
Sodium hydrogen exchanger as a mediator of hydrostatic edema
induced intestinal contractile dysfunction

Karen S. Uray, PhD1,3, Shinil K. Shah, DO1,2, Ravi S. Radhakrishnan, MD, MBA4,
Fernando Jimenez, MS1, Peter A. Walker, MD1,2, Randolph H. Stewart, DVM, PhD2, Glen A.
Laine, PhD2, and Charles S. Cox Jr., MD1,2,3
1 Department of Pediatric Surgery, University of Texas Medical School at Houston
2 Department of Surgery, University of Texas Medical School at Houston
3 Michael E. DeBakey Institute for Comparative Cardiovascular Science and Biomedical Devices,
Texas A&M University
4 Division of Pediatric Surgery, Northwestern University Feinberg School of Medicine

Abstract
Background—Resuscitation-induced intestinal edema is associated with early and profound
mechanical changes in intestinal tissue. We hypothesize that the sodium hydrogen exchanger
(NHE), a mechano-responsive ion channel, is a mediator of edema-induced intestinal contractile
dysfunction.

Methods—An animal model of hydrostatic intestinal edema was utilized for all experiments.
NHE isoforms 1-3 mRNA and protein were evaluated. Subsequently, the effects of NHE
inhibition (with 5-(N-ethyl-N-isopropyl) amiloride (EIPA)) on wet to dry ratios, signal
transduction and activator of transcription (STAT)-3, intestinal smooth muscle myosin light chain
(MLC) phosphorylation, intestinal contractile activity, and intestinal transit were measured.

Results—NHE1-3 mRNA and protein levels were significantly increased in the small intestinal
mucosa with the induction of intestinal edema. Administration of EIPA, an NHE inhibitor,
attenuated validated markers of intestinal contractile dysfunction induced by edema as measured
by decreased STAT-3 activation, increased MLC phosphorylation, improved intestinal contractile
activity, and enhanced intestinal transit.

Conclusion—The mechano-responsive ion channel NHE may mediate edema-induced intestinal
contractile dysfunction, possibly via a STAT-3 related mechanism.
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Background
Interstitial edema is often a consequence of resuscitative measures, including high volume
crystalloid administration and abdominal packing (as a component of damage control
surgery). Most commonly, post-resuscitation intestinal edema is associated with ileus,
leading to delays in initiation of enteral feeds, increased morbidity, prolonged hospital stay,
and increased costs of hospitalization. (1–4)

Intestinal edema leads to ileus by decreasing intestinal contractile activity. The molecular
pathway governing intestinal contractility converges on myosin light chain20 (MLC)
phosphorylation, which is the obligatory step mediating intestinal contractility. (5,6) Signal
transducer and activator of transcription (STAT)-3 activity is increased in edematous
intestinal smooth muscle and has been shown to at least partially mediate the decreased
MLC phosphorylation seen with hydrostatic intestinal edema. (7) However, the mechanism
by which edema induces increased STAT-3 activation and decreased MLC phosphorylation
is not well understood.

A growing body of literature suggests that edema may mediate its downstream effects via
early mechanical stimuli that trigger intracellular signaling cascades that culminate in
decreased intestinal contractility and subsequent ileus. In previous work, we have
demonstrated that the development of intestinal edema is rapid (within 30 minutes) and
associated with early, concurrent mechanical changes as evidenced by increased strain and
stress as well as increased interstitial pressure. (8) Additionally, cytoskeletal alterations,
including alterations in filamentous to globular (F:G) actin, vimentin, and calponin are
present. (9) The mechanism by which hypertonic saline alleviates edema induced intestinal
dysfunction is believed to be due, in part, to reversing the mechanical changes induced by
edema. (8–10)

The molecule(s) that transduces the mechanical stimulus of edema would have to react to
alterations in cell stretch, external pressure, and/or shear stress. Both cell stretch and shear
stress have been shown to modulate sodium-hydrogen exchanger (NHE) activity. (11–13)
There are three main isoforms of NHE (1–3) expressed in the intestine. NHE1 is
ubiquitously expressed, whereas NHE2 and 3 are predominantly expressed in epithelia.
While NHE2 and 3 are expressed predominantly on the apical membrane, NHE1 is
expressed on the basolateral membranes. (14) NHEs are integral membrane proteins that
exchange an intracellular proton for an extracellular sodium ion. Studies in cardiomyocytes
indicate that NHE might be partially involved in the stretch-induced phosphorylation of
STAT3. (11) Furthermore, shear stress was shown to modulate NHE protein levels in
cerebral microvascular endothelial cells. (13)

We hypothesize that NHE serves as a mediator of dysfunction in edema-induced intestinal
contractile dysfunction. Using an established animal model of hydrostatic intestinal edema
free of inflammatory or ischemic influences, we examined the effect of edema on NHE
expression and protein levels. To further elucidate the role of NHE in edema-induced
intestinal contractile dysfunction, we examined the effect of an NHE inhibitor with regards
to validated endpoints of edema-induced intestinal contractile dysfunction.

Materials and Methods
All procedures were approved by the University of Texas Medical School at Houston’s
Institutional Animal Care and Use Committee and were consistent with the National
Institute of Health’s Guide for the Care and Use of Laboratory Animals.
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Animal Model
Male Sprague Dawley rats (250g–350g) were fasted 12–16 hours prior to surgery with free
access to water. The rats were anesthetized with isoflurane, and a fluid filled external jugular
vein catheter was placed under aseptic conditions. A midline laparotomy was subsequently
performed and a silastic catheter was tunneled from the back of the neck, through the
subcutaneous tissue and left abdominal wall musculature, and into the peritoneal cavity. The
end of the silastic catheter was placed into the duodenum by needle puncture, advanced 1
centimeter distally, and secured in place using a 6-0 silk purse-string suture. The external
end of the catheter was sealed using a rubber cap. Finally, the superior mesenteric vein
(SMV) was dissected free from its mesenteric attachments. The small bowel was not
manipulated.

Animals were divided into two groups, CONTROL and RESUS + VH (80mL/kg of 0.9%
normal saline with induction of mesenteric venous hypertension, edema group, described
below) (Figure 1a). We also included 4 additional groups to determine the effects of NHE
inhibition (Figure 1b). For this subset of experiments, rats in the CONTROL and RESUS +
VH groups were subdivided into two additional groups treated with either vehicle (VEH) (1
ml/kg bolus of 7% dimethyl sulfoxide (DMSO) in 0.9% normal saline) at the time of surgery
and a continuous 10 μl/hr infusion of 50% DMSO (in 0.9% normal saline) via an ALZET
osmotic pump) or with the NHE inhibitor, 5-(N-ethyl-N-isopropyl) amiloride (EIPA), (1 mg/
kg (in 7% DMSO) bolus at time of surgery and a continuous infusion of 0.07 mg/hr (in 50%
DMSO) via an ALZET osmotic pump). The bolus of VEH or EIPA was administered 30
minutes before surgery and the ALZET osmotic pump (Durect Corp., Cupertino, CA) was
implanted subcutaneously over the shoulders at the time of surgery. The ALZET osmotic
pump releases medications continuously into the subcutaneous tissue from which it is
consequently absorbed into the systemic circulation. The dose for EIPA was chosen based
on previous work by Wang et. al.. (15)

The edema groups (RESUS + VH) had both administration of resuscitative fluids (80 mL/kg
of 0.9% sodium chloride) and induction of mesenteric venous hypertension as described in
previous publications. (5–7,9,10,16,17) Briefly, a 4-0 silk suture was placed around the
superior mesenteric vein and subsequently tied over a PE-10 sized tube. The PE-10 sized
tubing was then removed, creating a reproducible non-occlusive stenosis which causes a
sustained elevation in mesenteric venous pressure. We have shown previously that this
elevates the mesenteric venous pressure from 11 ± 1 to 20 ± 3 mmHg, which is in the
clinically relevant range, corresponding to intra-abdominal pressures in patients undergoing
high volume crystalloid resuscitation. (6) This was immediately followed by infusion of
fluid (normal saline) slowly over five minutes. Control animals (CONTROL) had their
laparotomy wounds closed without infusion of saline or induction of mesenteric venous
hypertension. The animals were allowed to recover. Animals were sacrificed at either 30
minutes, 2 hours or 6 hours post-surgery.

Wet to Dry Ratio
Samples were weighed immediately after collection then dried in a 60°C oven until the
weight did not change (approximately 2–3 days). The wet to dry ratio was calculated as:
(wet weight − dry weight)/dry weight.

Quantitative Reverse Transcriptase Polymerase Chain Reaction
RNA was isolated from frozen tissue using RNA-Bee (Tel-Test, Inc., Friendswood, TX)
following manufacturer’s suggested protocol. RNA samples were DNase treated
immediately after RNA isolation to remove genomic DNA contamination. Samples were
treated with an RNAse inhibitor and stored at −80°C until time of use.
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1 μl RNA stock solution was reverse transcribed in triplicate at 50°C for 30 minutes using
1x reverse transcriptase (RT) buffer, 300nM specific reverse primer, 500 μM dNTPs and
Superscript II (LTI, Bethesda, MD). After 10 minutes at 75°C, the RT reaction (10μl) was
added to 40 μl of polymerase chain reaction (PCR) mix for a final concentration of 1x PCR
buffer, 400nM primers, 100 nM fluorogenic probe, 4 mM MgCl2, and Taq Polymerase.
Amplification and quantitation based on real-time monitoring of amplification was carried
out using an ABI Prism 7700 (Applied Biosystems, Foster City, CA) performing 40 cycles
of 95°C for 12 sec and 60°C for 1 min, following a 1 minute denaturation step at 95°C.
Values of transcripts in unknown samples were obtained by interpolating their Ct (PCR
cycles to threshold) values on a standard curve derived from known amounts of cognate,
specific amplicons. Transcript levels were normalized to the level of 36b4 mRNA. All
determinations were performed in triplicate and with a no RT control. Sequences of all
primers and TaqMan probes used for amplification reaction assays are summarized in Table
1.

Sodium Hydrogen Exchanger Immunofluorescence
Tissue segments from the ileum were obtained from CONTROL and RESUS + VH animals
sacrificed at the 6 hour time point (n=6/group). The tissues were fixed in buffered 10%
formalin for at least 24 hours. After embedding in paraffin, 7 μm sections were placed onto
slides. After deparaffinization, antigen recovery, and blocking, slides were incubated with an
NHE-1 antibody (ab67313, 1:200 dilution, Abcam, Cambridge, MA), NHE-2 antibody
(sc-30167, 1:50 dilution, Santa Cruz Biotechnology, Santa Cruz, CA), and NHE-3 antibody
(sc-58636, 1:50 dilution, Santa Cruz Biotechnology, Santa Cruz, CA). After overnight
incubation, slides were incubated with an appropriate phycoerythrin conjugated anti-rabbit
fluorescent secondary antibody (ab7007, 1:200 dilution, Abcam, Cambridge, MA) or
phycoerythrin conjugated anti-mouse fluorescent antibody (405307, 1:200 dilution,
BioLegend, San Diego, CA). The slides were then stained with 4’,6-diamidino-2-
phenylindole (DAPI) (Invitrogen, Carlsbad, CA) for nuclear visualization and 2D
deconvolution microscopy was utilized to determine NHE-1 localization. Negative control
slides were prepared to exclude non-specific binding. Relative intensity of staining for
NHE-1, 2, and 3 was determined by mean pixel count analysis (NIS-Elements, Nikon
Instruments, Melville, NY).

Preparation of Cytoplasmic and Nuclear Extracts
All tissue samples were frozen in liquid nitrogen immediately after collection. Frozen tissue
was ground with mortar and pestle over liquid nitrogen. Nuclear and cytoplasmic extracts
were prepared using a nuclear extract kit (Active Motif, Carlsbad, CA). Briefly, cold
hypotonic buffer containing protease inhibitors (Halt™ Kit Protease Inhibitor Cocktail,
Pierce Biotechnology, Inc., Rockford, IL) and phosphatase inhibitors (2 mM orthovanadate
and 2 mM sodium fluoride) was added to the ground tissue and the samples were
homogenized. After a 15 minute incubation period at 4°C, the samples were centrifuged at
850 × g at 4°C for 10 minutes. The supernatant was saved. The pellet was resuspended in
hypotonic buffer containing protease and phosphatase inhibitors and incubated on ice for 15
minutes. After addition of 0.05% detergent, the samples were vortexed and subsequently
centrifuged for 10 minutes at 14000 × g at 4°C. The supernatant was saved and combined
with the first supernatant and called the cytoplasmic extract. The pellet was resuspended in
lysis buffer, vortexed, and incubated on ice for 30 minutes. The samples were then
centrifuged at 14000 × g and the supernatant was called the nuclear extract. All samples
were aliquotted and stored at −80°C until use.
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STAT3 Phosphorylation
Phosphorylated STAT3 was measured in whole cell lysates from the intestinal muscularis
layer of the ileum using an ELISA kit following manufacturer’s suggested protocol
(PathScan Phospho-STAT3 Sandwich ELISA Kit, Cell Signaling Technology, Inc.,
Danvers, MA). Briefly, lysates were added to individual wells of a 96-well plate coated with
a STAT3 rabbit monoclonal antibody. After overnight incubation at 4°C, the wells were
washed and a primary phospho-STAT3 mouse monoclonal antibody was added. After a one
hour incubation period, the wells were washed again and a secondary HRP conjugated anti-
mouse IgG antibody was added. After 30 minutes of incubation, the wells were washed and
an HRP substrate was added. After color development, a stop solution was added and the
plate was read at 405 nm. Measurements were performed in duplicate. A standard curve was
made using varying amounts of IL-6 activated HepG2 cells. Activity was normalized to total
whole cell lysate protein added to assay. Activity is shown as units of activity/mg protein
where one unit of activity equals one μl of activated HepG2 cells.

Myosin Light Chain Phosphorylation
MLC phosphorylation was determined as previously described. (5) Briefly, cytoplasmic
extracts, prepared as described above, were separated using a 12.5 % SDS-PAGE gel. After
transfer to polyvinyldiene fluoride (PVDF) membranes, Western blotting was performed
with an primary MLC antibody that recognizes both the phosphorylated and
unphosphorylated forms (sc-9449, 1:400 dilution, Santa Cruz Biotechnology, Santa Cruz,
CA) and corresponding secondary antibody obtained from Sigma-Aldrich (St. Louis, MO).
Enhanced chemical luminescence (ECL) was used to visualize the proteins on the
membranes (ECL Plus, Amersham Biosciences, Piscataway, NJ). Quantification of bands
was performed with ImageJ software (National Institutes of Health, Bethesda, MD).

Intestinal Contractile Activity
Intestinal contractile activity was determined as previously described. (5) Briefly, 1 cm
whole thickness strips from the ileum of each animal were mounted in duplicate in 25-ml
organ baths filled with Krebs-Ringer solution (in mM: 103 NaCl, 4.7 KCl, 2.5 CaCl2, 25
NaHCO3, 15 glucose). The solution was buffered with albumin to avoid edema formation
1.1 NaH2PO4, force was during incubation in the tissue chamber and gassed with 5%
CO2-95% O2. Isometric monitored by an external force displacement transducer
(Quantametrics, Newtown, PA) connected to a PowerLab data acquisition system (AD
Instruments, Colorado Springs, CO). Each strip was stretched to optimal length then allowed
to equilibrate for at least 30 min. After equilibration, 30 min of basal contractile activity data
was recorded. The strips were then treated with carbachol, 10−6 M, added to the bath and 5
minutes of data were recorded. This dose was based on previous dose response studies. (5)
After recording contractile activity, the length of each strip was measured, removed, blotted
lightly, and weighed. Contractile activity was calculated as the area under the curve over 10
minutes. Maximum stress was calculated as the area under the curve for the first 2 minutes
after addition of carbachol. Contractile frequency (hertz (hz)) was measured during the same
time periods. The cross-sectional area of each strip was calculated from length and weight
data by assuming that the density of smooth muscle was 1.05 g/cm3. All force development
was normalized to tissue cross-sectional area and expressed as stress (g/cm2/s). All
contractility experiments were performed at 6 hours.

Intestinal Transit
After 5 ½ hours, the animals had 0.15 ml of a 5 mM solution of non-absorbable FITC-
Dextran (MW=9400, FITC content 0.008 mol/mol glucose, Sigma-Aldrich, St. Louis, MO)
injected into the duodenal catheter and flushed with 0.15 ml of normal saline.
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Approximately thirty minutes later, the animals were sacrificed and the entire small intestine
was removed and divided into 10 equal segments. The intraluminal contents of each
segment were then flushed using 3 ml of 5 mM Tris-buffer (pH 10.3) to recover the FITC-
Dextran. The FITC-Dextran concentration was then measured using an optical scanner
(Varioscan, Thermo Electron Corp., Waltham, MA) and expressed as a fraction of the total
tracer recovered and presented as the geometric center of distribution as described in the
literature and as we have previously published. (6,10,16–18)

Statistics
All data are reported as mean ± standard error of the mean (SEM). Values were compared
using one and two way analysis of variance with a Newman-Keuls post-hoc analysis. A p
value of ≤0.05 was considered significant.

Results
Wet to Dry Ratios

Mesenteric venous hypertension and high volume crystalloid administration leads to
development of significant intestinal edema as early as 30 minutes after surgery. Wet to dry
ratios were significantly elevated in the RESUS + VH groups compared to CONTROL
groups at 30 minutes (4.4 ± 0.2 versus 3.7 ± 0.1), 2 hours (4.5 ± 0.2 versus 3.4 ± 0), and 6
hours (4.0 ± 0.1 versus 3.5 ± 0.1) after surgery. Values are expressed as a unitless ratio.

Treatment with the NHE inhibitor EIPA did not significantly affect edema formation in the
RESUS + VH group (RESUS + VH + VEH (4.2 ± 0.1) versus RESUS + VH + EIPA (3.8 ±
0.1)); wet to dry ratios in both groups were significantly elevated compared to CONTROL +
VEH (3.5 ± 0) or CONTROL + EIPA (3.4 ± 0). Of note, there was no significant difference
between CONTROL groups. (Figure 2) Values are expressed as a unitless ratio.

NHE Expression
Changes in expression of NHE isoforms 1-3 in both the intestinal smooth muscle and
mucosa were measured from 30 minutes to 6 hours after surgery as demonstrated in Figure
3. In general, NHE expression was higher in the intestinal mucosa compared to intestinal
muscular layers. NHE1 expression in the mucosa and the smooth muscle layers were
similar, with expression in the mucosa approximately 2 fold higher than in the muscle.
However, NHE2 and 3 mRNA levels were much higher, approximately 10–30 fold higher,
in the intestinal mucosa as compared to intestinal muscle.

In the mucosal layer of the ileum, NHE1 (3.3 fold), NHE2 (4.1 fold), and NHE3 (3.5 fold)
expression was significantly elevated in the RESUS + VH group 6 hours after surgery to
induce edema as compared to CONTROL (genes Slc9a1-3). (Figure 3a–c) There were no
significant changes in mRNA levels for NHE isoforms 1-3 in the smooth muscle of the
ileum with edema development. (Figure 3d–f, RESUS + VH versus CONTROL)

NHE Immunofluorescence
Edema caused a significant upregulation of NHE1 (403.39 ± 23.18 versus 696.74 ± 90.08 in
CONTROL and RESUS + VH groups, respectively), NHE2 (437.21 ± 26.43 versus 1015.62
± 233.58 in CONTROL and RESUS + VH groups, respectively), and NHE3 (237.71 ± 12.29
versus 391.90 ± 45.01 in CONTROL and RESUS + VH groups, respectively) as determined
by mean pixel count analysis. The staining appears to be localized to the mucosal layers,
corroborating the expression data. Representative images (20x) are shown in Figure 4a–f.
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Effects of NHE Inhibition
STAT-3 Phosphorylation—Edema caused an increase in STAT-3 phosphorylation
(146.6 ± 20.7 versus 46.2 ± 8.7, RESUS + VH + VEH versus CONTROL + VEH,
respectively). EIPA treatment prevented the increase in STAT-3 phosphorylation in the
edema groups (75.7 ± 8.7 versus 146.6 ± 20.7, RESUS + VH + EIPA versus RESUS + VH
+ VEH, respectively). (Figure 5) Activity is shown as units of activity/mg protein where one
unit of activity equals one μl of activated HepG2 cells.

Myosin Light Chain Phosphorylation—As shown in Figure 6, MLC phosphorylation
measured 6 hours after surgery was significantly decreased in the RESUS + VH + VEH
group as compared to CONTROL + VEH (0.6 ± 0.1 versus 3.6 ± 0.4, respectively). EIPA
treatment in the RESUS+VH group partially attenuated the decrease in MLC
phosphorylation (1.9 ± 0.5 versus 5.2 ± 1.4 and 3.6 ± 0.4 in RESUS + VH + EIPA versus
CONTROL + EIPA and CONTROL + VEH respectively). Values are expressed as the ratio
of phosphorylated to un-phosphorylated MLC.

Contractile Activity—Figures 7a and 7b demonstrate basal and carbachol stimulated
contractile activity with and without EIPA treatment, respectively, measured 6 hours after
surgery. Both basal contractile activity (27.2 ± 10.4 versus 69.3 ± 4.7) and carbachol
stimulated contractile activity (17.2 ± 5.4 versus 56.6 ± 8.5) decreased significantly in the
edematous RESUS + VH + VEH group as compared to CONTROL + VEH. Treatment with
EIPA attenuated the changes in basal (53.3 ± 7.0 versus 27.2 ± 10.4) and carbachol
stimulated (48.6 ± 8.1 versus 17.2 ± 5.4) contractile activity (RESUS +VH + EIPA
compared to RESUS + VH + VEH). EIPA had no effect in the CONTROL groups with
regards to basal (81.3 ± 8.7 versus 69.3 ± 4.7, EIPA versus VEH, respectively) and
carbachol stimulated contractile activity (55.7 ± 7.5 versus 56.6 ± 8.5, EIPA versus VEH,
respectively). There were no significant changes in contractile frequency (0.6 ± 0, 0.5 ± 0,
0.5 ± 0, and 0.5 ± 0 in CONTROL + VEH, CONTROL + EIPA, RESUS + VH + VEH, and
RESUS + VH + EIPA groups, respectively). (Figure 7c) Contractile activity is expressed as
stress (g/cm2/s) and frequency as Hz.

Intestinal Transit—Decreased contractile activity resulted in significantly slower
intestinal transit in the RESUS + VH + VEH group (2.0 ± 0.1) compared to CONTROL +
VEH (3.3 ± 0.2). (Figure 7d) As with intestinal contractile activity, EIPA treatment
significantly attenuated edema-induced slowed intestinal transit (3.3 ± 0.5 versus 2.0 ± 0.1
in RESUS + VH + VEH versus RESUS + VH + EIPA, respectively). (Figure 7d) Values are
expressed as mean geometric center.

Discussion
Our data demonstrate that hydrostatic edema is associated with an increase in expression of
NHE1-3 and pharmacologic inhibition of NHE with EIPA attenuates intestinal contractile
dysfunction induced by edema by modulating STAT-3 phosphorylation, MLC
phosphorylation, intestinal contractile activity, and intestinal transit. In previously published
data, we have established that intestinal edema causes ileus by decreasing intestinal
contractility and MLC phosphorylation. (5–7,19) The data presented currently builds on our
previous work and further demonstrates the potential role of mechanical changes and
mechanosensitive channels in edema induced contractile dysfunction. (8,20)

The increase in NHE expression observed with edema may be secondary to a
mechanotransduction related phenomenon. In our animal model, development of edema is
rapid (i.e., within 30 minutes) and associated with concurrent early (increased stress, strain,
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and interstitial pressure) and sustained mechanical changes (altered F:G actin ratios,
calponin, and vimentin as well as altered stiffness and residual stress). These changes may
serve as a stimulus for alterations in gene expression. (8,9,17) NHE has been shown to
interact with the actin cytoskeleton. In fibroblasts, NHE1 is linked to the actin cytoskeleton
and can affect cytoskeletal organization (21). Conversely, NHE3 activity was shown to be
regulated by interaction with the actin cytoskeleton (22). As mentioned above, in our
intestinal edema model, the F:G actin ratio changes in response to edema, suggesting
cytoskeletal alterations that may serve as a precursor to alteration in NHE expression. (9)

Changes in cytoskeletal elements, such as NHE, may represent the response of the host to
injurious stimuli. While the initial response may be protective, changes in these elements
result in downstream deleterious effects resulting in ileus. We are therefore interested in
both the responsible aspect of the initiating stimuli as well as the downstream effects of the
resultant alterations in signaling pathways leading to end organ dysfunction.

In previous studies, we have measured intestinal transit as a functional endpoint of edema
induced contractile dysfunction. We have typically measured transit at 6 hours to exclude
any confounding effects of anesthesia or bowel manipulation. (6,9,10,16) Therefore, in this
study, we measured intestinal transit as well as validated molecular and functional regulators
of intestinal transit (i.e., STAT-3, MLC phosphorylation, and intestinal contractility and
frequency of contraction) at the 6 hour time point. The ileum of the animals was used for all
studies, as we have done in all previous experiments.

The molecular pathway governing smooth muscle contractile activity converges at the level
of MLC phosphorylation, and edema-induced intestinal contractile dysfunction has been
shown to be associated with decreases in MLC phosphorylation. (5) In previous work, we
have demonstrated that MLC phosphorylation is at least partially mediated by STAT-3
activation and that STAT-3 activation is a precursor to decreased MLC phosphorylation. (7)
We therefore measured STAT-3 activation and the ratio of phosphorylated to un-
phosphorylated MLC in EIPA treated RESUS + VH animals as definable endpoints of
pharmacologic inhibition. Other investigators have also shown that NHE inhibition can
block STAT-3 activation as well as improve contractility. Pan et. al. showed that the NHE
inhibitor, HOE642, blocked stretch-induced activation of STAT-3 in cardiomyocytes. (11)
Khan et. al demonstrated that amiloride improved intestinal contractile activity in an
experimental colitis model. (23) In this model, NHE1 acting via Interleukin 1-β and
mitogen-activated protein (MAP) kinase was implicated. (23) NHE2 inhibition has also been
shown to restore intestinal barrier function in ischemia induced intestinal injury. (24) This
study further contributes by demonstrating that intestinal edema, in the absence of
inflammatory, ischemic, or reperfusion injury, is associated with increased NHE expression,
and pharmacologic inhibition of NHE with EIPA results in improved contractile function.
The effects of NHE on MLC phosphorylation may be mediated by its effect on STAT-3
activation.

There are several limitations of our study. One of the primary weaknesses of studies
involving pharmacologic inhibition is that inhibitors frequently have non-specific effects
apart from the ones desired. EIPA was chosen for NHE inhibition for three main reasons. It
has inhibitory activity against NHE3 in addition to NHE1 and NHE2. It is more selective
than amiloride and has significantly less inhibitory activity against sodium and sodium/
calcium channels as compared to other NHE inhibitors. (25) Another limitation was that
NHE activity was not measured. It is ideal to confirm that increased expression and/or
increased protein levels of NHE correlates with increased activity of the ion channel. We
recognize that changes in expression are not necessarily a pre-requisite to changes in activity
in ion channels and that activity may be affected without a change in expression. Indeed, in
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edematous animals, EIPA administration did not decrease NHE1-3 expression or NHE1-3
protein levels (as determined by immunofluorescence), suggesting that pharmacologic
inhibition may have affected activity independent of a change in expression or protein
levels. (DATA NOT SHOWN) Additionally, the fact that a functional effect of NHE
inhibition was seen at 6 hours suggests a change in NHE activity prior to that timepoint,
despite a lack of change in expression until 6 hours. The measurement of ion channel
activity in tissue, however, poses a unique set of challenges. The majority of the published
literature on NHE activity in intestinal tissue involves the use of radioactive sodium (22Na).
(24,26–31) The use of radioactive sodium poses a distinctive set of issues. Extensive lead
shielding is necessary to protect investigators secondary to the gamma emission properties.
Additionally, and more importantly, a half life of over 2.5 years poses significant issues for
the safe storage and disposal of radioactive waste and equipment. NHE activity is widely
measured in cells using probes that reflect intracellular pH (most commonly 2′,7′-bis-(2-
carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF)). The recovery of intracellular pH in
response to an acid load is generally considered representative of NHE activity. We are not
aware of any published reports of using BCECF as a measure of NHE activity in intestinal
tissue. We did attempt to measure NHE activity in the ileum by using BCECF. Although we
were able to load BCECF into the tissues with minimal autofluorescence, we were unable to
detect a change in fluorescence as determined by ratiometric methods in the presence of
media of varying pH’s and nigericin (a K+/H+ ionophore frequently utilized for pH
calibration). We do note, however, that multiple investigators have noted that an increase in
NHE expression was associated with an increase in NHE activity. (32–34)

In our intestinal edema model, NHE expression changed in the mucosa only while
functional changes in intestinal contractile activity (with NHE inhibition) were
demonstrated. Conceivably, NHE inhibition can indirectly affect intestinal contractile
activity via changes in intestinal barrier function. Alternatively, post-translational changes
resulting in increased NHE activity may have occurred in the intestinal smooth muscle with
intestinal edema development. In this case, NHE inhibition may directly affect intestinal
smooth muscle NHE activity and consequently intestinal contractile activity.

Figure 8 shows a proposed model of the effects of intestinal edema development on
intestinal contractile activity. We demonstrated that intestinal interstitial edema induces
changes in NHE mRNA and protein levels. Pharmacological inhibition of NHE attenuated
the changes in intestinal contractile activity induced by intestinal edema suggesting that
NHE may adversely affect intestinal contractile function in edema, possibly through a
STAT-3 mediated pathway.
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Figure 1.
Figure 1a: Experimental design to determine effect of edema on NHE expression and protein
levels
Figure 1b: Experimental design to determine effect of NHE inhibition on validated
endpoints of intestinal contractility
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Figure 2.
Wet to dry ratios, indicating edema development, as measured 6 hours after surgery in
CONTROL and RESUS + VH rats treated with VEH or EIPA. Values are represented as
mean ± SEM. (n=6 per VEH treatment group; n=7 per EIPA treatment group; *, p<0.05
versus CONTROL groups; +, p<0.05 versus RESUS + VH + VEH)
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Figure 3.
Figure 3a–f: The ratio of NHE mRNA to 36B4 mRNA from 0–6 hours after surgery in
CONTROL and RESUS + VH groups. Panels A–C, intestinal mucosa mRNA levels; Panels
D–F, intestinal smooth muscle mRNA levels; Panels A and D, NHE1 mRNA; Panels B and
E, NHE2 mRNA; Panels C and F, NHE3 mRNA. Values are represented as mean ± SEM.
(n=6 per group; *, p<0.05 versus CONTROL)
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Figure 4.
Figure 4a–f: Representative images demonstrating immunofluorescent staining of NHE-1
(A, B), NHE-2 (C, D), and NHE-3 (E, F) in ileum of CONTROL and RESUS + VH animals.
Note the significant upregulation of NHE-1, 2, and 3 in the RESUS + VH (edema) group as
compared to CONTROL, with a predominance of staining at the submucosa/muscularis
interface. All images are 20x. (blue – DAPI; red – NHE-1, 2, and 3, respectively)

Uray et al. Page 15

Surgery. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
STAT3 phosphorylation measured in ileum 6 hours after surgery in CONTROL and RESUS
+ VH groups treated with VEH or EIPA. Values are represented as mean ± SEM. (n=6 per
VEH treatment group; n=7 per EIPA treatment group; *, p<0.05 versus CONTROL; +,
p<0.05 versus RESUS + VH + VEH)
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Figure 6.
The ratio of phosphorylated myosin light chain to total myosin light chain measured in the
ileum 6 hours after surgery in CONTROL and RESUS + VH groups treated with VEH or
EIPA. Values are represented as mean ± SEM. (n=6 per VEH treatment group; n=7 per
EIPA treatment group; *, p<0.05 versus CONTROL; +, p<0.05 versus RESUS + VH +
VEH)
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Figure 7.
Figure 7a–d: Intestinal function measured in the ileum 6 hours after surgery in CONTROL
and RESUS + VH groups treated with VEH or EIPA. Panel A, Basal (un-stimulated)
contractile activity; Panel B, Carbachol stimulated contractile activity; Panel C, Contractile
frequency; Panel D, Intestinal transit. Values represent mean ± SEM. (Panels A–C, n=6 per
VEH treatment group; n=7 per EIPA treatment group; Panel D, n=6 per group; *, p<0.05
versus CONTROL; +, p<0.05 versus RESUS + VH + VEH)

Uray et al. Page 18

Surgery. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Suggested model of the effects of intestinal interstitial edema development on intestinal
contractile activity. Edema alters both the mechanical properties of the tissue and the
cytoskeletal properties in the mucosal and muscle layers of the small intestine. These
changes may induce increased NHE activity in the mucosa that eventually lead to sequential
increases in intestinal smooth muscle STAT3 phosphorylation, decreased myosin light chain
phosphorylation and, finally, decreased intestinal contractile activity.
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Table 1

Primers and Probes used for qPCR Analysis

Transcript Accn. # Forward Primer Reverse Primer Fluorogenic Probe

36B4 X15096 AGAGGTGCTGGACATCACAG CATTGCGGACACCCTCTAG CAGGCCCTGCACACTCGCTT

NHE1 (Slc9A1) NM_012652 ACACAGTTCCTGGACCACCTT TCCAGTGATGGTGGCCATA TGACAGGCATCGAGGACATCTGTGG

NHE2 (Slc9A2) NM_012653 TGGTATCCTGCTGGGATTCA GCTCAATGACCCGGATGTT AGCAGCGTTCACCACCCGTTTCA

NHE3 (Slc9A3) NM_012654 ACGTGAAGGCCAACATCTCA ACTTGCCAGCATCTTCATAGTGT AGCAGTCGGCCACCACCGTG
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