysignificantly reduced R in the jejunum of RLA (*  p<0.05). In RHA a trend (p=0.05) to atropine-
inducedinduced reduction ofR was found. B: Short-circuit current (Isc) in RHA and RLA rats. Neither 
restraintrestraint stress nor atropine methyl-nitrate injection, nor a combination of these treatments 
affectedaffected Isc in both strains. 
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Althoughh on average only minor changes in R were observed after stress and/or atropine 

treatmentt in both RHA and RLA rats, a strong negative correlation between the mean 

mucosal-to-serosall  HRP fluxes and R was observed (r= -0.6, pO.001, figure 3). Data of all 

ratss are drawn in one figure, since this correlation existed in RLA and RHA rats. 
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FigureFigure 3 - Pearson correlation between electrical tissue resistance and mean HRP flux in all 
rats.rats. r=  -0.6,p<0.001 

Discussion n 

Permeability Permeability 
Thee present experiments confirm our hypothesis that the RLA rats would be more susceptible 

too stress-induced increase of the intestinal permeability than the RHA rats. While no 

statisticallyy significant effect of stress on intestinal permeability in Roman High-Avoidance 

wass observed, a significant increase was found in Roman Low-Avoidance rats of the Roman 

Swisss sub-line. However, these results are different from stress-induced permeability changes 

inn other rat strains like the Wistar and Wistar-Kyoto rats, in which macromolecular 

permeabilityy enhancement was much more pronounced. In Sprague-Dawley rats, however, 

stresss does not affect intestinal permeability (unpublished results, N.N Hanssen (McMaster 

Universityy Hamilton Canada), personal communication P.R. Saunders). 

Thee larger impact of CRS on intestinal macromolecular permeability in RLA, may be 

relatedd to the physiological backgrounds of the Roman lines and the importance of the 

parasympatheticc nervous system and, more specifically, the muscarinic cholinergic 

involvementt in the induction of increased permeability. Indeed, autonomic dynamics are more 

pronouncedd in RLA rats, as suggested by the huge tachycardia or bradycardia responses 

inducedd by conditioned or unconditioned stress respectively 20. Under circumstances of acute 

unconditionedd stress, as in the present experiment, the response in RLA rats might have been 

predominantlyy sympathetic. Reasonably, the parasympathetic 'rebound' afterwards during the 
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recoveryy period may also have been stronger in these animals. Additionally, (cold-) restraint 
stresss is known to cause strong activation of the parasympathetic branch of the autonomic 
nervouss system ' . Given the higher sensitivity of RLA rats to muscarinic receptor 
stimulationn by oxotremorin as reported by Martin et al. '7, parasympathetic activation could 
havee led to more pronounced effects of cold-restraint stress in RLA rats. The greater 
sensitivityy for muscarinic receptor activation in RLA with respect to RHA rats may be 
explainedd by a difference in receptor efficacy and intracellular signaling 21. 

Onee complicating factor in this study could be the use of the anaesthetic pentobarbital. 
Simonss et al. reported that this drug is able to cause a substantial (90%) reduction of the 
phorboll  ester PDBU-induced calcium-dependent protein kinase C (PKC) activation in rat 
distall  colon and an increase (35%) of calcium-independent PKC activation 26. The PDBU-
inducedd sharp drop of transepithelial resistance and the increase of short-circuit current were 
inhibitedd in rats anaesthetized with pentobarbital prior to the removal of the colon. Driscoll et 
al.. ' reported an increased sensitivity of RLA rats to pentobarbital as compared with RHA 
rats.. Whether the use of this barbiturate might have masked a clearer difference in 
susceptibilityy to stress-induced enhancement of macromolecular permeability is undefined as 
yet. . 

AtropineAtropine treatment 
AA striking result was the atropine-induced increase of intestinal permeability to HRP and the 
diminishedd transepithelial resistance in both RHA and RLA rats. Intraperitoneal 
administrationn of this peripherally active muscarinic receptor antagonist led to a more than 
two-foldd increase of jejunal permeability to HRP, an effect which was reversed by exposure to 
cold-restraintt stress in both rat lines. To our knowlegde, no reports have been published with 
similarr results. Atropine, given in vivo, is not known to have an effect on intestinal 
macromolecularr permeability of naive rats of other strains. In some in vitro studies in isolated 
tissuess of rats, guinea pigs and mice macromolecular flux in the presence of atropine was 
ratherr decreased then augmented 3,4J5 (Van Kalkeren, unpublished results). Our results 
indicatee that the inactivation of the muscarinic receptor signaling pathway (via protein PKC) 
inn both RHA and RLA rats by a muscarinic receptor antagonist caused a decreased barrier 
function,, suggesting that a certain level of cholinergic activity was necessary for 
'housekeeping'' activities in intestinal tissue of these animals. One possibility is that, at the 
levell  of the enterocytes, a certain amount of phosphorylation of actin or tight junction-
associatedd proteins by PKC is needed to keep the strands in the right conformation, so that 
impermeabilityy of the tight junctions is maintained H. In the present study, the enhanced flux 
off  HRP probably is a result of diminished paracellular barrier function since the HRP flux 
wass negatively correlated with transepithelial resistance. Paracellular leakage of 
macromoleculess has been reported previously by Kiliaan et al. 15, who demonstrated the 
presencee of HRP product in the tight junctions, in the paracellular spaces by means of electron 
microscopy. . 
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Atropinee injection caused a doubling of the permeability to HRP in unstressed RHA and 
RLAA rats while HRP fluxes in their stress-exposed littermates were normal. Stress apparently 
activatedd a barrier-increasing mechanism, which acts independently from peripheral 
muscarinicc receptors. This mechanism may serve as a protection against harmful effects of 
stresss in both RLA and RHA rats. Could, for instance, mucin secretion be responsible for this 
protection?? It is known that exposure to immobilization stress increases mucin secretion in the 
colonn of Wistar-Kyoto rats and mice 6'7. These glycoproteins participate in the mucus 
diffusionn barrier, and are able to hinder the passage of different molecules depending on their 
degreee of glycosylation, sulphation and sialylation 613'25. Castagliuolo et al. 6 and Greenwood 
ett al. 13 showed a muscarinic and vagal dependency of mucin release from goblet cells in rat 
andd rabbit small intestine. Since no differences between atropine-pretreated and untreated 
stressedd RLA and RHA rats were observed, this suggests that prevention of stress-induced 
mucinn release can not be the explanation for the normal macromolecular permeability level in 
thee stressed animals. 

ElectrophysiologicalElectrophysiological properties 
Cold-restraintt stress had no significant effects on R and Isc in RHA and RLA rats. This is not 
inn line with previous observations in Wistar and Wistar Kyoto rat jejunum and colon, showing 
increasedd Isc and reduced R 22'23. Moreover, the reduction of tissue resistance due to the 
administrationn of atropine methyl-nitrate in unstressed animals was partly prevented by 
subsequentt exposure to CRS. Stress could have liberated several substances such as 
neurotransmitters,, neuropeptides, inflammatory mediators and immune cell products in the 
laminaa propria, which counteracted the effects of atropine on mucosal barrier integrity, 
independentlyy from muscarinic receptor activation. Stress-induced activation of the same 
mechanismm might have protected against macromolecular permeability enhancement and 
reductionn of transepithelial resistance. Since transepithelial resistance and HRP flux were 
negativelyy correlated, suggesting a (partly) paracellular route for HRP transport, closure of 
paracellularr pathway for macromolecular transport by stress might be the physical mechanism 
byy which the atropine-induced mucosal-to-serosal transport of HRP was prevented. 

Inn summary, the macromolecular permeability was not different in control Roman Low-
Avoidancee compared to control Roman High-Avoidance rats from the Roman Swiss sub-line. 
Cold-restraintt stress significantly increased jejunal macromolecular permeability in RLA rats 
butt not in RHA rats. No significant differences were observed between RLA and RHA 
concerningg electrophysiological transepithelial resistance or short-circuit current in unstressed 
rats.. Atropine methyl-nitrate markedly increased intestinal macromolecular permeability and 
decreasedd resistance. Apparently, a certain level of muscarinic receptor activation was 
necessaryy in these animals to maintain the intestinal barrier function. The reversal of the 
atropine-inducedd enhancement of permeability by cold-restraint stress suggests that a 
muscarinicc receptor-independent mechanism was activated, which protected the epithelial 
barrierr function. Stress apparently restored the epithelial barrier in atropine-treated rats, 
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indicatingg that stress can also trigger barrier protective mechanisms in the intestinal wall in 

thesee lines of rats. This may explain the small increase of the permeability for 

macromoleculess in Roman rats as compared with some other strains, such as Wistar Kyoto 

rats. . 
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Abstract t 

BackgroundBackground and aim: The intestinal epithelial cell layer is a physical barrier for luminal 
endotoxinss and antigens. Disruption of this barrier may allow these components to cross into 
thee lamina propria, increasing the load of the mucosal immune system. Consequently, food 
intolerance,, infections, inflammations and diarrhea may occur. Stress has been shown to 
increasee intestinal permeability to antigens and endotoxins in several species. The cholinergic 
neurotransmissionn plays an important role in this phenomenon. However, large individual 
differencess exist in the vulnerability to stress-induced effects on epithelial layer integrity. 
Individuall  physiological differences, as reflected in distinct coping strategies and differences 
inn autonomic balances, may underlie this degree of susceptibility. We investigated 
macromolecularr epithelial permeability in High Resistant (HR) and Low Resistant (LR) pigs 
withh different coping characteristics, after subjection to five weeks of isolation stress. 
Method:Method: The permeability of the small intestines of growing isolated LR and HR pigs to the 
markerr molecule horseradish peroxidase (HRP, 40 kD), electrical tissue resistance, potential 
differencee and short-circuit current, as well as responsiveness to the secretagogue carbachol 
(ann acetylcholine mimetic), were measured in vitro. Results: Permeability was found to be 
two-foldd higher in chronically stressed HRs than in LRs. Electrical tissue resistance, potential 
difference,, short-circuit current and secretory responses to cholinergic stimulation by the 
acetylcholine-mimeticc carbachol, were measured electrophysiologically. The potential 
differencee of the tissue was higher in HRs. The change in potential difference induced by 
carbacholl  was negatively correlated with the potential difference before. This suggests that 
thee high PD in HRs could be a result of a stronger vagal tone in these animals. Cardiac 
measurementss that were previously carried out in the same pigs during a novelty test 
(superimposedd on isolation stress), also showed that parasympathetic activation was more 
pronouncedd in HRs than in LRs. Conclusion: It was concluded that HRs might be more 
vulnerablee to stress-induced intestinal macromolecular permeability increase than LRs. 
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Introductio n n 

Thee epithelial cell layer covering the intestinal wall plays an important role in absorption 
processess from the lumen into the body. The epithelial layer allows passive diffusion of ions, 
smalll  molecules and water. But larger molecules, which may have potential antigenic or toxic 
properties,, have only limited access to the body via the sampling activity of antigen 
presentingg cells. This way, the epithelial layer is a physical barrier between the external 
environmentt and the host2'17'18. Disruption of the epithelial layer integrity allows endotoxins 
andd allergenic components to cross into the lamina propria, which increases the load of the 
mucosall  immune system. Theoretically, intolerance and (food) allergy may occur as a 
consequencee of increased permeability, as well as infections, inflammations and diarrhea 
Inn patients with different intestinal diseases, evidence for increased epithelial permeability is 
overwhelming.. For instance, in humans with cow's milk allergy or Crohn's disease increased 
levelss of intestinal permeability to macromolecules are observed ' ' . It is unknown 
whetherr increased permeability is a consequence of the illness, or precedes the symptoms of 
illness.. For instance, cytokines released during inflammation are known to cause enteropathy 
andd alter intestinal permeability to undegraded food proteins 311-38. Permeability studies in 
spontaneouss diabetic BB rats20 and non-inflamed tissue of patients with Crohn's disease 
suggestt that increased permeability is already present before symptoms of illness appear. 
Anyhow,, a cyclical aggravation of the intestinal deviations may occur ' . 

Stresss is a possible cause of increased intestinal permeability. In mice, we previously 
observedd effects of social isolation and restraint stress on the in vitro intestinal permeability to 
thee 40 kD glycoprotein horseradish peroxidase (HRP)36. Sub-chronic noise stress and (cold-) 
restraintt stress in rats are also reported to increase intestinal permeability ' " . Stress-
inducedd effects on macro-molecular permeability are not only found in rodents, but also in 
pigs.. Zucker et al. (1998) observed that transportation during two to eight hours caused a 
transientt increase of intestinal permeability to endotoxins in slaughter pigs, measured as 
elevatedd levels of endotoxins in the blood 39. Transportation is generally considered as a 
physicall  and physiological stressor . 

Thee studies in rodents and one study in pigs show individual differences in the effect of 
stresss on intestinal permeability. Within one population, stress can increase epithelial 
macromolecularr fluxes in one animal, while permeability in another is unaffected (Van 
Kalkeren,, unpublished observations; Personal communication P. Saunders). This differential 
effectt of stress on intestinal permeability may depend on the differential way individuals cope 
withh stressors, their coping strategy. 

Briefly,, a coping strategy is a coherent set of behavioral and physiological stress responses, 
whichh is consistent over time. In several species, including mice, rats, chickens and 
(domesticated)) pigs, two coping styles are distinguished: the reactive and proactive coping 
stylee 14. They are considered as two opposite extremes within one population. Both coping 
styless have distinct behavioral, physiological and genetic characteristics. The proactive coping 
stylee is characterized by a strong sympathetic activation, but a low hypothalamic-pituitary-
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adrenocorticall  (HPA) response. Behaviorally, this is reflected in the so-called 'fight or flight' 
reaction.. On the contrary, the reactive style is characterized by a strong reactivity of the HPA-
axiss and a strong parasympathetic response. Behaviorally, this style is typified by 
conservationn and withdrawal  16-21-3(U1. 

Inn piglets, different coping styles are already distinguished shortly after birth by their 
behaviorr in the so-called backtest (manual restraint). Proactive animals show much escape 
attemptss in the backtest and are called High Resistant (HR) while reactive animals show littl e 
resistancee and are therefore called Low Resistant (LR). HR pigs differ from LR pigs in their 
strategyy to adapt to stressful circumstances 24. Social isolation is such a circumstance. 
Althoughh nowadays the isolation of pigs is not routinely done anymore, individual housing is 
stilll  applied for special reasons, among which experimental research. The subjects are often 
housedd singly for practical reasons or controllability. If they are used for metabolic 
experimentss and are therefore housed in metabolic cages, these housing conditions may be 
stressfull  and influence gastrointestinal function, but possibly not to an equal extent in every 
individual. . 

Inn view of the differences in coping characteristics, individual differences in intestinal 
permeabilityy after stress and the involvement of the parasympathetic nervous system, one may 
hypothesizee that the reactive LR pigs will be more vulnerable for stress-induced increased 
intestinall  permeability than the proactive HR pigs, because of their supposed parasympathetic 
predominancee in the stress response. Activation of the vagus nerve, which is an important 
branchh of the parasympathetic nervous system regulating gastrointestinal function, is thought 
too be an important mediator of stress-induced effects on intestinal permeability, as shown in 
ratss 13-27-28. In the present experiment, intestinal permeability to macromolecules was 
comparedd in isolated sheets of ileum and jejunum of growing 13-week old HR and LR pigs 
afterr a five-week period of isolation-stress. Previously, Ruis et al. had studied individual 
differencess in coping style in the same animals. In these studies, heart rate was recorded. 
Thesee data were used to obtain information about the autonomic balance during stress. 
Especiallyy the parasympathetic input is probably of importance to the effects of stress on 
intestinall  permeability. 

Method d 

AnimalsAnimals and housing 
Sixteenn crossbred gilts (Great Yorkshire x (Great Yorkshire x Dutch Landrace)) originating 
fromm the Experimental Farm for Pig Husbandry (Raalte, The Netherlands) were transported 
shortlyy after weaning at the age of 4 weeks to the experimental farm of ID-Lelystad and 
housedd socially with original litter-mates. Room temperature was 19-21°C and total lux 
variedd from 50-100. Food (commercially derived dry pellets) and water (from nipple drinkers) 
weree available ad libitum. These sixteen pigs were a subset of a larger group, which was 
dividedd in High Resistant (HR) and Low Resistant (LR) animals, based on their scores in the 
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backk test (the number of escape attempts which was larger than 5 or less than 3, respectively, 
seee also Ruis et al. ). 

Fromm the age of seven weeks, the pigs were kept in isolation (e.g. physical and visual 
isolation)) for five weeks in 1.80*0.85 m pens, on partly slatted floors. Regular contact 
betweenn caretakers and individual animals was maintained. During the first three weeks of the 
isolationn period, behavioral and physiological parameters were tested in the total group of 
whichh our pigs were a subset, and the results are described by Ruis et al.25. Briefly, the initial 
Cortisoll  response to isolation stress was significantly higher in LRs. LRs generally showed 
moree explorative behavior whereas HRs were more involved in running, walking and 
vocalizingg behavior. HRs excreted more noradrenaline in the third week of the isolation 
periodd during which urine samples were collected, indicating a stronger sympathetic 
activation.. Body temperature in HRs did not return to pre-isolation values during chronic 
isolation,, whereas in LRs body temperature was already normalized after one day. 
Examinationn of the stomachs revealed severe wall damage in only one HR. Adrenal and 
thymuss weights were not different between HRs and LRs. From these data it was concluded 
thatt HRs showed characteristics of proactive copers and probably were more stressed during 
thee isolation period. In this large study, heart-rate parameters were also measured in order to 
obtainn information about the balance between the parasympathetic and sympathetic nervous 
system.. Under baseline conditions, prior to the social isolation, LRs had a somewhat higher 
parasympatheticc cardiac input, but during novelty stress within the isolation period, HRs 
showedd more pronounced parasympathetic reactivity. 

Forr the present study, this cardiac parameters were of interest. Cardiac recordings were 
carriedd out during a novel environment and novel object test, after one week of isolation. The 
pigss were equipped with a heart-rate monitor (Ventage® Polar electrode, NV, Kempele, 
Finland)) in the startbox, two minutes before they were let into the novel environment. 
Continuouss heart-rate was recordings were done during the novelty test. In this test, pigs were 
allowedd to explore a novei arena (3.8*3.0 m) after opening of the stratbox, for a total time of 
155 minutes. After 10 minutes a novel object (2 buckets tied together) was lowered from thew 
ceilingg onto the floor and then lifted approximately 0.5 m above the floor for another 5 
minutes.. From ECG recordings the response of the heart-rate (beats per minute, indicated by 
calculationn of the R-R intervals) and the contribution of the vagus nerve to the heart-rate 
variabilityy (estimated as the root-mean-square of the successive R-R interval differences, 
abbreviatedd as r-MSSD) were quantified by validated methods U2. After 5 weeks of isolation, 
thee intestinal tissue of 8 LR and 8 HR gilts was used for in vitro permeability and 
electrophysiologicall  studies described here. 

Surgery Surgery 
Too obtain the intestinal tissue for in vitro experiments, the pigs were anaesthetized 
intramuscularlyy with 1 ml. 10kg "' azaperone (Stresnil®, Janssens Pharmaceutic a, Tilburg, The 
Netherlands)) and 4 ml. 15kg"1 ketamine (Narketan®, Chassot AG, Bern, Switzerland) in their 
homee pen before transportation to the dissection room took place. After transportation (during 
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11 -2 minutes), pigs were euthanized with 5 ml pentobarbital (Euthesate®, Apharmo, Arnhem, 
Thee Netherlands), by intravenous administration through an ear vein. Immediately upon 
administrationn of pentobarbital, after the disappearance of eyelid reflex but with the blood 
circulationn still intact, the abdominal cavity was opened and 10 cm of proximal jejunum as 
welll  as 10 cm of distal ileum were removed for in vitro permeability studies. Other organs of 
thee animals were used for other purposes 25. The preparation for surgery was considered as a 
standardizedd stress in addition to the isolation stress. 

TissueTissue preparation and permeability studies 
Thee pieces of jejunum and ileum were rinsed with Ringer's solution and the muscle layers 
weree stripped off. The tissue was cut along the mesenteric border and excised segments were 
mountedd in Ussing-type chambers filled with carboxygenated Ringer's solution containing (in 
mM)) 117.5 NaCl, 5.7 KC1, 2.5 CaCl2, 25.0 NaHC03, 1.2 NaH2P04, 1.2 MgS04 and 5 
inosine.. The buffer in the Ussing chambers was kept at 37.5-38.0°C and gassed with 95%02 / 
5%% C02. Both serosal and mucosal compartments contained 1.7 ml of the buffer. The exposed 
areaa of the tissues was 0.2 cm . Mucosal-to-serosal permeability for macromolecules was 
determinedd using Horseradish Peroxidase (HRP,40 kD) (Sigma, Type VI-A) as a model 
molecule.. HRP was added to the mucosal buffer in a final concentration of 10"5M. Samples of 
2000 ul were taken from the serosal buffer at 30, 60 and 120 minutes and were replaced by 
200ull  fresh buffer to keep the volume constant. An arithmetical correction for the dilution of 
thee buffer was applied to calculate the amount of HRP in the serosal compartment correctly. 
AA coloric enzymatic assay was used to measure intact HRP quantitatively. Briefly, the 
reactionn mixture was a 100 mM phosphate buffer, containing 0.3% H2O2 and 0.009% o-
dianisidinee dihydrochloric acid (Sigma). The rate of appearance of the reaction product, 
measuredd as the increase of the extinction per minute (wavelength 436 nm) was compared 
withh the rate generated by known concentrations of HRP and the mucosal-to-serosal flux of 
undegradedd HRP was expressed in pmole.h"\cm"\ 

Electrophysiology Electrophysiology 
Electrophysiologicall  properties of the small intestinal tissue, namely resistance and the 
potentiall  difference as well as the secretory responsiveness of the tissue to the acetylcholine 
mimeticc carbamylcholine (carbachol, Sigma) were measured. To allow electrophysiological 
measurements,, the Ussing chambers were equipped with agar-salt bridges (Ringer's solution 
containingg 4% agar) connected to Ag/Ag-Cl electrodes. The transepithelial potential 
differencee and resistance were constantly monitored using a custom-made software program. 
Thee resistance and transepithelial potential difference were taken after 20 minutes of 
stabilizationn in the Ussing chambers. From these, the short-circuit current was calculated 
accordingg to Ohm's law. The reaction to serosal addition of carbachol (10~4M) via muscarinic 
receptorss was measured as a secretory response. Carbachol was added after 40 minutes 
stabilizationn of the tissue in the presence of the sodium channel blocker tetrodotoxin (TTX, 
3.10"7M)) to block action potentials in nerves. Tissues treated with TTX and carbachol were 

78 8 



chapterchapter 5 

nott included in the permeability measurements, because TTX and carbachol itself may induce 

changess in permeability to HRP ' . 

StatisticalStatistical analysis 

Thee difference in permeability between HR and LR pigs was tested using a two-way 

ANOVA .. Electrophysiological differences in transepithelial potential difference and tissue 

resistancee as well as r-MSSD values were tested with the two-tailed unpaired t-test, with a 

Welch'ss correction when variances were different. A correlation between potential difference 

andd carbachol-induced changes in transepithelial potential difference was calculated by the 

Pearsonn correlation test (two-tailed). Differences were considered significant when p<0.05. 

Results s 

PermeabilityPermeability measurements 

Noo significant differences were found between the permeability of the proximal jejunum and 

thee distal ileum in both groups. Therefore, flux data of ileum and jejunum were pooled and 

averagedd for each animal. Figure 1 shows the mean musosal-to-serosal flux of undegraded 

HRPP in small intestinal tissue, presented as the mean flux between 30 and 120 minutes. In HR 

pigss this flux was more than two-fold higher (on average 3 pmole.hr" .cm" ) than the 

fluxx in LR pigs 2 pmole.hr"1.cm"2). Differences between the two groups were 

statisticallyy significant (p<0.01). During the two-hour period of sampling the permeability 

wass constant, indicating that the quality of the tissue did not decline. 

]LR(8) ) 
II  HR (8) 

HRPP flux 

FigureFigure 1 - Mean  SEM flux in vitro HRP fluxes (average flux of the three time points 30, 60 
andand 120 min) through small intestinal tissue ofLR and HR pigs after 5 weeks of isolation. The 
permeabilitypermeability to HRP was significantly higher in HRpigs (***p<0.01). 
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ElectrophysiologicalElectrophysiological tissue properties 

Tissuee resistance tended to be slightly higher in HRs 3 Q.cm2) than in LRs 0 

Q.cm2)) pigs (p=0.05) (figure 2d). The mean potential difference was significantly higher in 

HRss 1 mV) compared to LRs 1 mV) (p<0.05), as shown in figure 2b. 

AA typical example of the change in potential difference, tissue resistance and short-circuit 

currentt in response to carbachol (10 M) administration (the secretory response) is shown in 

figurefigure 3a-c. Amplitudes of these voltage responses to carbachol are plotted against 

transepitheliall  potential difference before application of the secretagogue. Changes in 

potentiall  difference due to carbachol were negatively correlated to previous potential 

difference,, as indicated in figure 3d, Pearson r -0.65, and p <0.05. In this figure, data from LR 

andd HR are pooled. The mean carbachol response (in mV) in HRs was 3 (n=8 animals) 

andd slightly higher in LRs, 5 (n=7 animals), but this was not significant (data not 

depicted). . 

too o 

75--

50--

25--

1LR R 

IHR R 

tissuee resistance 

]LR R 

IHR R 

potentiall  difference 

FigureFigure 2A-B - Mean  SEM of in vitro electrophysiological measurements of transepithelial 
resistanceresistance (A) and the transepithelial potential difference (B) of small intestinal tissues of LR 
andand HR pigs, measured 20 minutes after mounting of the tissues. The resistance tended to be 
higherhigher in HR pigs (n=37 tissues) than in LR (33 tissues), p=0.05. The potential difference was 
significantlysignificantly higher in HRs (28 tissues) than in LRs (25 tissues), *p<0.05. 
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CardiacCardiac activity 

FigureFigure 4A shows that the heart-rate (beats per minute) during the different phases in the 

noveltyy test was not different between LR and HR pigs. The vagal input to the heart as 

estimatedd by the r-MSSD was highest in HRs, figure 4B. This became already visible in the 

startbox,, where they were equipped with the heart-rate monitor. 
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FigureFigure 3A-C - Typical example of an in vitro response to serosally added carbachol (10'4M), 
measuredmeasured as an increase in the transepithelial potential difference (Vt) (A), transepithelial 
tissuetissue resistance (Rt) (B) and the short-circuit current (Isc) (C). 
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FigureFigure 3D- Negative correlation between the basal transepithelial potential difference and the 
carbachol-inducedcarbachol-induced change in transepithelial potential difference. Vcarbachoi is the maximal 
amplitudeamplitude of the carbachol response. Data obtained from both LRs and HRs are plotted. 
(Pearson(Pearson r = -0.65, p<0.05). 

R-MSSDD in HRs was almost significantly higher in the first minute of the novel environment 
thann in LRs (p=0.06) and significantly higher than in LRs in response to the dropping of the 
novell  object after 10 minutes exploration in the novel environment (p<0.01). 

Discussion n 

Thee main goal of the present experiment was to study whether differences existed between the 
macromolecularr permeability of isolated intestinal sheets of chronically stressed pigs typified 
forr differences in coping style. If so, individual differences in coping style may be related to 
individuall  differences in vulnerability to stress-induced increase of permeability. The High 
Resistantt and Low Resistant pigs are known to differ in their physiological and behavioral 
responsee 25. It was concluded from these data that HRs show characteristics of proactive 
coperss and probably are more stressed during the isolation period, due to the uncontrollability 
off  the stressor. Thus, in accordance with the definitions of proactive and reactive coping 
styles,, proactive copers try to control a stressor, whereas reactive animals more readily adjust 
too the stressful situation l4'15. 

Thee here presented data indicate that intestinal permeability to HRP is two-fold higher in 
HRss than in LRs under conditions of stress. The fact that HRs seemed less adapted to the 
isolationn stress and were more stressed, might underlie this difference. The higher 
permeabilityy of the intestinal epithelial barrier in HRs may implicate that pathogenic 
componentss in the luminal content have better access to the mucosal immune system of these 
animals,, resulting in a higher risk for HRs to develop inflammations or allergies, at least 
underr conditions of stress. Moreover, increased translocation of these luminal components 
mayy occur, which might result in elevated concentrations of endotoxins in blood, as reported 
byy Zucker et al . 
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FigureFigure 4A-B - Cardiac measurements during the novelty test. A: Mean  SEMofthe heart rate, 
measuredmeasured as R-R intervals in ECG recordings and B: Mean  SEM of the estimated 
parasympatheticparasympathetic contribution to the heart-rate variability, measured as r-MSSD's in ECG 
recordingsrecordings ofLRs (grey bars) and HRs (black bars). Different time points are taken during the 
noveltynovelty test. Start box: 2 minutes prior to the novelty test; NE1: average of the first minute in 
thethe arena; NE2-10: average of the second to tenth minute in the arena; NOl: average of the 
firstfirst minute after the drop of the novel object; N02-5: average of the second to fifth minute after 
thethe drop of the novel object. No significant differences in heart-rate were found, 4A. The r-
MSSDMSSD values were higher in HRs as compared to LRs, during the novelty test, which was 
significantsignificant during NOl, **p<0.01). 

InIn vivo and in vitro pharmacological studies in rat, guinea pig and human intestinal tissue 

havee provided evidence that the activation of the vagus nerve or activation of the muscarinic 

receptorss in the basolateral membrane of epithelial cells plays an important role in stress-

mediatedd effects ' . In Wistar Kyoto rats, the high endogenous cholinergic tone, which is due 

too a low acetylcholine esterase activity, may account for the relatively high impact of stress on 

mucosall  layer integrity in comparison to effects of stress in Wistar rats 8'28. Probably, the 

parasympatheticc nerve conveys the stress-signal from the central nervous system to the gut, 

nott only regulating motor and secretory responses 22'34, but also intestinal mucosal function. 
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Inn the literature the most pronounced parasympathetic responses to stress are attributed to 
reactivee coping animals, under which LR pigs 10. Therefore, we expected the highest 
permeabilityy to occur in Low Resistant pigs, not in High Resistant pigs. However, it appeared 
fromfrom the heart-rate measurements that, already after being driven into the start box (which is 
alreadyy novelty) and throughout the novel environment and novel object tests, the activity of 
thee vagus nerve was larger in the HRs. This vagal activity is a reflection and antagonism of 
thee stress-induced increased sympathetic activity, because the heart-rate itself (R-R intervals) 
stayss constant. The difference in vagal activation and thereby the cholinergic input to the 
epitheliall  cells, could have led to the different intestinal permeability in LRs and HRs. We 
cannott discriminate between the possibility that this high vagal activity is already present in 
HRss during isolation and the possibility that handling of the animals to anaesthetize them for 
surgeryy has caused high vagal activation in response to sympathetic activation in HRs and 
subsequentt larger permeability. The latter could be due to additional acute stress upon the 
chronicc isolation stress period, just as during novelty stress. 

Ourr suggestion that stress-induced vagal activity, as indicated by the heart-rate variability, 
andd stress-induced effects on epithelial integrity are related, is in line with Fukudo et al. He 
reportedd that in patients with irritable bowel syndrome (IBS) a slight positive correlation was 
foundd between changes in the coefficient of variance of the R-R intervals, which also 
estimatess vagal activity, and changes in colonic motility under conditions of psychological 
stresss 6. 

Transepitheliall  potential difference was larger in HRs than in LRs. This is partly due to 
increasedd epithelial ion secretion, which can be the result of the observed strong 
parasympatheticc activation during (acute) stress in HR pigs. It is well known that stress 
stimulatess intestinal ion secretion via activation of cholinergic neurons by the central nervous 
systemm 2-26-28-29. Subsequent desensitization of muscarinic receptors may explain the lower 
carbachol-inducedd secretory response in vitro in tissues of pigs with large transepithelial 
potentiall  difference, as is indicated by the negative correlation between carbachol-induced 
changess in potential difference and the potential difference before application of this 
secretagogue.. The potential difference found in HRs may suggest that the vagal tone in the 
intestinall  tissue of HR pigs was somewhat higher than in LR pigs. The slightly lower 
secretoryy responses to carbachol administration in HRs might reflect some desensitization of 
thee muscarinic receptor. 

Fromm the here presented experiments we conclude that - at least under conditions of chronic 
stresss - the intestinal permeability to macromolecules is significantly higher in High Resistant 
pigss than in Low Resistant pigs. Vagal activation and, as a consequence, increased cholinergic 
transmissionn may be causal to this higher permeability in HR pigs. 

Inn modern intensive pig husbandry, stress and animal welfare is an often-recurring point of 
attention.. Under sub-optimal conditions, HR pigs, which are more stress-susceptible than 
LRs,, may have a disadvantage with respect to intestinal barrier function against pathogenic 
components.. In addition, one should be aware of these individual differences in experimental 
researchh on metabolism and gastrointestinal function in pigs, when the subjects are often kept 
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underr isolated conditions. Finally, considering the similarity between pig physiology and 

humann physiology and the fairly good correlation between permeability of pig and human 

intestinall  epithelium to molecules of different size 23, extrapolation of the present results to 

humanss may be helpful in the study of the relation between coping characteristics and 

intestinall  diseases in humans. 
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Abstract t 

BackgroundBackground and aim: The intestinal epithelial barrier importantly contributes to the defense 
againstt noxious compounds and parasites in the intestinal lumen, including antigens. We have 
shownn earlier that stress can induce increased permeability of the intestinal epithelium. We 
testedd in this pilot study whether different stress protocols and different exposure to 
ovalbuminn can induce food allergy. Method: Female Balb/C mice received the antigen -
ovalbuminn - in their drinking water in various amounts and for different time periods. During 
thiss period, the mice were subjected to several stress protocols. After the period of ovalbumin 
exposure,, serum samples were analyzed for ovalbumin-specific immunoglobulin E and G and 
secretoryy responses of isolated intestinal sheets to serosal ovalbumin (10" M) were measured 
inn Ussing chambers. Permeability to the model macromolecule horseradish peroxidase, 
electricall  tissue resistance, short-circuit current and secretory responses to histamine, 
carbacholl  and forskolin were also measured in Ussing chambers. Results: Stress reversibly 
increasedd the permeability to macromolecules after a single exposure to cold-restraint, or after 
aa series of different stressors. Repeated cold-restraint stress induced profound effects on 
intestinall  physiology: a decreased tissue resistance, increased short-circuit current, increased 
responsivenesss to secretagogues and a decreased permeability The stress protocols and the 
orall  exposure to ovalbumin did not lead to measurable quantities of ovalbumin specific 
immunoglobulinn E or G in mice serum. Depending on the stress protocol and the time after 
stress,, reactivity to ovalbumin, as measured as the in vitro allergen-evoked 
electrophysiologicall  response, was increased. Conclusion: stress can bring the intestine in a 
moree reactive state and trigger a higher responsiveness of mast cells to allergens, without 
detectablee increase in specific IgE or IgG. 
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Introductio n n 

Gastrointestinall  disturbances are often associated with physical and psychological stress. 
Stresss affects intestinal motility 17-29-31'34

5 absorption and secretion of ions and water3'23,25, and 
epitheliall  barrier function 5112124'25. it is frequently hypothesized that a diminished intestinal 
barrierr function might underlie long-term health problems, such as inflammatory diseases and 
foodd hypersensitivity. Increased permeability of the epithelial cell layer may allow the 
entrancee of potential antigens, toxins and even bacteria into the lamina propria, leading to an 
overreactionn of the mucosal immune system, as in type-1 hypersensitivity1. Type-1 
hypersensitivityy is typified by the production of immunoglobulin E (IgE) and the release of 
severall  inflammatory and secretory compounds from sensitized mast cells, the key effector 
cellss in immediate hypersensitivity reactions 4. So far, the involvement of stress in the 
sensitizationn process is hypothetical, though the relation between stress-induced revival or 
worseningg of existing allergies in patients have been recognized since long. 

Althoughh several investigators have speculated about stress as a potential trigger for food 
hypersensitivity,, no data that proof these speculations have been published. In the present 
pilott study we tested these speculations. We subjected female Balb/C mice to various stress 
paradigms,, both single and repeated exposures, while they received ovalbumin (chicken egg 
albumin)) in their drinking water. No invasive techniques like intragastric or intraperitoneal 
injectionss with either antigen or adjuvant were used, to mimiek natuaral conditions more 
closely.. Thus, potential food allergens usually enter the gastrointestinal tract during eating or 
drinkingg activities in relatively tow amounts, and immune cells are not artificially stimulated 
byy adjuvants . It is known that Balb/C mice do not sensitize spontaneously 33 although 
ovalbuminn is a potent allergen when injected intraperitoneally, particularly when injected with 
ann adjuvant. We have shown previously that Balb/C mice have increased permeability for 
macromoleculess after stress (Chapter 2). Because ovalbumin enters the mucosa via an unusual 
pathway,, now bypassing the normal processing by antigen-presenting cells, it could be that 
hypersensitivityy to ovalbumin is induced. We therefore hypothesized that stress can induce 
hypersensitivityy of the intestinal epithelium to orally consumed antigens. 

Methods s 

Experimentt  I 
Animals Animals 
Femalee Balb/C mice, weighing 15 grams at their arrival, were obtained from Charles River 
(Someren,, NL) and housed in Macrolon® cages (25*20*24, 4 animals per cage) with fresh 
sawdustt and carton curls, under a standard 12h-12h light-dark schedule (lights on: 7:30h; 
lightss off: 19:30h) at a temperature of  20°C. They were allowed to acclimate to the new 
housingg conditions for 10 days. Chow, that was free from chicken products including 
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ovalbumin,, and tap water were available ad libitum. The supplier stated that the mice nor their 
motherss had been fed chicken products-containing chow. 

BehavioralBehavioral testing 
Wee previously observed different susceptibility to stress-induced effects on intestinal 
permeabilityy in animals differing in coping style (chapter 3,4,5). We tested whether the group 
off  mice used in this study differed in behavioral characteristics. If so, this could give us the 
possibilityy to ask whether the reactive group was more susceptible to stress with respect to 
epitheliall  permeability and stress-induced hypersensitivity to food antigens. All mice were 
testedd once in the Shock Probe Defensive Burying paradigm (DB) as described previously in 
chapterr 3. 

SensitizationSensitization protocol 
Afterr this behavioral characterization, the animals were exposed orally to ovalbumin for a 
periodd of three weeks. Ovalbumin was given in their drinking water, containing 1 g.L" 
ovalbuminn (Sigma), freshly made each day. The estimated mean intake of ovalbumin was 
approximatelyy 35ug.g bodyweight'.day"1. Negative control animals only received fresh 
drinkingg water without ovalbumin. 

StressStress procedures 
Thee mice were left undisturbed (controls) or underwent a single period of cold-restraint stress 
(Singlee stress) or successive exposure to cold- restraint stress, swim stress, isolation stress and 
coldd restraint stress (Repeated stress), as described below. 

Cold-restraintCold-restraint stress - Mice were placed in a restraining device (a PVC tube of 7.4 * 2.7 cm) 
att room temperature (20°C) during two hours followed by an additional period of 10 minutes 
att low temperature . 
IsolationIsolation stress - Mice were separated from their cage mates and placed in a clean cage with 
freshh sawdust for a period of 4 hours. 
SwimSwim stress - A small swimming pool (42*25*15 cm) was filled with 10 cm water of . 
Animalss were placed on a small platform at the water surface. The platform was gently 
movedd downwards, leaving the animals into the water in a horizontal position and forcing 
themm to swim. The swim session took 3 minutes. 

Fourr experimental groups were used: 
-- Single stress I: These animals were subjected to a single period of cold-restraint stress on 

dayy 3 of oral ovalbumin exposure and were sacrificed immediately afterwards. 
-- Single stress II: The animals were treated like the Single stress I group, but were not 

sacrificedd until day 24 of the oral ovalbumin exposure. 
-- Repeated stress I: These mice were repeatedly subjected to different stressors. Between 

dayy 3 and day 11, they successively underwent cold-restraint stress (day 3), isolation 
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stresss (day 5), swim stress (day 8) and again cold-restraint stress (day 11). After the latter 

stressor,, on day 11, they were immediately sacrificed. 

Repeatedd stress II : This group was subjected to the same stress protocol as the Repeated 

stresss I group, but was not sacrificed until day 24 of the oral ovalbumin exposure. 

Singlee stress I and Repeated stress I were included primarily to test for increased 

permeability. . 

Twoo control groups were used. 

Negativee controls - Negative control animals were not exposed to OVA, and were left 

undisturbed. . 

OVAA controls received OVA in their drinking water, and were left undisturbed. 

AnesthesiaAnesthesia and blood sampling 

Thee mice were anesthetized by inhalation of a mixture of Fluothane®, (Sanofi Santé Animale 

Benelux,, Maassluis, NL) with N20 and O2 as carrier gasses (N20:02 = 2:1). A blood sample 

wass taken by cardiac puncture and centrifuged at 5000 rpm for 20 minutes. Serum was stored 

att -20°C until OVA-specific IgE analysis. 

TissueTissue preparation and permeability measurements 

Micee were sacraficed by cervical dislocation, the abdominal cavity was opened immediately 

andd the small intestine was taken out, rinsed with a carboxygenated Ringer's solution 

containingg (in mM) 117.5 NaCl, 5.7 KC1, 2.5 CaCl2, 25.0 NaHC03, 1.2 NaH2P04, 1.2 

MgS044 and 5 inosine. The small intestine was cut along the mesenteric border and excised 

segmentss were mounted in Ussing-type chambers. Peyer's patches were avoided. The Ussing 

chamberss were filled with Ringer's solution kept at 37°C and gassed with 95%02/5% C02. 

Bothh the serosal and mucosal compartments contained 1.7 ml of the buffer. The exposed area 

off  the tissues was 0.2 cm . 

Permeabilityy for macromolecules was determined using horseradish peroxidase (HRP, MW 

40kD,, Type VI-A , Sigma, Tilburg, NL) as a model molecule. The mucosal buffer contained a 

finall  concentration of 10 5M HRP. Samples (20 ul) were taken from the serosal solution at 60, 

900 and 120 minutes and replaced by (20 ul) buffer to keep the volume constant. A 

colorimetricc enzymatic assay was used to measure intact HRP quantitatively. Samples were 

dilutedd in 180 ul 0.1 M sodium citrate buffer (sodium citrate with citric acid, pH 5,5) 

containingg 0.2% bovine serum albumin (BSA, Sigma), diluted in H20 (10 mg.ml1). In 96-

wellss plates, 25 ul of this diluted sample was added to 200 ul reaction mixture. The reaction 

mixturee was citrate buffer with (per 10 ml buffer) 170 ul tetramethyl benzidine (TMB, 

(Sigma)) dissolved in H20, in a concentration of 6 mg.ml"1), and 100 ul 0.3% H202. TMB 

servedd as a substrate for HRP and the enzymatic reaction, visible as the development of a blue 

color,, was stopped after 30 minutes with 50 ul HCL (2N) per well and the extinction was 

measuredd in a Biorad spectrophotometer (wavelength 450 nm). From the extinction values, 
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HRPP concentrations were calculated and the transepithelial flux of undegraded HRP was 
expressedd in pmole.hr '.cm2. 

ElectrophysiologicalElectrophysiological measurements 
Baselinee transepithelial resistance (R) and short-circuit current (Isc) of the tissues were 
measuredd in Ussing chambers equipped with agar-salt bridges (Ringer's solution containing 
4%% agar) connected to Ag/AgCl electrodes. The transepithelial potential difference was 
measuredd using a custom-made software program. Transepithelial resistance (R) was 
calculatedd from voltage deflections induced by current pulses of + and - 10 uA. The 
resistancee and transepithelial potential difference of the tissues were established after 20 
minutesminutes of stabilization in the Ussing chambers. From these data, the short-circuit current 
(Isc)) was calculated according to Ohm's law. All experiments were carried out in the 
presencee of 10"6M tetrodotoxin (TTX), a sodium channel blocker, which prevents the 
propagationn of action potentials in neurons. 

Too test for a local anaphylactic response, the electrophysiological reactivity of the tissues to 
administrationn of ovalbumine (OVA) was measured. OVA (10"5M) was added to the tissues 
serosally,, 45 minutes after mounting. This should induce a secretory response in tissues of 
sensitizedd mice, because binding of OVA to high affinity receptors on sensitized mast cells 
leadss to release of mast cell mediators (including histamine), causing secretion of chloride 
ionss from the epithelial cells. The accompanying increase in short-circuit was used as the 
read-outt parameter of this anaphylactic response . 

Finally,, we measured the reactivity of the tissue, as shown by the change in short-circuit 
current,, to serosal application of the secretogogues histamine (10"*M, Sigma), carbachol (a 
stablee acetylcholine mimetic, lO^M, Brunschwig, Amsterdam, NL) and forskolin (a receptor-
independentt activator of adenylyl cyclase, 10 5M, Sigma). 

IgEIgE ELISA 
OVA-specificc IgE in mice serum was measured using a sandwiched enzyme-linked 
immunosorbentt assay (ELISA). Assay plates were coated with the primary antibody EM95 
(hybridomaa rat-anti-mouse IgE, a gift from dr. H. Savelkoul, University of Leiden). After 
overnightt incubation at 7°C, plates were saturated with blocking solution (phosphate-buffered 
salinee (PBS) with 1% bovine serum albumin (BSA, Sigma) for 1 hour at room temperature. 
Platess were washed with PBS-Tween 20 (Merck, Amsterdam, NL). Samples and standard 
weree diluted in PBS-BSA, added to the wells and incubated overnight at 7°C. Pooled serum 
fromm multiple intraperitoneal OVA-boosted mice (hypersensitive) was used for calibration. 
Followingg incubation, the plates were washed with PBS-Tween 20 and the secondary 
antibodyy digoxyginin-coupled OVA (prepared with dioxigenin-3-O-methylcarbonyl-e-
aminocaproicc acid N-hydroxy-succinimide ester (Boehringer, Mannheim, Germany)) diluted 
inn PBS-BSA was added and incubated for 1 hour at room temperature. After a next washing 
step,, sheep-anti-digoxyginin-peroxidase (Boehringer) diluted in PBS-BSA was added and 
incubatedd for 1 hour at room temperature. Plates were washed and a reagent containing OPD 
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(1,2-benzoldiaminee dihydrochloride, Sigma) dissolved in phosphate buffer with 5,5 ul 30% 

H2O22 per 10 ml OPD solution was added, for the colorimetric assay. The enzymatic reaction 

wass ended with 10% H2SO4 and the absorbance was measured using a Biorad 

spectrophotometer,, at a wavelength of 490 nm. 

Statistics Statistics 

Macromolecularr permeability, transepithelial resistance and short-circuit current as well as 

electrophysiologicall  responses to OVA, histamine, carbachol and forskolin were expressed as 

meanss  SEM. Comparison between groups were performed using an unpaired two-tailed 

Student'ss t-test with a Welch's correction when variances were significantly different. 

Differencess in macromolecular permeability between control and stressed groups were tested 

one-tailed.. Differences were considered significant when p < 0.05. 

Resultss of Experiment I 
Permeability Permeability 

Thee intestinal permeability to HRP is shown in figure 1. The flux of HRP was largest in the 

Singlee stress I group (8.2  1.1 pmole.hr"'.cm"2) and the Repeated stress I group (7.5  1.2 

pmole.hr""  .cm" ), both groups were sacrificed immediately after the stress procedure. In mice 

belongingg to the Single stress II and Repeated stress II groups, no increased permeability was 

foundd (4.9  0.5 and 4.6  0.6 pmole.hr"1.cm"2 respectively). The fluxes in these groups were 

significantlyy different from those found in the Single stress I and Repeated stress I groups, 

indicatingg that the effect of single stress and repeated stress on intestinal permeability was 

fullyy reversible. Permeability in both control groups was not different (negative controls 4.1 

 0.5 pmole.hr'.cm"2 and OVA controls 5.5  0.8 pmole.hr'.cm"2 and were therefore pooled.) 

HRPP flux 

FigureFigure I - Effect of stress on in vitro mucosal-to-serosal HRP fluxes. Pooled controls: N=17; 

SingleSingle stress I: N=13; Single stress II:  N=17; Repeated stress I: N-7, Repeated stress II: 

N=20.N=20. Significant differences with respect to the controls are indicated by * (p<0.05) and ** 

(p<(p< 0.01). A significant difference between single Stress I andII is indicated by aa (p<0.01), 

andand between Repeated stress I and II by b (p<0.05). 
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TableTable 1 - Experiment I - Electrophysiological measurements in the presence ofTTX 

BaselineBaseline (20 

minmin after 

mounting) mounting) 

RR (Q.cm2) 

Iscc (uA.cm2) 

Histamine Histamine 

(KfM) (KfM) 

AA Isc (uAcnf") 

Carbachol Carbachol 

(KfM) (KfM) 

AA Isc (uA.cm"2) 

Forskolin Forskolin 

(W(W55M) M) 

AA Isc (uA.cm"2) 

Controls s 

(pooled) ) 

N=16 6 

3 3 

2 2 

2 2 

9 9 

8 8 

Singlee stress I 

N=13 3 

9 9 

3 3 

3 3 

3 3 

1 1 

Singlee stress II 

N=18 8 

7 7 
$ $ 

0 0 

95.1Ü6.0 0 

0 0 

Repeated d 

stresss I 

N=8 8 

* * 

31.2^5.2*̂  ^ 

7 7 

5 5 

6 6 

Repeated d 

stresss II 

N=18 8 

## # 

3 3 

7 7 

8 8 

" " 

**  signifianctly different form control: *p<0.05, **  p<0.01 

$$ significantly different from single stress I:  $ p<0.05 

&&  significantly different from single stress II;  &&  p<0.01 

## significantly different from repeated stress I: #p<0.05; ##p<0.01 

N=N= number of animals (number of tissues per animal varies from 3-6) 

Electrophysiology Electrophysiology 

Tissuee resistance (R) and short-circuit current (Isc) as well as changes in Isc after 

administrationn of histamine, carbachol and forskolin are presented in table 1. Values were not 

differentt in the two control groups, and were pooled. Tissues taken from mice directly after 

thee stress procedure (Single stress I and Repeated stress I), showed a tendency to increased 

resistancee and decreased short-circuit current, which was significant in the Repeated stress I 

group.. This was reversed after time, as shown in the Repeated stress II group. The change in 

Iscc upon addition of carbachol and forskolin was slightly higher in the Single stress II and 

Repeatedd stress II groups but this reached statistically significance only for forskolin in the 

Repeatedd stress II group. 
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FigureFigure 2A - OVA-responsiveness in the Ussing chambers. Example of a secretory response to 

OVAOVA as a change in short-circuit current upon serosal application of Iff' M. 

FigureFigure 2a shows an example of the change of the short-circuit current in time upon 

applicationn of ovalbumin to the serosal side of a tissue from a responsive mouse. From one 

mousee usually 6 pieces of intestine were challenged with OVA in vitro. It was observed that 

nott all six tissues showed the secretory response. In responding tissues the magnitude of 

thesee changes varied strongly between 1 uA.cm"2 and 20 uA.cm"2. (We defined a tissue as 

responsivee when within one minute after application of OVA the electrical tracing changed 

withh an amplitude of three times of the spontaneous oscillations before OVA. Furthermore, 

wee defined a mice arbitrarily as a "responder" when more than 30 % of its tissues was 

responsive)) Figure 2b shows the mean magnitude of the change in short-circuit current of 

respondingg tissues. To our surprise we observed secretory responses in 3 out of 7 negative 

controlss and 1 out of 8 OVA-controls. Figure 2c shows the percentage of responders per 

group.. Furthermore, surprisingly, 6 out of 10 mice who were exposed for only 3 days to OVA 

andd were sacrificed immediately after the stress procedure at day 3 had to be classified as 

responders. . 

OVA-specificOVA-specific IgE 

Analysiss of blood sera revealed no detectable OVA-specific IgE, neither in the mice that did 

respondd to ovalbumin in the Ussing chambers, nor in mice that did not respond. 

OVAOVA reactivity and macromolecularpermeability to HRP 

Noo correlation was found between permeability for HRP and the reactivity (in vitro 

responses)) to OVA. 
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FigureFigure 2B and 2C - OVA-responsiveness in the Ussing chambers (Experiment I). 2B: Mean 

magnitudemagnitude of the electrophysiological responses to application of OVA (Iff5 M) to the serosal 

sideside of intestinal tissue from the experimental groups. Responses of tissues from controls were 

pooled.pooled. 2C: Percentage responders per group: Pooled controls: 4 out of 15; Single stress I: 6 

outout of 10: Single stress II:  6 out of 16; Repeated stress I: 5 out of 8; Repeated stress II: 6 out of 

16. 16. 

Conclusionss and Discussion of Experiment I 

Thee permeability of the intestine of control animals for  HRP was full y comparable to previous 
valuess found in our  lab. The increased permeability to HRP, observed directly after  exposure 
too the single stress procedure, was also in line with the expectation. The increased 
permeabilityy after  repeated stress shows that the response of the intestine to stress did not 
habituatee in the repeated stress protocol. Apparently, the effect on permeability was 
reversible,, since HRP fluxes measured in the mice who were stressed 13 days earlier  were not 
differentt  from controls. This is in line with previous findings of Saunders and Santos in 
Wistar-Kyot oo rats 21'24. They reported that the increased permeability due to exposure to acute 
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cold-restraintt and chronic water avoidance stress lasted up to 24 and 72 hours respectively, 
afterr cessation of stress. 

Thee permeability data indicate that OVA from the intestinal lumen could have triggered the 
immunee system as a consequence of stress-induced decrease of barrier function. This 
decreasedd barrier function, however, did not lead to measurable sensitization against 
ovalbuminn as OVA-specific serum IgE was not detectable in the ELISA. Secretory responses 
too serosal OVA-challenge, measured in the Ussing chambers, were generally small and 
usuallyy did not occur in all tissues of one mouse. Unfortunately, cross-sensitivity cannot be 
ruledd out, since responses to OVA application were also found in negative controls. 
Nevertheless,, reactivity to OVA appeared to be more prominent in all stressed animals than in 
OVAA controls and negative controls. The higher percentage of responders in just stressed 
groupss may indicate that the tissue of these groups is more sensitive. If so, the sensitivity is 
nott increased at the level of the epithelial cells, because, as shown in table 1, the carbachol- or 
forskolin-inducedd change in short-circuit current in these groups is not different from controls. 
Itt may be that immediately after stress the mast cells are more susceptible to antigenic 
challenge. . 

Behaviorall  parameters from the shock prod defensive burying test did not show a large 
spread.. Therefore it was not surprising that no differences between behavioral profiles of 
responderss and non-responders were found (data not shown). 

Thee here presented data did not provide a satisfying answer to the question whether stress 
mayy play a causal role in the development of hypersensitivity to food antigens. A second 
experimentt was designed as an attempt to increase the antigenic load. Three variables in the 
experimentall  protocol were changed: 1) the dose of the antigen, 2) the period of exposure to 
thee antigen and 3) the intensity of the stressors. 

Methods s 

Experimentt  II 
Thee sensitization period used in Experiment I could have been too short. Therefore, we 
lengthenedd the period of ovalbumin exposure to 38 days. The dose of ovalbumin in drinking 
waterr was increased from 1 g.L"1 to 4 g.L"1 (the maximal dosage that was dissolvable in tap 
water),, so the estimated daily intake was 140 ^g.g bodyweight"1. The intensity of stress 
exposuree was also increased. The mice were repeatedly subjected to cold-restraint stress (as 
describedd in Experiment I): 

Restraintt I: Mice were subjected to 5 two-hour periods of restraint at 20°C followed by 10 
minn at 8°C (cold-restraint) on day 3,5,7,11 and 24. These animals were sacrificed 
immediatelyy after the fifth period, primarily to measure whether the intestinal 
permeabilityy was still increased after 5 periods of cold-restraint. 
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Restraintt II: These animals were treated like Restraint I, but they were exposed to oral 
OVAA for the full period of 38 days. They were not disturbed in the period between the last 
stressorr on day 24 and day 38. 
Restraintt III : These animals were exposed to cold-restraint, just as the previous groups, 
andd received OVA during the whole period, like Restraint II. On day 33 they were 
stressedd for the sixth time, in an attempt to boost the animals by a stress-induced increase 
off  the intestinal permeability and again on day 38. The animals were sacrificed on day 38 
justt after the seventh stress period. 

Negativee controls and OVA-drinking controls were included in this experiment as well. 
Negativee controls only received normal tap water and OVA controls received OVA in their 
drinkingg water, for a period of 38 days. All mice received chow that was free from chicken 
products,, including OVA. 

Priorr to exposure to OVA and cold-restraint stress, mice were tested in the shock prod 
defensivee burying test as described chapter 3. 
Inn this experiment stomachs were removed, rinsed with Ringer's solution and inspected 
macroscopicallyy for gastric lesions. Measurements for intestinal permeability (only measured 
inn Restraint I), epithelial resistance, short-circuit current, and electrophysiological responses 
too OVA, histamine, carbachol and forskolin, were carried out as described in Experiment I. 
However,, in half of the in vitro challenges with OVA, TTX was left out. Thereby we tested 
whetherr the local anaphylactic response to allergen was (partly) dependent on neuronal 
activityy as has been shown in sensitized rats 15'22. OVA-specific IgE in serum was measured 
ass described in Experiment I. 

SerumSerum IgG 
Besidess OVA-specific immunoglobulin E, OVA-specific immunoglobulin G (IgG) was also 
determinedd in blood serum. In mice, antigen-specific IgG] is also produced upon sensitization 
togetherr with antigen-specific IgE. Binding of antigen to specific IgGi on FcyR-containing 
cellss also induces anaphylactic responses in mice l 'l . We measured total OVA-specific IgG 
too investigate whether OVA had induced a measurable immune response. 

Assayy plates were coated with ovalbumin (1 mg.ml_1). After overnight incubation at 7°C, 
platess were washed with PBS-Tween 20 (0.05%) and saturated with blocking solution (PBS 
withh 1% gelatine) for 1 hour at room temperature. Plates were washed with PBS-Tween 20 
(Promega,(Promega, Madison, USA). Samples were diluted in blocking solution, added to the wells and 
incubatedd for 1,5 hour at room temperature. After the next wash step, the antibody goat-anti-
mouse-IgG-peroxidasee (Nordic, Tilburg, NL), diluted in PBS-gel with 5% normal goat serum 
(Biotrading,, Mijdrecht, NL), was added to the wells and incubated for 1 hour at room 
temperature.. Plates were washed and an colorimetric enzymatic reaction was induced by 
incubationn with a tetramethyl-benzidine (TMB, Sigma) buffer, containing 170 ul TMB-
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solutionn (6 mg.mr1 H20) and 100 ul 0.3% H202 per 10 ml 0.1 M sodium citrate buffer 
(sodiumm citrate with citric acid, pH 5,5). The reaction was ended with HC1 (2N) and the 
absorbancee was measured in a Biorad spectrophotometer at 450 nm wavelength. 

Statistics Statistics 
Statisticss were performed as described in Experiment I. 

Resultss of Experiment II 

GastricGastric lesions 
Macroscopicc inspection of the stomachs of control and stressed mice, revealed that no lesions 
weree found in control animals, nor in the Restraint II group which had 14 days to recover 
fromm the last stress protocol. In the Restraint I group, 50% of the animals had small lesions. 
Smalll  lesions were also found in 85% of the mice from the Restraint III group. 

Permeability Permeability 
Thee intestinal permeability after the fifth exposure to cold-restraint stress was only measured 
inn the Restraint I group. Surprisingly, the mean permeability to HRP appeared to be very low: 
meann  SEM was 2.8  0.3 pmole.hr"1.cm"2 (N=6). This was almost two times lower than the 
fluxess in controls (see figure 1 and chapter 2). Permeability was measured in the presence of 
TTX.. (In the absence of TTX many tissues become leaky, as shown by a rapid increase of the 
concentrationn of HRP in the cold compartment. We assume that this occurs because the 
activityy of muscle layers is stronger in the absence of TTX and therefore the tissue may get 
damagedd in the tissue holders.) 

Electrophysiology Electrophysiology 
Thee electrophysiological observations were made in the presence and absence of TTX and are 
presentedd separately below. Because in all previous experiments TTX was used for reasons 
explainedd above, this was the first time we took the opportunity to compare effects of TTX on 
responsess to secretagogues in control and stressed mice. 

EffectEffect of TTX 
Afterr mounting of the tissue, the Isc usually declines to a more or less constant value within 
halff  an hour in the presence of TTX. The decline was much smaller when TTX was left out. 
Wee compared the declines between 0 and 20 minutes after mounting and presented the 
differencee in figure 3. The TTX-induced decline in tissues from control mice illustrates the 
presencee of a spontaneous neuronal excitatory component in the maintenance of the Isc in 
tissuess of the control mice. In tissues of mice (Restraint I and III ) taken directly after the 
stresss period, the TTX-induced decline was much smaller, indicating that the neuronal 
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componentt was less dominant and that the epithelial cells stayed in a secretory state, driven 

byy other signals than from the neuronal tissue. This phenomenon is reversible, as shown by 

thee tissues from the Restraint II mice. 

VV  3 
u u 
o o 

< < 

30 0 

20 0 

10 0 

0 0 

-10 0 

-20 0 

-30 0 

11 pooled controls 
tt I 

II  restraint II 
^ r e s t r a i ntt III 

FigureFigure 3 - Effect of serosal application ofTTXon the spontaneous decline of the short circuit 

current.current. The decline at 20 min after mounting in the presence of TTX was subtracted from the 

declinedecline without TTX. Controls were pooled * indicates a significant difference from controls 

(p<0.05). (p<0.05). 

ResultsResults in the presence of TTX, table 2: 

Transepitheliall  resistances in the Restraint I group and the Restraint II I group were 

significantlyy lower than in controls. In the Restraint II group the resistance was not different 

fromm controls, suggesting a recovery of the intestine in the period between the last restraint 

exposuree on day 24 and sacrifice on day 38. The Isc was larger in all stressed groups, 

althoughh the only statistically significant change was observed in the Restraint II I group. The 

changess in Isc induced by histamine, carbachol or forskolin were larger in all three 

experimentall  groups although this reached statistical significance in only three cases (see 

tablee 2). 

ResultsResults in the absence of TTX, table 3: 

TableTable 3 shows the tissue resistance and short-circuit current 20 minutes after mounting of the 

tissuess in the absence of TTX. Al l stressed groups had a lower transepithelial resistance than 

controls,, but this was not statistically significant. Short-circuit currents from stressed mice 

weree not different from control mice. 

Lik ee the changes in the presence of TTX, all histamine-, carbachol- and forskolin-induced 

changess in tissues of stressed mice were larger (although this reached statistical significance 

inn only one case, see table 3). TTX did not affect the changes induced by histamine or 

carbachol.. However, in the presence of TTX, the forskolin-induced change in Isc was larger 

inn tissues from control mice (59.7  6.8 uA.cm2 compared with 27.7  3.9 uA.cm"2 in the 
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absencee of TTX). Qualitatively this effect was also seen in tissues from stressed mice but here 

thee difference was not significant. 

TableTable 2 - Experiment II - Electrophysiological measurements in the presence of TTX 

Controlss Restraint I Restraint II Restraint III 

(pooled) ) 

N^66 NN6 N=5/6 N£7 

BaselineBaseline (20 min. 

afterafter mounting) 

R(Q.cm"2)) 8 * 7 " 

Isc(uA.cm~2)) 0 7 69.7Ü2.9 * 

Histamine Histamine 

(W(W44M) M) 

AA Isc (uA.cm2) 2 * 5 6 

Carbachol Carbachol 

(ja(ja55M) M) 

AA Isc (nA.crn2) 83.5Ü1.9 " 3 3 

Forskolin Forskolin 

(i(i  a5 M) 

AA Isc (^A.cm2) 8 0 68.7Ü7.1 * 

**  significantly different from control: *p<0.05, **  p<0.01 and ***  p<0.001 

## significantly different from restraint HI: ###p<0.001 

N:N: number of animals (number of tissues per animals varies from 2-4 tissues) 

ElectrophysiologicalElectrophysiological responses upon in vitro challenge with OVA 

Tissuess were challenged with OVA in the absence or presence of TTX. OVA responses in the 

absencee of TTX had a mean amplitude of 4 uA.cm2 (n=15 tissues) and in the presence 

off  TTX the mean amplitude was 4 uA.cm2 (n=28 tissues). This difference was 

significantt (p<0.05, one-tailed Student' t-test). However, without TTX the tracings showed 

muchh larger spontaneous oscillations, so that the ratio of OVA induced changes over the 

amplitudee of the spontaneous oscillations was not different than in experiments with TTX. 
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TableTable 3 - Experiment II - Electrophysiological measurements in the absence ofTTX 

BaselineBaseline (20 min. 

afterafter mounting) 

RR (Q.cm2) 

Iscc (|iA.cm2) 

Histamine Histamine 

(ia(ia44M) M) 
AA Isc (nA.crrf') 

Carbachol Carbachol 

(Iff(Iff 55M) M) 

AA Isc ((iA.cm2) 

Forskolin Forskolin 

(Iff(Iff 55 M) 

AA Isc (\iA.cm2) 

Controls s 

(pooled) ) 

N=3-6 6 

6 6 

1 1 

3 3 

90.3Ü8.5 5 

9 9 

Restraintt I 

N=4/5 5 

5 5 

5 5 

4 4 

9 9 

2 2 

Restraintt II 

N=5-7 7 

3 3 

1 1 

1 1 

202.0  129.1 

1 1 

Restraintt II I 

N=6/7 7 

5 5 

57.U5.8 8 

* * 

8 8 

8 8 

^significantly^significantly different from control (p<0.05) 
N=N= number of animals 

Likee in Experiment I, not all tissues of one animal responded to OVA application. The mean 
amplitudee of OVA responses in the presence of TTX is shown in figure 4A. Like in 
Experimentt I, in a few mice from control groups we observed OVA-induced secretory 
responsess (2 mice from the negative control group and 1 mouse from the OVA-drinking 
group).. Like in Experiment I we classified the mice in responders and non-responders based 
onn the percentage of tissues of one animal responding with a change in the short-circuit 
currentt upon serosal application of OVA. In the negative- and OVA-drinking controls 3 out of 
100 mice were classified as responders. The percentage of responding mice in all stressed 
groupss was twice as large as in the (pooled) control group {figure 4B). Thus, in this 
experimentt the percentage of responders remained high in the group of animals, which had 
receivedd the last stress period 14 days ago. This differs from the results in Experiment I. 
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FigureFigure 4 - OVA-responsiveness in the Ussing chambers (Experiment II). 4A: Mean magnitude of 

thethe electrophysiological responses to application of OVA (I0'5M) to the serosal side of 

intestinalintestinal tissue from the experimental groups. Responses of tissues from controls were pooled. 

4B:4B: Percentage responders per group: Pooled controls: 3 out of 10; Restraint I: 4 out of 6; 

RestraintRestraint II:  4 out of 6; Restraint HI: 4 out of 7. 

OVA-specificOVA-specific IgE andlgG 

Analysiss of sera from stressed mice were negative for  OVA-specific IgE as well as OVA 
specificc IgG in all mice. That is, all absorbances were in the same range as the absorbance of 
seraa from negative- or  OVA drinkin g controls. 

OVAOVA responsiveness and macromolecular permeability to HRP 

Noo correlation was found between flux rates of HRP in tissues from the Restraint I group and 
thee reactivity to OVA in the Ussing chambers. 

BehavioralBehavioral profiles of'OVA-responder' and 'OVA-non-responder' 

Lik ee in Experiment I behavioral parameters showed no large variation. 
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Conclusionss and discussion of Experiment II 

SensitizationSensitization to ovalbumin 
Thee changes in experimental set-up after Experiment I with respect to stress intensity, 
concentrationn of OVA in drinking water and the duration of exposure to the antigen, did not 
leadd to sensitization: specific anti-OVA IgE or IgG could not be detected. However, the 
percentagee of mice with OVA-responding intestinal tissues was larger. 
EffectsEffects on stress on intestinal physiology 
Somee remarkable results were obtained in this experiment with respect to effects of stress on 
intestinall  physiology in this group of mice. 

Firstt of all, the permeability to HRP after five-fold exposure to cold-restraint stress (as 
measuredd in Restraint I) appeared to be very low compared with data from control mice and 
fromm mice exposed to less frequent and less severe stress in previous experiments. 
Apparently,, the barrier function was not compromised but instead increased by this stress 
protocol.. From the difference between the electrophysiological data of this group and the 
controll  group (see tables 2 and 3, and figure 3) it can be concluded that this stress protocol did 
nott lead to "habituation" of the intestine. In addition, the gastric lesions, which were only 
observedd in the mice from the just stressed groups also confirm this conclusion. The low 
permeabilityy to HRP could be due to the recruitment of a protecting mechanism. 
Neuropeptidee Y, for instance, may serve such a protecting role. It has been postulated that this 
neuropeptidee reduces mucosal-to-serosal macromolecular transport in rat jejunum by 
inhibitingg neurons that stimulate transport 15. However, NPY is also known to induce a 
sustainedd decrease of the Isc by inhibiting cAMP-mediated and also carbachol induced 
chloridee secretion in different intestinal preparations from several species From the 
largerr responses to secretagogues and the higher short-circuit current (table 2 and 3) we 
concludee that, at least at the time of secretagogue application, the secretory mechanism of the 
tissuess was not inhibited. 

Thee very low HRP flux coincided with a low tissue resistance in the stressed mice. The 
transepitheliall  resistance is primarily determined by the ionic conductance of the paracellular 
pathwayy and the underlying tissue conductance. Thus, while permeability for macromolecules 
wass diminished, permeability for ions appeared to be increased. This anomaly is often 
observedd and underlines that electrical resistance can not be used to monitor permeability for 
macromolecules. . 

Ass shown in table 2 and 3, tissue resistance was generally lower and the short-circuit current 
wass higher in the TTX-treated tissues from the experimental groups. These observations are 
inn line with results found in jejunum and colon from rats subjected to different stressors, as 
reportedd by others ,0-21'25-38. However, after less severe stress protocols, these changes were 
nott observed in mice in our earlier experiments. 
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AA comparison of the effect of TTX in control and stressed mice showed some interesting 
phenomena. . 
1)) In the presence of TTX, the spontaneous Isc of tissue from not recently stressed mice 
(controll  and Restraint II groups) showed a rather rapid decline as compared with tissue 
withoutt TTX. This indicates that the spontaneous Isc is partly due to nervous activity In 
tissuess from just stressed mice this difference was not apparent, suggesting that the 
spontaneouss Isc was based on a non-neuronal tonus. 

2)) Forskolin induced a significantly larger increase in Isc in the absence of TTX than in the 
presencee of TTX in control mice. This suggests that forskolin activates pro-secretory 
(excitatory)) as well as inhibitory signals, and that the inhibitory signals are likely to be due to 
neuronall  release of an anti-secretory messenger. Inhibitory neurons in the gastrointestinal 
tractt contain mostly somatostatin, norepinephrine or NPY. These three compounds all inhibit 
adenylyll  cyclase and also inhibit basolateral K+ channels in the epithelial cells 

Thee responses to histamine and carbachol were not smaller in the presence of TTX, 
suggestingg a pronounced direct action of these secretagogues on the enterocytes. This is in 
accordancee with a recent publication on small intestine of mice 

Generall  discussion 

Thee aim of this pilot study was to reveal whether exposure to different stress protocols could 
inducee the development of food allergy to ingested antigens. 

Too determine responsiveness to allergen we made use of the allergen-evoked secretory 
response.. This allergen-evoked secretory response is thought to be due to interaction of the 
allergenn with IgE or IgG on the membranes of mast cells ' leading to release of preformed 
andd newly formed messengers from the mast cells. Histamine is the predominant mast cell 
productt and the interaction of histamine with its receptors on the epithelial cells leads to an 
activationn of the Cl-secretory mechanism in these cells. This is observed as an increase in 
short-circuitt current. In earlier experiments in this laboratory the allergen-evoked potential in 
tissuess from i.p. sensitized mice could be blocked by histamine-receptor antagonists (Van 
Halterenn and Bijlsma, unpublished observations). The use of the putative mast-cell membrane 
stabilizerr sodium-cromoglycate did not, however, block the response to allergen. In recent 
experimentss of J. Verheul with another stabilizer, doxantrazole, again no blockage of mast 
celll  degranulation could be observed. The lack of effect of degranulation-blockers in intestine 
makess it difficult to prove that in the present study the activation of the secretory response is 
indeedd due to ovalbumin interaction with mast cell receptors, although there is no other 
plausiblee explanation available in literature. It is a common observation in our laboratory that 
thee secretory response to carbachol is much larger than to histamine and that the allergen-
evokedd response is in turn smaller than the response to histamine (van Halteren en Bijlsma, 
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unpublishedd observations). Our observation that the mean response to ovalbumin is about one 
thirdd of the response to histamine does not conflict with those earlier observations. 

Too our surprise in tissues from some control mice, particularly in the negative control group 
ann allergen-evoked secretory response could be observed. This, together with the statement of 
thee supplier of the mice that the animals had never been in contact with chicken proteins, 
suggestss that the responses to OVA may be due to cross-reactivity. Although in most 
experimentall  groups the percentage of responders was higher than in the control group we can 
nott conclude that the mice were sensitized to OVA because according to the definition of 
immunologistss a detectable increase of OVA specific IgE should be observed. Neither in 
specificc IgE nor in specific IgG we could observe an increased serum concentration. Possibly, 
thee increase was so small that it was not detectable by the ELISA, while mast cell receptors, 
whichh have a very high affinity, might have been primed by this small concentration. The 
increasedd percentage of responders observed directly after the stress period in single stressed 
mice,, after only three days of OVA exposure, nevertheless suggests that the responsiveness to 
OVAA is increased. This may be a very important observation. It may explain the relation 
betweenn the outbreak of an allergic reaction upon stress, and it may also explain the increased 
effectt of cross-reactivity whereby an individual reacts to much more allergens during or after 
stresss than without stress. Evidently, the tissue recovers in the days after the stress as 
indicatedd by the decrease in percentage of responders in the Single stress II and Repeated 
stresss II groups. 

Itt is well known that stress can activate mast cells and induce release of mast cell products. 
Neuro-anatomicall  studies have provided strong evidence for the direct innervation of 
gastrointestinall  mucosal mast cells. Close contacts between mast cells and peptidergic nerves 
havee been reported in the small intestine, sympathetic activation has been shown to inhibit 
andd vagal activation to stimulate mast cells 22. Mast cells appear to be relay stations for 
nervouss activity and the stress-induced increase of epithelial permeability is strongly 
dependentt on the presence of mast cells8-27-28-35-37 Stress-induced release of mucosal mast-cell 
productss during restraint stress prior to in vitro exposure to OVA may have altered the 
responsivenesss of the tissue as shown especially after the repeated cold-restraint stress 
protocoll  in Experiment II upon addition of secretagogous. The tissues from these animals 
respondedd to histamine, carbachol and forskolin with a larger secretory response, which was 
largelyy TTX-insensitive. Stress-induced release of mast cell mediators like histamine and 
prostaglandinss might have lowered the threshold for a secretory response to exogenous 
secretagoguess by increasing the K+ conductance in the basolateral membranes of the epithelial 
cellss n and the cAMP level in epithelial and also nerve cells !4. The altered nervous activity in 
tissuess of stressed mice is also illustrated by the differing response to TTX in tissue from 
controll  and stressed mice as shown in figure 3. 

Comparisonn of Experiment I and II shows that the increased reactivity to exogenous 
secretagoguess is not apparent directly after a single exposure to cold-restraint stress or directly 
afterr exposure to repeated stress with differing types of stressors, as illustrated by the Single 
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stresss I group and the Repeated stress I group in Experiment I. This, in addition to the 

differentt effect of the repeated cold-restraint stress in Experiment II on the permeability of the 

tissue,, indicates that the repeated cold-restraint protocol brings the tissue in a very different 

state. . 

Inn conclusion: The stress protocols and the oral exposure to ovalbumin did not lead to 

measurablee quantities of ovalbumin specific immunoglobulin E or G in mice serum. 

Dependingg on the stress protocol and the time after stress, reactivity to ovalbumin, as 

measuredd as the in vitro evoked electrophysiological response, is increased. Because we can 

nott exclude cross-reactivity of ovalbumin with another allergen, we postulate that the 

increasedd responsiveness to ovalbumin is caused by an increased susceptibility of mast cells 

duee to stress, and to increased reactivity of the tissue upon repeated cold-restraint stress. 
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Summaryy and General Discussion 

Thee intestinal epithelium serves two major functions: the transport of nutrients, ions and water 
onn one hand, and a barrier against noxious compounds, which are present in the lumen, on the 
otherr hand. Perturbation of the barrier is generally thought to have detrimental effects for the 
organism. . 

Itt has been shown previously in healthy rats, that physical and psychological stress may 
decreasee the barrier function 2'13,25'28. However, not every individual seemed to be equally 
susceptiblee to this effect. In this thesis, the hypothesis is tested that individual differences in 
copingg strategy correlate with the susceptibility to stress-induced increase of macromolecular 
permeability.. Therefore we studied the stress-induced changes of the small intestinal 
permeabilityy to a model macromolecule in mice (chapter 3), rats (chapter 4) and pigs (chapter 
5)) with proactive and reactive coping styles. In this final chapter this topic will be 
summarizedd and discussed in paragraph 7.2. 

Beforee working with proactive and reactive mice, we had to test the hypothesis that stress 
wouldd also increase the permeability in mice, as was earlier shown in rats (chapter 2). So far, 
noo literature about stress-induced change in intestinal permeability in mice has been 
published.. The effects of stress on the mouse intestine (as described in the chapter 2, and 
furtherr in chapter 3 and 6) will be summarized and discussed, and to some extent compared 
withh data obtained in rats in paragraph 7.1. 

Inn chapter 6, we described a pilot study in which we tested the functional relevance of 
stress-inducedd changes in permeability for food-allergy by oral exposure in mice. The results 
aree briefly summarized and discussed in paragraph 7.3. 

Paragraphh 7.4 summarizes our overall conclusions about stress-induced effects on intestinal 
barrierr function. 

7.11 - Effects of stress on intestinal physiology in mice 

Thiss paragraph summarizes and discusses the effects of stress on some physiological aspects 
off  the small intestine of mice, as presented in the chapters 2, 3, and 6. Since it has not been 
studiedd before in mice, the results add new data to stress-research focussing on intestinal 
physiology. . 

7.1.17.1.1 - Summary of the results 
PermeabilityPermeability - The main finding of our experiments was that, in general, different stressors 
(i.ee restraint, cold-restraint and isolation) increased the intestinal permeability for 
macromoleculess (horseradish peroxidase) in female Balb/C and Mus musculus domesticus. 
Thiss increase was also reversible. 

ElectrophysiologyElectrophysiology - Stress sometimes decreased transepithelial resistance in mice, indicating 
increasedd ionic permeability (as observed in chapter 2 and 6). A slightly increased basal short-
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circuitt current, indicating increased ionic transport, was only found in Balb/C mice, after 
repeatedd severe stress (5-7 times cold-restraint, chapter 6), not after single stress or repeated 
exposuree to different stressors. Similarly, the responsiveness to the secretagogues histamine, 
carbacholl  and forskolin was increased only after repeated cold-restraint stress, as observed in 
Experimentt II in chapter 6. 

7.L27.L2 - Conclusion and Discussion 
Thee macromolecular permeability was generally increased in mice after stress-exposure, but 
thiss did not always occur. We will list some factors, which influenced the outcome: 

1.. The type of stress protocol. An increased permeability was generally found upon: 
a.. one or two hours of restraint stress, 
b.. after two hours cold-restraint (the latter with and without recovery time before 

sacrifice), , 
c.. 3 days of isolation stress, 
d.. after a series of differing stressors (cold-restraint, swimming, isolation, and again 

cold-restraint)) within 9 days. 
AA  decreased permeability was found after chronic exposure to the same stressor: 5 periods of 
cold-restraintt within 22 days decreased the permeability, as opposed to a single period of cold 
restraintt stress or repeated stress-exposure to different stressors. 

Fromm these observations we conclude that stress can increase the intestinal permeability to 
luminall  macromolecules in different lines of mice, as was earlier found in rats. To our 
knowledge,, this result has not been published before and it shows that the phenomenon 
observedd in Wistar Kyoto rats is not restricted to this line of rats. 

Thee observed reversibility of stress-induced increase of permeability is in line with results 
obtainedd in rats after exposure to either cold-restraint stress or water avoidance stress 25-27. 
Apparently,, the epithelium is able to restore its normal permeability, even after repeated 
exposuress to stressors. 

Ann important and new observation is that under specific conditions, chronic stress can also 
reducereduce intestinal permeability (chapter 6, Experiment II). Repeated cold-restraint exposure 
apparentlyy mobilized a protecting mechanism. In the Roman rats (chapter 4) it appeared that, 
afterr blockade of muscarinic receptors with atropine, even a single period of cold-restraint 
stresss reduced permeability. This intriguing observation shows that stress not only activates a 
permeabilizingg mechanism but that it can also activate a tightening mechanism. Thus the 
actuall  permeability of macromolecules through the intestinal epithelium is the result of a 
balancee of antagonizing signals. This is reminiscent of the secretory tonus of the epithelium, 
whichh is dependent on the level of pro-secretory and anti-secretory signals from the 
underlyingg tissue. Because of its large practical impact on permeability, further studies with 
thee aim to reveal the signaling for barrier-increasing effects would be an important spin-off 
fromm these results. 
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Wee have not investigated the route of transport of HRP (transcellular of paracellular), but 
thee increase of the flux of undegraded HRP strongly suggests that, like in rats, HRP mainly 
diffusedd through the paracellular pathway ' . 

2.. Time of the day/fed or fasted. In the early dark (-active) phase, no restraint stress-induced 
permeabilityy change was observed whereas the permeability was twice as high as in 
controlss when the animals were stressed during the middle dark phase. This may be 
relatedd to the presence of intestinal content: in the first case, the intestines were empty; in 
thee second case, they were filled with food particles. 

Too discriminate between effects of the diurnal cycle or fasting/intestinal content is rather 
difficult .. This was not the purpose of this study, we merely wanted to define the best time of 
thee day to perform the experiments. We were aware (personal communication Dr M.Nabuurs 
IDD Lelystad, NL) that the effect of ischemia/reperfusion on intestinal permeability in piglets is 
moree deleterious when the lumen is filled. For practical reasons, the experiments in chapter 6 
weree performed in the early light phase. During this phase, the intestines also contained food 
andd as shown in Experiment I, stress increased the permeability at this time of the day as well. 
Thiss shows that the intestinal content and/or the nutritional state affects the degree to which 
stresss changes intestinal permeability. The effects of stress seem to be more pronounced in fed 
animals.. Experiments with rats have all been performed with fasted animals. We propose that 
effectss of stress may be more pronounced in fed rats, like in the mice. Moreover, fasting of 
thee animals is also a source of stress, both physically and psychologically. 

3.. Other factors - In addition to the stress protocol or time of the day, other factors might 
underliee the large individual differences in the effect of stress on intestinal permeability 
whichh were observed within the same experimental set-up. For instance a difference in 
(sex)) hormone level, in coping style, or other uncontrollable and yet undefined factors -
forr instance individual differences in social rank within the group - could add to the 
observedd variability. The influence of coping style will be discussed extensively in the 
nextt paragraph (7.2). The influence of steroid hormones will be discussed below. 

GenderGender - Several arguments have led to the decision to use female experimental animals. 
Malee mice need to be single housed due to the high degree of inter-male aggression. Based on 
ourr definitions in chapter 2, we expect increased intestinal permeability by these isolated 
housingg conditions. Social isolation of the males can be prevented by the use of sterilized 
femaless as cage mates, but this requires extensive surgery of many females. In addition, 
differencess in the amount of sexual arousal in the males (whether females were sterilized or 
not)) might also have interfered with the results. We therefore preferred to use female subjects, 
whichh can be easily housed in groups. The disadvantage of working with cycling females, 
though,, is the possibility that the cycle influenced the results. Even though the effects of the 
estruss cycle are expected to be randomized, we cannot rule out a possible influence. Effects of 
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femalee sex hormones on intestinal function are suggested by the fact that Irritable Bowel 
Syndrome,, for instance, is reported twice as much in women as compared with men 9'1619. 
Also,, ulcer-susceptibility is more pronounced in female rats 6. Moreover, some experimental 
evidencee exists for non-genomic effects of in vitro applied estradiol on ion secretion in female 
colonn epithelium 4. On the other hand, one study in rats has shown that the local anaphylactic 
responsee of small intestine did not correlate with the level of progesterone 8. This suggests 
thatt ion-secretion in the upper part of the intestine is not affected by this hormone. However, 
apartt from these findings and circumstantial evidence, littl e is known about putative gonadal 
hormonee effects on intestinal permeability. This clearly requires further investigation. 

StressStress hormones - The two lines of house mice were selected because of their large difference 
inn coping with environmental stressors. This includes a large line difference in reactivity of 
thee HPA axis as well. We have not observed any relation between free plasma corticosterone 
levelss and intestinal permeability or electrophysiological parameters in acutely stressed mice. 
AA study in rats confirms the conclusion that corticosteroids do not have short-term effects on 
thee intestinal barrier 26. However, corticosterone may indirectly play a role by interfering with 
thee immunological response to potential antigens, for instance by decreasing the amount of 
secretoryy immunoglobulin A 34. Importantly, individual differences in the magnitude of the 
responsee of the HPA-axis to stressors may strongly influence the outcome of such an 
interferencee with the immune system 10,n. 

Inn the next paragraph the influence of coping style will be discussed extensively. 

7.22 - Individual variation in stress-induced increase of intestinal 
permeability;;  the influence of coping style 

Fromm the literature ' (and P.R.Saunders, personal communication) and also from our own 
observationss in mice, we knew that stress exposure results in increased permeability to 
macromoleculess in only part of the tested animals. We hypothesized that the individual 
differencess in susceptibility to stress-induced permeability-enhancement would be related to 
differencess in coping style. This hypothesis is based on the following arguments: cholinergic 
orr vagal stimulation increases intestinal permeability ''7; the autonomic stress response in the 
reactivee coping style is thought to be predominantly parasympathetic, as opposed to the 
sympatheticc predominance in the proactive animals 14'15'29-30-31-35 From the above arguments 
wee predicted that reactive individuals would have a stronger increase permeability after stress 
thann proactive animals. To test the hypothesis, we subjected mice, rats and pigs considered to 
belongg to reactive and proactive coping lines to isolation stress (pigs) or restraint stress (rats 
andd mice). From the different stress protocols used in the initial experiments in mice, we used 
restraintt stress, because this stressor is known to activate the parasympathetic branch of the 
autonomouss nervous system 6'32. 
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7.2.17.2.1 — Summary of results 
SALSAL and LAL mice (chapter 3) - We measured the effects of restraint stress on intestinal 
permeabilityy in female offspring of proactive Short Attack Latency (SAL) and reactive Long 
Attackk Latency (LAL) mice. Female offspring of SAL and LAL mice (hereafter referred to as 
SALL and LAL mice respectively) can not tested for attack latency in the resident-intruder test 
likee males, because they don't show enough inter-female aggression 33. To be sure that SAL 
andd LAL females were nevertheless representative for proactive and reactive mice, we first 
exposedd the animals to the shock prod defensive burying test. Like male SAL and LAL mice, 
theyy showed clearly different behavior, although differences were smaller than in males [33]. 
Wee measured plasma corticosterone concentrations and observed that female LAL and SAL 
micee fitted to the current criteria for proactive and reactive coping with respect to the 
reactivityy of the HPA-axis: LAL females had largely increased plasma corticosterone 
concentrations,, whereas the corticosterone levels in SAL females showed only a moderate 
increasee upon stress. 

Wee expected that the effect of two hours restraint stress on intestinal permeability would be 
largestt in the LAL females. It appeared that the mean permeability was neither increased in 
thee LAL nor in the SAL group. Post hoc analysis of behavioral data from the shock prod 
defensivee burying test, however, revealed that the permeability was increased in a subset of 
LALL mice characterized by less rearing (standing in upright position), a longer latency time to 
thee first shock, a stronger burying response, and less immobility in the Defensive Burying 
test.. With respect to the stress-induced increase of corticosterone, this was an intermediate 
group. . 

RomanRoman High-Avoidance (RHA) and Roman Low-Avoidance (RLA) rats of the Roman Swiss 
sub-linesub-line (chapter 4) - The relationship between coping style and intestinal permeability was 
alsoo studied in a rat model of coping styles, i.e. the Roman High-Avoidance and the Roman 
Low-Avoidancee rats. We also subjected reactive and proactive female rats to cold-restraint 
stress.. These Roman rats are selected and bred for rapid (RHA) or poor (RLA) acquisition in 
thee two-way active avoidance shuttle box, and have been the subject of many studies of stress 
reactivity.. From the literature, we know that in the cardiac stress response of RLA a strong 
parasympatheticc drive is apparent 22. In addition, behavioral responsiveness and receptor 
efficacyy to muscarinic agonists is larger in RLA rats 18. Thus, from our hypothesis we 
predictedd that stress would have more pronounced effects on intestinal permeability in RLA 
rats.. This was corroborated by the results. 

High-ResistantHigh-Resistant and Low-Resistant piglets (chapter 5) 
Wee had the opportunity to join in a study concerning individual differences in behavioral and 
physiologicall  stress responses in young female pigs (12 weeks old), selected for high or low 
resistancee in the backtest. Social isolation and novelty were used as stressors. Low Resistant 
pigss are considered to have a reactive coping style 24. After the fifth week of isolation, the 
animalss were sacrificed to measure intestinal permeability for macromolecules, and organ 
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weights.. Based on the classification according to coping style we expected the highest 
macromolecularr permeability in the reactive Low-Resistant (LR) pigs. However, the 
permeabilityy was approximately 2.5 times higher in High-Resistant pigs than in Low-
Resistantt pigs. Transepithelial potential difference of the tissues was also higher in HRs, 
indicatingg a higher secretory tone. 

7.2.27.2.2 -Discussion 
Thee hypothesis tested in these three studies: stress induces intestinal permeability would occur 
primarilyy in individuals with a reactive coping style, appeared to hold for the RLA rats only 
andd not for (all) LAL mice, and the LR pigs. 

Ass stated before, the hypothesis was based on the supposed predominance of 
parasympatheticc activity in reactive animals. However, although we took it for granted that 
LALL mice have larger parasympathetic reactivity, this has not yet been proven in 
experimentall  studies. A correlation between cardiac indicators of parasympathetic activation 
(e.g.. the root mean square of successive R-R intervals) and behavioral parameters as reported 
forr instance in the Roman lines may not be so strong or even non-existing in the mice lines. In 
thee pigs the effect of novelty stress on heart rate variability showed a stronger 
parasympatheticc influence in the HR than in LR line. Thus, although behavioral parameters 
andd endocrinological parameters comply with classification of LR pigs and LAL mice as 
reactivee coping animals, our assumption that parasympathetic activation is stronger in these 
liness upon stress may not be valid. Our assumption that intestinal permeability would increase 
inn animals with a strong stress-induced stimulation of the parasympathetic branch of the 
autonomouss system may hold, although direct evidence for this conclusion would be 
preferablee above comparison with literature data (rats) or measurements of heart rate 
variabilityy 4 weeks earlier (pigs). 

Inn general we can conclude that the individual differences in stress-induced increase of 
intestinall  macromolecular  permeability do not parallel the 'boundaries' between the 
classificationn of proactive and reactive animals. 

However,, from the common description of RLA rats as being more anxious 5'21, and from the 
conclusionn that HRs were more stress-susceptible (as observed from sustained increased body 
temperature,, increased running and vocalizing in the home pen 23) it is tempting to suggest 
thatt there may still be behavioral correlates with intestinal susceptibility to stress. From the 
literature,, it is also known that Wistar Kyoto rats are highly stress-susceptible, and that effects 
off  cold-restraint stress on intestinal permeability are more pronounced in these animals than in 
Spraguee Dawley or Wistar rats 27 (and P. R. Saunders, personal communication). Thus, the 
extentt to which animals are stress-susceptible as shown in behavior and temperature 
regulation,, might predict whether stress will induce increased permeability or not. This, 
togetherr with its possible correlation with larger heart rate variability as a read-out for 
parasympatheticc activation, is worth to be investigated in further research. 
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7.33 - Can stress induce oral sensitization to antigens in mice? 

Chapterr 6 was a first attempt to study a possible consequence of increased permeability for 
thee organism. Does it implicate an increased risk for the development of food allergy? 

7.3.17.3.1 - Summary of the results 
Wee increased the permeability to antigens in mice by subjecting them to different stress 
protocolss and exposed the mice to differing concentrations of oral ovalbumin during either 3 
orr 5 weeks. Irrespective of the experimental conditions, no immunologically detectable 
increasee of ovalbumin-specific IgE or IgG was found. However, the local anaphylactic 
responsivenesss (allergen-evoked secretory current) seemed increased directly after stress 
periodss and also at two weeks after repeated cold-restraint stress. We observed that after the 
repeatedd exposure to severe stress, increased responsiveness of the intestinal tissue occurred 
nott only to ovalbumin but also to the secretagogues histamine, carbachol and forskolin, 
whereass after single stress or repeated differing stressors only the ovalbumin-induced 
secretoryy responsiveness was increased. 

7.3.27.3.2 - Discussion 
Stress-exposuree of healthy mice did not lead to increase of specific immunoglobulins. 
However,, after repeated exposures to cold-restraint stress (5-7 times), increased excitability of 
thee tissue was found upon administration of different functional relevant secretagogues: 
histaminee is a mast cell mediator, carbachol is a stable acetylcholine mimetic and forskolin 
stimulatess adenylyl cyclase, like vasoactive intestinal peptide and Substance P. Because this 
wass observed in the presence of TTX we conclude that the epithelial cells are at a state of 
increasedd reactivity. This phenomenon has also been observed after starvation-stress . In 
addition,, it appeared that even when the reaction of the epithelial cells to the secretagogues 
aree not different from control, stress seemed to increase the sensitivity of mast cells to 
allergens.. This is an important observation, because it may explain why under stressful 
conditionss complaints of (food) allergy usually increase. 

7.44 - Main conclusions and closing remarks 

7.4.1.7.4.1. - Main conclusions 
Thee general conclusions from the experiments described in this thesis are as follows: 

1.. Different types of stress generally enhance the macromolecular permeability of the 
intestine,, not only in specific rat strains but also in different types of mice, which 
suggestss that this is a general biological phenomenon. Clear individual differences in 
macromolecularr permeability under conditions of stress are observed in mice, rats and 
pigs.. Time of the day and the type of stress protocol appear to be important variable 
factorss and should therefore be standardized. Even so, in standardized conditions, a lot 
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off  variation is apparent. This may be due to uncontrollable and yet undefined factors, 
leadingg in some cases to opposite effects. 

2.. No evidence was found that individual variability in the effect of stress on intestinal 
permeabilityy was attributable to coping style in the classical sense of the word. 

3.. Stress exposure did not lead to food allergy in Balb/C mice, but a single episode of 
cold-restraintt stress increased the responsiveness of mast cells to allergens and 
repeatedd cold-restraint stress enhanced the reactivity of the intestinal epithelium to 
allergenss and secretagogues. 

7.4.2.7.4.2. -Remarks 
Wee want to finish this discussion with one issue that is important for the approach of future 
researchh on this topic. The increase of the intestinal permeability is an acute response upon 
stress-exposure.. Many responses to stress are clearly adaptive. However the adaptive 
significancee of this intestinal permeability response is far from clear. 

Whatt is the use for the organism to decrease the intestinal barrier for luminal antigens and 
otherr large molecules, thereby increasing the hazard for its welfare? Could it also be an 
adequatee adaptive stress response? Because paracellular transport is strictly diffusional, an 
increasedd flux from the mucosal to the serosal side implies also an increased serosal-to-
mucosall  flux. Greenwood et al. showed increased concentrations of serum albumin and mucin 
inn the lumen of rabbit jejunum after increasing the epithelial permeability by vagal or 
cholinergicc stimulation 7. In similar tissue, namely lung epithelium, large molecules can pass 
intoo the airway lumen through transient openings between epithelial cells, a process that is 
generallyy considered as a defense against noxious agents 17. In the intestine, secretion of IgA, 
IgGG and IgE and paracellular transport of IgA and IgG has been reported by Brandtzaeg and 
co-workerss ' . We suggest that stress exposure, by increasing epithelial permeability might 
alsoo lead to the transport of defensive compounds to the intestinal lumen, thereby 
strengtheningg the first line of defense, and effectively protecting the host in case of additional, 
prolongedd and more severe stress. Stress-induced increased serosal-to-mucosal flux of 
proteinss is to our knowledge never measured, but this can easily be done in vitro, and in vivo 
byy analyzing the albumin or immunoglobulin content of faeces. 

Takingg this line of reasoning one step further we may consider a situation in which stress is 
soo severe that the production of IgA and other immunoglobulins is strongly depressed 34. In 
thiss case the first tine of defense will be abrogated. If, simultaneously, the intestinal 
permeabilityy is increased, we expect that antigens and toxins wil have easy access to the 
serosall  side of the epithelium, leading to defensive reactions in the mucosa itself, and possibly 
too systemic reactions. 

Iff  this possibility holds true, we may suggest that indeed individuals responding strongly 
withh high and sustained levels of corticosteroids (classified as reactive coping animals) may 
bee more liable to contract gastrointestinal diseases and food allergy. To test this hypothesis 
requiress the development of a stress protocol, which leads to a state of suppressed IgA and 
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IgGG and, in this immunological state, an induction of an increased permeability of the 

epitheliall  barrier. 

Inn conclusion, it may be that stress-induced permeability enhancement in itself is an 

adequatee stress response. Increased permeability at a time of reduced defense, however, may 

turnn this adaptive process in a serious risk for health. 
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8.11 - Achtergronden 

8.1.18.1.1 Functie van de darm 
Ditt proefschrift gaat over het effect van stress op de barrièrefunctie van de darmwand. 
Dagelijkss passeren grote hoeveelheden voedsel de darm, en staat het lichaam bloot aan 
potentiëlee bedreigingen door (producten van) bacteriën en andere parasieten. De darmwand is 
gespecialiseerdd in het opnemen van in het spijsverteringskanaal bewerkte voedingsbestand-
delen,, water en ionen, maar ook in het tegenhouden van de entree van ongewenste stoffen en 
parasietenn in het lichaam. Cellen die hierbij een belangrijke rol spelen, zijn 'epitheelcellen' 
diee samen het 'epitheel' vormen. Dit epitheel is de binnenbekleding van de darmwand en 
neemtt bij de mens, als het zou worden uitgespreid, een oppervlakte in beslag ter grootte van 
eenn tennisbaan. De epitheelcellen zijn aan elkaar verbonden door structuren die we 'tight 
junctions'' noemen, en die normaliter alleen maar ionen en water doorlaten. 

8.1.28.1.2 Stress en darmdoorlaatbaarheid 
Inn ratten is aangetoond dat blootstelling aan fysieke en/of psychologische stress de 
doorlaatbaarheidd ('permeabiliteit') van het epitheel voor kleine en grote moleculen kan 
verhogen,, zowel door transport via de tight junctions, dus tussen de cellen door 
('paracellulair'),, als via de epitheelcellen zelf ('transcellulair'). Ook in patiënten met diverse 
darmaandoeningenn wordt een verhoogde permeabiliteit aangetroffen, en het is bekend dat de 
klachtenn verergeren als de patiënt stress ervaart. Deze door stress veroorzaakte verhoging van 
dee permeabiliteit zou daar heel goed een rol bij kunnen spelen. Immers, de verhoogde 
doorlaatbaarheidd van het epitheel vergemakkelijkt misschien de toegang van potentieel 
schadelijkee stoffen tot de cellen van het immuunsysteem, dat sterk vertegenwoordigd is in de 
darmwandd (het 'mucosale immuunsysteem'). Deze stoffen kunnen bijvoorbeeld (delen van) 
eiwittenn ('antigenen'), of toxines afkomstig van bacteriën zijn. Het mucosale immuunsysteem 
kann op deze stoffen reageren met een sterke afweerreactie, waardoor voedselallergieën of 
ontstekingenn kunnen ontstaan. Op deze manier zou stress dus schadelijke gevolgen kunnen 
hebbenn voor de gezondheid en het welzijn van mensen en dieren. Kunnen hebben, want 
bewezenn is het niet. In dit proefschrift hebben we wel geprobeerd daar een indicatie voor te 
krijgen. . 

Eenn van de belangrijkste links tussen psychologische en/of fysieke stress en een verhoogde 
darmpermeabiliteitt voor antigenen en andere grote moleculen ('macromoleculen') is 
hoogstwaarschijnlijkk de vaguszenuw. Dat is een tak van het vegetatieve zenuwstelsel. Het 
vegetatievee zenuwstelsel reguleert veel 'onwillekeurige' processen zoals spijsvertering en 
ademhaling.. Dit zenuwstelsel bestaat uit twee hoofdtakken die min of meer complementair 
zijn,, en die de sympathicus en de parasympathicus worden genoemd. Met name de 
sympathicuss speelt een belangrijke rol bij stressreacties (vechten, vluchten, verhoging van de 
hartslag,, droge mond) en veroorzaakt de afgifte van het welbekende hormoon adrenaline. De 
parasympathicuss brengt het lichaam weer in evenwicht na een stressreactie (verlaging van de 
hartslag,, spijsvertering, rust) en is sterk betrokken bij de regulatie van de darm via de vagus 
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zenuw.. De signaalstof ('neurotransmitter') van de parasympathicus is acetylcholine. Dit 
acetylcholinee bindt in de darm voornamelijk aan muscarinereceptoren. In experimenten met 
rattenn is gebleken dat bij blokkade van deze receptoren door de antagonerende stof atropine 
hett effect van stress op de doorlaatbaarheid van de darm tenietgedaan wordt. Ook uit andere 
experimentenn is gebleken dat de vaguszenuw een heel belangrijke rol speelt in de overdracht 
vann het stresssignaal uit de hersenen op de darm. In de hersenstam liggen schakelstations 
tussenn de vaguszenuw en de hogere hersengebieden die zo'n signaaloverdracht mogelijk 
maken. . 

Kortom,, het startpunt voor het onderzoek zoals beschreven in dit proefschrift is dat stress - in 
rattenn - de doorlaatbaarheid van de darm voor macromoleculen verhoogt, waarschijnlijk door 
tussenkomstt van de vaguszenuw, en we veronderstellen dat dit de ontwikkeling van 
voedselallergiee zou kunnen induceren. 

8.1.38.1.3 Individuele variatie 
Eenn belangrijke waarneming is dat niet alle individuen in gelijke mate vatbaar zijn voor deze 
effecten.. Dat zou iets te maken kunnen hebben met een verschil in stressreactie ('copingstijl') 
diee zowel een gedragsmatige als fysiologische component in zich heeft. Wanneer individuen 
bijvoorbeeldd verschillen in de mate waarin activering van de vaguszenuw plaatsvindt ten 
gevolgee van stress, zou dat een verklaring kunnen zijn voor een verschil in permeabiliteit van 
hett darmepitheel en daardoor voor het verschil in gevoeligheid voor het effect van stress op 
dee gezondheid. In dit proefschrift is daarom onderzoek gedaan naar de effecten van een zelfde 
'stressor'' (datgene wat de stress veroorzaakt) op de darmpermeabiliteit bij representanten van 
tweee verschillende 'copingstijlen'. De ene soort copingstijl noemen we 'reactief, de andere 
'proactief.. De reactieve kenmerkt zich door een hele sterke respons van de hypothalamus-
hypofyse-bijnierschors-ass die meetbaar is als een sterke verhoging van het stresshormoon 
corticosteronn (bij knaagdieren) of Cortisol (bij varkens en mensen) in het bloed. De 
gedragsmatigee kenmerken zijn een hoge mate van bewegingsloosheid ('immobiliteit'), of het 
makenn van terugtrekkende bewegingen of voorzichtige verkenningen. Het omgaan met de 
emotionelee impact van de stressor lijk t belangrijker dan vecht of vluchtgedrag. Ook de 
vaguszenuww van de parasympathicus schijnt een belangrijke rol te spelen bij deze 
stressreactie.. In tegenstelling tot de reactieve copingstijl kenmerkt de proactieve zich door een 
sterkee sympatische reactie die ook meetbaar is in het bloed als een sterke verhoging van het 
stresshormoonn adrenaline. Dit hormoon maakt het lichaam klaar voor snelle reacties, voor 
vecht-- of vluchtgedrag. Individuen die voornamelijk deze copingstijl hanteren, proberen de 
stressorr dus te manipuleren: 'hij eruit of ik eruit'. De ene copingstijl is trouwens niet per 
definitiee beter dan de andere, dat hangt af van de situatie. In het ene geval is de reactieve 
coperr beter af, in het andere geval de proactieve. Verder zijn de verschillen proactief en 
reactieff  niet absoluut. Ze kunnen worden beschouwd als modelmatige extremen in een 
populatie. . 
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8.22 Doel van het onderzoek 

Dee titel van het proefschrift is 'Stressgeïnduceerde verhoging van de darmpermeabiliteit: een 
algemeenn biologisch verschijnsel?' 
Driee vragen hebben we geprobeerd te beantwoorden, waarbij de nadruk lag op de tweede 
vraag,, en de eerste vraag als opstapje en de laatste vraag als voorzet voor vervolgonderzoek 
zijnn bedoeld: 
1.. Kan datgene wat in ratten is gevonden (nl. 'stress verhoogt de darmpermeabiliteit voor 

macromoleculen')) nagebootst worden in muizen, en is het dus een meer algemeen geldig 
principe? ? 

2.. Zo ja, kunnen verschillen in copingstijl gerelateerd worden aan verschillen in 
gevoeligheidd voor door stress geïnduceerde permeabiliteitverhoging? 

3.. Als de darmdoorlaatbaarheid verhoogd is ten gevolge van blootstelling aan stress, leidt dat 
dann ook tot een inductie van allergie tegen voedingsbestanddelen? Immers, antigenen 
krijgenn dan gemakkelijker toegang tot het mucosale immuunsysteem. 

All  het onderzoek werd in vitro (in zogenaamde 'Ussingkamers') uitgevoerd met stukjes 
dunnee darm. Ussingkamers zijn uitgevonden door de Deense meneer Ussing en bestaan uit 
tweee kunststof compartimentjes waartussen een stukje darmweefsel kan worden gespannen. 
Dee compartimentjes worden gevuld met een oplossing van water en zouten (een 
'Ringeroplossing')) dat continu op temperatuur wordt gehouden (37°C, lichaamstemperatuur) 
enn doorgast wordt om de zuurgraad op peil te houden. In zo'n oplossing kunnen de stukjes 
weefsell  een paar uur overleven. Ondertussen kunnen er metingen aan worden verricht. Dit 
gebeurtt dus niet in het levende dier zelf, in vivo, maar in vitro. Doorlaatbaarheid van het 
weefsell  hebben we in deze opstelling gemeten door aan de ene kant van het weefsel (de kant 
vann de darmholte, dus de 'mucosale' kant) een modelmolecuul (mierikswortelperoxidase 
(HRP),, een eiwit van 40 kiloDalton) toe te voegen en aan de andere kant (de bloedkant of 
'serosale'' kant) in de tijd verschillende monsters te nemen. Door in die monsters de 
concentratiee van HRP te analyseren konden we vaststellen hoe snel het HRP door het weefsel 
konn komen. Dat is een maat voor de doorlaatbaarheid van het weefsel. Verder konden we 
elektrischee afleidingen van het weefsel doen door de Ussingkamers uit te rusten met 
elektrodes.. Door middel van die elektrische afleidingen konden we bijvoorbeeld de weerstand 
vann het weefsel meten, wat iets verteld over de barrière voor ionen (geladen deeltjes), of de 
kortsluitstroom,, een maat die iets vertelt over de uitscheiding van ionen door de 
epitheelcellen. . 

8.33 Resultaten en conclusies uit het onderzoek 

8.3.11 - Effect van stress op darmpermeabiliteit in muizen (hoofdstuk 2,3,6) 
Mett betrekking tot de eerste vraag werden twee muizenstammen getest, de Balb/C muis en de 
Wildee huismuis (Mus musculus domesticus). De eerste soort wordt veel gebruikt in 
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immunologischh onderzoek, de tweede soort wilden we in vervolgonderzoek met betrekking 
tott vraag 2 gebruiken. 
Verschillendee typen stressoren (bekend uit eerder onderzoek) zorgden in deze muizen voor 
eenn verhoogde permeabiliteit voor macromoleculen. Deze stressoren waren 'restraint' (de 
muiss werd hierbij ingesloten in een soort dwangbuisje) gedurende 1 of 2 uur op 
kamertemperatuurr (20°C), waarbij de muis soms de laatste 10 minuten in een koude 
omgevingg (8°C, koude-restraint) werd geplaatst, of 'sociale isolatie' gedurende 4 uur of 3 
dagen,, of een reeks van verschillende stressoren (koude-restraint, isolatie en zwemmen (3 
minutenn bij 32°C)). Dit effect van diverse typen stressoren was reversibel: enkele dagen na 
stresss was de permeabiliteit van de darmen van gestresste muizen niet meer afwijkend van 
controlemuizen. . 

Hett bleek ook dat het tijdstip van de dag van belang was voor dit effect: als de muizen aan 
hett begin van de donkerfase - dat is hun actieve dagdeel - werden blootgesteld aan de 
stressor,, bleek de darmdoorlaatbaarheid niet te zijn verhoogd. Werden de dieren tijdens een 
lateree periode van hun actieve fase, of aan het begin van de lichtfase - de rustfase - aan stress 
blootgesteld,, dan bleek de permeabiliteit wel te zijn verhoogd ten opzichte van controledieren. 
Inn deze fases was de darm gedeeltelijk gevuld met voedselresten, hetgeen niet het geval was 
inn de groep dieren die helemaal in het begin van de donkerfase werden getest: ze hadden dan 
nogg niet gegeten. Zowel het tijdstip van de dag ('bioritme') als de mate van darmvulling en de 
bijbehorendee activiteit van de darm zouden dus van belang kunnen zijn bij het effect van 
stresss op de darm-doorlaatbaarheid in muizen. 

Ookk bleek dat het chronisch bloot stellen aan stress van muizen juist een omgekeerd effect 
kann sorteren: de darmpermeabiliteit in Balb/C muizen was juist heel laag na 5 periodes van 
koude-restraintt stress binnen 22 dagen. Dit zou op een bescherming kunnen duiden. 

Wellichtt zijn er ook andere factoren die medebepalend zijn voor het uiteindelijke effect van 
blootstellingg aan stressoren op de darmpermeabiliteit. Bijvoorbeeld verschillen in 
sexhormoonconcentratiess van vrouwtjes met een hormonale cyclus. (We maakten bij alle 
experimentenn gebruik van vrouwtjes, voornamelijk omdat deze weinig agressief zijn bij 
socialee huisvesting, in tegenstelling tot mannetjes. Omdat we inmiddels ook hadden 
aangetoondd dat het individueel huisvesten van dieren (sociale isolatie) de permeabiliteit kon 
verhogenn wilden we meerdere dieren in één kooi zetten.) Een andere variabele zou het 
verschill  in sociale rang kunnen zijn tussen de verschillende dieren. Of een verschil in 
copingstijll  (zie de volgende paragraaf). 

Verschillenn in concentraties van het stresshormoon corticosteron bleken echter niet 
bepalendd te zijn voor effect van stress op de darmpermeabiliteit: we hebben nooit een 
correlatiee kunnen vinden tussen de concentratie van dit hormoon in het bloed en de 
doorlaatbaarheidd voor macromoleculen. 

8.3.2.. - Zij n verschillen in copingstijl van invloed op het effect van stress op de 
darmpermeabiliteit?? (hoofdstuk 3,4,5) 
Zoalss hierboven is uitgelegd, kunnen individuen sterk verschillen in het type stressrespons die 
zee vertonen. De proactieve en reactieve copingstijl kunnen beschouwd worden als uitersten 
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hierin.. Omdat de vaguszenuw zo'n belangrijke rol speelt in de darmfysiologie en 
waarschijnlijkk ook in de reactieve stressrespons, veronderstelden we dat in reactieve dieren 
sterkeree effecten zouden worden gevonden op de darmpermeabiliteit dan in proactieve 
dieren.. We hebben dit getest in muizen, ratten en varkens. 

Voorr het onderzoek in muizen gebruikten we twee selectielijnen van de Wilde huismuis, de 
LALL en de SAL muizen. LAL staat voor Long Attack Latency (lange aanvalslatentie) en SAL 
voorr Short Attack Latency (korte aanvalslatentie). De lijnen verschillen in de mate waarin ze 
agressieff  gedrag vertonen ten opzichte van indringers in hun territorium. De agressieve 
dieren,, de SALlers, zijn proactief. De minder agressieve muizen, LALlers, zijn reactief. Als 
beidee types worden blootgesteld aan een stressor, verwachten we dus de meeste effecten op de 
darmpermeabiliteitt van de LALlers. We hebben dit niet onderzocht in mannetjes, maar in 
vrouwtjes.. Dat heeft een nadeel: de vrouwtjes kunnen namelijk niet worden onderscheiden op 
basiss van hun aanvalslatentie omdat ze bijna geen agressie ten opzichte van elkaar vertonen. 
Vrouwtjess worden dus altijd ingedeeld in LAL of SAL groepen op basis van het 
aann valsgedrag van hun vaders. Dat leverde een bepaalde onzekerheid op in onze 
experimenten.. Om dat wat te ondervangen werden de dieren eerst getest in de zogenaamde 
shockk probe/defensive burying test. Hierin worden de dieren in een nieuwe kooi met schoon 
zaagsell  gezet. Vervolgend wordt een elektrisch geladen staaf door de wand van de kooi naar 
binnenn gestoken. Wanneer de muis deze staaf aanraakt, krijgt zij een schok. Dit leidt tot een 
schrikreactiee die ertoe leidt dat het dier zich ofwel terugtrekt van de staaf en uit de buurt blijft , 
ofwell  de staaf begraaft met zaagsel, waardoor deze min of meer onschadelijk wordt gemaakt. 
Eerderr onderzoek leert dat proactieve dieren het laatste doen en reactieve dieren zich 
terugtrekkenn en vaak stil in een hoekje gaan zitten. Toen we deze test uitvoerden met de 
vrouwtjess uit de LAL en SAL lijn bleken er inderdaad aanzienlijke verschillen te bestaan 
tussenn de beide groepen in hun reactie op de staaf. Achteraf is in deze dieren ook de 
bloedplasmaconcentratiee van corticosteron gemeten, na blootstelling aan restraint stress. De 
responss van dit stresshormoon, dat in reactieve dieren een veel hoger niveau bereikt dan in 
proactievee dieren, bleek ook een in de dochters van LAL-vaders veel hoger te zijn dan in de 
SAL-nakomelingen.. Kortom, dochters van LAL muizen vertoonden inderdaad kenmerken 
vann de reactieve coping stijl , terwijl de dochters van SAL muizen proactieve kenmerken 
vertoonden.. Leidde blootstelling aan restraint stress nu ook tot een verschil in 
darmpermeabiliteitt voor macromoleculen? Nee, gemiddeld genomen was de permeabiliteit in 
SALL en LAL muizen gelijk, en zelfs niet eens verhoogd ten opzichte van niet gestresste 
muizen.. Echter, uit post hoc analyse van de resultaten bleek dat er een subgroep van LAL 
muizenn was die wel een hogere permeabiliteit vertoonde na stress. Dit waren dieren die qua 
corticosteronn niveau als middengroep tussen LAL en SAL muizen kan worden beschouwd, en 
diee in de shock probe/defensive burying test ook enigszins afweken van de beide andere 
groepen:: het duurde langer voor ze de eerste schok kregen, ze vertoonden wat meer 
begraafgedragg als ze eenmaal een schok hadden ontvangen en waren minder immobiel 
(bewegingsloos)) tijdens de test. Ook waren ze minder gericht op ontsnapping (ze stonden 
minderr op hun achterpoten dan de andere SAL en LAL muizen). 
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All  met al vormen deze resultaten echter geen aanleiding om te zeggen dat op basis van 
gedragg of copingstijl voorspeld kan worden welke dieren het meest gevoelig zijn voor door 
stresss geïnduceerde permeabiliteitverhoging van de darm. 

Ookk in ratten onderzochten we of reactieve dieren gevoeliger zijn voor verhoging van de 
darmpermeabiliteitt dan proactieve ratten. Hiervoor werd gebruik gemaakt van twee psycho-
genetischh geselecteerde lijnen: de Roman Low-Avoidance (RLA) en Roman High-Avoidance 
(RHA)) ratten. De namen zijn afgeleid van het vermogen van de dieren om te leren ontsnappen 
aann een elektrische schok in een zogenaamde shuttlebox. Dieren die het snel leren zijn de 
RHAA ratten, terwijl de RLA dieren daar slecht in zijn. Verder onderzoek aan deze 
selectielijnenn leert dat ze ook met betrekking tot andere stressresponsen verschillen, 
stressreponsenn die kenmerkend zijn voor een reactieve en een proactieve copingstijl. RLA 
rattenn zijn reactief. RHA ratten zijn proactief. Dit geldt voor zowel mannetjes als vrouwtjes. 
Wee onderwierpen vrouwtjes RLA en RHA ratten aan koude-restraint en constateerden dat de 
darmdoorlaatbaarheidd voor macromoleculen hoger was in RLA ratten dan in RHA ratten. Dat 
wass conform de hypothese. Verder bleek dat als de dieren van tevoren werden ingespoten met 
atropinee om de muscarinereceptoren in de darm te blokkeren, deze verhoging ten gevolge van 
stresss niet optrad. Dat betekent dus dat het stresssignaal via deze receptoren verliep. Net als in 
eerderee experimenten met ratten. 

Tott onze verbazing bleek atropine in ongestreste dieren de darmpermeabiliteit te verhogen. 
Dezee observaties betekenen ten eerste dat er kennelijk ook een bepaalde mate van 
signaaloverdrachtt door muscarinereceptoren nodig is om de integriteit van het darmepitheel in 
standd te houden, en in de tweede plaats dat blootstelling aan stress na zo'n atropine injectie 
kennelijkk een beschermend effect heeft, want we zagen geen permeabiliteitverhoging meer. 
Ditt is een indicatie dat de regeling van de barrièrefunctie een subtiel gebeuren is. 

Tenslottee onderzochten we de darmpermeabiliteit in jonge varkens die gedurende 5 weken in 
isolatiee waren gehouden. Sociale isolatie is stressvol voor varkens, die immers sociale dieren 
zijn.. Onder de huidige wetgeving is dit soort huisvesting in veel gevallen niet toegestaan, 
maarr er zijn uitzonderingen op die regels. Veel onderzoek bij varkens, bijvoorbeeld naar het 
metabolismee waarbij natuurlijk de darmfysiologie een grote rol speelt, eist dat de dieren 
geïsoleerdd gehuisvest worden in metabole kooien. In dit experiment werd gebruik gemaakt 
vann varkens die al hadden meegedaan in een onderzoek naar verschillen in de stressrespons 
opp sociale isolatie tussen reactieve en proactieve varkens. 

Omm te bepalen of de varkens proactief of reactief waren, werd gebruik gemaakt van de 
zogenaamdee hacktest. Dieren worden daarbij op een leeftijd van slechts enkele dagen op hun 
rugg gelegd en gedurende een minuut wordt gescoord hoeveel weerstand ze hiertegen bieden 
(doorr pogingen om overeind te komen en door te schreeuwen). Wanneer dieren veel 
weerstandd bieden worden ze ingedeeld bij de proactieven, de High-Resistant (HR) dieren en 
wanneerr ze weinig weerstand bieden bij de reactieven, de Low-Resistant (LR) dieren. Met de 
LRss en HRs werden verschillende gedragstesten gedaan, en diverse fysiologische parameters 
werdenn gemeten (waaronder hartslagfrequentie, temperatuur en het stresshormoon Cortisol). 
Naa vijf weken isolatie offerden we ze op voor onze studies naar de permeabiliteit van de 
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darm.. We voorspelden dat de darmpermeabiliteit het hoogst zou zijn in de reactieven, de LRs. 
Ditt bleek echter niet zo te zijn: in HRs was de doorlaatbaarheid twee keer zo hoog als in de 
LRs.. Analyse van de hartslagdata, waarin zowel een sympathische als parasympathische 
invloedd aanwezig is, leverde op dat de HRs tijdens acute stress (een 'novelty test' (nieuwe 
omgevingg met vreemde voorwerpen)) een sterkere parasympathische respons vertonen dan 
LRs.. Het zou kunnen dat dit weer het geval was toen de dieren werden ingespoten met 
anestheticumm voordat ze werden opgeofferd, hetgeen altijd wat stress oplevert. Verder bleek 
uitt diverse andere data dat de HRs meer stressgevoelig waren tijdens de isolatieperiode dan 
LRs. . 

Wanneerr we de resultaten uit deze experimenten met reactieve en proactieve muizen, ratten 
enn varkens in ogenschouw nemen, moet de conclusie zijn dat de grens tussen 'wel of niet 
vatbaarr voor verhoogde darmpermeabiliteit ten gevolge van stress' niet samenvalt met de 
'grens'' tussen de klassieke indeling van een proactieve en een reactieve copingstijl: reactieve 
dierenn zijn niet per definitie gevoeliger dan proactieve dieren. 

8.3.22 - Kan stress een voedselallergie veroorzaken? (hoofdstuk 6) 
Inn de literatuur wordt wel gespeculeerd over stress als een potentiële oorzaak van de 
ontwikkelingg van voedselallergie en het oprakelen van ontstekingen in de darm. Als namelijk 
onderr invloed van stress een verhoging van de darmpermeabiliteit optreedt, zouden potentiële 
antigenenn afkomstig uit voeding gemakkelijker toegang kunnen krijgen tot het mucosale 
immuunsysteem.. Dat zou een immuunreactie teweeg kunnen brengen die de basis legt voor 
eenn voedselallergie. 

Wee hebben een eerste poging gedaan enige ondersteuning te vinden voor deze hypothese 
doorr gezonde muizen drie tot vijf weken water met ei-albumine te laten drinken en ze 
ondertussenn aan stressoren te onderwerpen. Ei-albumine is het bestanddeel uit kippeneiwit dat 
ookk bij de mens allergie kan opwekken. Normaliter zullen muizen daar niet spontaan 
allergischh voor worden, dat gebeurt alleen als het ei-albumine kunstmatig, namelijk door een 
injectie,, in het lichaam wordt gebracht. Maar worden ze wel spontaan allergisch als ze 
ondertussenn een of meerdere malen worden blootgesteld aan een stressor, waardoor hun 
darmpermeabiliteitt toeneemt? Allergologen stellen een allergie vast op basis van het 
voorkomenn van specifieke antistoffen ('immunoglobulines') tegen het ei-albumine in het 
bloed.. We bepaalden daarom de ei-albumine-specifieke immunoglobulines in het bloedserum. 
Dezee bleken onder geen enkele conditie te zijn verhoogd. De dieren waren dus niet allergisch 
geworden.. We voerden ook een andere test uit. Stukjes darm in Ussingkamers werden 
rechtstreekss blootgesteld aan ei-albumine. Onder het darmepitheel bevinden zich zogenaamde 
mestcellenn die een cruciale rol spelen bij een allergie. Wanneer zich een allergie heeft 
ontwikkeld,, zijn deze mestcellen 'opgetuigd' met specifieke immunoglobulines. Zo gauw 
dezee in aanraking komen met het ei-albumine, zullen ze de mestcel activeren, waarop de cel 
zichh leegt. Dit leidt in de darm tot een zogenaamde secretiereactie: chloride-ionen verlaten de 
epitheelcell  aan de kant van de darmholte, en water volgt passief, een soort '/w vitro diarrhee'. 
Datt is meetbaar als een toename van het elektrisch potentiaalverschil over het weefsel. Er 
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verplaatstt zich namelijk negatieve lading (chloride ionen zijn negatief geladen) van de 
bloedkantt van het weefsel naar de kant van de darmholte. Deze respons van de mestcellen op 
ei-albuminee zou dus ook kunnen duiden op een overgevoeligheid. Een dergelijke respons 
kwamm niet vaak voor, maar wel wat vaker in gestresste dieren dan in controledieren. Vooral 
meteenn na blootstelling aan zowel enkelvoudige als herhaalde stress werd deze respons 
waargenomen.. Dat duidt erop dat het weefsel gevoelig was geworden voor (een deel van) het 
ei-albumine. . 

Onderr bepaalde condities, namelijk de zwaarste stressor die we gebruikten - 5 keer koude-
restraintt binnen 22 dagen - bleek het weefsel ook gevoeliger voor histamine, carbachol en 
forskoline.. Deze stoffen kunnen ook de chloridesecretie verhogen en worden daarom 
'secretagogen'' genoemd. Histamine is een stof die afkomstig is uit de mestcellen en speelt 
eenn grote rol bij allergische reacties. Carbachol is een stabiel synthetisch acetylcholine, de 
signaalstoff  uit de vagus zenuw. Forskoline is een stof die in de cel hetzelfde doet als de in de 
darmm zeer belangrijke signaalstoffen Substantie P en VIP (vasoactive intestinal peptide). 
Wanneerr het darmepitheel dus gevoeliger wordt voor deze stoffen, zou dat kunnen verklaren 
waaromm (chronische) stress darmklachten kan reactiveren of verergeren zoals bij de ziekte van 
Crohn,, Ulceratieve Colitis en voedselallergieën. 

Kortom,, blootstelling aan stress veroorzaakt in eerste instantie geen allergie in gezonde 
muizen,, maar kan wel een verhoogde gevoeligheid opwekken voor antigenen en 
secretagogen. . 

8.44 - Slotconclusie en opmerkingen 

Wee kunnen dus concluderen dat stress niet alleen in ratten, maar ook in muizen een 
verhoogdee darmpermeabiliteit kan veroorzaken. De invloed van stress op de 
darmpermeabiliteitt is dus een meer algemeen biologisch principe. Individuele verschillen in 
vatbaarheidd voor dit effect hangen niet samen met verschillen in copingstijl. En we hebben 
geenn ondersteuning gevonden voor de hypothese dat stress de oorzaak zou kunnen zijn van de 
ontwikkelingg van een allergie. 

Eigenlijkk hoeft dat laatste ons niet zo te verbazen. Ervan uitgaande dat een stressrespons 
bedoeldd is als een adequate aanpassing aan een stressvolle situatie, is het eigenlijk een 
vreemdee gedachte dat een verhoging van de darmpermeabiliteit ten gevolge van blootstelling 
aann een stressor meteen slecht zou zijn. Waarom zou het lichaam zichzelf op deze manier in 
gevaarr brengen? Is de toegenomen doorlaatbaarheid niet juist een goede, effectieve reactie? 
Err zijn aanwijzingen uit studies aan het vergelijkbare longepitheel, dat er na activering van de 
vaguszenuww ook transport van immunoglobulines (eveneens macromoleculen) vanuit het 
lichaamm naar de holte van de longen plaatsvindt. Deze immunoglobulines functioneren als 
eenn eerste defensielinie tegen potentiële gevaarlijke stoffen, zoals bacteriële producten. Iets 
dergelijkss kan ook in de darm gebeuren. Dan zou er dus weldegelijk sprake zijn van een 
adequatee stressreactie. 

Maarr onder condities van chronische stress of tijdens ziekte, zou de productie van deze 
antii  lichamen wel eens flink onderdrukt kunnen zijn. Dat is een van de meest onderzochte 
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effectenn van stress. In dat geval komt deze eerste defensielinie dus onder druk te staan, en dan 
zouu er misschien wel een allergie of ontsteking kunnen ontstaan. Het is niet ondenkbaar dat 
dann toch de reactieve individuen hiervan het eerst de gevolgen ondervinden, omdat zij een 
veell  sterkere activering van stresshormonen kennen. Deze hormonen zijn namelijk sterk 
betrokkenn bij de onderdrukking van de productie van immunoglobulines. Dus: op zich is een 
verhogingg van de darmpermeabiliteit door stress misschien wel heel adequaat, maar op het 
momentt dat de defensie niet optimaal is, zou het wel eens een serieus gezondheidsprobleem 
kunnenn opleveren. 
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Hartelij kk  dank... 

Voordatt ik aan dit laatste en ongetwijfeld meest gelezen deel van het proefschrift toekwam, 
hadd ik mijn curriculum vitae geschreven. Als een film passeerden de jaren van studeren en 
onderzoekenn de revue. Intensieve jaren, maar zelden ontbrak het enthousiasme. En als het 
somss tanende was voor mijn eigen onderzoek, dan toch niet voor dat van een ander. De 
wetenschapp intrigeert voortdurend, dat blijkt wel als die film zich nog eens afspeelt in 
dezelfdee 'grijze massa' als waar ik tijdens mijn studie, maar ook daarna, in geïnteresseerd was 
(enn die mij trouwens vooral roze voorkwam als ik er weer een uit een muizen- of 
rattenschedeltjee zat te lepelen). Ik wil iedereen bedanken die tijdens mijn studie en 
promotieonderzoekk zo'n belangrijke rol heeft gespeeld in de ontwikkeling van die interesses 
enn de sturing daarvan in wetenschappelijk onderzoek en verslaglegging. Hoofdrolspelers 
tijdenss mijn studie in de specialisatierichting gedrags- en neurowetenschappen, bedankt! 
Voorall  dr. Jack Groot, mijn directe begeleider in de laatste 4,5 jaar die mijn 
promotieonderzoekk in beslag namen, wil ik heel hartelijk bedanken. Jack, je hebt een heel 
belangrijkee bijdrage geleverd aan het volbrengen van deze klus! Vooral in het eindstadium 
hebb je daar veel energie in gestoken. We waren het in de afgelopen jaren niet altijd met elkaar 
eens,, maar ik heb veel van je geleerd, en ben je dankbaar voor het geduld dat je had, ook toen 
ikk het ten langen leste wel eens niet meer zag (zitten). En voor de ruimte die ik kreeg toen ik 
inn een eerder stadium wel erg veel energie stak in mijn drukke politieke nevenfuncties en met 
kleinee oogjes op het lab verscheen. Ook mijn promotores prof.dr. Marian Joëls en prof. dr. 
Jaapp Koolhaas wil ik bedanken: Marian, ik heb bewondering voor je kritische en terechte 
vragenn bij een onderwerp dat toch wat verder van je af stond, en je inzet om, toen de uiterste 
deadlinee wel heel dichtbij kwam, de general discussion tussen alle bedrijven door nog na te 
kijkenn en te redigeren. Jaap, tussen 1995 en heden heb ik regelmatig in je werkkamer gezeten 
omm te praten over wetenschap en over de toekomst van mij in de wetenschap (en achteraf 
beschouwdd misschien wel wat te weinig). Altij d waren die gesprekken verhelderend, en op de 
eenn of andere manier kwam ik er lichter uit dan ik er was binnengegaan. Tenslotte, ook de 
ledenn van de leescommissie dank ik voor hun bijdrage aan dit project. 

Uitt mijn huidige werkkring bij ZonMw bedank ik met name Janna de Boer en Rob 
Heinsbroek,, voor de ruimte die ze gegeven hebben om dit boekje af te maken. 

Mij nn collega's namen in de afgelopen jaren ook een belangrijke plaats in. Jurgen, Jolanda, 
Judithh en Claudia, met z'n vijven op een paar vierkante meter zitten, met relatief minder 
ruimtee dan we de muizen en ratten wettelijk verplicht zijn te geven, kan veel problemen 
geven.. Zo niet bij ons. Tegenpolen waren we, en de discussies waren soms heftig. Maar we 
hebbenn elkaar daarin wel gevormd, lief en leed gedeeld en vonden en vinden het zelfs nodig 
omm regelmatig bij elkaar over de vloer te komen en - met aanhang - naar Harry Potter te gaan. 
Geenn wonder dat het vertrek van bijna de helft van de groep (Jolanda naar het NIH en ikzelf 
naarr ZonMw) nogal wat teweegbracht bij de achterblijvers. Gelukkig is julli e aantal weer 
aangevuldd tot vijf met de komst van Jeffrey en Lisette. 
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Jolanda,, veel dank voor je hulp bij de massa experimenten die voor hoofdstuk 6 moesten 
wordenn gedaan, onder tijdsdruk! Veel succes op het Nederlands Instituut voor 
Hersenonderzoek,, waar je bent terugkeert naar je eerste liefde op wetenschappelijk vlak, en 
mett musiceren. Zonder jou had ik ook nog niet geweten wat een conga was, laat staan erop 
geslagen.. Jurgen, jouw geknal met droogijs in epjes heeft me diverse hartverzakkingen 
bezorgd.. Gelukkig kwam je me schuldbewust altijd koffie brengen om mijn hart weer op te 
halenn en tolereerde ji j mijn onbeschaamde interesse in de door jou meegebrachte dropjes met 
eenn ongekende ruimhartigheid. Volgens mij word ji j straks een zorgzame pappa. Claudia, ik 
hebb heel, heel veel uurtjes met je op de Flevolijn heen en weer gesjeesd of stilgestaan. Dank 
voorr al je support. Je was er goed in om op het juiste moment voor een hartversterkertje te 
zorgen!!  En in een adem met jou noem ik natuurlijk Pepijn, je aanstaande echtgenoot, die, 
samenn met jou, een niet onbelangrijke bijdrage leverde aan mijn boekje: de kaft. Pepijn, we 
hebbenn heel wat interessante gesprekken gevoerd. Daarbij ging het zelden over de kaft. 
Volgenss mij moet je ook maar eens in de politiek ;-). Judith, van alle collega's heb ik het 
langstee traject met jou gelopen. Je was er al toen ik kwam. Je bewandelde voor mij de weg 
naarr de Aula. Nooit was je te beroerd om een vraag te beantwoorden, mij wat van je 
uitgebreidee kennis ten aanzien van computeren over te dragen of me anderszins te helpen. We 
bezochtenn samen diverse congressen en maakten dan leuke uitstapjes, wat erg gezellig was. Je 
gavee voor organiseren, de trouw in je werk, maar ook in je relaties, en je plichtsbesef zijn 
bijzonderr en bewonderenswaardig! Ik ben zeer vereerd met jou als paranimf! 

Enn dan de vertrekkers en nieuwkomers: Helen, je vertrok een paar jaar geleden. Een tijd 
langg was je mijn overbuurvrouw op onze werkkamer. Gelukkig kom ik je zo af en toe nog 
tegen,, omdat je ook op de een of andere manier verbonden bleef met ons. Al is er dan altijd te 
weinigg gelegenheid om bij te kletsen. Lisette, ik maak je niet meer mee in onze groep, maar 
kenn je ook vanaf het eerste uur. Intussen is je leven verrijkt met twee mannen, een grote en 
eenn kleine. Ik hoop datje met je moleculaire handigheid een belangrijke bijdrage kan leveren 
aann het interessante werk in de groep van Jack. Pieter, bedankt voor je begeleiding in de 
eerstee fase van het praktische werk. Ik was overigens erg blij met onze nieuwe mini-
opstelling,, want aan dat oude houtje-touwtje ding van jou had ik af en toe behoorlijk het land. 
Toegegeven,, het had ook wel wat: echt ambachtelijk! Ruud, nu we het er toch over hebben, 
bedanktt voor je inspanningen om mijn 'Piggy' aan de goede software te helpen. Jeffrey, bij 
ZonMww willen we stimuleren dat artsen, al dan niet in opleiding, wetenschappelijk onderzoek 
doen.. Vandaar dat het me goed doet dat ji j je daar met verve op hebt gestort. Veel succes, 
voorall  met de HRP bepalingen...! Meike en Rogier, ik wil julli e hier nogmaals bedanken 
voorr julli e bijdrage aan hoofdstuk 3. Ik vond het leuk om een klein stukje van julli e opleiding 
tee mogen verzorgen door als stagebegeleider op te treden. Jullie muizenjacht in het Open 
Fieldd ligt trouwens nog op video vast en zou het vast goed doen in 'De leukste thuis'. 

Enn dan de (overige) collega's, deels steevaste 'koffiehoekers' (Suharti, Els, Karen, Rob, en 
Greett (ondanks je pensioen nog altijd trouw in het kaartjes sturen), Willem, Monique en de 
anderee collega's van de 'tweede, derde en vierde': bedankt voor belangstelling, voor 
gezelligheid,, discussies en taart, veel taart. Jullie werk betreft voornamelijk het 

139 9 



dankwoord dankwoord 

hersenonderzoekk en de brug naar 'the brain in the gut' was best wel eens lastig te slaan. De 
overeenkomstt tussen beide is echter het ontstaan van 'gut feelings', want deze komen ook tot 
ontwikkelingg in het brein.... De overeenkomst tussen lipiden in plantencellen en 
darmpermeabiliteitt lijk t nog iets ingewikkelder (hoewel het gezien het onderzoek van Judith 
enn Claudia misschien dichterbij is dan je zou denken) maar niettemin: John, bedankt ook voor 
jee belangstelling en goede zorgen. 

Marko,, dankzij jou en je varkens op het ID-Lelystad is hoofdstuk 5 er gekomen. Wat ik 
beschouww als meest ranzige experimenten die ik ooit gedaan heb (alleen ji j weet van de geur, 
dee warmte en de vliegen die een significante bijdrage leveren aan de long-term potentiation 
diee de herinnering levend houd), had ik achteraf toch niet willen missen. Helaas is publicatie 
vann de resultaten lastig omdat er geen controledieren waren, maar niettemin waren het unieke 
experimenten.. Janneke Samsom en Lisette van Berkel van de afdeling Celbiologie en 
Immunologiee van de VU, bedankt voor julli e bijdrage aan hoofdstuk 6! Aan julli e inzet en 
enthousiasmee heeft het niet gelegen dat we niet vonden wat we hoopten te vinden. 

Enn zijn zulke intensieve jaren mogelijk zonder vrienden? Bea, we hebben een heel groot deel 
vann ons leven samen opgelopen. Ook jij hoopt over een tijdje in Groningen te promoveren in 
dee biologie. Sterkte met die laatste loodjes en bedankt voor alles wat je me gaf! Annemieke, 
hett is goed dat de draad weer hebben opgepakt! Ticia, je me gevolgd en met me meegeleefd, 
aanvankelijkk intensief als huisgenoot. Als ex-bioloog en psycholoog-in-wording heb je met 
mijj  heel wat afgefilosofeerd, onderwijl de tiramisu weglepelend. Leuk dat ik najaren weer bij 
jee in de buurt woon! Ingrid, als 'Wageningse veeteler' voelde je je aanvankelijk een vreemde 
eendd in de bijt tussen de neurobiologen op de afdeling dierfysiologie van Groningen, maar je 
piktee het snel op. De afgelopen jaren woonden we een tijdje bij elkaar in huis, toen tegenover 
elkaarr en later 'om de hoek'. Dat was leuk en het was interessant je mee te maken in alle 
veranderingenn die optraden, tot en met je moederschap nu en ondertussen ook nog je paranimf 
tee zijn. Jos, je kunt de partners van je vrienden niet uitzoeken, maar ik vind dat Ingrid een 
aardigee kerel gekozen heeft en dat Jasmijn een zorgzame pappa heeft. Helaas is het niet 
gekomenn van gezamenlijk hardlopen, alle goede voornemens ten spijt. Gerben, in amper twee 
jaarr hebben we heel wat opgebouwd en meegemaakt. Dat de bomen in de bossen rond 
Amersfoortt ons nog maar vaak mogen zien langskomen, terwijl we de ontbossing tegengaan 
doorr het planten van mega-oerwouden die gekenmerkt worden door een grote biodiversiteit! 
Bedankt,, je was onmisbaar. Erik, dat bomen in een telefoonlijn net zo goed gedijen als in een 
boss staat ook onomstotelijk vast, statistisch significant, getest met een ANOVA. Hans, zelden 
hebb ik iemand gekend die zo zichtbaar in mij geloofde, daar waar ik zo vaak aan mezelf 
twijfelde.. Dat geeft voor mij een bijzonder randje aan onze vriendschap. Ik heb als voorzitter 
naa de fusie een tijd met jou de kar van Perspectief getrokken. Ik ben je toen enorm gaan 
respecteren.. Ik hoop dat we nog veel van onze gezamenlijke plannen op het politieke vlak 
gaann realiseren. Ik ben blij dat je mijn paranimf wilt zijn! 

Enn dan zijn er nog zoveel anderen die ieder op hun eigen wijze kleur en ook richting 
hebbenn gegeven aan mijn leven dat al jaren verdeeld is tussen wetenschap en politiek. 
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Gerbramm en Marian, laatst realiseerde ik me dat mijn activiteiten in de politiek hun basis 
vondenn in ons gezamenlijke werk voor de lokale GPJC in Hoogeveen en het blad Stand-by. 
Frank,, zonder jou was er minder PerspectieF en (d)Ebate. (Engel)Bert, mijn opvolger als 
voorzitterr van PerspectieF, binnenkort maar weer eens naar Murphy's? Aldrik, tof om elkaar 
alss oud-bestuursleden regelmatig te treffen. Wietse, ji j ook bedankt voor je welgemeende 
interesse,, vooral in de irrationele kant van mijn persoon. Bedankt 'ChristenUnie-ers' voor 
julli ee interesse tijdens onze voorbereidingen op de campagne (Ja Eimert - "mag ik even 
paternalistischh zijn: maar hoe staat het met je boekje, heb je hier wel tijd voor?" - het is af!) 
enn in de kerkelijke gemeente van Lelystad. Heb ik iedereen gehad? Vast niet. 

Zekerr niet, want last, but not least bedank ik mijn familie voor hun steun, hoewel het soms 
bestt moeilijk was voor julli e je het leven van een student en een OiO voor te stellen, die er 
bovendienn van alles bij deed en dus per definitie altijd te druk was, soms zelfs te druk voor 
jullie.. Opa en oma's, bedankt voor julli e interesse. Chris, Patricia, Hans, Jeanet, Rudi, Karin 
enn Erik, tof om julli e als broer en (schoon)zus te hebben! Pappa en mamma, dank voor julli e 
support,, al die jaren. En bij alle verhuizingen, niet te vergeten. Ik ging mijn eigen weg, maar 
julli ee volgden hem op de voet. En pap, ik had toch de nachtmerrie genomen naar Lelystad in 
plaatss van de fiets... 

Nu,, met een zekere weemoed, neem ik afscheid van het lab - Partir, c'est mourir un peut; c'est 
mourirr a ce qu'on aime... (ja Wim Ghijsen, zoals je ziet houd ik soms ook van dramatiseren, 
bedanktt voor je belangstelling tijdens de vele uren die we samen treinden tussen Amsterdam 
enn Almere) - maar vooralsnog niet van de wetenschap. Juist in mijn nieuwe functie bij 
ZonMww in Den Haag komt de brede wetenschappelijke achtergrond door de veelheid aan 
onderwerpenn waar ik mij ooit eens in verdiept heb, weer zo perfect van pas. En nu, waarheen 
leidtt de weg...? We zien het wel. Bovenaan staat voor mij in elk geval dit: Wat de toekomst 
brengenn moge, mij geleidt des Heren hand. Ik dank jullie, pappa en mamma, dat - hoewel dit 
geenn antwoord geeft op de vele levensvragen -julli e me dat geloof hebben willen voorleven. 
Daaromm draag ik dit boekje ook aan julli e op. 
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Annettee van Kalkeren werd geboren op 21 november 1973 te Heemskerk. In 1992 behaalde 
zijnn haar VWO diploma aan het Prof. Dr. S. Greydanuscollege te Zwolle en begon in 
datzelfdee jaar aan haar studie biologie aan de Rijksuniversiteit Groningen. Na het behalen van 
dee propedeuse in 1993 specialiseerde zij zich in de richting van de gedrags- en 
neurowetenschappenn en volgde diverse biomedische vakken. Ze deed haar eerste stage in 
19955 bij de afdeling Dierfysiologie van de biologie faculteit van de Rijksuniversiteit 
Groningen,, alwaar zij de effecten van langdurige centraal-nerveuze stimulatie met 
corticotropin-releasingg hormone op diverse fysiologische en gedragsparameters alsmede 
circadianee ritmiek in de rat bestudeerde, onder begeleiding van Dr. Sietse de Boer en Dr. 
Baukee Buwalda. Haar tweede stage vond plaats in 1996, bij de afdeling Neurofarmacologie 
vann het farmaceutisch bedrijf Solvay-Duphar te Weesp. Daar richtte zij zich op het opzetten 
vann de in vivo microdialyse techniek in de mediale prefrontale cortex van de vrij bewegende 
ratt en werden vervolgens effecten van antipsychotica op extracellulaire dopamine en 
serotoninee niveaus in dit hersengebied bestudeerd. Dit onderzoek werd begeleid door Dr. 
Stephenn Long en kreeg na afloop van haar studie (zomer 1997) een kort vervolg in een door 
Solvay-Dupharr gefinancierd project op de afdeling Farmacie van de Rijksuniversiteit 
Groningen,, onder begeleiding van Dr. Ben Westerink. In 1997 voltooide zij haar scriptie 
getiteldd 'Epileptogenesis in the immature brain' onder begeleiding van Dr. Hans Beldhuis en 
wijlenn Prof. Dr. Bela Bohus. De studie werd afgesloten met een coltoquiem aan de 
Rijksuniversiteitt Groningen, begeleid door Prof. Dr. Jaap Koolhaas, dat was toegespitst op de 
vraagg waarom schizofrenie zich meestal pas openbaart vanaf de adolescente leeftijd. In juni 
19977 behaalde zij haar doctoraalbul. Van september 1997 tot januari 2002 werkte zij als 
Onderzoekerr in Opleiding aan een promotieonderzoek getiteld 'Stress-induced decrease of 
intestinall  barrier functioning: a general biological phenomenon?' De resultaten staan 
beschrevenn in dit proefschrift. Sinds januari 2002 is Annette van Kalkeren werkzaam als 
programmasecretariss (beleidsmedewerker) bij ZonMw (de fusieorganisatie van 
Zorgonderzoekk Nederland (ministerie van VWS) en Medische Wetenschappen van NWO) in 
Denn Haag, alwaar zij zich voornamelijk bezighoudt met klinische onderzoeksprogramma's en 
voedingsonderzoek. . 
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Inn this thesis the author describes her research on 
effectss of stress on the small intestinal epithelial 
barrierr function in mice, rats and pigs. 
Physicall and psychological stress has previously been 
shownn to increase the permeability of the epithelium 
forr macromolecules - potential antigens - in rats. This is 
ann important notion, since subsequent increased 
antigenicc load of the mucosal immune system may 
increasee the risk for the development of intestinal 
inflammationn and food allergy. However, not every 
individuall seems equally vulnerable to this effect of 
stress. . 
Itt is shown in this thesis that effects of stress on 
intestinall physiology as observed in rats are also visible 
inn mice, which shows that it is a more general 
biologicall phenomenon. Importantly, an emphasis was 
putt on individual differences in the effect of stress on 
intestinall permeability by investigating mice, rats and 
pigss with a proactive or a reactive coping style. Are 
differencess in vulnerability for stress-induced 
increasedd permeability attributable to differences in 
thee way in which animals cope with stress? 
Finally,, the author made some efforts to obtain 
evidencee that stress might be causal to the 
developmentt of food allergy by increasing the 
permeabilityy of the intestinal epithelium in mice. 
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