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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. . 
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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 
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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 affinity 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-affinity 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 
proliferationn of memory cells (carrying low-affinity 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 
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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 

12 2 



chapterchapter 1 

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. 
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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. 

References s 

1)) Albinsson AR, Andersson GK. Subclinical characteristics of the wasting pig syndrome. 
ResVetScii  1990;49:71-6. 

2)) Ando T, Brown RF, Berg RD, Dunn AJ. Bacterial translocation can increase plasma 
corticosteronecorticosterone and brain catecholamine and indoleamine metabolism. Am J Physiol Regul 
Integrr Comp Physiol 2000;279:R2164-72. 

3)) Barclay GR, Turnberg LA. Effect of cold-induced pain on salt and water transport in the 
humanhuman jejunum. Gastroenterology 1988;94:994-8. 

4)) Barclay GR, Turnberg LA. Effect of moderate exercise on salt and water transport in the 
humanhuman jejunum. Gut 1988;29:816-20. 

5)) Barclay GR, Turnberg LA. Effect of psychological stress on salt and water transport in the 
humanhuman jejunum. Gastroenterology 1987;93:91-7. 

6)) Benus RF, Bohus B, Koolhaas JM, van Oortmerssen GA. Heritable variation for 
aggressionaggression as a reflection of individual coping strategies. Experientia 1991;47:1008-19. 

7)) Berin MC, McKay DM, Perdue MH. Immune-epithelial interactions in host defense. Am J 
Tropp Med Hyg 1999;60:16-25. 

8)) Berin MC, Perdue MH. Effect ofpsychoneural factors on intestinal epithelial function. Can 
JJ Gastroenterol 1997;11:353-7. 

9)) Berne RM, Levy MN. (1998). Physiology. — Mosby, Inc., St. Louis. 
10)) Bienenstock J, Perdue M, Blennerhassett M, et al. Inflammatory cells and the epithelium. 

MastMast cell/nerve interactions in the lung in vitro and in vivo. Am.Rev Respir.Dis 
1988;138:S31-S4. . 

22 2 



chapterchapter 1 

11)) Bijlsma PB, Kiliaan AJ, Scholten G, Heyman M, Groot JA, Taminiau JA. Carbachol, but 
notnot forskolin, increases mucosal-to-serosal transport of intact protein in rat ileum in vitro. 
Amm J Physiol 1996;271:G 147-55. 

12)) Bijlsma PB, van Raaij MT, Dobbe CJ, et al. Subchronic mild noise stress increases HRP 
permeabilitypermeability in rat small intestine in vitro. Physiol Behav 2001 ;73:43-9. 

13)) Bohus B, Koolhaas JM, Heijnen CJ, de Boer O. Immunological responses to social stress: 
dependencedependence on social environment and coping abilities. Neuropsychobiology 1993;28:95-
9. . 

14)) Breivik T, Sluyter F, Hof M, Cools A. Differential susceptibility to periodontitis in 
geneticallygenetically selected Wistar rat lines that differ in their behavioral and endocrinological 
responseresponse to stressors. Behav Genet 2000;30:123-30. 

15)) Cannon WB. (1915). Bodily changes in pain, hunger, fear and rage. — Appleton, New 
York. . 

16)) Castagliuolo I, Wershil BK, Karalis K, Pasha A, Nikulasson ST, Pothoulakis C. Colonic 
mucinmucin release in response to immobilization stress is mast cell dependent. Am J Physiol 
1998;274:G1094-100. . 

17)) Crowe SE, Luthra GK, Perdue MH. Mast cell mediated ion transport in intestine from 
patientspatients with and without inflammatory bowel disease. Gut 1997;41:785-92. 

18)) Duridanova DB, Petkova-Kirova PS, Lubomirov LT, Gagov H, Boev K. Corticotropin-
releasingreleasing hormone acts on guinea pig ileal smooth muscle via protein kinase A. Pflugers 
Archh 1999;438:205-12. 

19)) Engel GL, Schmale AH. Conservation-withdrawal: a primary regulatory process for 
organismicorganismic homeostasis. Ciba Found Symp 1972;8:57-75. 

20)) Field M. (1981). Secretion of electrolytes and water by mammalian small intestine. — In: 
Physiologyy of the gastrointestinal tract (Johnson LR, ed). Raven Press, New York, p. 963-
82. . 

21)) Furness JB, Kunze WA, Clerc N. Nutrient tasting and signaling mechanisms in the gut. II. 
TheThe intestine as a sensory organ: neural, endocrine, and immune responses. Am J Physiol 
1999;277:G922-8. . 

22)) Henning SJ. (1987). Functional development of the gastrointestinal tract. — In: 
Physiologyy of the gastrointestinal tract (Johnson LR, ed). Raven Press, New York, p. 285-
300. . 

23)) Hierlihy LE, Wallace JL, Ferguson AV. Autonomic pathways in development of neural 
stimulation-inducedstimulation-induced gastric mucosal damage. Am J Physiol 1994;266:G 179-85. 

24)) Hornby PJ. II. Excitatory amino acid receptors in the brain-gut axis. Am J Physiol 
Gastrointestt Liver Physiol 2001;280:G 1055-60. 

25)) Husby S. Normal immune responses to ingested foods. J.Pediatr.Gastroenterol.Nutr. 
2000;30.Suppl:S13-9. . 

26)) Iiboshi Y, Nezu R, Kennedy M, et al. Total parenteral nutrition decreases luminal mucous 
gelgel and increases permeability of small intestine. JPEN J Parenter Enteral Nutr 
1994;18:346-50. . 

27)) Kagnof MF, Eckmann L, Yang SK, et al. (1996). Intestinal epithelial cells: an integral 
componentcomponent of the mucosal immune system. — In: Essentials of mucosal immunology 
(Kagnoff  MF, Kiyono H, eds). Academic Press, San Diego, p. 63-71. 

28)) Kavelaars A, Heijnen CJ, Ellenbroek B, van Loveren H, Cools A. Apomorphine-
susceptiblesusceptible and apomorphine-unsusceptible Wistar rats differ in their susceptibility to 
inflammatoryinflammatory and infectious diseases: a study on rats with group-specific differences in 

23 3 



chapterchapter I 

structurestructure and reactivity of hypothalamic-pituitary-adrenal axis. J Neurosci 1997;17:2580-
4. . 

29)) Kimm MH, Curtis GH, Hardin JA, Gall DG. Transport of bovine serum albumin across rat 
jejunum:jejunum: role of the enteric nervous system. Am J Physiol 1994;266:G186-93. 

30)) Konrad MW. (1993). The immune system as a barrier to delivery of protein therapeutics. 
—— In: Biological barriers to protein delivery (Audus KL, Raub TJ, eds). Plenum Press, 
Neww York, p. 409-37. 

31)) Koolhaas J, Korte S, de Boer S, et al. Coping style in animals: current state in behavior 
andand stress-physiology. Neurosci Biobehav Rev 1999;23(7):925-35. 

32)) Koolhaas JM, De Boer SF, De Rutter AJ, Meerlo P, Sgoifo A. Social stress in rats and 
mice.mice. Acta Physiol Scand Suppl 1997;640:69-72. 

33)) Korte SM, Ruesink W, Blokhuis HJ. Heart rate variability during manual restraint in 
chickschicks from high- and low-feather pecking lines of laying hens. Physiol Behav 
1999;65:649-52. . 

34)) Kuby J. (1997). Hypersensitivity reactions. — In: Immunology {Allen D, ed). W.H. 
Freemann and Company, New York, p. 413-37. 

35)) Kucharzik T, Lugering N, Rautenberg K, et al. Role of M cells in intestinal barrier 
function.function. Ann NY Acad Sci 2000;915:171-83. 2001;915:171-83. 

36)) Kutchai HC. (1998). The gastrointestinal system. — In: Physiology (Berne RM, Levy MN, 
eds).. Mosby, Inc., St. Louis, p. 589-615. 

37)) Langer JC, Sohal SS, Mumford DA. Mucosal permeability in the immature rat intestine: 
effectseffects of ischemia-reperfusion, cold stress, hypoxia, and drugs. J Pediatr Surg 
1993;28:1380-3;; discussion 4-5. 

38)) MacQueen G, Marshall J, Perdue M, Siegel S, Bienenstock J. Pavlovian conditioning of rat 
mucosalmucosal mast cells to secrete rat mast cell protease II. Science 1989;243:83-5. 

39)) Meddings J, Jarand J, Urbanski S, Hardin J, Gall D. Increased gastrointestinal 
permeabilitypermeability is an early lesion in the spontaneously diabetic BB rat. Am.J.Physiol. 
1999;276:G951-G7. . 

40)) Meerlo P, Overkamp GJ,Koolhaas JM. Behavioural and physiological consequences of a 
singlesingle social defeat in Roman high- and low-avoidance rats. Psychoneuroendocrinology 
1997;22:155-68. . 

41)) Muelas MS, Ramirez P, Parrilla P, et al. Vagal system involvement in changes in small 
bowelbowel motility during restraint stress: an experimental study in the dog. Br J Surg 
1993;80:479-83. . 

42)) Nagura H, Kubota M, Kimura N. (1996). Neuroendocrine regulation of mucosal immune 
responses.responses. — In: Essentials of mucosal immunology (Kagnof MF, Kiyono H, eds). 
Academicc Press, San Diego, p. 125-39. 

43)) Neutra MR, Kraehenbuhl JP. (1993). Transepithelial transport of proteins by intestinal 
epithelialepithelial cells. — In: Biological barriers to protein delivery (Audus KL, Raub TJ, eds). 
Plenumm Press, New York, p. 107-29. 

44)) Oettgen HC, Geha RS. IgE in asthma and atopy: cellular and molecular connections. J 
Clinn Invest 1999;104:829-35. 

45)) Perdue MH. Mucosal immunity and inflammation. HI. The mucosal antigen barrier: cross 
talktalk with mucosal cytokines. Am J Physiol 1999;277:Gl-5. 

46)) Perdue MH, Masson S, Wershil BK, Galli SJ. Role of mast cells in ion transport 
abnormalitiesabnormalities associated with intestinal anaphylaxis. Correction of the diminished 

24 4 



chapterchapter 1 

secretorysecretory response in genetically mast cell-deficient W/Wv mice by bone marrow 
transplantation.transplantation. J Clin Invest 1991;87:687-93. 

47)) Phillips TE, Phillips TL, Neutra MR. Macromolecules can pass through occluding 
junctionsjunctions of rat ileal epithelium during cholinergic stimulation. Cell Tissue Res 
1987;247:547-54. . 

48)) Plaut SM, Friedman SB. Stress, coping behavior and resistance to disease. Psychother 
Psychosomm 1982;38:274-83. 

49)) Podolsky DK. (1996). Regulatory peptides and integration of the intestinal epithelium in 
mucosalmucosal responses. — In: Essentials of mucosal immunity (Kagnof MF, Kiyono H, eds). 
Academicc Press, San Diego, p. 101-9. 

50)) Pothoulakis C, Castagliuolo I, Leeman SE. Neuroimmune mechanisms of intestinal 
responsesresponses to stress. Role of corticotropin-releasing factor and neurotensin. Ann NY Acad 
Scii  1998;840:635-48. 

51)) Ruis MAW, te Brake HA, van de Burgwal JA, de Jong IC, Blokhuis HJ, Koolhaas JM. 
PersonalitiesPersonalities infernale domesticated pigs: behavioural and physiological indications. Appl 
AnimBehavScii  1999; 1582: 

52)) Santos J, Benjamin M, Yang PC, Prior T, Perdue MH. Chronic stress impairs rat growth 
andand jejunal epithelial barrier function: role of mast cells [In Process Citation]. Am J 
Physioll  Gastrointest Liver Physiol 2000.Jun;278(6):G847-54. 2000;278:G847-G54. 

53)) Santos J, Saunders PR, Hanssen NP, et al. Corticotropin-releasing hormone mimics stress-
inducedinduced colonic epithelial pathophysiology in the rat. Am J Physiol 1999;277:G391-9. 

54)) Saunders PR, Kosecka U, McKay DM, Perdue MH. Acute stressors stimulate ion secretion 
andand increase epithelial permeability in rat intestine. Am J Physiol 1994;267:G794-9. 

55)) Schouten WG, Wiegant VM. Individual responses to acute and chronic stress in pigs. Acta 
Physioll  Scand Suppl 1997;640:88-91. 

56)) Sgoifo A, de Boer SF, Haller J, Koolhaas JM. Individual differences in plasma 
catecholaminecatecholamine and corticosterone stress responses of wild-type rats: relationship with 
aggression.aggression. Physiol Behav 1996;60:1403-7. 

57)) Sgoifo A, De Boer SF, Westenbroek C, et al. Incidence of arrhythmias and heart rate 
variabilityvariability in wild-type rats exposed to social stress. Am J Physiol 1997;273:H 1754-H160. 

58)) Sgoifo A, Koolhaas JM, Musso E, De Boer SF. Different sympathovagal modulation of 
heartheart rate during social and nonsocial stress episodes in wild-type rats. Physiol.Behav. 
1999;67:733-78. . 

59)) Shanahan F. Nutrient tasting and signaling mechanisms in the gut V. Mechanisms of 
immunologicimmunologic sensation of intestinal contents. Am J Physiol Gastrointest.Liver.Physiol 
2000.Feb;278(2):G191-6 6 

60)) Sluyter F, Korte SM, Bohus B, Van Oortmerssen GA. Behavioral stress response of 
geneticallygenetically selected aggressive and nonaggressive wild house mice in the shock-
probe/defensiveprobe/defensive burying test. Pharmacol Biochem Behav 1996; 54:113-6. 

61)) Soderholm JD, Perdue MH. Stress and the Gastrointestinal Tract: II. Stress and intestinal 
barrierfunction.barrierfunction. Am J Physiol 2001;280/1/G7:G7-13. 

62)) Soderholm JD, Peterson KH, Olaison G, et al. Epithelial permeability to proteins in the 
noninflamednoninflamed ileum of Crohn's disease? Gastroenterology 1999; 117:65-72. 

63)) Spitz JC, Ghandi S, Taveras M, Aoys E, Alverdy JC. Characteristics of the intestinal 
epithelialepithelial barrier during dietary manipulation and glucocorticoid stress. Crit Care Med 
1996;24:635-41. . 

25 5 



chapterchapter I 

64)) Stam R, Akkermans LM, Wiegant VM. Trauma and the gut: interactions between stressful 
experienceexperience and intestinal function. Gut 1997;40:704-9. 

65)) Stratakis CA,Chrousos GP. Neuroendocrinology and pathophysiology of the stress system. 
Annn NY Acad Sci 1995;771:1-18. 

66)) Tache Y, Garrick T, Raybould H. Central nervous system action of peptides to influence 
gastrointestinalgastrointestinal motor function. Gastroenterology 1990;98:517-28. 

67)) Tache Y, Gunion M. Corticotropin-releasing factor: central action to influence gastric 
secretion.secretion. Fed Proc 1985;44:255-8. 

68)) Tache Y, Martinez V, Millio n M, Wang L. Stress and the Gastrointestinal Tract: HI. 
Stress-relatedStress-related alterations of gut motor function: role of brain corticotropin-releasing 
factorfactor receptors. 
Amm J Physiol 2001;280/G173:G 173-7. 

69)) Theoharides TC. The mast cell: a neuroimmunoendocrine master player. Int J Tissue React 
1996;18:1-21. . 

70)) Trier JS, Madara JL. (1981). Functional morphology of the mucosa of the small intestine. 
—— In: Physiology of the gastrointestinal tract (Johnson LR, ed). Raven Press, New York, p. 
925-61. . 

71)) Vogel WH. The effect of stress on toxicological investigations. Hum Exp Toxicol 
1993;12:265-71. . 

72)) Wiepkema PR. [Stress in our farm animals]. Tijdschr Diergeneeskd 1992;117:141-5. 
73)) Zucker BA, Kruger M. Auswirkungen von Transportbelastungen aufden Endotoxingehait 

imim Blut von Slachtschweinen [Effect of transport stress on the content of endotoxin in 
bloodd of slaughter pigs]. Berl Munch.Tierarztl.Wochenschr. 1998;111:208-10. 

26 6 


