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Abstract t 

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

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

15,22,27 7 

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

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

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

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

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

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

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

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

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

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

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

Results s 

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

10.0 0 
jj  control 

t t 

ii  1 atropine/control 

ii  mi iatropine/restrain t 

HIGH-AVOIDANC EE LOW-AVOIDANC E 

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

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

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

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

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

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

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

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

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

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

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

ElectrophysiologicalElectrophysiological properties of the tissue 

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

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

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

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

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

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

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

comparedd to rats that only received the atropine injection. 

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

HIGHH AVOIDANCE LOW AVOIDANCE 

100 0 

< < a. . 

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

HIGHH AVOIDANCE LOW AVOIDANCE 

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

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

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

ratss are drawn in one figure, since this correlation existed in RLA and RHA rats. 

15 5 

10--

11 1 — 

00 10 20 30 0 
- ii  1 1 
400 50 60 

tissuee resistance (£2.cm ) 

FigureFigure 3 - Pearson correlation between electrical tissue resistance and mean HRP flux in all 
rats.rats. r=  -0.6,p<0.001 

Discussion n 

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

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

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

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

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

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

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

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

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

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

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

parasympatheticc nervous system and, more specifically, the muscarinic cholinergic 

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

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

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

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

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

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

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

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

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

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

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

rats. . 
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