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Chapterr  6 

Effectt  of stress on the development of oral sensitization to 
ovalbuminn in Balb/C mice 
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Abstract t 

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

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

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

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

Methods s 

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

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

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

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

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

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

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

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

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

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

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

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

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

permeability. . 

Twoo control groups were used. 

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

undisturbed. . 

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

AnesthesiaAnesthesia and blood sampling 

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

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

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

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

TissueTissue preparation and permeability measurements 

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

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

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

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

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

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

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

off  the tissues was 0.2 cm . 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

spectrophotometer,, at a wavelength of 490 nm. 

Statistics Statistics 

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

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

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

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

Differencess in macromolecular permeability between control and stressed groups were tested 

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

Resultss of Experiment I 
Permeability Permeability 

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

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

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

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

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

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

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

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

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

HRPP flux 

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

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

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

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

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

BaselineBaseline (20 

minmin after 

mounting) mounting) 

RR (Q.cm2) 

Iscc (uA.cm2) 

Histamine Histamine 

(KfM) (KfM) 

AA Isc (uAcnf") 

Carbachol Carbachol 

(KfM) (KfM) 

AA Isc (uA.cm"2) 

Forskolin Forskolin 

(W(W55M) M) 

AA Isc (uA.cm"2) 

Controls s 

(pooled) ) 

N=16 6 

3 3 

2 2 

2 2 

9 9 

8 8 

Singlee stress I 

N=13 3 

9 9 

3 3 

3 3 

3 3 

1 1 

Singlee stress II 

N=18 8 

7 7 
$ $ 

0 0 

95.1Ü6.0 0 

0 0 

Repeated d 

stresss I 

N=8 8 

* * 

31.2^5.2*̂  ^ 

7 7 

5 5 

6 6 

Repeated d 

stresss II 

N=18 8 

## # 

3 3 

7 7 

8 8 

" " 

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

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

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

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

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

Electrophysiology Electrophysiology 

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

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

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

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

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

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

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

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

Repeatedd stress II group. 
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c c 

300 35 
timee (min) 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

responders. . 

OVA-specificOVA-specific IgE 

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

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

OVAOVA reactivity and macromolecularpermeability to HRP 

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

responses)) to OVA. 

97 7 



chapterchapter 6 

20 0 

15--

'a a 
-33 io 
=. . 

5H H 

0 0 

100 0 

75 5 

50 0 

25 5 

B B 

dl l 
AA short-circuit current 

]]  pooled controls 
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II  pooled controls 
 single stress I 

II  1 single stress II 
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OVAA responders 

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

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

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

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

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

16. 16. 

Conclusionss and Discussion of Experiment I 

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

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

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

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

Methods s 

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

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

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

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

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

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

Statistics Statistics 
Statisticss were performed as described in Experiment I. 

Resultss of Experiment II 

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

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

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

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

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

thee tissues from the Restraint II mice. 

VV  3 
u u 
o o 

< < 

30 0 

20 0 

10 0 

0 0 

-10 0 

-20 0 

-30 0 

11 pooled controls 
tt I 

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

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

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

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

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

ResultsResults in the presence of TTX, table 2: 

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

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

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

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

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

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

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

tablee 2). 

ResultsResults in the absence of TTX, table 3: 

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

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

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

weree not different from control mice. 

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

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

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

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

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

thee difference was not significant. 

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

Controlss Restraint I Restraint II Restraint III 

(pooled) ) 

N^66 NN6 N=5/6 N£7 

BaselineBaseline (20 min. 

afterafter mounting) 

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

Isc(uA.cm~2)) 0 7 69.7Ü2.9 * 

Histamine Histamine 

(W(W44M) M) 

AA Isc (uA.cm2) 2 * 5 6 

Carbachol Carbachol 

(ja(ja55M) M) 

AA Isc (nA.crn2) 83.5Ü1.9 " 3 3 

Forskolin Forskolin 

(i(i  a5 M) 

AA Isc (^A.cm2) 8 0 68.7Ü7.1 * 

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

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

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

ElectrophysiologicalElectrophysiological responses upon in vitro challenge with OVA 

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

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

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

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

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

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

BaselineBaseline (20 min. 

afterafter mounting) 

RR (Q.cm2) 

Iscc (|iA.cm2) 

Histamine Histamine 

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

Carbachol Carbachol 

(Iff(Iff 55M) M) 

AA Isc ((iA.cm2) 

Forskolin Forskolin 

(Iff(Iff 55 M) 

AA Isc (\iA.cm2) 

Controls s 

(pooled) ) 

N=3-6 6 

6 6 

1 1 

3 3 

90.3Ü8.5 5 

9 9 

Restraintt I 

N=4/5 5 

5 5 

5 5 

4 4 

9 9 

2 2 

Restraintt II 

N=5-7 7 

3 3 

1 1 

1 1 

202.0  129.1 

1 1 

Restraintt II I 

N=6/7 7 

5 5 

57.U5.8 8 

* * 

8 8 

8 8 

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

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

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

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

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

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

OVA-specificOVA-specific IgE andlgG 

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

OVAOVA responsiveness and macromolecular permeability to HRP 

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

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

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

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

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

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

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

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

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

Generall  discussion 

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

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

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

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

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

108 8 



chapterchapter 6 

stresss I group and the Repeated stress I group in Experiment I. This, in addition to the 

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

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

state. . 

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

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

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

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

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

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

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