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Abstract
Extrinsic denervation contributes to enteric motor dysfunction after small bowel transplantation
(SBT). Our aim was to determine changes in nonadrenergic, noncholinergic innervation with
vasoactive intestinal polypeptide (VIP) and substance P (Sub P) in rat jejunal circular muscle after
SBT. Muscle strips were studied in tissue chambers from six groups of rats (n ≥ 6 per group): naïve
controls (NC), animals 1 week after anaesthesia/sham celiotomy (SC-1), and 1 and 8 weeks after
jejunal and ileal transection/reanastomosis (TA-1, TA-8) and after syngeneic, orthotopic SBT
(SBT-1, SBT-8). Response to exogenous VIP and Sub P and their endogenous release during
electrical field stimulation (EFS) were studied. Exogenous VIP and Sub P caused a dose-dependent
inhibition and stimulation of mechanical activity in all groups respectively (P < 0.05). The responses
to VIP and Sub P were decreased (compared to NC) in all groups at 1 and 8 weeks postoperatively.
The VIP antagonist ([D-p-Cl-Phe6,Leu17]-VIP) did not prevent the inhibition by exogenous VIP in
any group, while the Sub P antagonist ([D-Pro2,D-Trp7,9]-Sub P) prevented the effect of exogenous
Sub P in NC, TA-8 and SBT-8 (P < 0.05). Responses to exogenous VIP were unaffected by the nitric
oxide synthase inhibitor l-NG-nitro arginine and precontraction of muscle strips with Sub P.
Endogenous release of VIP and Sub P during EFS was preserved after SBT. In circular muscle of
rat jejunum, changes in neuromuscular transmission with VIP and Sub P during the first 8 weeks
after SBT are not mediated by extrinsic denervation.
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INTRODUCTION
Small bowel transplantation (SBT) has become an alternative to chronic total parenteral
nutrition in selected patients with intestinal failure.1–4 Many challenges remain, however, in
the postoperative management of these patients of which enteric motor dysfunction with high
stomal output/diarrhoea is one.1,5–7 The extrinsic denervation obligated by SBT appears to
play a role in the pathophysiology of enteric dysfunction after SBT; indeed, after
autotransplantation of the jejunoileum in which no immunosuppressants are necessary and
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immune phenomena are avoided, dogs develop a clinical picture of enteric motor dysfunction
with a profuse, watery diarrhoea that, like the clinical situation, resolves over time as the gut
adapts.8

Our laboratory has studied changes in adrenergic, cholinergic and nitrergic innervation in
longitudinal and circular muscle of jejunum and ileum after syngeneic SBT in rats.9–14 In
contrast, alterations in nonadrenergic, noncholinergic (NANC) innervation after SBT are less
well-understood, especially with the inhibitory neuropeptide vasoactive intestinal polypeptide
(VIP) and the excitatory neuropeptide and tachikinin substance P (Sub P), which play important
roles in enteric motor innervation.15 Previous studies in jejunal longitudinal muscle
demonstrated decreased sensitivity to exogenous Sub P and a decrease in endogenous release
of VIP during electrical field stimulation (EFS).16,17 In jejunal circular muscle, response to
exogenous Sub P was suppressed 1 year after SBT, while innervation mediated by VIP was
unaffected.18 Changes in innervation of circular muscle mediated by VIP and Sub P early after
SBT have not been studied.

Our aim was to determine changes in response of jejunal circular muscle to exogenous VIP
and Sub P and endogenous release of these neurotransmitters 1 and 8 weeks after SBT. To
control for nonspecific, confounding effects of anaesthesia and celiotomy, as well as for
disruption of myoneural continuity by intestinal transection, multiple control groups were
studied. Our hypothesis was that SBT causes functional changes in response to VIP and Sub
P, as well as in their endogenous release, and that these changes contribute to enteric motor
dysfunction after SBT.

MATERIALS AND METHODS
Preparation of animals

Procedures and animal care were approved and performed according to guidelines of the
Institutional Animal Care and Use Committee (IACUC) of the Mayo Foundation in accordance
with the National Institutes of Health and Public Health Service Policy of the Humane Use and
Care of Laboratory Animals.

Experimental groups
To avoid confounding effects of immune phenomena or pharmacological immunosuppression,
syngeneic, male Lewis rats (Harlan, Indianapolis, IN, USA) were used. Anaesthesia was
induced by inhalation of 2% isoflurane (Abbott Laboratories, North Chicago, IL, USA) and
maintained by intraperitoneal sodium pentobarbital (30–50 mg kg−1; AmproPharmacy,
Arcadia, CA, USA). Although experimental groups were identical to a prior study,17 different
rats were used. To accomplish jejunoileal extrinsic denervation, orthotopic small bowel
isotransplantation was performed in 16 rats as described previously.10 The jejunoileum was
removed with a segment of donor aorta after flushing the intestinal lumen and graft vasculature
with chilled, 154 mmol L−1 NaCl; NaCl to flush the vasculature was heparinized. Donor aorta
was anastomosed to recipient aorta (end-to-side) and donor portal vein to recipient inferior
vena cava (end-to- side). After resecting recipient’s jejunoileum, intestinal continuity was re-
established by end-to-end jejunojejunostomy and ileoileostomy. In 16 other rats, the proximal
jejunum and distal ileum were transected and re-anastomosed by end-to-end anastomosis (TA)
to control for disruption of myoneural continuity. Rats after SBT and TA were studied 1 and
8 weeks postoperatively (SBT-1, SBT-8, TA-1, TA-8; n = 8 per group).

Combined effects of anaesthesia and celiotomy were studied in six rats which underwent
celiotomy and standardized bowel manipulation. The jejunoileum was exteriorized and
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manipulated with two cotton applicators from duodenojejunal junction to ileocecal junction.
These sham-operated animals were studied 1 week postoperatively (SC-1; n = 6).

All rats were allowed access to water and 5% dextrose solution (Baxter, Deerfield, IL, USA)
immediately postoperatively. Acetaminophen (100–300 mg kg−1; Goldline Laboratories Inc.,
Miami, FL, USA) was added to drinking water for 2 days prior to and 2 days after operation;
buprenorphine hydrochloride (0.05–0.1 mg kg−1 s.c.; Reckitt Benckiser Healthcare Ltd, Hull,
East Yorkshire, UK) was administered once postoperatively. Dextrose solution was replaced
by normal rat chow 2 days postoperatively. Rats were studied at 1 week (SC-1, TA-1, SBT-1)
and 8 weeks (TA-8, SBT-8) after operation.

Six rats not undergoing operation served as NC (n = 6).

Recording mechanical activity
A jejunal segment 10 cm distal to either duodenojejunal junction or the jejunojejunostomy
(after SBT and TA) was harvested and kept in chilled, modified Krebs–Ringer’s bicarbonate
solution (concentrations in mmol L−1: NaCl 116.4, KCl 4.7, CaCl2 2.5, MgSO4 1.2,
KH2PO4 1.2, NaHCO3 23.8, calcium disodium edetate 0.26 and glucose 11.1) pre-oxygenated
with 95% O2/5% CO2 (Praxair, Burr Ridge, IL, USA). After opening along its mesenteric
border, eight full-thickness muscle strips (8 × 2 mm) were cut transversely in the direction of
the circular muscle and suspended in 10-mL tissue chambers containing 37.5 °C modified
Krebs–Ringer’s bicarbonate solution bubbled continuously with 95% O2/5% CO2. The muscle
strips were attached to a fixed hook and a noncompliant force transducer (Kulite
Semiconductors Products, Inc., Leonia, NJ, USA) to measure isometric force.

Mechanical activity was monitored in real time on a Grass 7D polygraph (Grass Instrument
Co, Quincy, MA, USA) and saved digitally on a computer using dedicated software (MP-100A-
CE and AcqKnowledge; Biopac Systems, Inc., Goleta, CA, USA) for subsequent detailed
analysis.

Experimental design
After equilibration for 90 min with intervening washouts of bath solution every 15 min, muscle
strips were stretched at 10-min intervals until reaching optimal length (LO) beyond which
further stretching did not increase contractile amplitude or frequency.10 All subsequent
experiments were performed under NANC conditions established by atropine (10−7 mol
L−1), phentolamine (10−5 mol L−1) and propranolol (5 × 10−6 mol L−1) in the bath solution.
Strips without spontaneous mechanical activity were excluded (<2%). At least two muscle
strips per rat were studied under each experimental condition.

Cumulative dose–responses to VIP (3 × 10−9–3 × 10−7 mol L−1) were studied. After washout
of the bath solution, effects of the VIP antagonist ([D-p-Cl-Phe6,Leu17]-VIP; 10−6 mol L−1)
alone on baseline mechanical activity were studied, then cumulative dose–responses to VIP
were repeated in the presence of the VIP antagonist. Thereafter, effects of the VIP antagonist,
nitric oxide (NO) synthase inhibitor l-NG-nitro arginine (l-NNA; 10−4 mol L−1), and
combination of both drugs on responses to single doses of VIP (3 × 10−7 mol L−1) were studied.

Cumulative dose–responses to Sub P (3 × 10−9–3 × 10−7 mol L−1) were also studied. After
determining effects of the Sub P antagonist ([D-Pro2,D-Trp7,9]-Sub P; 10−5 mol L−1) on
baseline mechanical activity, cumulative dose–responses to Sub P were repeated in the
presence of the Sub P antagonist. Afterwards, muscle strips were precontracted with Sub P
(10−7 mol L−1) for 90 s, and a submaximal dose of VIP (10−7 mol L−1) was studied without
and with the VIP antagonist (10−6 mol L−1) and l-NNA (10−4 mol L−1).
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In four other strips per rat, EFS was studied with constant voltage (20 V), pulse width (4 ms),
and duration of stimulation (10 s) at 6 Hz to examine EFS-induced inhibitory effects and at 20
Hz to study EFS-induced excitatory effects. Preliminary experiments in naïve rats had
established appropriate parameters for our experiments.14,18,19 Ten minutes were allowed
for spontaneous mechanical activity to recover before the next EFS; bath solution was
exchanged after each series of stimulations. EFS responses were studied without and with the
VIP antagonist, l-NNA, combination of both drugs and in absence and presence of the Sub P
antagonist.

Muscle strips were blotted on filter paper and weighed at the conclusion of each experiment
allowing normalization of motility data per milligram tissue wet weight.

Data analysis
Baseline mechanical activity was measured as area under the contractile curve for 5 min (g ×
5 min mg−1 tissue) for each strip at LO. Effects of cumulative doses of VIP and Sub P on
mechanical activity were quantitated for a 5-min interval after each increase in concentration
and were compared to a 5-min interval of baseline activity directly before the first dose was
administered. When the response to a dose of VIP, Sub P, or their antagonists was studied,
effects on mechanical activity in a 5-min interval were compared to baseline activity during
the 5 min before drug administration. When muscle strips were precontracted with Sub P, the
VIP effect on stimulated mechanical activity was measured for 5 min and compared to the last
60 s of the 90-s precontraction interval directly before administering VIP. Drug responses are
presented as % change from baseline activity (defined as 0%), which represents mechanical
activity 5 min or 60 s before drug administration. Positive values represent increases and
negative values decreases in mechanical activity.

Analysis during EFS was more complicated. We showed previously that alterations in
neurotransmission with VIP persist during the first postoperative week in longitudinal muscle.
17 Because we were interested in alterations in EFS response due to extrinsic denervation and
wanted to eliminate confounding effects of anaesthesia/celiotomy, EFS responses compared
to NC are shown separately for groups at 1 week postoperatively (SC-1, TA-1, SBT-1) and for
groups at 8 weeks postoperatively (TA-8 and SBT-8). We studied exclusively the 10 s of
stimulation and not the ‘off contraction’ after stopping EFS. In previous studies, the EFS
response at low frequencies and effects of antagonists on EFS responses differed between the
first 4 s and last 6 s of EFS.16–18 Therefore, we quantitated effects of EFS at 6 Hz separately
for the entire 10 s, first 4 s and last 6 s of EFS. Mechanical activity was expressed as per cent
change from baseline activity during an equally long interval measured during 40 s immediately
before EFS.

Statistical comparisons
Data are summarized as mean ± SEM. Analysis of variance (anova) was used to determine
overall effects of different drugs or EFS. Repeated measurements within the same rat were
treated as repeated factors (e.g. dose–responses to VIP or Sub P or responses during EFS under
different conditions) and were analysed by repeated measures anova. The six groups of rats
were independent factors. When the overall effect was significant when analysed by anova,
post hoc pairwise comparisons were performed using paired Student’s t-tests (repeated factors)
or two-sample t-tests (independent group factors). Additional t-tests were used for single
comparisons (e.g. vs baseline mechanical activity). Bonferroni correction was applied when
evaluating statistical significance of multiple t-tests and anova on Ranks when data were not
distributed normally.
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Drugs
Atropine sulphate, phentolamine hydrochloride, dl-propranolol hydrochloride, l-NNA, Sub P,
[D-Pro2,D-Trp7,9]-Sub P, VIP, and [D-p-Cl-Phe6,Leu17]-VIP were purchased from Sigma-
Aldrich (St Louis, MO, USA).

RESULTS
Weight

All animals remained healthy throughout the study. Groups studied 1 week postoperatively
(SC-1, TA-1, SBT-1) neither gained nor lost weight; groups 8 weeks postoperatively (TA-8,
SBT-8) gained weight normally (x̄ = 100–150 g).

Spontaneous mechanical activity
When compared across all six groups, there were only minimal differences in spontaneous
mechanical activity. Several differences were, however, noted. Spontaneous activity in the
group 1 week after SBT (SBT-1; 10.7 ± 1.1 g × 5 min mg−1 tissue), although not different from
sham control group at 1 week postoperatively (SC-1; 8.4 ± 1.8 g × 5 min mg−1 tissue, P =
0.27), was greater than in the other four groups (NC: 4.6 ± 0.5; TA-1: 5.8 ± 1.2; TA-8: 5.3 ±
0.8; and SBT-8: 6.5 ± 0.7 g × 5 min mg−1 tissue; each P < 0.05; anova).

Response to exogenous VIP
Spontaneous mechanical activity was inhibited by VIP (3 × 10−9–3 × 10−7 mol L−1) in dose-
dependent fashion in all groups (Fig. 1). Inhibition of activity was more pronounced in NC
compared to other groups (P < 0.05). The VIP antagonist (10−6 mol L−1) had no effect on
spontaneous activity in any group (0 ± 1% in SC-1 to 10 ± 3% in TA-8; P = ns). In addition,
the VIP antagonist had no apparent effect on VIP-induced inhibition in any group (data not
shown).

When administered as a single dose (3 × 10−7 mol L−1), the inhibitory effect of VIP was
unaffected by either the VIP antagonist (10−6 mol L−1), l-NNA (10−4 mol L−1), or their
combination (Fig. 2A). Precontraction with a submaximal dose of Sub P (10−7 mol L−1) did
not alter the relative inhibitory potential of a submaximal dose of VIP (10−7 mol L−1; Fig. 2B).
The VIP antagonist (10−6 mol L−1) alone and combined with l-NNA (10−4 mol L−1) had no
effect on response to VIP (10−7 mol L−1) after precontraction with Sub P.

Response to exogenous Sub P
Sub P (3 × 10−9–3 × 10−7 mol L−1) increased mechanical activity dose-dependently in all
groups (Fig. 3A); responses to Sub P were greater in NC compared to other groups (P < 0.05).
Changes in mechanical activity after administering the Sub P antagonist (10−5 mol L−1) ranged
from 2 ± 4% in TA-1 to 52 ± 23% in TA-8 but were not significant after Bonferroni correction
(P > 0.01, paired t-test). The Sub P antagonist (10−5 mol L−1) abolished effects of Sub P in NC
(140 ± 19% vs 0 ± 13%; P < 0.05) and decreased pro-contractile responses to Sub P in other
groups as well but to a lesser extent (Fig. 3B).

Response to EFS
Electrical field stimulation at low frequency (6 Hz) changed the contractile pattern from regular
contractions to a pattern of initial inhibition (~4 s) followed by a more tonic contractile
response. Response to EFS differed between groups 1 week postoperatively (SC-1, TA-1,
SBT-1) and 8 weeks postoperatively (TA-8, SBT-8); therefore, they are presented separately
(Figs 4–6). Results of EFS at 6 Hz are shown in Fig. 4 for the 1-week groups compared to NC.
In the NC group, although the pattern of contractions was altered, there was no overall effect

KASPAREK et al. Page 5

Neurogastroenterol Motil. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of EFS in NC for the entire 10 s when quantitated as area under the curve (Fig. 4A), while net
inhibition was evident during the first 4 s of EFS (Fig. 4B). In contrast, net inhibition was not
present in SC-1, TA-1 and SBT-1 (Fig. 4B). The VIP antagonist, l-NNA, or their combination
had no effect on net inhibition in NC during the first 4 s of EFS. In contrast, when the 10 s of
EFS as well as the last 6 s of EFS was evaluated in NC (Fig. 4A,C), although the VIP antagonist
had no effect, l-NNA alone and combined with the VIP antagonist caused a net increase in
activity. A comparable but less pronounced effect occurred in SC-1. In contrast, in TA-1 and
SBT-1, the response to EFS at 6 Hz for the 10 s and last 6 s in absence of any antagonist was
a net increase in activity (Fig. 4A,C); the VIP antagonist without or with l-NNA had no effect.

When 8-week groups were compared to NC, similar effects of EFS in the absence or presence
of inhibitors were evident. A net inhibition occurred during the first 4 s in all groups that was
unaffected by the VIP antagonist, l-NNA, or their combination except in TA-8 where the VIP
antagonist combined with l-NNA increased the EFS response (Fig. 5B). Over the entire 10 s
and last 6 s of EFS (Fig. 5A,C), the VIP antagonist had no effect on contractile response; in
contrast, l-NNA alone and especially in combination with the VIP antagonist caused a net
increase in mechanical activity to EFS at 6 Hz in NC and both 8-week groups.

Electrical field stimulation at 20 Hz induced a net increase in mechanical activity in all groups,
but the EFS response in presence of the Sub P antagonist differed in 1- (Fig. 6A) and 8-week
groups (Fig. 6B). In NC, the Sub P antagonist prevented the increase in mechanical activity.
For all 1-week groups (SC-1, TA-1, SBT-1), the Sub P antagonist had no inhibitory effect,
while in 8-week groups, the net increase in mechanical activity was inhibited partially, although
not as great as in NC.

DISCUSSION
Our aim was to determine the effects of extrinsic denervation obligated by SBT on functional
NANC innervation with the neuropeptides VIP and Sub P in circular smooth muscle of rat
jejunum to compliment our work in longitudinal muscle.17,18 We hypothesized that changes
in function and/or release of these two transmitters that occur after extrinsic denervation might
contribute to enteric motor dysfunction observed after SBT.1,5–8 Studying effects of
exogenous VIP and Sub P, as well as their endogenous release in response to EFS, enabled us
to explore indirectly receptor expression and downstream signalling, as well as endogenous
release of VIP and Sub P. In neurally intact (naïve) controls, VIP and Sub P caused inhibition
and excitation of mechanical activity respectively. These responses were diminished
profoundly 1 and 8 weeks after TA and SBT. Inhibition of NO production did not affect the
response to exogenous VIP, and precontraction of muscle strips with Sub P did not increase
the inhibitory potential of VIP as occurs in rat jejunal longitudinal muscle.17,18 Endogenous
release of VIP and Sub P during EFS was preserved 8 weeks after SBT. Overall, changes in
response to exogenous VIP and Sub P or their endogenous release during EFS could not be
attributed to extrinsic denervation but are likely secondary to intestinal transection
accompanying SBT.

The increase in spontaneous mechanical activity under NANC conditions 1 week after SBT
suggests alterations in neuronal NANC output from the enteric nervous system (ENS) or
changes at the level of the smooth muscle cell. These alterations appear to be temporary,
because spontaneous activity returned to control levels 8 weeks after SBT, suggesting that
adaptive mechanisms occur in the interplay between ENS and smooth muscle after extrinsic
denervation or that these changes resolve over time. Increased spontaneous mechanical activity
noted 1 week after SBT might explain a functional counterpart of enteric dysfunction mediated
by NANC mechanisms.
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These observations with VIP-mediated effects compliment our previous work.16–18 Although
VIP is a well-known, important, inhibitory NANC neurotransmitter in the ENS, its functions
remain incompletely understood.20 Effects of VIP are complex and vary between species,
anatomic regions, and even within muscle layers in the same anatomic region. VIP also interacts
with release of NO. Our results in rat jejunal circular muscle contrast with previous
observations in rat longitudinal muscle.16,17 Although VIP has little effect on spontaneous
contractions in rat longitudinal muscle,17,21,22 our study and others show that VIP exerts
profound inhibitory effects on jejunal circular muscle.18,23,24 At 1 week postoperatively,
responses to VIP were blunted in all groups, suggesting nonspecific effects of anaesthesia/
celiotomy, possibly related to impaired contractile responses demonstrated by Kalff et al.25
for up to 1 week postoperatively. Persistent decreased sensitivity to VIP 8 weeks
postoperatively in TA and SBT groups confirms an effect related to intestinal transection and
not extrinsic denervation that accompanied only the SBT group, findings supported by Tomita
et al.24 at 18 weeks post-SBT. Interestingly, our previous work in rat jejunal longitudinal
muscle showed a nonspecific, increased inhibitory response to VIP at 1 week postoperatively
that reverted to normal at 8 weeks postoperatively17 and changed into a decreased inhibitory
response to VIP at 1 year after SBT;16 we interpreted this temporal effect to a combination of
adaptation to chronic denervation and potentially a result of reinnervation. Our current
experiments at 1 and 8 weeks should not reflect reinnervation based on our study and others
using immunohistochemical markers of reinnervation.17,26–28 These differences in
contractile response between different muscle layers within jejunum highlight the complex
neuromuscular interplay regulating mechanical activity and different responses to VIP in
circular and longitudinal muscle.

Vasoactive intestinal polypeptide induces inhibitory effects through induction of cAMP
production binding to VPAC1 and VPAC2 receptors on the smooth muscle cell and in some
tissues via neural release of NO.20,29,30 We used the VIP antagonist [D-p-Cl-Phe6-Leu17]-
VIP, because it blocks VPAC1 and 2 receptors competitively, 29,30 albeit with variable
efficiency. Surprisingly, we found no inhibition of the effects of exogenous VIP by the VIP
antagonist alone, in combination with NO synthase inhibitor l-NNA, or after precontraction
with Sub P which is consistent with our previous study in rat circular muscle after chronic
denervation;18 however, this same inhibitor blocked, in part, effects of VIP on rat longitudinal
muscle and was even more effective after precontraction with Sub P.16,17 This lack of effect
remains unexplained, especially because this VIP antagonist appears to block effects of
endogenously released VIP by EFS in this study (see below) and elsewhere.16,17 This
differential inhibitory effect of the VIP antagonist suggests that VPAC1 and 2 receptors may
not be the sole receptors for VIP. Indeed, Murthy et al.31 suggested that VIP induces production
of NO within smooth muscle by binding to the natriuretic peptide clearance receptor. While
this suggestion remains possible, lack of effect of l-NNA questions this possible pathway in
rat jejunal circular muscle. Overall, differing effects of VIP in circular and longitudinal muscle
of rat jejunum reinforces the complex variation of motor control within different muscle layers
of the bowel.

We used low frequency EFS to explore the role of VIP in neural modulation of mechanical
activity. At 6 Hz, a net inhibitory response was noted in the first 4 s in NC followed by a change
from phasic to more tonic contractions in the last 6 s. This same response did not occur in any
operated group 1 week postoperatively, probably secondary to nonspecific suppression of
neuronal excitability early postoperatively as discussed above.25 In addition, because both the
VIP antagonist and l-NNA had no effect on the EFS response 1 week postoperatively, the
endogenous release of VIP and NO and/or their effect appears to be diminished in the early
postoperative period. By 8 weeks postoperatively, inhibitory effects of 6 Hz during the first 4
s of EFS were restored and did not differ from controls.
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We used EFS at 6 Hz to study the effects of intestinal transection (disruption of intrinsic neural
continuity) and extrinsic denervation on endogenous release of VIP and NO. Neither VIP
antagonist, NO synthase inhibitor, nor both together had consistent effects on inhibition during
the first 4 s of EFS, consistent with our other studies,16–18 suggesting involvement of other
NANC inhibitory transmitters in this early EFS inhibitory response. In contrast, the VIP
antagonist and l-NNA uncovered VIPergic and nitrergic responses during the last 6 s and entire
10 s of EFS. Although the VIP antagonist given alone had no effect, inhibition mediated by
endogenous release of VIP by EFS was uncovered when the dominant inhibitory effect of NO
release was prevented by l-NNA, an observation we noted in rat longitudinal and circular
jejunal muscle.16–18 This observation suggests that, although the response to exogenous VIP
is decreased, endogenous release of VIP with neural stimulation is preserved after SBT.

We also studied the excitatory neurotransmitter Sub P. The response to exogenous Sub P was
depressed in all groups 1 week postoperatively. This depressed effect persisted in TA and SBT
groups at 8 weeks postoperatively, again suggesting an effect related to intestinal transection
and not extrinsic denervation, confirming our observations 1 year after SBT in circular
muscle18 and 8 weeks and 1 year after SBT in longitudinal muscle.16,17 In this study, we
were unable to confirm the increase in sensitivity to Sub P reported by Tomita et al.24

The Sub P antagonist inhibited responses to exogenous Sub P in all groups and especially so
in NC. This observation lead us to study whether endogenous release of Sub P during EFS at
20 Hz is preserved in these models of denervation. Different responses were noted in 1-week
vs 8-week groups. Inability of the Sub P antagonist to inhibit responses to Sub P 1 week
postoperatively in all groups, yet to block effects of EFS at 8 weeks after denervation, again
demonstrates ongoing alterations in endogenous release of Sub P early postoperatively.
Nevertheless, our experiments show endogenous neural release of Sub P is preserved 8 weeks
after SBT, consistent with observations 1 year after SBT.18

Interestingly, although the effect of exogenous VIP and Sub P was decreased in all groups 1
and 8 weeks postoperatively, the effect of endogenously released neurotransmitters was
preserved 8 weeks after transection and SBT. This observation suggests that adaptive
mechanisms are taking place over time to restore normal neuromuscular function, for example
possibly by an increase of the amount of neurotransmitters released from the ENS.

We conclude that VIP and Sub P are important neurotransmitters in rat circular muscle of
jejunum, even after SBT. Abdominal operations altered nonspecifically contractile responses
to these neurotransmitters administered exogenously or released endogenously by neural
stimulation, effects which may be important in postoperative ileus and which persist for at least
1 week postoperatively. Small bowel transplantation does affect sensitivity to exogenous and
endogenously released VIP and Sub P, but the effect appears related to intestinal transection
rather than extrinsic denervation. Our hypothesis that extrinsic denervation accompanying SBT
mediates abnormalities in enteric function of circular muscle of rat jejunum secondary to the
changes in VIP or Sub P pathways seems unlikely.
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Abbreviations
ANOVA  

analysis of variance

EFS  
electrical field stimulation

ENS  
enteric nervous system

IACUC  
Institutional Animal Care and Use Committee

LO  
optimal length

l-NNA  
l-NG-nitro arginine

NANC  
nonadrenergic, noncholinergic

NC  
naïve controls

NO  
nitric oxide

SBT  
small bowel transplantation

SBT-1/-8  
groups 1 and 8 weeks after small bowel transplantation

SC-1  
sham controls 1 week postoperatively

Sub P  
substance P

TA-1/-8  
groups 1 and 8 weeks after jejunal and ileal transection/reanastomosis

VIP  
vasoactive intestinal polypeptide
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Figure 1.
Dose–response to exogenous VIP. P < 0.05 for dose-dependent inhibition of spontaneous
contractile activity in all groups (anova). *P < 0.05 compared to dose–response to VIP in all
other groups (anova).
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Figure 2.
Spontaneous mechanical activity. (A) Response to single dose of VIP (3 × 10−7 mol L−1) under
control conditions with VIP antagonist, l-NNA, and combination of both; *P < 0.05 compared
to response to VIP with l-NNA alone in NC. (B) Effect of submaximal dose of VIP under
control conditions and after precontraction with Sub P (10−7 mol L−1) without and with VIP
antagonist (10−6 mol L−1) alone and combined with l-NNA (10−4 mol L−1).
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Figure 3.
Response to Sub P. (A) Dose–response; P < 0.05 for dose-dependent increase of spontaneous
mechanical activity in all groups, *P < 0.05 compared to dose–response to Sub P in all other
groups. (B) Effect of Sub P antagonist (10−5 mol L−1) on response to exogenous Sub P (3 ×
10−7 mol L−1); §P < 0.05 compared to baseline mechanical activity. §P < 0.05 compared to
response to Sub P (3 × 10−7 mol L−1) without Sub P antagonist.
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Figure 4.
Response to EFS at 6 Hz in NC, SC-1, TA-1 and SBT-1. Effect of VIP antagonist (10−6 mol
L−1) and l-NNA (10−4 mol L−1) on EFS response at 6 Hz for (A) entire 10-s interval, (B) first
4 s and (C) last 6 s of EFS. #P < 0.05 compared to response with VIP antagonist alone. ‡P <
0.05 compared to responses under all other conditions and baseline mechanical activity (paired
t-test).
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Figure 5.
Response to EFS at 6 Hz in NC, TA-8 and SBT-8. Effect of VIP antagonist (10−6 mol L−1)
and l-NNA (10−4 mol L−1) on EFS response at 6 Hz for (A) entire 10-s interval, (B) first 4 s
and (C) last 6 s of EFS. #P < 0.05 compared to response with VIP antagonist alone. ‡P < 0.05
compared to responses under all other conditions and baseline mechanical activity (paired t-
test).
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Figure 6.
Effect of Sub P antagonist (10−5 mol L−1) on excitatory EFS response at 20 Hz for entire 10-
s interval in (A) NC and groups 1 week postoperatively (SC-1, TA-1 and TA-1) and (B) NC
and groups 8 weeks postoperatively (TA-8, SBT-8). *P < 0.05 compared to control response.
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