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Environmental stressors affect intestinal permeability and repair responses in 
a pig intestinal ischemia model
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ABSTRACT
The pig is a powerful model for intestinal barrier studies, and it is important to carefully plan animal 
care and handling for optimal study design as psychological and physiological stressors signifi-
cantly impact intestinal mucosal barrier function. Here, we report the effects of a period of 
environmental acclimation versus acute transport stress on mucosal barrier repair after intestinal 
ischemic injury. Jejunal ischemia was induced in young pigs which had been allowed to acclimate 
to a biomedical research housing environment or had been transported immediately prior to 
experimental injury (non-acclimated). Mucosa was then incubated ex vivo on Ussing chambers. In 
uninjured mucosa, there was no difference in transepithelial electrical resistance (TEER) or epithelial 
integrity between groups. However, acclimated pigs had increased macromolecular flux as com-
pared to non-acclimated pigs during the first hour of ex vivo incubation. Ischemia induced greater 
epithelial loss in non-acclimated pigs as compared to acclimated pigs, yet this group achieved 
greater wound healing during recovery. Non-acclimated pigs had more robust TEER recovery ex 
vivo following injury versus acclimated pigs. The expression pattern of the tight junction protein 
claudin-4 was disrupted in acclimated pigs following recovery but showed enhanced localization to 
the apical membrane in non-acclimated pigs following recovery. Acute transport stress increases 
mucosal susceptibility to epithelial loss but also primes the tissue for a more robust barrier repair 
response. Alternatively, environmental acclimation increases leak pathway and diminishes barrier 
repair responses after ischemic injury.
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Introduction

The pig is a powerful model for intestinal barrier 
studies, and it is important to carefully plan animal 
care and handling for optimal study design as psy-
chological and physiological stressors significantly 
impact mucosal barrier function. The mucosal sur-
face of the intestine is lined by a single layer of 
columnar epithelial cells, which form the principal 
physiologic barrier against luminal bacteria and 
bacterial products while simultaneously facilitating 
selective absorption of electrolytes, water and nutri-
ents. Due to the high energetic demand of these 
epithelial cells, loss of perfusion to the intestine 
during certain disease processes causes rapid break-
down of the intestinal epithelial barrier and onset of 
sepsis within a short period of time.1 Fortunately, 
efficient epithelial restitution following ischemia 
and mucosal epithelial loss is a response to injury, 
and this restoration of the epithelial barrier and 
their tight junctions is critical to supporting patient 

survival and recovery following an ischemic event. 
To better understand the mechanisms which drive 
efficient subacute mucosal repair following ische-
mia in order to improve support of patients experi-
encing ischemic intestinal disease, our lab uses 
a porcine model. The pig shares many fundamental 
anatomical, physiological, and nutritional similari-
ties with humans, and therefore provides 
a powerful translational model of human digestive 
biology and disease, including ischemia.2–10 In our 
juvenile pig model, we have observed rapid repair 
of ischemia-injured mucosa in the small intestine, 
which initially involves contraction of denuded 
villi, followed by rapid epithelial cell migration 
across the denuded basement membrane (restitu-
tion), and finally re-assembly of tight junctions, 
resulting in swift recovery of intestinal barrier func-
tion and protection against sepsis.1,10

Like humans, pigs experience gastrointestinal 
derangements in response to physiologic and 
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pathophysiologic stress, which includes notable 
effects on intestinal barrier function.11,12 Pig mod-
els of intestinal stress, such as early weaning stress 
and heat stress due to physical and social pressures, 
induce marked impairment of intestinal barrier 
function and closely mimic the effects of acute 
stress on the human gastrointestinal tract.13–15 It 
is proposed that the pig is an excellent model of the 
effects of stress on the gut due to advanced gyren-
cephalic neuroanatomy in both human beings and 
pigs.16 This may mean that pigs have similar higher 
centers related to interpretation of social and phy-
sical stress as humans.17 While these striking simi-
larities make for a very powerful model for the 
study of gastrointestinal physiology and disease, 
these sensitivities to stress mean that intestinal bar-
rier studies utilizing pigs must be carefully planned 
to minimize unintended effects of animal transport 
and handling stresses on experimental outcomes. 
In the context of utilizing pigs as a lab animal 
model, the effects of varied pig handling, housing 
and transportation protocols on intestinal barrier 
function and response to injury have not been pre-
viously described. Here, we report the effects of 
a period of environmental acclimation versus 
acute transport stress on mucosal barrier function 
and repair after intestinal ischemic injury.

Materials and methods

Animals

All procedures were approved by NC State 
University Institutional Animal Care and Use 
Committee. Yorkshire cross pigs 8–10-weeks-of- 
age of either sex were either transported and 
allowed to acclimate to the NC State Lab Animal 
Resources biomedical research housing environ-
ment for 3 d prior to experimental initiation (accli-
mated) or were transported by passenger vehicle for 
approximately 30 min duration immediately prior 
to experiment initiation (non-acclimated).

Experimental surgery

Pigs were sedated using xylazine (1.5 mg/kg) and 
ketamine (11 mg/kg). Anesthesia was induced with 
isoflurane vaporized in 100% oxygen via face mask, 
after which pigs were orotracheally intubated for 

continued delivery of isoflurane to maintain gen-
eral anesthesia. Pigs were placed on a water- 
circulated heating pad and intravenous fluids were 
administered at a maintenance rate of 15 ml  
kg−1 h−1 throughout the surgery. The distal jeju-
num was accessed via midline or paralumbar inci-
sion and 8–10 cm loops were ligated in segments 
and subjected to 30 min of ischemia via ligation of 
local mesenteric blood vessels with 2–0 braided silk 
suture. Adjacent loops not subjected to ischemia 
were used as control tissue. At the time of tissue 
harvest, pigs were euthanized with an overdose of 
pentobarbital. Intestinal loops were excised and 
opened longitudinally along the antimesenteric 
border and placed in cold, oxygenated Ringer 
solution.

Ussing chamber studies

The outer seromuscular layers were removed by 
blunt dissection in cool, oxygenated Ringer solution. 
Jejunal mucosa was mounted in 1.12 cm2 aperture 
Ussing chambers. The tissues were bathed in 10 ml 
warmed, oxygenated (95% O2/5% CO2) Ringer solu-
tion on the serosal and mucosal sides. Serosal Ringer 
solution also contained 10 mM glucose while the 
mucosal Ringers solution was osmotically balanced 
with 10 mM mannitol. Bathing solutions were cir-
culated in water-jacketed reservoirs and maintained 
at 37°C. The spontaneous potential difference (PD) 
was measured using Ringer-agar bridges connected 
to calomel electrodes, and the PD was short- 
circuited through Ag-AgCl electrodes with 
a voltage clamp that corrected for fluid resistance. 
Resistance (Ω cm2) was calculated from sponta-
neous PD and short-circuit current (Isc). If the spon-
taneous PD was between −1 and 1 mV, the tissues 
were current-clamped at ± 100 µA and the PD re- 
recorded. Isc and PD were recorded every 15 min for 
120 min. From these measurements, TEER was 
calculated.

Isotopic mannitol flux studies

All fluxes were conducted under short-circuit con-
ditions (tissue clamped to 0 mV). 3H-mannitol (0.2 
µCi/ml diluted in 10 mM mannitol) was placed on 
the mucosal side of tissues. Two 60-min fluxes from 
0 to 60 min and from 60 to 120 min of the 
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experimental recovery period by taking samples 
from the opposite side of that of isotope addition 
and counted for 3H β-emission in a scintillation 
counter. Mucosal-to-serosal fluxes (Jms) of manni-
tol were calculated using standard equations.18

Light microscopy and histomorphometry

Tissues were fixed for 18 hours in 10% formalin at 
room temperature immediately following ischemic 
injury or after 120-min ex vivo recovery period. 
Formalin-fixed tissues were transferred to 70% 
ethanol and then paraffin-embedded, sectioned 
(5 µm) and stained with hematoxylin and eosin 
for morphological and morphometric analyses. 
For morphometric analysis of villus injury, the 
base of the villus was defined as the opening of 
the neck of the crypts and height of epithelializa-
tion, total height and width of villus were measured 
using NIH Image J® Software. The surface area of 
the villus was calculated as previously described 
using the formula for the surface area of 
a cylinder modified by subtracting the base of the 
cylinder and adding a factor that accounted for the 
hemispherical shape of the villus tip.18 The percen-
tage of villus epithelialization was used as an index 
of epithelial injury and restitution.

Immunofluorescence histology

Paraffin sections were deparaffinized and washed 3 
times in PBS to rehydrate the tissue, were treated 
for antigen retrieval by in a decloaking chamber for 
30 seconds at 120ºC followed by 90ºC for 10 sec-
onds in a reveal citrate decloaker solution (Biocare 
Medical, Concord, CA, USA). Tissues were cooled 
for 20 min at room temperature then placed in 
PBS-0.3% Triton −100 solution for 20 min to per-
meabilize the tissues. Tissues were washed twice in 
PBS and incubated in blocking solution (Dako, 
Carpinteria, CA, USA) for 1 h at room temperature. 
To assess the tight junctions, tissues were incubated 
in Mouse anti-Claudin-4 antibody (Invitrogen, 
Catalog #329400) at a dilution of 1:100 in antibody 
diluent (Dako, Carpinteria, CA, USA) overnight at 
4ºC. Tissues were placed in goat anti-mouse IgG 
conjugated to Alexa Fluor® 488 (Invitrogen catalog 
#A11029) at a dilution of 1:500 in antibody diluent 
for 1 h at room temperature. Tissues were 

counterstained with nuclear stain 4ʹ,6-Diamidino- 
2-Phenylindol (DAPI, Invitrogen, catalog #D1306) 
diluted 1:1000 in antibody diluent for 5 minutes at 
room temperature. Images were captured using an 
inverted fluorescence microscope (Olympus IX81, 
Tokyo, Japan) with a digital camera (ORCA-flash 
4.0, Hamamatsu, Japan) using 10X objective lens 
with numerical aperture of 0.3 (LUC Plan FLN, 
Olympus, Tokyo, Japan). Specificity of primary 
antibodies and lack of nonspecific secondary anti-
body binding were confirmed by secondary only 
negative controls.

Statistical analysis

All data were analyzed using Prism® (GraphPad®; La 
Jolla, California, USA) statistical software. Data were 
reported as means ± SEM for a given number (n) of 
animals for each experiment. Results were analyzed 
by unpaired Mann–Whitney test for nonparametric 
data, two-way ANOVA (or mixed-model on datasets 
with missing data points) or two-way ANOVA on 
repeated measures. For analyses where significance 
was detected by ANOVA, Sidak’s test was utilized 
for post hoc pairwise multiple comparisons. The - 
level for statistical significance was set at P < .05.

Results

Environmental acclimation increases 
macromolecular permeability in jejunal mucosa

At baseline, there was no difference in mucosal 
transepithelial electrical resistance (TEER) whether 
or not the pigs were acclimated or used immediately 
following transportation (Figure 1a, P = .8801). 
However, two-way ANOVA of mucosal-to-serosal 
3H-mannitol flux in control tissues identified an 
effect of acclimation on macromolecular flux 
(Figure 1b, P = .0452). Post hoc analysis revealed 
acclimation induced increased flux during the 
first hour of ex vivo incubation as compared to non- 
acclimated pigs (P = .0186). This difference between 
groups was abrogated by the second hour of ex vivo 
recovery due to trends toward decreasing flux in the 
acclimated pigs and increasing flux in the non- 
acclimated pigs. These changes in flux from the 
first hour to the second hour were not statistically 
significant within groups (P = .275 within acclimated 
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pigs and P = .608 within non-acclimated pigs). 
Histology showed similar microscopic appearance 
to the normal intestinal mucosal architecture 
between the two groups (Figure 2a). When quanti-
fied by histomorphometry, these data confirmed that 
there was no difference in the integrity of the muco-
sal epithelium between groups (Figure 2b, 
P = .5686).

Environmental acclimation protects against 
epithelial loss during ischemic injury but impairs 
restitution during the recovery phase

While there was no difference in epithelial coverage 
in the absence of ischemic intestinal injury, 30 min 
of experimental ischemia induced greater epithelial 
injury in non-acclimated pigs as compared to accli-
mated pigs (Figure 2b). Two-way ANOVA revealed 
significant effects of both acclimation status 
(P = .0126) and experimental ischemia (P < .0001) 
on measured villus epithelialization, as well as an 
interaction between these two variables (P = .0003). 
In the mucosa of non-acclimated pigs transported 
the day of experimental injury, 68.5 ± 6.03% epithe-
lial coverage (corresponding to 31.5 ± 6.03% 
epithelial loss) was measured after acute ischemic 
injury. However, in the mucosa of pigs acclimated 
to their environment prior to experimental injury, 
87.8 ± 3.01% epithelial coverage (corresponding to 
just 12.2 ± 3.01% epithelial loss) was measured after 

acute ischemia. Post hoc analyses showed that these 
values are significantly lower than uninjured tissue 
epithelialization within each group (P = .0008 and 
P < .0001 for acclimated and non-acclimated pigs, 
respectively).

Both groups of pigs restituted epithelial injury 
after 120-min ex vivo recovery to a level which was 
not significantly different than uninjured tissue 
within groups (Figure 2b, P = .338 and P = .998 
for acclimated and non-acclimated pigs, respec-
tively). However, when calculating the percent 
wound healing within individual pigs, non- 
acclimated pigs achieved 93.1±4.73% wound heal-
ing while acclimated pigs achieved a mean of only 
43.0% with a standard error of 28.52% indicating 
a highly variable ability to restitute mucosal epithe-
lium from one pig to the next in the acclimated 

Figure 1. Effects of animal handling practices on baseline barrier 
function in uninjured small intestinal mucosa. (a) Acclimation 
status did not alter basal TEER in uninjured jejunal mucosa. 
N=8-11, P>.05 for acclimation effect by repeated measures 
mixed-effects analysis. (b) Environmental acclimation increased 
barrier permeability to 3H-mannitol in uninjured jejunal mucosa 
as compared to non-acclimated pigs in early ex vivo incubation. 
N=9, P=.045 for acclimation effect by two-way ANOVA, *P=.019 
by Sidak’s multiple comparisons test.

Figure 2. Combined effects of animal handing practices and 
acute ischemic injury on microscopic mucosal integrity in the 
small intestine. (a) Photomicrographs depicting representative 
histological views of epithelial integrity and microscopic tissue 
structure in acclimated and non-acclimated tissues subjected to 
control conditions, ischemic injury or injury and ex vivo recovery. 
Scale bar 100 µm. (b) Ischemia induced greater epithelial injury 
in non-acclimated pigs as compared to acclimated pigs. N=5-11, 
P=.013 for effect of acclimation by two-way ANOVA, ****P<.0001 
by Sidak’s multiple comparisons test. (c) Data expressed 
as percent wound healing over the recovery period. N=5-11, 
P=.093 by Mann–Whitney test.
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group (Figure 2c). The difference of the percent 
wound healing between groups was not statistically 
significant, however (P = .0927).

Transport stress enhances barrier recovery 
responses in ischemia-injured jejunum

To further assess the changes in barrier function 
due to combined effects of acclimation status and 
acute ischemic injury, transepithelial electrical 
resistance (TEER) was assessed as a measure of 
mucosal barrier tight junction permeability during 
the ex vivo recovery period. In comparing raw 
TEER data, there was a significant effect of acclima-
tion on TEER detected by repeated measured two- 
way ANOVA (Figure 3a, P = .023). In these raw 
data, ischemia-injured mucosa of acclimated pigs 
had lower initial TEER of 27±3.5 Ω•cm2 as com-
pared to non-acclimated pigs which had an initial 
TEER of 36±6.3 Ω•cm2. However, this difference 
was not significantly different upon post hoc analy-
sis (P = .576). After 120 minutes of ex vivo recovery, 
ischemia-injured mucosa of acclimated pigs had 
lower final TEER of 44±6.1 Ω•cm2 as compared to 
non-acclimated pigs which had a final TEER of 66 
±10.8 Ω•cm2. However, this difference also was not 
significantly different upon post hoc analysis 
(P = .236). To control for pig-to-pig variability, 
TEER was then normalized relative to each indivi-
dual pigs’ own uninjured baseline TEER for each 
recovery time point (Figure 3c). In these normal-
ized data, repeated measures two-way ANOVA 
uncovered a similar effect of acclimation status on 
TEER (P = .010). However, post hoc analysis 
revealed significant increases in relative TEER dur-
ing ex vivo recovery within the non-acclimated pig 
group when compared to the initial relative TEER 
(P < .05 at 30, 75, and 120 min; P < .01 at 90 and 105 
min). These changes were not detected in the accli-
mated pig group (P > .05 at all recovery time points 
when compared to initial relative TEER).

To measure the effects of acclimation status on 
barrier permeability to macromolecular flux in the 
face of acute ischemia, recovering injured tissues 
were incubated with 3H-mannitol added to the muco-
sal reservoir and leak of this molecule to the serosal 
reservoir was measured after the first and second 
hour of ex vivo recovery (Figure 3b). Two-way 

ANOVA determined there was no overall effect of 
acclimation on macromolecular flux (P = .317) but 
there was an interaction between the recovery period 
and acclimation (P = .015). Post hoc analysis deter-
mined that within the acclimated pig group, there was 
a significant decrease in flux over the recovery period 
(P = .003), while there was no change in flux in the 
non-acclimated pigs. Testing also determined there 
was a significant effect of the individual pig on the 
outcome (P = .001), so to better control for individual 
pig variability, flux data were normalized to each pig’s 

Figure 3. Combined effects of animal handing practices and acute 
ischemic injury on small intestinal barrier function. (a) Absolute 
TEER measurements increase over the ex vivo recovery period in 
ischemia-injured small intestine across groups, and higher resis-
tance was detected in the non-acclimated group. N=7-11, 
P=.023 for the effect of acclimation by mixed effects model 
analysis. (b) Absolute mannitol flux showed increased macro-
molecular permeability in the early phase of ex vivo recovery in 
acclimated pigs. N=9-10, P= .317 for the effect of acclimation, 
P=.016 for interaction between acclimation and the recovery 
period by two-way ANOVA, **P<.01 by Sidak’s multiple compar-
isons test. (c) TEER measurements relative to control increase 
over the ex vivo recovery period in ischemia-injured small intes-
tine across groups, and higher resistance was detected in the 
non-acclimated group. N=7-11, P=.010 for the effect of acclima-
tion by mixed effects model analysis. *P<.05 and **P<.01 by 
Sidak’s multiple comparisons test. (d) Mannitol flux showed 
increased macromolecular permeability in the early phase of ex 
vivo recovery relative to control in non-acclimated pigs. This flux 
level decreased significantly in the later phase of ex vivo recov-
ery. N=9-10, P= .0.038 for an interaction between acclimation 
and the recovery period by two-way ANOVA, *P<.05, **P<.01 by 
Sidak’s multiple comparisons test.
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own control flux data (Figure 3d). When controlling 
for pig-to-pig variability in macromolecular perme-
ability, two-way ANOVA determined that there was 
again no overall effect of acclimation (P = .066) but 
did show an interaction between recovery period and 
acclimation on the permeability (P = .038). Post hoc 
analysis of these normalized data showed a higher 
initial flux in the non-acclimated pigs as compared 
to acclimated pigs (P = .024), an increase which 
lowered significantly in the second half of the recov-
ery period (P = .003).

Tight junction protein claudin-4 localization to the 
apical membrane is disrupted by environmental 
acclimation

As a marker of tight junction integrity, claudin-4 
expression and localization in the intestinal mucosa 
were assessed by immunofluorescent histology to 
further visualize the combined effects of animal 
handling practices and acute ischemic injury on the 
intestinal barrier (Figure 4). In uninjured mucosa, 
claudin-4 staining is localized to the majority of 
epithelial cells, with particular concentration within 
the enterocytes at the villus tips. However, in the 
non-acclimated pigs, there is a more distinct locali-
zation at the cell borders, particularly at the apical 
membrane (Figure 4, top right panel, solid arrow-
heads). In the acclimated pigs, the expression is 
more diffuse throughout the cytoplasm and less 
defined at the apical membrane, indicating the clau-
din-4 protein is internalized rather than distributed 
to its functional location in the membrane tight 
junctions (Figure 4, top left panel, open arrowheads). 
In acutely ischemia-injured mucosa, the claudin-4 
expression appears to be broadly reduced with a lack 
of localization to the cell membranes (Figure 4, 
middle panels). In mucosa recovered from ischemic 
injury, a small amount of returning claudin-4 
expression was appreciated in the apical membranes 
of the newly restituted mucosal enterocytes of non- 
acclimated pigs localizing to the restoring tight junc-
tions (Figure 4, bottom right panel, solid arrows). 
This pattern of staining was not visible in the accli-
mated pigs, whose mucosal expression of claudin-4 
after ex vivo recovery appeared unchanged when 
comparing to the injured mucosa before recovery 
(Figure 4, bottom left panel).

Discussion

Pigs are an excellent model for the study of human 
intestinal biology and disease due to high degrees of 
similarities between the gastrointestinal tract anatomy 
and physiology, diet and even physiologic responses 
to physical and psychological stress.3,4,10,17 Pigs have 
been shown to experience gastrointestinal barrier dis-
turbances in response to early weaning stress and heat 
stress as models of social and physical pressures.14 

These similarities make the pig a superb model for 
comparative and translational studies, but the sensi-
tivity of the pig gastrointestinal tract to exogenous 
stressors, as shown by Moeser et al., means that 

Figure 4. Combined effects of animal handing practices and 
acute ischemic injury on expression and localization of tight 
junction protein claudin-4 in the small intestinal mucosa. In 
uninjured mucosa, claudin-4 staining shows distinct localization 
at the cell borders, particularly at the apical membrane in non- 
acclimated pigs (top right panel, solid arrowheads) while the 
expression is more diffuse throughout the cytoplasm in accli-
mated pigs (top left panel, open arrowheads). With acute 
ischemic injury, expression appears to be broadly reduced with 
no particular localization to the cell membranes in both groups 
(middle panels). In mucosa recovered from ischemic injury, 
a small amount of returning claudin-4 expression is appreciated 
in the apical membranes of the newly restituted mucosal enter-
ocytes of non-acclimated pigs localizing to the restoring tight 
junctions (bottom right panel, solid arrows). This pattern of 
staining is not visible in the acclimated pigs after ex vivo recovery 
(bottom left panel).

e1832421-6 A. L. ZIEGLER ET AL.



gastrointestinal studies must be designed thoughtfully 
to prevent confounding experimental outcomes and 
interpretation.13,14,16,19–21 Our lab uses the pig to 
study intestinal repair mechanisms following injury. 
Most commonly, we have used a surgical ischemia 
model to induce repeatable and controlled epithelial 
injury in order to closely observe and define the 
mechanisms of mucosal repair after discrete epithelial 
sloughing.1 We have shown that the small intestinal 
mucosa is able to repair epithelial wounds very 
swiftly, characterized by contraction of injured villi 
to reduce the denuded surface area,22,23 restitution of 
the denuded areas by migrating wound-adjacent 
epithelial cells, and restoration of the tight junctions 
between the newly restituted epithelial cell mem-
branes to seal the paracellular spaces and effectively 
restore barrier function to prevent sepsis.24 Utilizing 
large animal models requires specialized facilities and 
staff in order to handle animals appropriately and 
provide the correct environment to support their 
physical and mental welfare.10 While these practices 
are overseen by institutional animal care and use 
committees in the United States to ensure adequate 
animal care is met from a welfare standpoint, even 
minor changes in a pigs environment may have 
important impact on digestive disease studies due to 
the pig’s higher order of cognition and highly stress- 
responsive gastrointestinal tract.17,25 The effects of 
minor changes in environmental housing, pig sorting, 
transportation or other handling practices in the con-
text of translational gastrointestinal research have not 
been previously reported. In this study, we sought to 
investigate the effects of two common pig handling 
scenarios utilized at our institution for the study of 
gastrointestinal barrier function and response to 
injury in our ischemia model: brief environmental 
acclimation or direct transportation from the produc-
tion farm.

For these experiments, pigs in the “acclimated” 
group were transported several miles across campus 
to our research housing facilities and allowed to 
acclimate to their new environment for a period of 
3 d prior to initiation of experimental surgery. In the 
“non-acclimated” group, pigs were transported 
the day of experiment initiation, delivered directly 
from the farm to the surgical facilities immediately 
prior to the induction of anesthesia. Both groups 
would have experienced degrees and durations of 
stress from social (animal sorting) and physical 

(transportation and novel environment) changes, 
which are important to consider. We found that 
these two groups did not experience variation in 
baseline TEER in the small intestine. However, the 
increase in macromolecular flux correlating with 
claudin-4 distribution to the epithelial cytoplasm in 
the acclimation group indicates that these pigs were 
experiencing an increase in the leak pathway of the 
epithelial barrier in the absence of injury.26 The 
acclimation group appeared to be protected against 
epithelial sloughing, as after 30 min of experimental 
ischemia, there was only about 12% epithelial loss as 
compared to the non-acclimated group with 
approximately 32% epithelial loss. However, after 
120 minutes of ex vivo recovery, the acclimated 
pigs were unable to consistently restitute the epithe-
lial barrier as evidenced by only 43% wound healing 
with very high variability pig to pig. This may sug-
gest that individual animals experienced different 
degrees of stress in this group or have variable sen-
sitivity to the same stressors. Non-acclimated pigs 
experienced an increased degree of epithelial slough-
ing at the onset of injury but were able to more 
consistently restitute the epithelial defect at a mean 
efficiency of about 93%. Similarly, tight junction 
restoration was diminished in the acclimated group 
as opposed to the non-acclimated group which 
showed foci of claudin-4 signal at the tight junctions 
in the newly restituted epithelium at the villus tips. 
This tight junction pattern corresponded with the 
greater degree of TEER increase during the recovery 
period in the non-acclimated pigs, confirming more 
efficient tight junction closure in this group.

While claudin-4 was examined as a representative 
tight junction protein in the present study, numer-
ous other claudins and other tight junction proteins 
may play a critical role in the altered intestinal bar-
rier function observed in these pigs. Expression of 
tight junction proteins and their localization at the 
cell membrane are actively and spatially regulated in 
the gastrointestinal epithelium.27 This results in vari-
able paracellular permeability among different 
regions of the mucosal epithelium and along with 
different segments of the gastrointestinal tract, and 
this is dynamic under physiological and pathological 
stimuli. Claudins, in particular, exist in numerous 
subtypes which impart different permeability char-
acteristics in the intestinal mucosa.28 For example, 
claudin-2 and claudin-15 have been characterized as 
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a pore-forming claudins which open the paracellular 
pathway to sodium and water flux thus forming 
a “leakier” barrier.29 Localization of occludin, 
another important tight junction protein, at the api-
cal membrane has been correlated with recovery in 
prior porcine studies of post-ischemic intestinal bar-
rier repair.30,31 These additional claudin proteins 
and occludin are important in modulating intestinal 
permeability and therefore may be of interest in 
future studies.

Our group and others have shown that local 
tissue production of prostaglandins is required for 
all three phases of subacute epithelial repair follow-
ing ischemic injury.32,33 Local prostaglandin release 
from the cells within the lamina propria following 
tissue damage is critical to efficient repair 
responses.34 Pharmacologic inhibition of endogen-
ous prostaglandin production reduces the efficiency 
of barrier recovery after ischemic injury in the small 
intestine.24 Villus contraction is induced by 16,16- 
Dimethyl prostaglandin E2 by stimulating contrac-
tion of smooth muscle cells in the villus cores.22,23 

In vitro study has shown that growth-factor-driven 
epithelial restitution is mediated by prostaglandin 
metabolites.35 Finally, recruitment of tight junction 
proteins to the membrane to close the paracellular 
spaces and reestablish the barrier is driven by pros-
taglandins E2 and I2 via the phosphatidylinositol 
3-kinase signaling pathway.36 In pigs transported 
the day of experimental surgery, the increased tis-
sue damage resulting from brief ischemic injury 
seen in Figure 2a may induce increased endogenous 
prostaglandin production, promoting enhanced 
restitution and tight junction recovery in this 
group as compared to the acclimated pigs, as is 
seen in Figure 4 represented by claudin-4 distribu-
tion to the newly forming tight junctions during 
recovery in this group. The protective effect of a few 
days’ duration of environmental stress against 
epithelial sloughing seen in the acclimated pigs 
may then be detrimental if prostaglandin produc-
tion is reduced, thereby slowing the efficiency of 
tissue repair responses such that these animals can-
not repair even this smaller degree of epithelial loss. 
Further studies of intestinal prostaglandin signaling 
in this model would be informative.

When considering what is known about central 
and local control of stress responses in the pig, this 
leads to many important and interesting questions 

in the context of the present findings. In a series of 
recent studies by Moeser et al., several key media-
tors regulate stress responses in the gut mucosa by 
both paracrine and endocrine means. This research 
group utilizes an early weaning protocol to model 
early life stressors which have been linked to 
chronic, lifelong inflammatory intestinal disorders 
characterized by intestinal barrier dysfunction.25 

They have shown that early weaning, which induces 
psychological and physical stress and leads to dis-
rupted barrier function and diarrhea, induces sys-
temic upregulation of systemic cortisol and 
corticotrophin-releasing factor (CRF), upregula-
tion of CRF receptors on mast cells within the 
intestinal mucosa as well as mast cell 
degranulation.14,25 Blockade of peripheral CRF 
receptors or treatment with mast cell stabilizers 
will block these effects on the intestinal barrier, 
confirming the role of mast cells in altering barrier 
permeability following physical and psychological 
stress.14,19,37 Mast cell activation induced by stress 
could play a key role in the effects seen in the 
present study, and it is likely that it takes longer 
than a brief period of transport for these responses 
to take place. As these barrier effects follow the 
upregulation of mucosal CRF localized to mast 
cells, which may also need time to marginate into 
the tissue from circulation, mast cell responses to 
stress may partly explain why intestinal barrier 
repair responses are different in the period imme-
diately after a brief transport stress as compared to 
more prolonged environmental change over several 
days. Further study to investigate the role of mast 
cell activation and peripheral cortisol and CRF 
signaling in this model may be of interest.

Conclusions

These results indicate that acute transport stress 
on the day of experimental intestinal injury 
modeling may increase mucosal susceptibility 
to epithelial loss, but also prime the tissue for 
a more robust barrier repair response. Brief 
environmental acclimation, on the other hand, 
appears to increase intestinal permeability to 
molecular flux in the absence of injury, while 
possibly having a protective effect on epithelial 
loss during injury but slowing the restitution 
response during the recovery phase in some 
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individuals. Further study to uncover the under-
lying mechanisms would be informative, and 
these noteworthy effects of handling stress are 
important considerations for appropriate study 
design when utilizing highly translational pig 
models for intestinal barrier research.
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