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Abstract

Introduction—Severe injury can cause intestinal permeability through decreased expression of
tight junction proteins, resulting in systemic inflammation. Activation of the parasympathetic
nervous system after shock through vagal nerve stimulation is known to have potent anti-
inflammatory effects; however, its effects on modulating intestinal barrier function are not fully
understood. We postulated that vagal nerve stimulation improves intestinal barrier integrity after
severe burn through an efferent signaling pathway, and is associated with improved expression
and localization of the intestinal tight junction protein occludin.

Methods—Male balb/c mice underwent right cervical vagal nerve stimulation for 10 minutes
immediately before 30% total body surface area, full-thickness steam burn. In a separate arm,
animals underwent abdominal vagotomy at the gastroesophageal junction before vagal nerve
stimulation and burn. Intestinal barrier injury was assessed by permeability to 4 kDa FITC-
dextran, histology, and changes in occludin expression using immunoblotting and confocal
microscopy.

Results—Cervical vagal nerve stimulation decreased burn-induced intestinal permeability to
FITC-dextran, returning intestinal permeability to sham levels. Vagal nerve stimulation before
burn also improved gut histology and prevented burn-induced changes in occludin protein
expression and localization. Abdominal vagotomy abrogated the protective effects of cervical
vagal nerve stimulation before burn, resulting in gut permeability, histology, and occludin protein
expression similar to burn alone.

Conclusion—Vagal nerve stimulation performed before injury improves intestinal barrier
integrity after severe burn through an efferent signaling pathway and is associated with improved
tight junction protein expression.

Copyright © 2010 by Lippincott Williams & Wilkins
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The intestinal epithelium plays a key role in host defense by maintaining a barrier against
harmful bacteria and toxic products present within the gut lumen. Specifically, the intestinal
tight junction serves as the regulator of barrier function in an intact intestinal epithelium.!
Loss of tight junction integrity opens the paracellular space between gut epithelial cells
allowing harmful luminal products to access normally protected layers of the intestinal wall.
The subsequent intestinal inflammatory response can further exacerbate the breakdown of
tight junction proteins leading to a systemic inflammatory response and serious sequelae.?

Occludin is an intestinal tight junction protein which contains several transmembrane
domains that attach the apical portion of adjacent cells forming the tight junction.3 Increased
paracellular permeability has been associated with either decreased occludin protein
expression or altered localization of occludin away from areas of cell-cell contact.*
Decreased intestinal occludin expression has been associated with increased intestinal
permeability in animal models of severe burn, traumatic brain injury, sepsis, and
pancreatitis.>=8 Changes in intestinal occludin expression have also been seen clinically in
patients with inflammatory bowel disease.® Strategies aimed at maintaining normal
expression and localization of occludin after injury may be important in preventing intestinal
barrier loss.

Recent research suggests that the central nervous system may coordinate an anti-
inflammatory response to injury. Tracey et al.19 have recently described the cholinergic anti-
inflammatory pathway, proposing that efferent vagal nerve signaling regulates cytokine
production. Vagal nerve stimulation has been shown to decrease proinflammatory cytokine
levels and also decrease the occurrence of shock in animals given a lethal dose of
endotoxin.! Signaling from the efferent vagus nerve to the splenic nerve is responsible for
the suppression of tumor necrosis factor-a seen in endotoxemic animals that underwent
vagal nerve stimulation.12 The ability of vagus nerve stimulation to affect other cell types
within the abdomen has yet to be fully elucidated.

The gastrointestinal tract is innervated by the enteric nervous system, which contains a
complex network of enteric neurons that control many aspects of intestinal function. The
central nervous system communicates with the enteric nervous system through both efferent
and afferent pathways via the vagus nerve.13 Therefore, stimulation of the vagus nerve may
alter intestinal function through modulation of the various cell types within the enteric
nervous system; including intestinal epithelial cells, endothelial cells, or enteric glia.14

Strategies that prevent intestinal barrier breakdown after injury may be useful in improving
outcomes in patients after severe trauma and burn. Activation of the parasympathetic
nervous system after shock through vagal nerve stimulation is known to have potent anti-
inflammatory effects. The ability of vagal nerve stimulation to improve intestinal barrier
function is not fully understood. We postulated that vagal nerve stimulation improves
intestinal barrier integrity following severe burn through an efferent signaling pathway and
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is associated with improved expression and localization of the intestinal tight junction
protein occludin.

MATERIALS AND METHODS

Surgical Abdominal Vagotomy

Male balb/c mice weighing 24 g to 28 g were obtained from Jackson Laboratories
(Sacramento, CA). Animals were anesthetized with inhaled isoflurane before the
experimental protocol. In one cohort of animals, surgical abdominal vagotomy was
performed immediately before vagal nerve stimulation and subsequent burn by making a
midline laparotomy incision. The gastroesophageal junction was identified and the dorsal
and ventral vagus nerves were visualized on the distal esophagus using an Olympus SZ61
stereo microscope (Leeds Precision Instruments, Minneapolis, MN). Both branches of the
vagus nerve were isolated and transected. The abdomen was then closed using interrupted
silk sutures.

Vagal Nerve Stimulation

A right cervical neck incision was performed and the right cervical vagus nerve exposed.
Stimulation of the right cervical vagus nerve was performed using a VariStim Il probe
(Medtronic Xomed, Jacksonville, FL) at 2 mA for 10 minutes. After nerve stimulation, the
incision was closed with interrupted silk suture and the animal was immediately subjected to
burn injury as previously described. Sham animals underwent right cervical incision and
exposure of the vagus nerve but did not receive electrical stimulation.

Thermal Injury Model

Animals underwent dorsal fur clipping with an electric clipper before 30% total body
surface area (TBSA) dorsal steam burn for 7 seconds using a template designed to estimate
30% TBSA.1 Following burn, animals received a subcutaneous injection of normal saline
containing buprenorphine (0.05 mg/kg) in a non-burned area for fluid resuscitation and pain
control. Animals were recovered from anesthesia and returned to their cage where they were
provided food and water ad libitum. All animal experiments were approved by the
University of California San Diego Institutional Animal Care and Use Committee.

Intestinal Permeability Assay

An in vivo intestinal permeability assay was performed to assess intestinal barrier function
(n = 3 animals per group). Four hours after injury, animals were anesthetized with inhaled
isoflurane. A midline laparotomy incision was performed, and a 5-cm segment of distal
ileum was isolated between silk ties. A solution of 200 L containing 4 kDa FITC-Dextran
(25 mg/mL, Sigma, St. Louis, MO) diluted in phosphate buffered saline (PBS) was injected
into the lumen of the isolated segment of intestine. The bowel was returned to the abdominal
cavity and the abdomen closed. The animal was maintained under general anesthesia for 30
minutes, at which time systemic blood was drawn by cardiac puncture and placed in
heparinized Eppendorf tubes on ice. Plasma was obtained by centrifuging the blood at
10,000 g for 10 minutes at —4°C. Plasma fluorescence was measured in a fluorescence
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spectrophotometer (SpectraMax M5, Molecular Devices, Sunnyvale, CA) and compared
with a standard curve of known concentrations of FITC-Dextran diluted in mouse plasma.

Tissue Harvest

Animals were sacrificed 4 hours after injury and tissues harvested. Segments of distal small
intestine were removed and immediately snap frozen in liquid nitrogen before storage at
—80°C for analysis. Segments of distal small intestine were also harvested and preserved in
10% buffered formalin (Richard Allan Scientific, Pittsburgh, PA) or optimal cutting
technique embedding media (OCT, Sakura Finetek, Torrance, CA) for histologic evaluation.

Histologic Evaluation

Segments of distal ileum were preserved in 10% buffered formalin, embedded in paraffin,
and sectioned. Intestinal sections were stained with Hematoxylin and Eosin (Surgi-path,
Richmond, IL). Sections were viewed using an Olympus 1X70 light microscope (Melville,
NY) and viewed with Q-imaging software (Surrey, BC, Canada). Sections were reviewed by
a pathologist (Paul Wolf, MD) blinded to the experimental groups.

Occludin Expression

Distal small intestine harvested from animals at 4 hours after burn (n = 4-5 animals per
group) were homogenized in ice-cold tissue protein extraction reagent, containing 1%
protease and 1% phosphatase inhibitors (Pierce Biotechnology, Rockford, IL). The
homogenized tissue was centrifuged at 10,000 g for 5 minutes, the supernatants collected,
and the protein concentration of each sample measured using the bicinchoninic protein assay
(Pierce). Protein was suspended in sodium dodecy! sulfate sample buffer and boiled for 5
minutes. Proteins were separated using sodium dodecy! sulfate-polyacrylamide gel
electrophoresis using 8% to 16% Tris-glycine gradient gels (Invitrogen, Carlsbad, CA), then
transferred to nitrocellulose membranes (Invitrogen). Membranes were blocked with 5%
bovine serum albumin (BSA, Sigma) in Tris-buffered saline/Tween 20 for 1 hour.
Membranes were then incubated overnight at 4°C in primary antibody for occludin (Zymed,
Carlsbad, CA) prepared in a 1:500 concentration in 5% BSA/Tween 20. The membranes
were then washed and incubated with a horseradish peroxidase-linked anti-rabbit 1gG
secondary antibody (Cell Signaling) before application of the Pierce Supersignal West Pico
Chemiluminescent Kit for antibody detection. Luminescence was detected using the
Xenogen IVIS Lumina (Caliper Life Science, Hopkinton, MA) imaging system. Mean pixel
density of each sample was estimated using UN-SCAN-IT Gel Digitizing software (Silk
Scientific, Orem, UT). The relative band density of each band was calculated by dividing the
pixel density of each sample by the mean pixel density of the sham samples.

Confocal Microscopy

Segments of distal ileum (n = 3 animals per group) were embedded in optimal cutting
technique media and stored at —80°C. Sections of intestine were cut 10 pm thick using a
Reichert-Jung Cryocut 1800 at —20°C (Reichert Microscopes, Depew, NY). Sections were
fixed onto glass slides with 3.7% paraformaldehyde (Electron Microscopy Series, Hatfield,
PA) for 10 minutes, washed with PBS, then permeabilized with 0.01% Triton X-100
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(Sigma) for 1 minute. Sections were washed once again in PBS before blocking for 1 hour in
3% BSA, Sigma. The sections were then incubated overnight in the occludin antibody.
Sections were then treated with the secondary antibody Alexa Fluor 488 (Invitrogen) in 1%
BSA for 1 hour. Prolong Fade (Invitrogen) was added upon placement of cover slips.
Images were viewed using the Olympus Fluoview laser scanning confocal microscope with
exposure matched settings (Advanced Software v1.6, Olympus) at 60x magnification.

Statistical Analysis

Values are expressed as the mean + the SEM of n samples where n represents the number of
animals in each experimental group. The statistical significance between groups was
determined using analysis of variance with Bonferroni correction. Statistical analysis was
performed using SPSS Statistics software version 11.5 (SPSS, Chicago, IL). A p value <
0.05 was considered statistically significant.

RESULTS

Vagal Nerve Stimulation Attenuates Intestinal Barrier Injury

The physiologic effects of vagal nerve stimulation on intestinal barrier function following
severe burn were assessed using an in vivo intestinal permeability assay to 4 kDa FITC-
Dextran (Fig. 1). Severe burn injury alters gut barrier function resulting in a significant
increase in permeability to FITC-Dextran. Performing cervical vagal nerve stimulation
before 30% TBSA burn attenuated burn-induced intestinal permeability. There was no
significant difference between sham and burned animals that underwent vagal nerve
stimulation. Another group of animals underwent abdominal vagotomy at the
gastroesophageal junction before cervical vagal nerve stimulation to confirm that the
protective effects were due to efferent signaling down the vagus nerve. Intestinal
permeability was elevated in burned animals that underwent abdominal vagotomy before
vagal nerve stimulation, with systemic concentration of FITC-Dextran similar to animals
subjected to burn alone.

We correlated the finding of the in vivo intestinal permeability assay by assessing changes
in gut histology from sections harvested 4 hours after injury (Fig. 2). Vagal nerve
stimulation improves the histologic appearance of the small intestine following burn, with
improved villous height compared with animals that were subjected to burn alone. The
protective effects of vagal nerve stimulation are diminished in specimens obtained from
animals that underwent abdominal vagotomy before vagal stimulation and subsequent burn
injury. This once again suggests that the vagal nerve stimulation decreases intestinal barrier
injury through an efferent pathway from the cervical vagus nerve into the enteric nervous
system.

Stimulation of the Vagus Nerve Before Burn Improves Intestinal Occludin Expression

We correlated the changes in intestinal barrier function with changes in occludin protein
expression from intestinal tissue harvested 4 hours after injury (Fig. 3). There was a

significant decrease in occludin protein expression from intestinal tissue harvested from
animals following 30% TBSA burn. Vagal nerve stimulation before injury prevented the
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burn-induced decrease in intestinal occludin protein expression. There was no difference in
occludin expression between sham and animals undergoing vagal nerve stimulation before
severe burn. Intestinal occludin protein levels were significantly decreased in animals that

underwent surgical abdominal vagotomy before cervical vagal nerve stimulation and burn.

Vagal Nerve Stimulation Maintains Intestinal Occludin Localization After Burn Injury

Next, we assessed changes in intestinal occludin localization after burn, as altered tight
junction protein localization has also been associated with increased intestinal barrier
breakdown. Occludin is normally distributed at the periphery of the intestinal epithelial cell
at areas of cell-cell contact, as seen in the sham animal (Fig. 4, A). This normal pattern of
intestinal occludin localization is disturbed in animals 4 hours after severe burn, with loss of
the normal pattern of staining at the cell periphery (Fig. 4, B). The pattern of occludin
staining in sections of intestine harvested from animals that underwent stimulation of the
vagus nerve before burn is similar to sham, with a continuous, orderly pattern of staining at
the edge of the epithelial cells (Fig. 4, C). The localization of intestinal occludin is altered in
animals subjected to abdominal vagotomy before vagal stimulation and burn. Similar to
animals subjected to burn alone, there is loss of the continuous pattern of staining normally
seen at points of cell-cell contact (Fig. 4, D).

DISCUSSION

Intestinal barrier failure may represent an inciting event in the development of post-injury
systemic inflammatory response syndrome and multiorgan failure. Therefore, therapies
aimed at limiting intestinal barrier injury may decrease distant organ injury and the late
deaths seen after severe injury. Intestinal tight junction proteins may represent an important
therapeutic target, as they are a key regulator of intestinal permeability. In this series of
experiments, we have shown that stimulation of the vagus nerve normalized expression of
the tight junction protein occludin, which was associated with improved intestinal barrier
function.

The intestinal tight junction is made up of several important molecules, which are
responsible for maintaining a barrier in the paracellular space between epithelial cells. The
tight junction protein occludin is a regulator of intestinal permeability with a decrease in
occludin protein expression correlating with increased paracellular permeability.® In vitro
studies have shown that proinflammatory cytokines decrease occludin expression in
intestinal cell lines.18:17 Modulation of intestinal occludin expression has been implicated as
a cause of inflammatory bowel disease and necrotizing enterocolitis.1819 Recently, we have
shown that severe burn injury results in increased intestinal permeability which is associated
with both decreased occludin protein expression and altered occludin localization using
confocal microscopy.’

Regulation of occludin expression and its localization to the apical epithelial cell at the tight
junction has been the subject of considerable investigation. The phosphorylation state of
occludin has been shown to be important, with the more highly phosphorylated form
localizing to the tight junction in an in vitro study.2® Endocytosis of tight junction proteins
has also been implicated as a mechanism by which barrier function is disrupted. A study by
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Ivanov et al.2! suggests that the entire apical tight junction complex may undergo
endocytosis at early time points after stress. This may account for the changes in occludin
protein expression seen after burn injury in this study. However, the mechanism by which
occludin expression and localization is improved in this study is unclear.

The vagus nerve innervates the enteric nervous system and alters numerous gastrointestinal
functions including peristalsis and digestion.22 Recent research also suggests that efferent
vagal nerve signaling may have important immunomodulatory properties and specifically
serves as a modulator of intestinal inflammation.1423 Luyer et al.24 has previously shown
that efferent vagal nerve signaling stimulated by administration of high fat enteral nutrition
attenuated hemorrhagic shock-induced intestinal permeability. The protective effects of high
fat enteral nutrition on gut barrier integrity were abrogated in vagotomized animals.
Subsequent studies have shown that efferent vagal nerve signaling after injury can increase
expression of the tight junction protein zonula occludens protein-1.2°

The mechanism by which efferent vagal nerve stimulation is able to improve intestinal
barrier integrity and tight junction protein expression is unknown. Prior studies detailing the
immunomodulatory effects of vagal nerve signaling have focused on the nicotinic
Acetylcholine receptor. Specifically, the alpha 7 subunit of the nicotinic Acetylcholine
receptor is known to be essential in preventing pro-inflammatory cytokine release.2® Ghia et
al.2” has shown that nicotinic cholinergic signaling attenuates intestinal inflammation in a
model of colitis. The role of cholinergic signaling in maintaining tight junction integrity is
unclear. Previous studies have shown that cholinergic agonists can increase paracellular
permeability in rat ileum, whereas another study in mouse small intestine demonstrated that
cholinergic signaling did not affect paracellular permeability.28:29

Enteric glia cells may also play a role in modulating gut barrier integrity and intestinal tight
junction protein expression. We have recently discovered that vagal nerve stimulation
increase activation of enteric glia cells in the distal small intestine after severe burn injury
(unpublished data). Enteric glia cells are similar to astrocytes of the central nervous system
and play an important role in maintaining barrier integrity.3% Ablation of enteric glia cells in
transgenic animals is fatal within 19 days due to hemorrhagic necrosis of the gut.3! Enteric
glia cells release factors such as S-nitrosoglutathione, which has barrier inducing properties
and has been shown to increase tight junction protein expression in vitro and in an in vivo
model of inflammatory bowel disease.32 Studies investigating the role of vagal nerve
stimulation on enteric glia cell activation and secretion of S-nitrosoglutathione are currently
ongoing in our laboratory.

In this study, we performed stimulation of the vagus nerve immediately before severe burn
injury. Further studies are needed to investigate the effects of vagal nerve stimulation after
injury to define the “window of opportunity” for this therapeutic intervention. Similarly
vagal nerve signaling will need to occur at very early time points after injury, as we have
previously documented increased expression of the tight junction protein myosin light chain
kinase by 2 hours after burn.33 By defining the mechanism by which efferent vagal nerve
signaling improves intestinal tight junction protein expression and barrier function, we may
be able to identify a pharmacologic approach to efferent vagal nerve signaling.
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In summary, vagal nerve stimulation performed before severe burn injury maintained
intestinal barrier integrity through an efferent signaling pathway, which was associated with
improved expression and localization of the intestinal tight junction protein occludin.
Limiting alterations in intestinal tight junction protein expression and subsequent gut barrier
breakdown may limit the systemic inflammatory response syndrome response and improve
outcomes in patients after severe injury.
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Figure 1.
Vagal nerve stimulation attenuates burn-induced intestinal permeability. In vivo intestinal

permeability to 4 kilodalton FITC-Dextran measured 4 hours after injury. Severe burn injury
significantly increased gut permeability. Animals that underwent right cervical vagal nerve
stimulation immediately before burn decreased intestinal permeability to sham levels.
Performing an abdominal vagotomy abrogated the protective effects of vagal nerve
stimulation, suggesting that stimulating the vagus nerve improves intestinal barrier function
through efferent signaling down the vagus nerve. *p < 0.01 versus Sham, tp < 0.01 versus
burn, **p < 0.05 versus vagotomy/vagal stimulation/burn.
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Figure 2.
Vagal nerve stimulation limits histologic intestinal injury following severe burn. Sections of

distal small intestine harvested 4 hours after injury, stained with hematoxylin and eosin, and
viewed using light microscopy. (A) Normal appearing sections of intestine harvested from
sham animals. (B) There is evidence of histologic gut injury from animals 4 hours following
burn characterized by decreased villous height. (C) Gut specimens from animals that
underwent cervical vagal nerve stimulation before burn have an appearance similar to sham.
(D) Surgical abdominal vagotomy eliminates the protective effects of vagal nerve
stimulation, with altered villous height noted from sections of small intestine. Size bar = 100
pm.
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Figure 3.
Stimulation of the vagus nerve before injury prevents the burn-induced decrease of intestinal

occludin protein expression. Intestinal extracts were obtained from animals 4 hours
following injury for measurement of occludin protein expression using Western blot. (A)
Graph representing relative band densities from Western blots measuring intestinal occludin
protein expression. Vagal nerve stimulation attenuates the loss of occludin protein seen
following severe burn. Abdominal vagotomy abrogates the protective effects of vagal nerve
stimulation, with occludin expression similar to burn alone. (B) Representative Western blot
for intestinal occludin. *p < 0.001 versus Sham, tp < 0.001 versus burn and vagotomy/vagal
stimulation/burn.
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Figure4.

Vagal nerve stimulation limits the altered localization of intestinal occludin after severe burn
injury. Sections of small intestine harvested 4 hours following injury stained for occludin
(green) and viewed using a confocal microscope. Representative images from each group
are seen in the top row, with a magnification of the inset area marked by the white box seen
below. (A) Normal distribution of occludin seen in the sham animal with staining localizing
to the periphery of the cell. (B) Altered localization of occludin seen from animals 4 hours
following burn. There is loss of occludin staining at areas of cell-cell contact. (C)
Localization of intestinal occludin is improved in animals that underwent vagal nerve
stimulation before burn, with continuous staining seen at the periphery of the intestinal
epithelial cells. (D) Surgical abdominal vagotomy eliminates the protective effects of vagal
nerve stimulation. The appearance of occludin localization is similar to animals subjected to
burn alone, with a discontinuous pattern of occludin staining. Size bar = 30 pm.
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