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Introduction: Infants with gastroschisis (GS) have signifi-
cant morbidity from dysmotility, feeding intolerance, and are 
at increased risk of developing intestinal failure. Although the 
molecular mechanisms regulating GS-related intestinal dys-
function (GRID) are largely unknown, we hypothesized that 
mechanical constriction (nonocclusive mesenteric hyperten-
sion (NMH)) from the abdominal wall defect acts as a stimulus 
for GRID. The purpose of this study was to determine the effect 
of NMH on intestinal function and inflammation. 
Methods: Neonatal rats had placement of a silastic disk to 
the base of the mesentery (NMH) or no disk placement (Sham). 
At 24 and 72 h, mesenteric venous pressures (MVPs), intestinal 
transit, electric impedance, permeability, length, and tissue 
water content were measured. 
Results: After placement of the silastic disk, there was a sig-
nificant increase in MVP at both time points. There was also 
decreased intestinal transit. As compared to Sham animals, 
NMH animals had significant changes in bowel impedance 
without an increase in tissue water, suggesting significant 
intestinal remodeling. NMH rats had significantly increased 
smooth-muscle thickness and loss of intestinal length as com-
pared with Sham rats. 
Discussion: NMH may be an initiating factor for GRID. 
Measurement of MVP and/or bowel impedance may be a way 
to assess severity and monitor progression and/or resolution 
of GRID.

Gastroschisis (GS) is the most common congenital abdominal 
wall defect and the most common reason for intestinal trans-

plantation affecting infants today. The incidence of GS is increas-
ing worldwide and occurs in ~1 in every 2,000–4,000 live births 
in the United States. The economic burden of GS-related intesti-
nal dysfunction (GRID) is significant, with an estimated yearly 
cost of $128,414,475 in the United States alone (2004 dollars 
(1–4)). The intestine is particularly susceptible to injury, result-
ing in edema, ileus, and failure of intestinal defense mechanisms. 
These factors are commonly seen in infants affected with GS and 
can increase morbidity and length of hospital stay. Although 

the molecular mechanisms regulating the intestinal dysfunc-
tion associated with GS are largely unknown, surgical models of 
GS have shown that venous constriction causes lymphatic and 
venous dilation, smooth-muscle thickening, and focal mucosal 
blunting, contributing to intestinal dysfunction (5,6).

Current limitations involved in advancing our understand-
ing of GRID involve use of fetal animal models with poor 
postnatal survival and high maintenance costs (7,8). It is well 
known that GS results in intestinal failure; however, therapies 
to prevent GRID are completely lacking because of the lim-
ited knowledge of the intestinal response to GS injury. Two 
dominant risk factors for the development of GRID have been 
identified in humans and animal models: (i) the GS abdomi-
nal wall defect and (ii) intestinal exposure to amniotic fluid 
(AF). These risk factors contribute to smooth-muscle thicken-
ing and shortened intestinal length in the intestine. What is 
not known is if re-creating the local environment can produce 
similar changes in the intestine outside the antenatal period. 
The purpose of this study was to model the abdominal wall 
defect and exposure to AF to further delineate the pathophysi-
ology of GRID. We hypothesized that mechanical constriction 
of the intestinal mesentery will produce a similar pattern of 
GS-related intestinal injury in postnatal animals, and that AF 
further contributes to this process.

Results
Figure  1 demonstrates that placement of the silastic disk 
caused a significant elevation in the MVP at 24 and 72 h (non-
occlusive mesenteric hypertension (NMH)-24: 7.3 ± 0.2 mm 
Hg and NMH-72: 9.0 ± 0.8 mm Hg) as compared with Sham 
animals (Sham: 4.0 ± 0.4 mm Hg).

As shown in Figure 2, the intestine was more permeable to 
fluorescein isothiocyanate–conjugated dextran in the NMH 
animals at 24 and 72 h (NMH-24: 0.3 ± 0.1 and NMH-72: 0.5 ± 
0.2) as compared with Sham animals (Sham-24: 0.09 ± 0.0 and 
Sham-72: 0.14 ± 0.0).

As shown in Figure  3 using our impedance analyzer sys-
tem, the impedance curves are shifted to the left in the NMH 
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animals at 24 and 72 h as compared with the Sham animals, 
indicating a significant decrease in tissue impedance due to 
reductions in both resistance and reactance.

As shown in Figure  4, contractility was significantly 
decreased in NMH animals at 24 h (NMH-24: 3.1 ± 0.7) as 
compared with Sham animals (Sham-24: 8.2 ± 2.0). After car-
bachol stimulation, contractility improved in the NMH ani-
mals (NMH-24: 8.4 ± 2.1), but there was no difference in Sham 
animals (Sham-24: 12 ± 2.6).

The data depicted in Figure  5 demonstrate that intesti-
nal transit, reported as mean geometric center (MGC), was 
significantly impaired in the NMH animals at 24 and 72 h 
(NMH-24: 5.0 ± 0.5 MGC and NMH-72: 6.1 ± 0.3 MGC) as 
compared with Sham animals (Sham-24: 6.0 ± 0.4 MGC and 
Sham-72: 8.0 ± 0.1 MGC). The addition of AF also signifi-
cantly impaired intestinal transit in the NMH + AF animals 
at 24 and 72 h (NMH + AF-24: 4.0 ± 0.4 MGC and NMH + 
AF-72: 5.6 ± 0.4 MGC) as compared with Sham animals at 
both time points.

Representative hematoxylin and eosin-stained sections of 
ileum from Sham, Sham + AF, NMH, and NMH + AF ani-
mals are depicted in Figure 6a,b. The smooth-muscle layer 
in NMH animals was significantly thicker (NMH-24: 90 ± 
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Figure 1.  Mesenteric venous pressure. Mesenteric venous pressure (mm 
Hg) results are presented as means ± SEM. *P < 0.05 using Student’s t-test. 
n = 5–6. Sham, open bars; NMH, filled bars. NMH, nonocclusive mesenteric 
hypertension.
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Figure 2.  Intestinal permeability. Intestinal permeability to FITC (FITC-4) is 
presented as mean ± SEM. *P < 0.05 using Student’s t-test. n = 5–6. Sham, 
open bars; NMH, filled bars. FITC, fluorescein isothiocyanate–conjugated 
dextran; NMH, nonocclusive mesenteric hypertension.
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Figure 3.  Intestinal impedance. (a) 24 h and (b) 72 h. Impedance results 
are presented as means ± SEM. n = 5–6. Impedance is plotted on the x-axis 
and y-axis according to resistance and reactance, respectively. Vrms = root 
mean square of the voltage signal. A decrease in tissue reactance is due 
to an increase in tissue capacitance across the tissue. Sham, open squares; 
NMH, filled squares. NMH, nonocclusive mesenteric hypertension.
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Figure 4.  Intestinal contractility. Basal intestinal contractile strength 
(g/ cm2/s) is significantly reduced in NMH prior to carbachol stimulation. 
Contractile strength is presented as mean ± SEM. *P < 0.05 using Student’s 
t-test. n = 5–6. Sham, open bars; NMH, filled bars. NMH, nonocclusive 
mesenteric hypertension.
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8 µm and NMH-72: 102 ± 12 µm) at 24 and 72 h as compared 
with Sham animals (Sham-24: 56 ± 3 µm and Sham-72: 
68 ± 6 µm, Figure 6c). Exposure to AF resulted in a thicker 
smooth-muscle layer in Sham + AF and NMH + AF, but 
there was no difference between the two groups.

Figure 7 shows that there was no difference in wet:dry ratios 
among the groups at 24 h. By 72 h, NMH animals exposed to 

AF (4.6 ± 0.2) had a significant increase in tissue water as com-
pared with Sham animals exposed to AF.

The data depicted in Figure 8 demonstrate that there was a 
significant decrease in intestinal length in the NMH animals 
at 24 and 72 h (NMH-24: 62 ± 2 cm and NMH-72: 61 ± 3 cm) 
as compared with Sham animals (Sham-24: 80 ± 2 cm and 
Sham-72: 76 ± 2 cm). Exposure to AF was associated with a 
significant decrease in intestinal length in the NMH animals 
at 24 h (NMH + AF-24: 67 ± 2 cm) as compared with Sham 
animals (Sham-24: 61 ± 1 cm). However, by 72 h, exposure to 
AF decreased intestinal length in the Sham and NMH animals 
exposed to AF.

There were no differences among the groups in the plasma 
cytokine levels at 24 and 72 h (data not shown). The data 
depicted in Figure 9a,b demonstrate that there were increased 
tissue levels of the proinflammatory cytokines tumor necro-
sis factor-α, interferon-γ, and interleukin (IL)-6 in the NMH 
animals with and without exposure to AF at 24 and 72 h as 
compared with Sham animals. Figure 9c also shows increased 
levels of the proinflammatory mediator, osteopontin in the 
NMH animals with and without exposure to AF as compared 
with Sham animals.

Discussion
Our group is focused on understanding the pathophysiology 
of GRID and the implications of mechanical constriction from 
the abdominal wall defect and exposure to AF for intestinal dys-
function. Although studies investigating GS intestinal injury 
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Figure 5.  Intestinal transit. The mean geometric center (MGC) of tracer is 
presented as mean ± SEM. *P < 0.05 vs. Sham at 24 h; **P < 0.05 vs. Sham 
and Sham + AF at 24 h; †P < 0.05 vs. Sham at 72 h using two-way ANOVA. 
n = 5–6. Sham, open bars; NMH, black bars; Sham + AF, light gray bars; 
NMH + AF, dark gray bars. AF, amniotic fluid; NMH, nonocclusive mesen-
teric hypertension.
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Figure 6.  Smooth-muscle histology. (a) Formalin-fixed, paraffin-embedded sections of ileum stained with hematoxylin and eosin. Original magnification 
×60. (b) Smooth-muscle thickness was measured in microns and expressed as mean ± SEM. *P < 0.05 vs. all groups at 24 and 72 h using two-way ANOVA. 
n = 3–4 for each group. Sham, open bars; NMH, black bars; Sham + AF, light gray bars; NMH + AF, dark gray bars. AF, amniotic fluid; CSM, circular smooth 
muscle; LSM, longitudinal smooth muscle; NMH, nonocclusive mesenteric hypertension.
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have been conducted in fetal animal models, we have success-
fully reconstructed the local environment of the abdominal 
wall defect and exposure to AF in a postnatal animal, dem-
onstrating a similar intestinal injury pattern to that seen in 
human and fetal subjects (5–6,9–12). In the results presented, 
we demonstrated that mechanical constriction of the intestinal 
mesentery was associated with decreased intestinal motility, 
contractility, bioimpedance, and length, and increased MVP, 
intestinal permeability, smooth-muscle thickness, and a local 
inflammatory response. Exposure to AF was also found to 
decrease intestinal motility and length and increase smooth-
muscle thickness and local inflammation.

Previous studies have placed emphasis on the developmental 
components of the abdominal wall defect, as well as exposure of 
the intestine to toxic substances on GS-related intestinal injury, 
but there has been little information regarding the impact of 
mesenteric venous hypertension on gut dysfunction (4–7). Our 
results provide new evidence that NMH delays intestinal transit, 
decreases contractility, and increases mucosal permeability. Our 
group has demonstrated that acute (<6 h) mesenteric venous 
hypertension along with fluid resuscitation delays intestinal 
transit and increases mucosal permeability (13). Our previous 
study also showed that fluid resuscitation alone generated gut 
edema, but fluid alone was not enough to produce alterations in 
gut function. Our results did not produce comparable levels of 
edema seen in that study; however, in the setting of NMH, we 
were able to produce the same level of gut dysfunction. In a pre-
vious study we have also demonstrated that intestinal contractil-
ity can be used as a surrogate marker of transit (14). Our results 
showed that NMH was associated with a significant decrease in 
contractility, which was reflective of our transit experiments. 
Only the addition of carbachol resulted in a slight improvement 
of contractile dysfunction associated with NMH. This sug-
gests that there is a primary smooth-muscle dysfunction that is 
responsible for impaired transit and contractile function in the 
gut and is a subject of potential future investigation.

Smooth-muscle compliance and plasticity are important prop-
erties of the intestine and play an important role in the initiation 
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Figure 7.  Intestinal edema. Tissue water weight was calculated as a wet 
weight:dry weight ratio and expressed as mean ± SEM. *P < 0.05 vs. all 
groups at 72 h using two-way ANOVA. n = 5–6 for each group. Sham, open 
bars; NMH, black bars; Sham + AF, light gray bars; NMH + AF, dark gray 
bars. AF, amniotic fluid; NMH, nonocclusive mesenteric hypertension.
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Figure 8.  Intestinal length. Intestinal length was measured in centimeters 
and expressed as mean ± SEM. *P < 0.05 vs. Sham and Sham + AF at 24 h; 
**P < 0.05 vs. Sham at 24 h; †P < 0.05 vs. all groups at 72 h using two-way 
ANOVA. n = 5–6 for each group. Sham, open bars; NMH, black bars; Sham 
+ AF, light gray bars; NMH + AF, dark gray bars. AF, amniotic fluid; NMH, 
nonocclusive mesenteric hypertension.
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Figure 9.  Inflammation. (a) 24 h, (b) 72 h, and (c) OPN. Tissue cytokine levels were measured and normalized to total plasma protein concentrations 
and expressed as means ± SEM. *P < 0.05 vs. all groups at 24 and 72 h using two-way ANOVA. n = 4–5 for each group. Sham, open bars; NMH, black bars; 
Sham + AF, light gray bars; NMH + AF, dark gray bars. AF, amniotic fluid; IFN, interferon; IL, interleukin; NMH, nonocclusive mesenteric hypertension; 
OPN, osteopontin; TNF, tumor necrosis factor.
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and maintenance of intestinal motility (12). Electrical imped-
ance is a useful tool for measuring the complexities of tissue 
resistance and capacitance. Previous studies have demonstrated 
that tissue capacitance increase as tissue water concentrations 
increase (13). Impedance analysis has been utilized extensively 
in cardiac muscle research to predict the extent of tissue injury 
associated with ischemia/reperfusion. These studies demon-
strated that the major determinates of myocardial impedance 
included changes in extracellular and intracellular resistance, gap 
junction conductance, and cell membrane capacitance (15–18). 
In our study, NMH increased the tissue capacitance and water 
content of the small intestine and increased smooth-muscle 
thickness. Impedance analysis may provide further insight into 
GRID; further studies need to be conducted to determine the 
effects of NMH on smooth-muscle function.

It has been well documented that intestinal inflammation in 
various injury models has deleterious effects on intestinal func-
tion (19). NMH was associated with an increase in proinflam-
matory mediators such as tumor necrosis factor-α, interferon-γ, 
and IL-6; this may perpetuate the effects of delayed intestinal 
transit in addition to elevated MVP. Osteopontin, another 
proinflammatory cytokine that has recently emerged as a key 
factor in this airway and vascular smooth-muscle dysfunction 
was elevated with NMH (20,21). It has yet to be determined 
whether osteopontin is a key player in the intestinal dysfunc-
tion in our model. In a model of surgical manipulation, local 
infiltration of macrophages and neutrophils was linked to the 
intestinal ileus (22,23). Interferon-γ, IL-6, and osteopontin, 
all products of macrophages, were increased in the intestine 
at 24 and 72 h, and this same infiltration of macrophages may 
potentially play a role in prolonged intestinal dysfunction in 
our model.

Significant morbidity continues to exist as a result of intesti-
nal failure in patients with GS. Although estimates of normal 
intestinal length exist for preterm and term infants (24), these 
normative data have not been adequately documented in infants 
with GS. Our data confirm previous reports from other animal 
models (7,25) that intestinal length is markedly decreased.

AF has been shown to have increased levels of inflammatory 
cells and cytokines, and prolonged exposure to AF has long 
been thought to initiate serosal fibrosis (“peel”) and intestinal 
injury (26–27). More recent human data suggest that intesti-
nal exposure to AF does not result in serosal fibrosis; however, 
the intestinal dysfunction persists (28). Although “peel” for-
mation in our study was not apparent, intestines exposed to 
AF demonstrated a similar injury pattern to that of the NMH 
animals. These changes have been well documented in other 
fetal models of GS (5,6) and represent a pattern that occurs 
in intestinal smooth muscle as a result of environmental and 
mechanical stimuli. This “smooth-muscle” response to vari-
ous environmental and mechanical stimuli has been well 
characterized in the vascular smooth-muscle system. Vascular 
smooth muscle typically responds by increasing its synthetic 
phenotypic behavior (29,30). Airway smooth-muscle cells also 
respond in a similar fashion to various stimuli with a synthetic 
phenotypic response (31–33). Although in this report we do 

not measure the intestinal smooth-muscle synthetic response, 
our data suggest that NMH triggers a smooth-muscle response 
that is further exacerbated by exposure to AF.

One limitation of this study is that this represents only a 
surrogate model to study human GS. Although our postnatal 
model leaves out the developmental aspects of the intestine, 
we believe that the pathophysiology resulting in the intestinal 
injury from GS results from chronic elevation of MVP, trig-
gering an inflammatory response in the intestinal smooth 
muscle. This injury is further exacerbated by intestinal expo-
sure to AF.

In conclusion, we have shown that NMH produced an intes-
tinal injury pattern similar to the current animal models of 
GS. AF further exacerbates this injury. Our model provides 
an opportunity to explore some of the basic mechanisms driv-
ing intestinal dysfunction and will allow us to conduct further 
studies into the pathophysiology of GRID.

Methods
The University of Texas Animal Welfare Committee approved all pro-
cedures according to the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals.

Male neonatal Sprague-Dawley rats weighing between 40 and 60 g 
(Harlan Labs, Indianapolis, IN) were fasted 10–12 h prior to NMH 
protocol surgery and given free access to water. NMH Protocol: Under 
general anesthesia with isoflurane using aseptic technique, a midline 
laparotomy incision was made and the small intestine was exteriorized 
for placement of a 3/4-inch silastic disk (Allied Biomedical, Ventura, 
CA) with a 1/4-inch internal diameter nonobstructing defect applied 
to the base of the mesentery to include the entire length of the bowel 
from the duodenum to cecum (NMH) or no disk placement (Sham) 
and then the small intestine was returned to the peritoneal cavity 
and the midline incision was closed. The rats were then returned to 
the animal facility after recovery and kept under 12-h light and dark 
cycles and given ad libitum standard rat chow and free access to water 
until they were killed.

A separate group of rats had a mouse port-a-catheter (Braintree 
Scientific, Braintree, MA) introduced into the peritoneal cavity. The 
silastic catheter portion of the port-a-catheter was tunneled through 
the subcutaneous tissue and passed through the musculature of the 
right abdominal wall, and the port-a-catheter hub was secured to the 
back of the neck with a 5-0 Vicryl suture using a separate interscapu-
lar incision. The port was accessed daily for injection of 4 ml of AF 
obtained from pregnant female rats (Bioreclamation, Westbury, NY).

Experimental Design
In the first experiment (Figure 10a), rats were randomized to the fol-
lowing groups: Sham and NMH and further subdivided into 24- and 
72-h time points to determine the effects of NMH on intestinal tran-
sit, contractility and permeability, smooth-muscle histology, intestinal 
length, tissue water weight, and local inflammation. N = 5–6/group.

In the second experiment (Figure 10b), rats were randomized to 
the following groups: Sham + AF and NMH + AF and further subdi-
vided into 24- and 72-h time points to determine the effects of AF on 
intestinal transit, smooth-muscle histology, intestinal length, tissue 
water weight, and local inflammation. N = 5–6/group.

A separate set of rats underwent cannulation of a branch of the supe-
rior mesenteric vein for determination of baseline MVPs. To evaluate 
the effects of immediate placement of the NMH defect, a branch of 
the superior mesenteric vein was cannulated immediately after place-
ment to evaluate the degree of acute NMH. All measurements were 
taken using a pressure transducer connected to a monitor/terminal 
(78534B; Hewlett Packard, Palo Alto, CA).

In vivo intestinal permeability was measured by methods 
adapted from Wang et al. (34). By oral gavage, rats were administered 
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20 ml/kg of a 22 mg/ml solution of fluorescein isothiocyanate–conju-
gated dextran (molecular weight 4.4 kDa; Sigma, St. Louis, MO). Six 
hours after administration, plasma was collected by cardiac puncture 
and assessed fluorometrically for concentration of fluorescein isothi-
ocyanate–conjugated dextran.

Electrical impedance was measured across a spectrum of frequen-
cies using a customized impedance analyzer system, as described by 
Radhakrishnan et al. (35). At 24 and 72 h, the animals were placed 
under general anesthesia again and the laparotomy incisions were 
reopened. Four small electrodes of gold wire were placed on the sero-
sal side of the distal ileum, 5–7 cm from the ileocecal valve. Using the 
bowel in our circuit, the impedance analyzer system was then used to 
measure impedance at frequencies from 100 Hz to 100 kHz.

Intestinal contractility was measured by methods previously per-
formed by our laboratory (14). In brief, full-thickness intestinal strips 
were mounted in organ baths filled with Krebs-Ringer solution. 
Isometric force was 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 prior to any measurements. After equilibration, 
30 min of basal contractile activity data were recorded. The intestinal 
strips were then treated with 10−6 mol/l carbachol and contractile 
activity data were recorded for 5 min.

Intestinal transit was measured according to previously pub-
lished methods and determined by distribution of a nonabsorbable 
70 kDa fluorescein isothiocyanate–labeled dextran (FD70 (36)). 
Briefly, 200 µl of 2.5 mg/ml solution (dissolved in distilled water) 
was administered by oral gavage. After 60 min, the supernatant of 
the resultant samples was collected and assessed fluorometrically 
for concentration of 70 kDa fluorescein isothiocyanate–labeled 
dextran. Transit was evaluated by calculating the geometric cen-
ter of distribution of 70 kDa fluorescein isothiocyanate–labeled 
dextran (∑ (fluorescent signal per segment (percent) × segment 
number)/100).

Three centimeters of distal ileum was removed at 24 and 72 h and 
stored in 10% formalin until processing. The tissues were embed-
ded in paraffin blocks, sectioned, placed on glass microscope slides 

and stained with hematoxylin and eosin. Smooth-muscle histology: 
Smooth-muscle morphometrics were examined by light microscopy 
at ×60 by a pathologist blinded as to group. The circular and longitu-
dinal muscle thickness were expressed in microns and presented as 
total muscle thickness (n = 3–4/group). All measurements were taken 
on static images utilizing NIS-Elements software (AR 3.0; Nikon 
Instruments, Melville, NY).

The small intestine from the duodenum to the ileum at the ileoce-
cal valve was harvested at 24 and 72 h to determine the tissue water 
content. Wet weight was determined prior to placing tissue in an 
oven set to 60 °C for 3 d, and dry weights were measured and used 
to determine tissue water content using the following formula: ((wet 
weight − dry weight)/dry weight), as previously described by our 
group (13).

The small intestine from the duodenum to the ileum at the ileo-
cecal valve was harvested at 24 and 72 h to determine the intestinal 
length. The intestinal length was measured by placing the entire 
length of the intestine in a straight line against a standardized 
tape marked in centimeters for all intestine harvested from each 
animal.

Cytokines were detected in the plasma and whole-tissue cell 
lysates were detected using the Bio-Plex cytokine assay system (Bio-
Rad Laboratories, Hercules, CA) and Osteopontin (OPN) Enzyme 
Immunoassay kit (Stressgen, Ann Arbor, MI). Concentrations of 
IL-1α, IL-2, IL-4, IL-6, IL-10, interferon-γ, and tumor necrosis 
factor-α were measured using a multiplex bead array (Rat 9-Plex; 
Bio-Rad Laboratories, Hercules, CA). The assay was performed per 
the manufacturer’s instructions, and the details have been previously 
published by our group and others (37,38). All samples were run in 
duplicate.

Statistical Analysis
All data are expressed as means ± SEM using a commercial statistical 
software program (NCSS, Kaysville, UT). Statistical significance was 
determined using either a two-way ANOVA followed by a Tukey–
Kramer multiple comparison test or Student’s t-test to compare 
effects of NMH with and without the effects of AF. A P value <0.05 
was considered significant.
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Figure 10.  Schematic of nonocclusive mesenteric hypertension model. (a) Experiment 1 determined the effects of nonocclusive mesenteric hyperten-
sion on intestinal injury and inflammation. (b) Experiment 2 determined the effects of AF on intestinal injury and inflammation. AF, amniotic fluid; NMH, 
nonocclusive mesenteric hypertension; PAC, port-a-catheter.
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