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ABSTRACT 

Recently we reported an increased trans- and para-cellular protein permeability in rat 

small intestine after acute cold restraint stress. This is a rather strong stressor, as 

judged from the observed increments in plasma corticosterone levels. In the present 

study we applied randomized 95 dB or 105 dB white noise pulses during 45 min per 

hour, 12 hours per day, duration 8 days, as a milder, but more chronic stressor to male 

rats. At 8 days (day -8) before the noise experiments (day 0), 50 % of the animals were 

cannulated in the vena cava allowing free movement, and blood samples were 

obtained at day -1,0, 1, 2, 4, 7 and 9. The other 50 % of the animals were sacrificed at 

day 9, segments of ileum were stripped from muscle layers, mounted in Ussing 

chambers and perfused in carbogenated Ringer's solutions of 37° C. Horseradish 

Peroxidase (HRP) was added to the mucosal side, serosal samples were taken during 

120 minutes, appearance of HRP was detected enzymatically, and tissues were fixed 

for electronmicroscopical staining of HRP. In the cannulated 95 dB noise-exposed 

animals, plasma corticosterone levels were significantly enhanced twofold compared 

to controls at day 2, and remained enhanced at day 7 and 9. Ileal HRP-flux was 

significantly enhanced by a factor two in the 95 dB noise-exposed animals. 

Electronmicrographs of tissue from stressed or control animals showed no detectable 

paracellular staining of HRP. Quantification of HRP-containing endosomes in 

enterocytes revealed a significant increase in endosome number. Moreover, there was 

a positive correlation between the number of HRP-filled endosomes and HRP flux in 

controls and in stressed animals, with similar slopes and y-axis offsets of the 

correlation lines, indicating that the increased HRP permeability was primarily due to 

increased endocytosis. In contrast to the 95 dB exposed animals, rats exposed to 105 

dB noise showed no increase in corticosterone levels, and ileal HRP fluxes were not 

significantly different from controls, but the animals showed a decreased weight gain 

compared to controls and to the 95 dB-exposed animals. We conclude that mild 

subchronic noise stress may cause a decrease in intestinal barrier function by increased 

transcytosis of luminal antigens, and that this effect is not necessarily dose-

dependently related to the noise intensity. 
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INTRODUCTION 

Stress has frequently been associated with gastrointestinal manifestations. These 

include gastric ulceration (Glavin 1980), increased colonic motility (Narducci 1985), 

changes in gastric emptying and small intestinal motility (Gué 1986, 1987, 1989; 

Buéno 1988) and changes in small intestinal transport of water and electrolytes 

(Barcley 1987). Also, stress has been indicated as a factor that exaggerates the disease 

activity in irritable bowel syndrome (Narducci 1985; Fukudo 1998) and in 

inflammatory bowel disease (Duffy 1991). A relation between stress and intestinal 

permeability has been shown for very severe stressors like burn trauma, surgical 

trauma, blunt injury trauma and hemorrhagic shock (Rhodes 1971; Deitch 1990; 

Epstein 1991; Roumen 1993). More recently an increased permeability to mannitol 

and Cr-EDTA was reported in rat small intestine after acute (4 hours) restraint stress 

(Saunders 1994). In a subsequent study an increased permeability was also observed 

using Horseradish Peroxidase (HRP; 40 KD) as a marker for antigenic protein 

permeability in rat small intestine after acute (2 hours) cold restraint stress (Kiliaan 

1998). The increased HRP permeability appeared to be caused by increased 

endocytosis and by tight junctional leakage of this protein, and was mediated by a 

cholinergic mechanism. Still, restraint is an acute and rather strong stressor, as judged 

from increments in plasma corticosterone levels of 225 - 250 ng/ml, observed in rats 

cannulated in the vena cava (van Raaij 1997a), as well as in rats anesthetized after the 

restraint stress period (Saunders 1994). 

This raises the question whether a more moderate, but chronically applied stress 

stimulus also affects intestinal permeability. Such a stressor is noise exposure, a 

common environmental disturbance in modern life, which is a relatively mild 

neuroendocrine activator compared to other (acute) stress stimuli (De Boer 1988; 

Scheurink 1995). Noise has been associated with hypertension, sleep disturbances and 

decreased well-being and performance in humans (Van Raaij 1997a). Acute noise 

exposure induced an increase in heart rate, hypertension and changes in gastric 

motility in laboratory animals (Gué 1986). However, to our knowledge the effects of 

noise exposure on intestinal permeability have as yet not been studied. 

In the present study we applied randomized 95 dB or 105 dB white noise pulses during 

45 min per hour, 12 hours per day, duration 8 days, as a subchronic stressor to male 

Wistar rats. Small intestinal protein permeability was measured in ileal segments in 

Ussing flux chambers in vitro and visualised by electronmicroscopy. Hormonal status 
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was detected in vivo in animals cannulated in the vena cava allowing free movement. 

MATERIALS AND METHODS 

Animals and housing Male Wistar rats (Wistar: WU; SPF animals), obtained from The 

National Institute of Public Health and Environment's own breeding facility, weighing 

+ 250 g at arrival for the experiments, were placed in so-called inhalation units [15] at 

an ambient temperature of + 21°C and a dark-light schedule of 12:12 h (lights on at 

07:00 h). The animals were individually housed separated by grids so that body, sight 

and smell contacts were still possible. The animals were acclimatized for 10 days and 

were fed with RMH-GS pelleted food (Hope Farms BV, Woerden, The Netherlands) 

and received local tap water ad libitum. Body weight and food intake were determined 

3 times/week during the entire experiment. The animal cages were placed in sound-

attenuated rooms and the experimenters visited the animal rooms daily between 08:30 

and 10:00 h. All other activities (cleaning, determination of body weight, etc.) in the 

animal rooms were performed between 10:30 and 12:00 h. 

Noise experiments Animals were stratified on body weight and assigned to three 

experimental groups: controls (n=13), noise regimen 95 dB (n=13) and noise regimen 

105 dB (n=8). Control animals were exposed to the continuous ambient background 

noise in the animal room (about 64 dB, mostly < 3 kHz; produced primarily by the 

ventilation system) and normal daily activities only. The experimental noise was 

superposed on the background level and consisted of uniform distributed white noise 

(2-22 kHz) generated by a sound card installed on a personal computer. The signal 

was amplified (Pioneer, A202) and delivered to keramic piezo speakers (Motorola, 

KSN 1025 A) with a linear output over the entire noise frequency range (see Van Raaij 

et al. 1996 for detailed frequency spectra of background and experimental noise). The 

amplifier was calibrated to produce sound levels of 95 dB or 105 dB in the animal 

cages. The noise regimen involved 95 or 105 dB white noise for 8 days, 12 'noise 

hours'/day and 45 'noise minutes' per noise hour (540 min/day). Noise hours were 

distrubuted among 24 h, and noise minutes among 60 min of a noise hour, by a 

random computer generator to ensure unpredicable and irregular exposure 

characteristics. Experiments with control and 95 dB-exposed animals were run in two 

paralell sessions over 8 days, 10 animals (5 controls and five 95 dB-exposed animals) 

in the first session and (three months later) 24 animals (of which 8 controls and eight 
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95 dB-exposed animals) in the second session. 105 dB exposure of the other 8 animals 

from this batch was started immediately after the second session. The 8 control 

animals from the second session also served as controls to the 105 dB-exposed 

animals. 

Flux measurements Rats were anesthetized by intraperitoneal injection of sodium-

pentobarbital (60 mg/kg) and killed by bleeding of the abdominal aorta. A segment of 

distal ileum was rapidly removed and rinsed with Ringer's solution to remove 

intestinal contents. The segment was stripped of muscle layers and 1 to 2 flat sheets of 

tissue per aminal were mounted in tissue holders described elsewhere in detail (Groot 

et al. 1979). The exposed area was 0.2 cm2 and free of Peyer's patches. Both sides of 

the epithelium were in contact with Ringer's solution, gassed with humidified 5 % C02 

+ 95 % 02 . The Ringer's composition was (in raM) NaCl 117.5, KCl 5.7, NaHC03 25, 

NaH2P04 1.2, CaCl2 2.5, MgS04 1.2, inosine 5. After carbogenation the pH was 7.3 

and the osmolality 290 mOsm/kg. Solutions were maintained at 37 °C with water 

jackets and stirred with magnetic stirring bars (total volume 3 ml on either side). After 

a 15 minutes equilibration period, HRP (Sigma, type VI) dissolved in Ringer's solution 

was added mucosally to a final concentration of 10"5 M. Serosal samples of 200 ul 

were taken at 60 and 120 minutes and replaced by oxygenated Ringer. The appearance 

of HRP in the serosal bath was measured enzymatically. In short, a 0.1 ml sample of 

test solution was mixed with 1.4 ml phosphate buffer (0.1 M, pH 6.0) containing 0.003 

% H202 and 0.009 % o-dianisidine di-HCl. The linear, HRP-concentration-dependent, 

rate of increase in optical absorption at 460 nm was determined with an Eppendorf 

photometer. 

Electron microscopy After sampling tissues were immediately fixed for 

electronmicroscopy. Tissues were fixed in 2.5 % glutaraldehyde in 0.1 M sodium-

cacodylate buffer (pH 7.4) for 2 h at room temperature and rinsed overnight (4 °C) in 

0.1 M sodium-cacodylate buffer (pH 7.4) and 3 times for 5 min each in 0.05 M TRIS 

buffer (pH 7.6). Peroxidase activity was demonstrated histochemically using the 

method of Graham and Karnovsky (1966). The tissue was preincubated for 15 min in 

5 mg diaminobenzidine in 10 ml 0.05 M TRIS buffer (pH 7.6, 22 °C) and 

subsequently incubated 15 min in the same buffer containing 0.01 % H202. Tissues 

were then processed for routine electron microscopy. Orientation of the tissue was 

such that villus cells were cut longitudinally. The amount of endocytosed, intact HRP 

was quantified by counting the number of HRP-product filled endosomes in an apical 
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area of 6 x 4 um just beneath the brush-border membrane using a computer-imaging 

program. Ten randomly selected photographs per animal were processed by personnel 

ignorant of the experimental history of the material. 

Cannulation experiments In separate sets of experiments with animals from the same 

breeding batch, the neuroendocrine responses to the different noise regimens was 

monitored using chronically cannulated animals. After acclimatization, the rats were 

chronically cannulated in the vena cava via the vena femoralis (for details see Van 

Raaij et al. 1997a). The cannula system left the dorsal site of the tail and was fixed 

with a lightweight aluminum tail cuff equipped with a stainless steel wire spring to 

protect the cannula. Animals were left to recover for 8 days before experimental 

treatments were started. Before blood sampling started the animals were habituated to 

these activities for 2 consecutive days. Blood samples were obtained at time points day 

- 1, 0, 1, 2, 4, 7 and 9. Blood samples were always obtained between 08:30 and 09:30 

h and noise exposure started directly after obtaining the sample of day 0. The 

experimental noise exposure was always turned off at least 40 minutes prior to blood 

sampling. Plasma samples were analyzed for corticosterone and catecholamines as 

described in detail in Van Raaij 1997a. 

Statistical analysis Data are presented as mean ± s.e.m. for each group. Significance of 

differences between control and noise-exposed animals were evaluated by 

nonparametric two-tailed Mann-Withney U-test, or when indicated, one-tailed. 

RESULTS 

Intestinal protein permeability 

Fig. 1 shows the mucosal to serosal fluxes of intact HRP in ileal segments of non-

cannulated 95 dB noise-exposed (n=12) and control (n=13) animals during the 

perfusion period of 2 hours. The permeability of HRP was enhanced two-fold in 95 

dB-exposed animals in both the first and second perfusion hour (p < 0.01). Data from 

one 95 dB-exposed animal (with flux values respectively 54 and 170 pmol/cm2.h in 

the first and second hour) were skipped because the extremely high flux values were 

due to tissue damage during preparation. From the other 12 animals exposed to 95 dB 

noise, 6 animals showed a HRP-permeability above the range of control values. 
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Fig. 1. Mucosal to serosal fluxes of intact HRP in ileal segments of 12 non-cannulated 95 dB noise-
exposed and 13 control animals during the perfusion period of 2 hours. One or two tissues per animal 
were mounted, values from 2 tissues per animal were averaged to one mean value per animal. The 
permeability of HRP was significantly enhanced in 95 dB-exposed animals in both the first and 
second perfusion hour (p < 0.01). 

Because increased endocytosis has been observed in the enterocytes of rats after cold 

restraint stress, a larger number of HRP filled endosomes was expected in the present 

study as well. Fig. 2 shows the number of HRP-filled endosomes in apical areas of 4 x 

6 um in enterocytes of 95 dB noise-exposed and control animals (based on 10 areas 

per animal, and on 10 randomly chosen animals from the control group of 13 animals, 

and on 10 randomly chosen animals from the 95 dB-exposed group of 12 animals, 

with comparable flux values as in fig. 1). There was a significant increase in the 

number of HRP-filled endosomes in the noise-exposed animals (p < 0.04, one-tailed). 

Moreover, there appeared to be a significant correlation between HRP permeability 

and mean apical endosome number in tissues of individual rats. This was observed in 

controls (Fig. 3A) as well as in noise-exposed rats (Fig. 3B), with p-values < 0.005 for 

controls and < 0.05 for noise-exposed animals. The slopes of the correlation lines in 

control and noise-exposed animals were not significantly different (p= 0.95), neither 

were their y-axis intercepts (p= 0.30). Paracellular HRP-staining was not observed in 

electronmicrographs from 95 dB-exposed or control animals. 
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Fig. 2. Number of HRP-filled endosomes in apical areas of 4 x 6 um in ileal enterocytes of 95 dB 

noise-exposed and control animals. Number of endosomes are mean values of 10 areas per animal, 

from 10 randomly chosen control animals (n=10) and from 10 randomly chosen 95 dB -exposed 

animals (n=10). There was a significant increase in the number of HRP-filled endosomes in the noise-

exposed animals (p < 0.04, one-tailed). 

HRP-fluxes in the 105 dB-exposed animals (n=8) were not increased, neither 

compared to its timed control group (n=8) shown in Fig. 4 (p > 0.33), nor to the entire 

control group of Fig. 1 (p > 0.62). Only one 105 dB-exposed animal clearly showed an 

increased HRP-flux (3.1 and 14.3 pmol/cm2.h in the first and second perfusion hour, 

respectively), flux values of all other animals were in the same range as those in 

controls. 

Hormonal status in cannulated animals 

Fig. 5 shows the plasma corticosterone levels in 95 dB-exposed (n=10), 105 dB-

exposed (n=6) and control animals (n=10). At day 2 there was a significant increase 

in corticosterone levels in 95 dB-exposed animals, and values remained increased at 

day 7 and 9 (p < 0.05). No differences were observed between controls and 105 dB-

exposed animals, from which blood samples were obtained at day 0, 2, 4 and 7. 



Section II; Chapter 8 115 

a control 1.74 + 4.17X 0.82 

0.0 0.4 0.8 1.2 1.6 2.0 

mean endosome number per window per rat 

Fig. 3A. Correlation between HRP permeability in the second perfusion hour and mean apical 
endosome number in ileal tissues of 10 non-cannulated control animals. A significant positive 
correlation was observed: r = 0.82; p < 0.005. 

noise 2.86 + 4.05X r - 0.65 

0.0 0.4 0.8 1.2 1.6 2.0 

mean endosome number per window per rat 
Fig. 3B. Correlation between HRP permeability in the second perfusion hour and mean apical 
endosome number in ileal tissues of 10 non-cannulated 95 dB noise-exposed animals. A significant 
positive correlation was observed: r = 0.65; p < 0.05. 
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Fig. 4. Mucosal to serosal fluxes of intact HRP in ileal segments of 8 non-cannulated 105 dB noise-

exposed and 8 control animals during the perfusion period of 2 hours. One or two tissues per animal 

were mounted, values from 2 tissues per animal were averaged to one mean value per animal. The 

permeability of HRP in 105 dB-exposed animals was not significantly different from controls in both 

the first and second perfusion hour (p = 0.33). 

These data are comparable to those in larger control and 95 dB-exposed groups (Van 

Raaij et al. 1997b). Their study also showed a persistent increase of ± 30 % in plasma 

noradrenaline levels in the 95 dB-exposed animals after 2 days of noise exposure, 

whereas noradrenaline levels in the 105 dB-exposed animals were not significantly 

increased compared to control levels (which were about 70 ± 10 pg/ml). In our -

smaller - 95 dB-exposed group the increase in noradrenaline levels was not significant. 

Furthermore, in either study no significant differences in plasma adrenaline levels 

were observed between 95 dB- or 105 dB-exposed animals and controls. Values 

ranged from 20 to 50 pg/ml (results not shown). 

Body weight changes 

Fig. 6 shows the body weight gain in the animals that were used for the flux 

experiments. The 105 dB exposed group lost weight in the first two days of noise 

exposure (in which period the animals almost did not eat), showed an increased weight 

gain at day 6 and a reduction in weight gain compared to controls at day 8. The 95 dB-

exposed group did not show a loss of body weight, and this group showed 

intermediate values between those in controls and in the 105 dB-exposed group. 
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Fig. 5. Plasma corticosterone levels in cannulated 95 dB-exposed (n=10), 105 dB-exposed (n=6) and 

control animals (n=10). At day 2 there was a significant increase in corticosterone levels in 95 dB-

exposed animals, and values remained increased at day 7 and 9 (p < 0.05). No differences were 

observed between controls and 105 dB-exposed animals, from which blood samples were obtained at 

day 0, 2, 4 and 7. 
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Fig. 6. Body weight gain (g/48 hours) in 13 non-cannulated control animals (n=13), 95 dB noise-

exposed animals (n=13) and 105 dB noise-exposed animals (n=8). Compared to controls, the 105 dB-

exposed animals showed a significant weight loss at day 2 , an increased weight gain at day 6 and a 

reduced weight gain at day 8 (p < 0.005). Body weight gain in 95 dB-exposed animals showed 

intermediate values, different from controls at day 6 and day 8 (p < 0.05). 
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Similar trends were observed in larger groups of cannulated animals, as shown in Van 

Raaij et al. (1997b). 

DISCUSSION 

This study shows that exposure of rats to mild subchronic noise of 95 dB induces a 

twofold increase in their small intestinal permeability to intact macromolecules. An 

increased endocytosis appears to be the main route of transepithelial transport, as 

shown by the twofold increase in the number of apical endosomes and their significant 

correlation to HRP flux-values of individual rats, both in control and experimental 

conditions. Also, from the comparable slopes and y-axis offsets of the regression lines 

(Fig 3A and 3B) it can be concluded that the increase of HRP transport can be 

accounted for by increased endocytic activity in the epithelium and it is not necessary 

to postulate another transport pathway than increased endocytosis.The lack of 

detectable paracellular or tight junctional staining of HRP corroborates this 

conclusion. 

An increased endocytosis of HRP was also observed after acute cold restraint stress in 

the jejunum of the stress-susceptible Wistar-Kyoto rat strain (Kiliaan 1998). However, 

this acute stressor also induced a marked tight junctional leakage of HRP, which 

contributed to the five-fold increase in transepithelial permeability observed in that 

study. Both the increased endocytosis and the paracellular leak could be prevented by 

i. p. injection of the animals with peripherally acting atropine-methylnitrate prior to 

the stress procedure, indicating that muscarinic receptors pathways were involved in 

the observed permeability increase. Interestingly, in dogs both acute restraint stress

and 90 dB noise stress-induced changes in gastrointestinal motor function were also 

accompanied by increased cholinergic activity via vagal nerves (Gué 1989; Muelas 

1993), so involvement of cholinergic mechanisms in the HRP permeability increase 

induced by 95 dB subchronic noise in the present study cannot be ruled out. On the 

other hand, the sustained increase in serum corticosterone levels in the 95 dB noise-

exposed rats may have effects on intestinal permeability via a totally different 

pathway: Dexamethasone administration (5 - 8 ng/g body weight/day i.p.) to rats for 

two days resulted in decreased luminal levels of secretory IgA, leading to increased 

bacterial adherence to the mucosa, which affected the paracellular permeability of 
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ileal, caecal and colonie segments (Spitz 1994,1996). Whether bacterial adherence 

also influences endocytosis is unknown, and we observed no differences in bacterial 

adherence between control and experimental ileum on the electronmicroscopical level. 

Nonetheless, the above mentioned reports serve as an example that chronic forms of 

stress may possibly affect intestinal permeability via induction of either neural, 

hormonal and/or immunological changes in the organism under study. 

In the present study we initially chose for 95 dB noise exposure, as it appeared from 

earlier studies that basal levels of ACTH, corticosterone and catecholamines remained 

unchanged during subchronic exposure to 85 dB noise (Armario 1984; van Raaij 

1997a). Because in general higher intensity of a stressor is correlated with stronger 

physiological responses and lower levels of habituation (Pitman 1990), we were 

expecting a more prominent effect of 105 dB noise exposure on intestinal protein 

permeability and on serum corticosterone levels. Surprisingly, both parameters were 

not different from control values. 

One explanation could be that 105 dB exposure leads to acute hearing loss due to 

cochlear hair cell damage. In chinchillas acute noise levels of 120 dB exerted 

destruction of about 75 % of hair cells, while chronic levels of 112 dB or less only 

induced 8 - 10 % of hair cell damage (Ward 1981). In rats, acute (1.5 hour) exposure 

to 110 dB white noise induced Heat Shock Protein 72 in outer hair cells, which may 

possibly have a protective effect at repeated exposure (Lim 1993). In our study the rats 

exposed to 105 dB noise showed a much stronger decrease in body weight gain and 

food intake than the 95 dB-exposed animals. This strongly suggests that they 

underwent the 105 dB noise as more aversive, and it is improbable that acute hearing 

loss leads to the observed reduction in weight gain. 

Individual animals may respond quite different to stressful experiences (Vogel 1988), 

and recently we reported that rats with different coping styles, i. e. Roman low 

avoidance and Roman high avoidance strains, showed a differential response to cold 

restraint stress with respect to intestinal permeability (Bijlsma 1998): The low 

avoidance rats with a primarily parasympathical (vagal) stress response showed a 

three-fold permeability increase, whereas the high avoidance rats with a primarily 

sympatical stress response showed no difference in permeability, compared to their 

respective controls. So animals selected for their coping style may show different 

responses when exposed to the same stressor. The Wistar rats used in the present study 

were not selected for coping style, and one may question whether the different results 
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with 95 dB and 105 dB noise stress could be explained by differing individual coping 

styles of the animals under study. Taken into account that 50 % of the 12 animals 

exposed to 95 dB noise showed an HRP permeability above the control range and may 

yield as positive responders, this would imply that the chance of a randomly chosen 

group of 8 animals including one positive responder is 8 x 0.58 = 3 %. Thus it is very 

unlikely that this is the reason that only one of the 8 animals exposed to 105 dB noise 

showed a HRP permeability above control levels. Moreover, cannulated animals from 

the same breeding colony consistently showed increased plasma corticosterone levels 

after subchronic 90 dB or 95 dB noise exposure (van Raaij 1997a, b), whereas they did 

not show such a response to subchronic 85 dB exposure (van Raaij 1996) or to 

subchronic 105 dB noise exposure (present study). Taken together, we conclude from 

the present findings that animals change their physiological stress-adaptation response 

when exposed to different noise intensities. 

Whatever the exact physiological mechanism behind this differential response to noise 

stress may be, a conclusion that can be drawn is that the response of the animals to 

acoustic stress is not necessarily dose-dependent with respect to effects on stress 

hormone levels and intestinal barrier function. These findings may have a large impact 

on epidemiological studies in which pathological effects of environmental noise are 

investigated, i.e. when a hazardous effect is observed that is not progressively 

correlated to noise intensity, this does not necessarily imply that there is no causal 

relationship between the hazard and the noise. 

In summary, the present study shows that subchronic 95 dB noise stress may cause a 

decrease in intestinal barrier function due to an increased endocytic uptake of luminal 

macromolecular substances. This may lead to an increased antigenic load to the 

mucosal immune system, thus possibly initiating sensitization to food antigens and 

inflammatory responses of the gut mucosa. Furthermore, the effect of noise stress on 

intestinal barrier function is not necessarily dose-dependently related to the intensity of 

the noise exposure. 
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