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Enteric Nervous System Remodeling
in a Rat Model of Spinal Cord Injury:
A Pilot Study
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Abstract
The physiopathology of digestive disorders in patients with spinal cord injury (SCI) remains largely unknown, par-
ticularly the involvement of the enteric nervous system (ENS). We aimed in a rat model of chronic thoracic SCI to
characterize (1) changes in the neurochemical coding of enteric neurons and their putative consequences upon
neuromuscular response, and (2) the inflammatory response of the colon. Ex vivo motility of proximal and distal
colon segments of SCI and control (CT) rats were studied in an organ chamber in response to electrical field stim-
ulation (EFS) and bethanechol. Immunohistochemical analysis of proximal and distal segments was performed
using antibodies again Hu, neuronal nitric oxide synthase, (nNOS), and choline acetyltransferase. Colonic content
of acetylcholine and acetylcholinesterase was measured; messenger RNA (mRNA) expression of inflammatory
cytokines was measured using reverse transcription quantitative polymerase chain reaction (RT-qPCR) approaches.
Compared with the CT rats, the contractile response to bethanechol was significantly decreased in the proximal
colon of SCI rats but not in the distal colon. The proportion of nNOS immunoreactive (IR) neurons was significantly
reduced in the proximal but not distal colon of SCI rats. No change in proportion of choline acetyltransferase
(ChAT)-IR was reported; the tissue concentration of acetylcholine was significantly decreased in the proximal
colon of SCI rats. The expression of tumor necrosis factor alpha (TNF-a) and intercellular adhesion molecule-1
(ICAM-1) was significantly reduced in the proximal and distal colon of SCI rats. This study demonstrates that func-
tional motor and enteric neuroplastic changes affect preferentially the proximal colon compared with the distal
colon. The underlying mechanisms and factors responsible for these changes remain to be discovered.
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Introduction
Spinal Cord Injury (SCI) causes multiple functional
impairments. The severity and the extent of the defi-
ciencies depend on several factors including the level
of injury, the completeness of the injury, and whether
or not it is flaccid or spastic.1–3 Bowel dysfunction,
also known as neurogenic bowel, is one of the most

prevalent comorbidities associated with SCI.4 Symp-
toms of bowel dysfunction such as constipation, dys-
chezia, or fecal incontinence have a significant impact
on the quality of life of the patient.5 In particular, more
than one-third of patients with SCI consider digestive
disorders to be a more significant disability than walking
loss.6 Consistently, the recovery of digestive functions is
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one of the most frequent wishes among patients with
SCI.5,7–11 In contrast to well-established treatments for
urological disorders, efficient treatments for bowel dys-
function are still lacking for patients with SCI. Such
lack of results is due in large part to the still largely un-
known pathophysiological basis responsible for GI dys-
function in patients with SCI.

Several mechanisms have been proposed to explain
digestive disorders in patients with SCI. In physiological
conditions, bowel function is the result of coordinated
actions between the sympathetic, parasympathetic, and
enteric nervous systems (ENS). In particular, the colon
receives sympathetic innervation from the hypogastric
nerve (spinal level T10–L2) and parasympathetic inner-
vation from the pelvic nerve (spinal level S2–4). Damage
of the supraspinal regulation of somatic and autonomic
circuitry of the spinal cord was long thought to explain
bowel dysfunction in patients with SCI.2,3,12 However,
the involvement of the ENS in these dysfunctions has
been largely overlooked. Indeed, the ENS is an inte-
grative neuronal network comprising more than 100
million neurons and 400 million enteric glial cells,
which are distributed along the digestive tract and orga-
nized into two major ganglionated plexi—the myenteric
plexus (or Auerbach’s plexus) and the submucosal
plexus (or Meissner’s plexus).13 Neurons of the myen-
teric plexus control the motor activity of the gut, such
as propulsive movement of colonic contents, even inde-
pendently of the central nervous system.

As human studies aimed at characterizing ENS in
patients with SCI are difficult to design for evident eth-
ical reasons, recent scarce studies have characterized
changes in the ENS in animal models of SCI and
their impact on gut functions. In particular, prelimi-
nary studies have shown alterations of the ENS and
bowel function after SCI, such as alteration of gastric
emptying and decrease in marked nNOS neurons
in the small intestine,14 alteration of acetylcholine-
mediated contractile response after acute injury,15

decrease in the number of enteric neurons, and alter-
ations of colonic motility in vivo after chronic high
T3 injury.16 However, to our knowledge, no study
has currently characterized the ENS remodeling in
the colon and its impact upon neuromuscular trans-
mission in a model of chronic or semi-chronic low tho-
racic lesion (T8–12). However, this model allows direct
lesion of the thoracolumbal sympathetic center and is
relevant for the analysis of long-term modification in
the ENS and its functional impact as these lesions are
the most frequent in patients with SCI.17,18

Therefore, we used a rat model of chronic thoracic
SCI to (1) characterize ENS remodeling in the proximal
as well as distal colon, (2) determine its ex vivo conse-
quences upon neuromuscular contractile response, and
(3) characterize the inflammatory response of the
colon.

Methods
Animals
Female Sprague-Dawley rats ( Janvier Laboratories, Le
Genest Saint Isle, France), 9 weeks of age and weighting
280 g were housed for 6–7 days in their definitive ani-
mal facility, in a controlled environment with free ac-
cess to food and water before experiments. The
experiments were carried out in strict accordance
with the European Communities Council Directives
2010/63/UE on the use of laboratory animal and care
regulation in force in France (Ministry of Agriculture,
Authorization Agreement No. A78-322-3, December
2013 and B78-423-1, July 2017) on a total of nine con-
trol (CT) rats and nine spinalized rats, 21 days after
they had undergone a T8–9 spinal cord transection.

Spinalization
The rats were spinalized as described19 by the Pelvi-
pharm company and the Inserm research unit U1179
(Neuromuscular Disability: Physiopathology, Biother-
apy, and Applied Pharmacology [END-ICAP]; Faculty
of Medicine of the University of Versailles-St-Quentin-
en-Yvelines, Montigny-Le-Bretonneux, France). Rats
were anesthetized with isoflurane (1.2%; Centravet
SA, Plancoët, France) and body temperature was main-
tained at 37�C using a heating pad. A laminectomy was
then performed to expose the spinal cord and a seg-
ment (T9) was transected with fine scissors under
local anesthesia (0.2 mL lidocaine; Centravet SA).
A sterile gelform sponge (Gelita-Spon, Gelita Medical
BV, Amsterdam, The Netherlands) was inserted be-
tween cut ends of the spinal cord to ensure complete-
ness of the section, then the overlying muscles and
skin were sutured. The bladder was manually emptied
by Credé’s maneuver 3 times a day until the rat recov-
ered efficient micturition reflex. Antibiotic prophylaxis
consisted of: (1) cefovecin (20 mg/kg; Centravet SA)
subcutaneous injection after spinal cord section, (2)
oral enrofloxacin (20 mg/kg/day; Centravet SA) during
the first and third week post-section, and (3) oral
sulfamethoxazole/trimethoprim (50/10 mg/kg/day;
Centravet SA) during the second week post-section.
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Twenty-one days after spinal cord transection, ani-
mals were anesthetized with isoflurane and sacrificed
by cervical dislocation. The colon was immediately
placed in cold oxygenated (5% CO2 and 95% O2)
Krebs solution containing (in mM) 117.0 NaCl, 4.7
KCl, 1.2 MgCl2, 1.2 NaH2PO4, 25.0 NaHCO3, 2.5
CaCl2, and 11.0 glucose.

Evaluation of colonic motility
during ENS stimulation
The samples placed in cold oxygenated Krebs solution
were transferred to the laboratory (Inserm research
unit U1235, TENS, University of Nantes, Nantes,
France). Segments of distal and proximal colon were
placed in the longitudinal direction in an organ cham-
ber (Radnoti, California, USA) with 15 mL of Krebs so-
lution at 37�C, continuously bubbled with 95% O2 and
5% CO2. The contractile response of colonic segments
was continuously recorded using isometric force transduc-
ers (No. TRI202PAD, Panlab, Cornellã, Spain) coupled
to a computer equipped with the PowerLab 8/30 System
and Labchart data analysis software (AD Instruments,
Spechbach, Germany). Segments were stretched with a
pre-load of 1 gram, which was maintained during an
equilibration period of 60 min.

Then, the segments were subjected to electrical
field stimulation (EFS) using an STG 4008 MCS
electrical stimulator (Multi Channel Systems, Reut-
lingen, Germany) to stimulate the ENS. EFS param-
eters were as follows: train duration, 10 sec; pulse
frequency, 20 Hz; pulse duration, 400 lsec; and pulse
amplitude, 11 V. This procedure was repeated 3 times
spaced for 10 min.

Then, 15 lL of the following drugs were added in the
baths and after a 30-min incubation period the same
EFS stimulation protocol was repeated: (1) nitric
oxide synthase synthase (NOS) inhibitor, N-nitro-L-
arginine methyl ester (L-NAME, 50 mM, Sigma); and
(2) atropine (106 M, Sigma), an antagonist of choliner-
gic muscarinic receptors. Contractile activity was eval-
uated by measuring the area under the curve (AUC).
Spontaneous contractile activity was evaluated by mea-
suring AUC during 2 min before the first EFS. The EFS-
induced response was evaluated by measuring the AUC
during the EFS period (EFS 10 sec) and the AUC 1 min
after stimulation (EFS 60 sec), in basal, L-NAME, and
L-NAME+atropine conditions. For each segment, the
nitrergic component of the response to EFS (10 sec or
60 sec) was calculated by the formula: (AUC EFS
L-NAME – AUC EFS control)/AUC EFS control and

was named L-NAME sensitive AUC. For each segment,
the cholinergic component of the EFS response (10 sec
or 60 sec) was calculated by the formula: (AUC EFS
L-NAME+atropine – AUC EFS L-NAME)/AUC EFS
L-NAME and was named Atropine-sensitive AUC.

Concentration-response effects of bethanechol were
analyzed by performing a Friedman test followed by
a Dunn test. Concentrations for which bethanechol sig-
nificantly modified the contractility of the tissue com-
pared with the control situation are indicated by #
(CT group) or F (SCI group). The effects of spinaliza-
tion were statistically compared with their respective
CT groups by performing a two-way analysis of vari-
ance (ANOVA) repeated measure; when the difference
was significant between the groups, a Bonferroni test
was performed to identify the concentrations at which
the effects were significantly different (indicated by *).
Data were normalized to tissue weight. A value of
p £ 0.05 was considered significant.

Immunofluorescence staining
Samples of proximal colon (1 cm adjacent to the
cecum) and distal colon (1 cm, directly above the seg-
ment used in motility studies) were fixed in 0.1 M
phosphate-buffered saline (PBS) containing 4% para-
formaldehyde (PFA) for 3 h at room temperature.
The circular muscle and the mucosa were removed
under a dissection microscope to expose the myenteric
plexus. The myenteric plexus was then permeabilized
for 3 h at room temperature with PBS, 0.1% sodium
azide, 4% horse serum, and 0.5% Triton X-100. Tissue
was then incubated with the following primary anti-
bodies for 24 h: goat anti-choline acetyltransferase
(ChAT; 1:200; Millipore, Billerica, MA, USA), rabbit
anti-neuronal NOS (nNOS; 1:1000; Alexis Laborato-
ries, San Diego, CA, USA), and mouse anti-HuC/
HuD (1:200, Invitrogen). The preparation was then
washed with PBS and incubated for 3 h with the appropri-
ate secondary antibodies: anti-goat Cy3 (carboxymethylin-
docyanine; 1:500; Jackson ImmunoResearch, Suffolk, UK),
anti-rabbit Cy5 (7-amino-4-indodicarbocyanin; 1:500,
Jackson ImmunoResearch), and anti-mouse fluores-
cein isothiocyanate (FITC; 1:500; Jackson ImmunoRe-
search). After washes with PBS, specimens were viewed
and pictures were acquired with a fluorescent micro-
scope (AxioZoom.V16; Zeiss, Marly le Roi, France) as-
sociated with Zen 2012 software (Zeiss) and fitted with
adequate filter cubes. Finally, pictures were analyzed
with Image J software.
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Myenteric ganglion and neurochemical
phenotype analysis
Myenteric ganglia were defined under the microscope as
entities containing Hu-IR cells separated by a gap clearly
distinguishable (about the size of one neuron or even
smaller). Structures not clearly identified as ganglia
were not analyzed. The numbers of Hu-, ChAT- and
nNOS-immunoreactive (IR) myenteric neurons were
counted (at least 20 ganglia per condition). To determine
the neurochemical phenotype, data were expressed as
the number of myenteric neurons per ganglion and as
a percentage of ChAT-IR or nNOS-IR neurons normal-
ized to the total number of Hu-IR neurons per ganglion.

Acetylcholine and acetylcholinesterase assay
Samples of distal colon placed in radioimmunoprecipi-
tation assay (RIPA) buffer (Millipore) and frozen at
�80�C were used. Those whole-mount samples were
lysed using a Precellys 24-tissue homogenizer (Bertin
Technologies, France) and sonication followed using
a Vibracell 75186 device (Sonics, Newton, CT, USA).
Total protein was quantified using a Bicinchoninic
Acid Protein Assay Kit (Thermofisher, USA). Acetyl-
choline concentration was then determined in tissue
homogenates, prepared and dilued at 1 lg/lL (pro-
tein), with an Amplex Red Acetylcholine/Acetylcholi-
nesterase Assay Kit (Invitrogen).

Quantitative PCR analysis
The samples of colonic tissues placed in RA1 buffer were
used. Total RNA were extracted from these samples using
a NucleoSpin Triprep Kit (Macherey-Nagel, Hoerdt,
France, Cat.# 740966) according to the manufacturer’s in-
structions. Once lg purified, messenger RNA (mRNA)
was denatured and processed for reverse transcription
using Superscript III reverse transcriptase (Thermo Fisher
Scientific, Saint-Herblain, France, Cat.#18080044). PCR
amplifications were performed using the Absolute Blue
SYBR Green Fluorescein Kit (Roche Molecular Biochem-
icals, Meylan, France, Cat.# AB4166B) and run on a Ste-
pOnePlus system (Life Technologies, Cat.# 4376600). The
following primers were used:

� TNF-a # NM_012675.3, forward: 5¢-GAGGAG
AAGTTCCCAAATGGGCT-3¢ ; reverse: 5¢-TTGG
TGGTTTGCTACAGACGTG-3¢
� interleukin (IL)-1b # NM_031512.2, forward: 5¢-

CAGCTTTCGACAGTGAGGAGA -3¢ ; reverse:
5¢-TTGTCGAGATGCTGCTGTGA-3¢

� IL-7 # NM_013110.2, forward: 5¢-CTGGATGCC
TCCTGGTCAAA-3¢ ; reverse: 5¢-TGCAGATGA
CAG GGTTGCTT-3¢
� IL-10 # NM_012854.2, forward: 5¢-TGCGACGCT

GTCATCGATTT-3¢ ; reverse: 5¢-GTAGATGCC
GGGTGGTTCAA -3¢
� IFNc # NM_138880.2, forward: 5¢-GCAAAAGG

ACGGTAACACGA -3¢ ; reverse: 5¢-TTGTTCAC
CTCGAACTTGGC-3¢
� intercellular adhesion molecule (ICAM)-1 # NM_

012967.1, forward: 5¢-CGGACTTTCGATCTTC
CGACTA-3¢ ; reverse: 5¢-TTTGTGCTCTCCAG
GGTCAG-3¢

Statistical analysis
Statistical analysis was performed using GraphPad
Prism V6 software (GraphPad Software, La Jolla, CA,
USA). Data were expressed in medians (extremes).
Comparisons between CT and SCI rats were performed
using non-parametric Mann-Whitney test or ANOVA.
A value of p £ 0.05 was considered significant.

Results
SCI and CT rats were comparable for age and weight.
No deaths occurred during surgery or follow-up.

Impact of spinal cord injury
on neuromuscular transmission
In this part of the study we aimed to study ex vivo the
induced contractile response during ENS stimulation
and to identify the neuromediators potentially involved.

EFS-induced contractile response were sequentially
analyzed in basal condition and after addition of
L-NAME and atropine to determine the contribution
of nitrergic and cholinergic components, respectively, in
EFS-induced response (Fig. 1A). Under basal condition
and with drugs, the area under the curve (AUC) of the
response induced during EFS was comparable between
SCI and CT rats in proximal (basal: p = 0.30; L-NAME:
p = 0.30; L-NAME+atropine: p = 0.41) and distal colon
(basal: p = 0.41; L-NAME: p = 0.66; L-NAME+atropine:
p = 0.80) (Fig. 1B). The AUC of post-EFS responses
(i.e., 60 sec post-EFS) were also comparable between
the two groups, in proximal and distal colon seg-
ments in basal condition (distal colon: p = 0.80; prox-
imal colon: p = 0.15) and after addition of L-NAME
(distal colon: p = 0.53; proximal colon: p = 0.41). In
distal colon, post-EFS response was similar between the
two groups in L-NAME+atropine condition ( p = 0.41).
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However, in the proximal colon, post-EFS response
was lower in the SCI group in L-NAME+atropine con-
dition (Fig. 1C) ( p = 0.03).

In the proximal colon, the amplitude of L-NAME-
sensitive AUC was comparable between the two
groups ( p = 0.41) (Fig. 2A) and the amplitude of
the atropine-sensitive AUC tended to be decreased
( p = 0.09) in SCI rats compared with CT (Fig. 2B).
In the distal colon of SCI rats, the amplitude of
L-NAME sensitive AUC (Fig. 2C) and atropine-

sensitive AUC (Fig. 2D) were similar compared with
CT ( p = 0.67 and p = 0.53, respectively).

Impact of SCI on neurochemical phenotype
of myenteric neurons
In this part of the study we aimed to determine whether
SCI induced changes in the neurochemical phenotype
of myenteric neurons in proximal and distal colon
(Fig. 3).

FIG. 1. Impact of spinal cord injury (SCI) on neuromuscular transmission assessed ex vivo. Proximal and
distal colonic longitudinal muscle segments were stimulated by electrical field stimulation (EFS). The area
under the curve (AUC) of EFS-induced contractile response was analyzed in absence or in presence of
N-nitro-L-arginine methyl ester (L-NAME) or atropine (examples, A). In basal condition and with drugs, the
EFS 10 sec-response was comparable between SCI and control (CT) rats in proximal (basal p = 0.30; L-NAME
p = 0.30; L-NAME+atropine p = 0.41) and distal colon (basal p = 0,41; L-NAME p = 0.66; L-NAME+atropine
p = 0.80) (B). Post-EFS responses (60 sec post-stimulation) were comparable between the two groups, in
proximal and distal colon segments in basal condition ( p = 0.80 distal colon; p = 0.15 proximal colon) and
after addition of L-NAME ( p = 0.53 distal colon; p = 0.41 proximal colon). In distal colon only, EFS 60 sec was
similar between the two groups in L-NAME+atropine condition ( p = 0.41). However, in the proximal colon,
EFS 60 sec was lower in the SCI group ( p = 0.03) in L-NAME+atropine condition (C).
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First, using the general neuronal marker HU, we
showed that the number of myenteric neurons per
ganglion was comparable in the proximal colon between
SCI animals (Fig. 3B) and CT (Fig. 3A) (44.5 – 7.5 vs.
44.4 – 13.2 Hu-IR neurons/ganglion, respectively;
p = 0.84) (Fig. 3G). The number of myenteric neu-
rons per ganglion was also comparable in the distal
colon between SCI animals and CT (44.9 – 4.7 vs.
42.9 – 8.4 Hu-IR neurons/ganglion, respectively;
p = 0.84) (Fig. 3H).

Next, we determined the proportion of ChAT-IR
and nNOS-IR neurons in the myenteric plexus of SCI
and CT animals. In the proximal colon, the proportion
of ChAT/Hu myenteric neurons per ganglion tended to
be increased in SCI (Fig. 3D) compared with CT
(Fig. 3C) (52.1% and 49.0%, respectively; p = 0.09)
(Fig. 3I). The proportion of nNOS/Hu neurons was sig-
nificantly reduced in SCI animals (Fig. 3F) compared
with CT (Fig. 3E) (25.8% and 32.1%, respectively;
p = 0.03) (Fig. 3K).

In the distal colon, the proportion of ChAT/Hu myen-
teric neurons per ganglion was comparable between
SCI and CT (53.3% and 53.8%, respectively; p = 0.99)
(Fig. 3J). In addition, the proportion of nNOS/Hu neu-

rons was also comparable between SCI animals and
CT (28.1% and 29.8%, respectively; p = 0.55) (Fig. 3L).

Impact of SCI on the colonic concentration
of acetylcholine
Although the proportion of ChAT/Hu myenteric neu-
rons per ganglion was comparable between the SCI and
CT animals, we aimed to determine whether acetylcho-
line levels in proximal and distal colon were affected or
not by SCI. Using an acetylcholine/acetylcholinesterase
assay, we measured in the proximal and distal colon of
SCI rats, a significantly lower acetylcholine concentra-
tion than in CT rats ( p = 0.008 for both) (Fig. 4A,B). In
addition, the acetylcholinesterase activity was lower in
SCI in the distal colon ( p = 0.001) (Fig. 4D) and tended
to be lower in the proximal colon ( p = 0.06) (Fig. 4C)
compared with CT.

Impact of the spinal cord injury on the colonic
muscle response
Finally, we aimed to determine whether the sensi-
tivity of the muscle response to muscarinic receptor
agonist was altered in SCI compared with CT. We
stimulated ex vivo the digestive tract segments with

FIG. 2. Impact of spinal cord injury (SCI) on neuromuscular transmission assessed ex vivo. Proximal and
distal colonic longitudinal muscle segments were stimulated by electrical field stimulation (EFS). The area
under the curve (AUC) of EFS-induced contractile response was analyzed in absence or in presence of
N-nitro-L-arginine methyl ester (L-NAME) or atropine. The amplitude of L-NAME-sensitive AUC was similar in
the SCI group compared with control (CT) rats in proximal (A) ( p = 0.41) and distal colon (C) ( p = 0.66). The
amplitude of the atropine-sensitive AUC tended to be decreased only in the proximal colon in the SCI
group (B) ( p = 0.09) but not in the distal colon (D) ( p = 0.53).
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increasing doses of bethanechol in the proximal and
distal colon (Fig. 5A,B).

In the proximal colon, bethanechol induced a signif-
icant increase in the contractile response for the con-
centrations of 10�4 and 10�3M compared with CT
(i.e., absence of bethanechol; Friedman test: p < 0.001),
in CT (Dunn test, p < 0.05 #) but not in SCI rats. In ad-
dition, the AUC at bethanechol 10�4 and 10�3 M con-
centrations was lower in the SCI rats compared with the
CT rats (two-way ANOVA repeated measure [RM],
p < 0.0001, Bonferroni test, p < 0.05*) (Fig. 5C).

In the distal colon, bethanechol induced a signifi-
cant increase in the contractile response for the con-
centrations of 10�3 and 10�2M compared with CT
(i.e., absence of bethanechol) (Friedman test: p < 0.0001)
in CT (Dunn test, p < 0.05 #) and in the SCI group
(Dunn test, p < 0.05*). In addition, the AUC at bethane-
chol 10�4 and 10�3 M concentrations was similar in the
SCI and CT rats (two-way ANOVA MR, p > 0.05, Bonfer-
roni’s test, p > 0.05) (Fig. 5D).

Impact of spinal cord injury
on colonic inflammation
In the last part of the study, we aimed to determine
whether changes in ENS and colonic motor responses
were associated with changes in inflammatory cyto-
kines in the different colonic segments.

In particular, we found that mRNA expression of
TNF-a and ICAM-1 was significantly reduced in SCI
rats compared with CT ( p = 0.005 and p = 0.002, respec-
tively) in the proximal colon (Fig. 6A). No changes in IL-
1, IL-7, IL-10, or interferon gamma (IFNc) occurred. In
the distal colon, mRNA expression of TNF-a and ICAM-
1, but also IL-1, was significantly lower in SCI rats com-
pared with CT ( p = 0.005, p = 0.007, and p = 0.007,
respectively), whereas no change in IL-7, IL-10, or
IFNc was measured (Fig. 6B).

Discussion
This study was designed to characterize the impact of
SCI on the potential remodeling of the ENS and its

FIG. 4. Impact of spinal cord injury (SCI) upon acetycholine (Ach) concentration and acetylcholinesterase
(AchE) activity on the proximal and distal colon. Concentration of Ach was significantly reduced in both the
proximal (A) and distal (B) colon compared with control (CT) ( p = 0.0008 for both). In addition, AchE activity
was decreased in the distal colon (C) compared with CT ( p = 0.0001).
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functional consequences on ex vivo colonic motor
function in rats. Using a rat model of chronic thoracic
SCI, we described a region-specific neurochemical
remodeling of the ENS characterized by a significant
decrease in the proportion of nitrergic neurons in
the proximal but not distal colon compared with
CT. Further, we also showed a significant reduction
in the tissue acetycholine concentration (but not in
the proportion of ChAT neurons) in the proximal
but not distal colon. In addition, ex vivo, we showed
a statistical trend toward changes in contractile re-
sponse induced by ENS activation affecting the prox-
imal but not distal colon and characterized by a tendency
to reduce its cholinergic but not nitrergic component.
Finally, we showed that the sensitivity of the muscle
to bethanechol was reduced in spinalized rats com-
pared with CT. This work highlights a remodeling of
the ENS and the muscle of the proximal colon versus
distal colon that may contribute to the digestive disor-
ders associated with SCI.

One of the main results of this study is the selective
involvement (contractile response, phenotypic modifi-
cation) of the proximal colon after spinalization com-
pared with the distal colon. Our results are different
from those of Joo and colleagues.20 Indeed, they showed
that the contractility was significantly higher in the
proximal colon of the SCI rats than that in the proximal
colon of the CT rats.

One possible hypothesis to explain these differences
is that changes reported occurred after 1 week post-
SCI, whereas changes reported in our model occurred
after 4 weeks post-SCI. The mechanisms underlying
the region-specific modification of the proximal versus
distal colon after spinalization could be related to the
anatomical properties of the innervation of the colon
by the extrinsic nervous system. Indeed, in our model,
rats were spinalized into T8, with a metameric spinal
cord transection and upper motor neuron lesion (pres-
ence of all sublesional reflexes). This leaves intact the sa-
cral parasympathetic center (from L6 to S1 in rats) and

FIG. 5. Example of evolution of spontaneous contractions under increasing concentrations of bethanechol
in proximal (A) and distal (B) colon, in the two groups, spinal cord injury (SCI) and control (CT). Evolution of
the area under the curve (AUC) at the different concentrations of bethanechol, in the proximal colon of the
two groups. AUC T0 = area under the initial curve, before drug application (# and F for response
significantly different from the initial AUC and * for significantly different response between SCI and CT
groups) (C). Evolution of the AUC at the different concentrations of bethanechol, in the distal colon of the
two groups. AUC T0 = area under the initial curve, before drug application (#and F for response significantly
different from the initial AUC and * for significantly different response between SCI and CT groups) (D).
Example of dose-response to bethanechol in proximal colon of CT and SCI rats.
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its afferences toward the distal colon. The thoracolumbal
sympathetic center is much closer to the lesion (in rats
theoretically from T10 to L2, as in humans). Further, Fer-
rero and associates21 showed that spinalization of rats
above T7 was a safer way to have a rapid recovery of blad-
der reflexes, that is, a lesion below this level would prob-
ably reach at least the thoracolumbar sympathetic center.
Because the extrinsic sympathetic innervation comes
from the thoracolumbal center in the proximal colon, it
might explain that the proximal colon is more affected
than the distal part of the colon.

A major finding of our study was the significant re-
duction in acetylcholine concentration in the proximal
but not distal colon. Although no change in the propor-
tion of cholinergic neurons was observed, one cannot
exclude that a reduction in neuronal ChAT concentra-
tion (to a level still allowing detection by immunhisto-
chemical methods) or a reduction in ChAT activity
could occur. Conversely, besides neurons, ChAT ex-
pression has also been reported in other cell types
such as epithelial and immune cells, and reduction in

tissue acetylcholine concentration could therefore re-
flect changes in these cells.22 Besides reduced acetylcho-
line expression in the proximal colon, we also observed
a reduced sensitivity of the colonic muscle to the mus-
carinic agonist bethanechol. These modifications could
also be due to altered expression of muscarinic recep-
tors present on smooth muscle cells or downstream al-
terations of signaling pathways and effectors activated
by these receptors.23 Surprisingly, this significant de-
crease in tissue acetylcholine concentration and the de-
crease in muscle sensitivity to acetylcholine did not lead
to change in EFS-induced contractile response in SCI
animal compared with CT. This suggests that SCI in-
duces a remodeling in the ENS of other excitatory me-
diators such as substance P. This putative remodeling
could counteract the functional impairment in the cho-
linergic component following EFS.

Interestingly, the proportion of nitrergic neurons in
the ENS is decreased after SCI. These results are in agree-
ment with a previous study that also found a decrease in
IR for nNOS at 48 h and 7 days of spinalization in the

FIG. 6. Expression of interleukin (IL)-1, IL-7, IL-10, tumor necrosis factor alpha (TNF-a), interferon (IFN), and
intercellular adhesion molecule (ICAM) messenger RNA (mRNA) in proximal (A) and distal colon (B).
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stomach and small intestine,14 but no data on the colon
were provided in the study. In our study, we reported no
change in the nitrergic component of the EFS-induced
contractile response. This could result from the fact
that we studied neuromuscular transmission in the lon-
gitudinal muscle that has been shown to the mainly in-
nervated by cholinergic neurons.13 In vivo, the changes
could also contribute to digestive tract disorders in SCI,
as various studies have shown that a decrease in the ex-
pression of nNOS slows intestinal transit.24

Among factors explaining changes in the phenotype of
the ENS-induced SCI, various hypotheses can be sug-
gested. First, spinalization could result in a loss of inner-
vation of enteric neurons by extrinsic fibers that could in
turn impact upon modulation in enteric neuronal activ-
ity. The latter could contribute to changes in neurotrans-
mitter expression of enteric neurons, as neuronal activity
was shown to increase neurotransmitter gene expression
in the ENS.25 Other factors such as the intestinal micro-
biota may also be involved. Indeed, SCI has been shown
to induce changes in microbiota composition and metab-
olites expression.26 These changes in bacterial composi-
tion could be a consequence of changes in digestive
function (induced by SCI). Conversely, microbiota and
bacterial metabolites can modulate the phenotype of
the ENS, in particular nitrergic and/or cholinergic neu-
rons.27,28 In particular, it has been shown that expression
of ChAT/acetylcholine is modulated by bacterial metab-
olites such as butyrate.29

In conclusion, our study highlights that SCI leads to
a remodeling of the ENS and functional consequences
that may be consistent with clinical findings. The iden-
tification of these mechanisms may lead to improved
management of digestive dysfunctions in SCI. Further,
studies are needed to confirm these results in animals
and then in humans.
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