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Summaryy and General Discussion 

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

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

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

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

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

7.11 - Effects of stress on intestinal physiology in mice 

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

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

ElectrophysiologyElectrophysiology - Stress sometimes decreased transepithelial resistance in mice, indicating 
increasedd ionic permeability (as observed in chapter 2 and 6). A slightly increased basal short-

114 4 



chapterchapter 7 

circuitt current, indicating increased ionic transport, was only found in Balb/C mice, after 
repeatedd severe stress (5-7 times cold-restraint, chapter 6), not after single stress or repeated 
exposuree to different stressors. Similarly, the responsiveness to the secretagogues histamine, 
carbacholl  and forskolin was increased only after repeated cold-restraint stress, as observed in 
Experimentt II in chapter 6. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

High-ResistantHigh-Resistant and Low-Resistant piglets (chapter 5) 
Wee had the opportunity to join in a study concerning individual differences in behavioral and 
physiologicall  stress responses in young female pigs (12 weeks old), selected for high or low 
resistancee in the backtest. Social isolation and novelty were used as stressors. Low Resistant 
pigss are considered to have a reactive coping style 24. After the fifth week of isolation, the 
animalss were sacrificed to measure intestinal permeability for macromolecules, and organ 

118 8 



chapterchapter 7 

weights.. Based on the classification according to coping style we expected the highest 
macromolecularr permeability in the reactive Low-Resistant (LR) pigs. However, the 
permeabilityy was approximately 2.5 times higher in High-Resistant pigs than in Low-
Resistantt pigs. Transepithelial potential difference of the tissues was also higher in HRs, 
indicatingg a higher secretory tone. 

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

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

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

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

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

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

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

7.44 - Main conclusions and closing remarks 

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

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

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

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

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

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

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

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

epitheliall  barrier. 

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

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

turnn this adaptive process in a serious risk for health. 
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