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Differentt  stressors enhance epithelial permeability 
too macromolecules in the mouse small intestine 
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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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II  I controles (12) 
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E=]]  restraint (7) 
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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 
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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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