Neurotensin is a proinflammatory neuropeptide
in colonic inflammation
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The neuropeptide neurotensin mediates several intestinal functions, including chloride secretion, motil-
ity, and cellular growth. However, whether this peptide participates in intestinal inflammation is not
known. Toxin A, an enterotoxin from Clostridium difficile, mediates pseudomembranous colitis in
humans. In animal models, toxin A causes an acute inflammatory response characterized by activation
of sensory neurons and intestinal nerves and immune cells of the lamina propria. Here we show that
neurotensin and its receptor are elevated in the rat colonic mucosa following toxin A administration.
Pretreatment of rats with the neurotensin receptor antagonist SR-48,692 inhibits toxin A-induced
changes in colonic secretion, mucosal permeability, and histologic damage. Exposure of colonic
explants to toxin A or neurotensin causes mast cell degranulation, which is inhibited by SR-48,692.
Because substance P was previously shown to mediate mast cell activation, we examined whether sub-
stance P is involved in neurotensin-induced mast cell degranulation. Our results show that neurotensin-
induced mast cell degranulation in colonic explants is inhibited by the substance P (neurokinin-1) recep-
tor antagonist CP-96,345, indicating that colonic mast activation in response to neurotensin involves
release of substance P. We conclude that neurotensin plays a key role in the pathogenesis of C. diffi-

cile-induced colonic inflammation and mast cell activation.

J. Clin. Invest. 103:843-849 (1999).

Introduction

A growing body of evidence suggests that interaction of
epithelial and immune cells via neuropeptides, hormones,
and cytrokines participate in the pathophysiology of diar-
rhea and intestinal inflammation (reviewed in ref. 1). Neu-
rotensin (NT), a bioactive peptide (2) with a primary dis-
tribution in the brain and the gastrointestinal tract, has
been localized by immunohistochemistry to endocrine
cells (N cells) and neurons in the intestinal mucosa, sub-
mucosa, and muscularis of animals and humans (3). A
wide range of biological activities has been described for
NT with actions on the cardiovascular, gastrointestinal,
reproductive, and central nervous systems (3). The known
intestinal effects of this peptide include trophic effects on
small and large bowel, pancreas, and stomach; inhibition
of small bowel and gastric motility; and stimulation of
colonic motor activity (3). Studies in animals (3, 4, 5) and
humans (3, 6) also demonstrate that NT may modulate
fluid secretion in the intestinal tract and that its secreto-
ry effects in the ileum may be mediated through a nervous
reflex in the enteric nervous system (35).

Several lines of evidence indicate that NT may also par-
ticipate in inflammatory reactions. Intravenous admin-
istration of NT to rats causes mast cell degranulation (7)
and increases vascular permeability and levels of hista-
mine and leukotriene C4 in the plasma (8); these effects
can be inhibited by a specific NT receptor antagonist (9).

NT also interacts in vitro with immune and inflammato-
ry cells, including leukocytes (10), peritoneal mast cells
(7), and macrophages (11, 12). Although these studies
point to a role for NT in inflammatory reactions, the
possibility that this peptide participates in the patho-
genesis of colonic inflammation has not been examined.
NT exerts its effects by interacting with specific recep-
tors (NTR) on cell surfaces. Two specific receptors for NT
(NTR1 and NTR2), which belong to the seven trans-
membrane G protein-linked superfamily, have been iden-
tified and cloned (13, 14). NTR1-mRNA and NT binding
sites have been identified in the brain (15), small and
large intestine of animals and humans (13, 15), human
colonic epithelial cell lines (16, 17), human blood
mononuclear cells (11), and endothelial cells (18). Recent-
ly, we demonstrated the presence of NTR1 mRNA in the
rat colonic mucosa, including colonic epithelial cells (19).
We also showed that administration of the specific NT
receptor nonpeptide antagonist SR-48,692 to rats atten-
uated colonic mucin secretion and mast cell activation
following immobilization stress, indicating a critical role
for NT in stress-related colonic responses (19).
Clostridium difficile is the primary pathogenic factor of
antibiotic-associated diarrhea in humans and animals
(reviewed in ref. 20). C. difficile induces colitis, releasing two
exotoxins: toxin A and toxin B (20). Both toxins cause cell
rounding through inactivation of the family of Rho pro-
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teins (21) and damage human colonic mucosa in vitro (22).
In addition, injection of toxin A into intestinal loops of
rodents triggers fluid secretion, increases mucosal per-
meability and neutrophil (PMN) infiltration, and causes
epithelial cell necrosis (23). We (23, 24) and others (25)
have provided evidence that primary sensory neurons con-
taining substance P (SP) are involved in the early stages of
toxin A enteritis. Furthermore, activation of mast cells (26)
and macrophages (24) and recruitment of circulating
PMN:s (27) are important steps in toxin A-induced intes-
tinal inflammation.

In this study, we used the rat colonic loop model in
which toxin A induces fluid secretion and inflammation
to investigate the possibility that NT participates in
colonic inflammation. We also correlated the levels of’
NT and NTRI1 expression with the time-course appear-
ance of colonic secretion, epithelial cell damage, and
inflammation in response to C. difficile toxin A. Because
we previously reported an important role of SP in C. dif-
ficile toxin A-mediated intestinal mast cell activation, we
also explored the possibility of cross talk between NT
and SP in this intestinal response.

Methods

Measurement of colonic NT content. The proximal colon of fasting
(16 h), anesthetized (single intraperitoneal injection of sodium
pentobarbital, 35 mg/kg; Abbott Laboratories, Chicago, Illi-
nois, USA) male Wistar rats (200-250 g) was used in all the
experiments. One 5-cm loop was constructed and injected
either with toxin A (5 Ug), purified as described previously (23,
24,26) in 0.4 ml of 50 mM Tris buffer (pH 7.4), or with buffer
alone (control). At various time intervals, the animals were sac-
rificed by an intraperitoneal pentobarbital overdose (120
mg/kg), and loops were removed, opened, and washed in ice-
cold HBSS (Sigma Chemical Co., St. Louis, Missouri, USA). The
mucosa was then scraped from the underlying muscularis,
homogenized in 2 ml of ice-cold 0.1 N HCl for 20 s, and cen-
trifuged (15,000 g for 15 min at 4°C); the supernatants were
prepurified on C18 cartridge columns (Waters Corp., Milford,
Massachusetts, USA) that were washed with 10 ml methanol
and equilibrated with 0.1% trifluoroacetic acid (TFA). Samples
were diluted 1:1 with 0.2% TFA and loaded onto the column,
which was then washed with 10 ml of 0.1% TFA. Adsorbed pep-
tides were eluted with 1.5 ml of 75% acetonitrile. Samples were
freeze-dried in a Speed-Vac concentrator (Savant Instruments
Inc., Hicksville, New York, USA) and reconstituted in 0.5 ml of

sample buffer. NT content was determined using a commer-
cially available enzymatic immunoassay (EIA) kit (Peninsula
Laboratories Inc., Belmont, California, USA). Protein concen-
trations were determined by the bicinchoninic acid protein
assay reagent (Pierce Chemical Co., Rockford, Illinois, USA).

Extraction of mucosal RNA and semiquantitative measurements of
NT and NTR1 mRNA by reverse transcriptase (RT)-PCR. Total
mucosal RNA was extracted from the colonic mucosa of toxin
A- or buffer-injected loops using the guanidine isothio-
cyanate/cesium chloride ultracentrifugation method (28). The
RNA integrity was determined by electrophoresis through a 1%
agarose gel containing formaldehyde. Aliquots containing 1
Mg of total mucosal RNA were reverse-transcribed. The cDNA
was amplified in a final volume of 50 pl as described previously
(24). The temperature profile for the amplification reaction
and the sequence for NT and NTR primers were as reported
previously (29, 30). Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (CLONTECH Laboratories Inc., Palo Alto, Cal-
ifornia, USA) primers were used as an internal standard as
reported previously (24). Part of the amplification reactions
(10 pl) was analyzed directly on a 3.5% or 5% polyacrylamide
gel in a Tris-EDTA buffer. The gels were then dried and
exposed to Kodak X-OMAT AR film (Eastman Kodak Co.,
Rochester, New York, USA) to view amplification products.
For semiquantitative analysis of NT and NTR mRNA expres-
sion, the films were replaced on the gel, and the areas corre-
sponding to the viewed bands were excised. The radioactivity
content was determined by Cerenkov counting, and results
were expressed as the ratio of NT or NTR to GAPDH-associat-
ed disintegrations per minute for each tissue sample. Controls
included omission of either RNA or RT during reverse tran-
scription. Any sample showing PCR products in these experi-
mental conditions was discarded.

Effect of the neurotensin antagonist SR-48,692 on toxin A—mediated
colitis. The nonpeptide NT receptor antagonist SR-48,692,
which inhibits binding and functional effects of NT (9, 19, 31),
was generously provided by Sanofi Recherche (Toulouse,
France). The compound was dissolved in DMSO (1 mg/ml)
immediately before use. Fasting, anesthetized rats were inject-
ed intraperitoneally with the indicated doses of SR-48,692 or
vehicle 15 min before a colonic loop was injected with toxin A
(5 Hg) or buffer as described above. Before injection of loops,
renal pedicles were tied to prevent renal excretion of [*H]man-
nitol and a bolus of [*H|mannitol (10 pCi, mannitol, 30
Ci/mmol; Du Pont NEN Research Products, Boston, Massa-
chusetts, USA) was injected intravenously (23). Four hours
later, the colonic loop was removed; fluid secretion was deter-
mined as loop weight-to-length ratio, and mucosal permeabil-
ity was quantitated as blood-to-lumen clearance of [*H]manni-

tol. Myeloperoxidase (MPO) activity

Table 1
Effect of toxin A on rat colonic fluid secretion, mucosal permeability, and histologic severity of colitis

Intestinal [3H]mannitol Histologic severity

secretion permeability Epithelial Congestionand  Neutrophil

(mg/cm) (dpm/cm) damage edema infiltration
Control (4 h) 150+ 8 1,222 £ 411 0.2+0.1 0.3+0.2 0.2+0.2
0.5 h toxin A 160 +£9 922+ 112 0.2+0.2 0.6+0.2 0.2+0.2
1 htoxin A 211 +7 1,553 £170 0.4+0.2 0.8+0.2 0.2+0.2
2 h toxin A 325+ 117 3,542 + 5334 0.4+0.2 2.0+0.38 1.0+ 0.1
4 h toxin A 436178 9,681 + 9048 2.0+0.38 2.2+0.38 2.4+0.28

A proximal colonic loop was constructed in fasting, anesthetized male Wistar rats and injected with either 5 g
of toxin A or buffer (control). At the indicated time points, animals were sacrificed, colonic loops were removed,
and fluid secretion was measured as loop weight (mg)-to-length (cm) ratio. Mucosal permeability to [3H]man-
nitol was quantitated by scintillation counting of aliquots of loop samples, and results were expressed as disin-
tegrations per minute (dpm) per centimeter of loop. Samples from colonic loops were processed as described
for histologic examination. The histological severity was graded by a score of 0-3, taking into account epithelial
cell damage, congestion and edema of the mucosa, and mucosal neutrophil infiltration. For each condition,
6-10 loops were tested. Data is presented as mean + SEM. AP <0.05, BP<0.01 vs. control.

was assayed in aliquots of mucosal
scrapings as a measure of PMN mucos-
al infiltration, using a modification of
Bradley’s method (23, 27). Histologic
damage was determined on hema-
toxylin and eosin (H&E)-stained,
paraffin-embedded, and formalin-fixed
full-thickness colonic samples as
described previously by us (32).

Effect of NT antagonist on toxin
A—induced rat mast cell protease
(RMCPII) release. The colon was
removed 15 min after SR-48,692 or
vehicle administration to rats, opened
flat, and washed in sterile HBSS.
Colonic explants (2 X 2 mm) were pre-
pared and placed in 1 ml modified
Krebs buffer (32). After 30 min, the
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buffer was changed and explants were incubated with 5 ug
toxin A or vehicle. After 2 h, RMCPII content was determined
in the explant supernatants by ELISA (Moredun Animal
Health Ltd., Edinburgh, Scotland) (32).

Effect of the SP antagonist CP-96,345 on NT-mediated RMCPII release
in vitro. The colon was removed from normal rats, and colonic
explants (2 X 2 mm) were placed in 1 ml modified Krebs buffer
(32). The buffer was changed after 30 min, and explants were incu-
bated in fresh buffer containing 0.01 mM of either the NT recep-
tor antagonist SR-48,692, the SP receptor antagonist CP-96,345
or its inactive enantiomer CP-96,344, or vehicle alone. After 1 h,
NT (108 M), SP (10 M), or vehicle was added to the explants,and
after an additional 2 h, RMCPII content was determined in
explant supernatants by ELISA as described above.

In situ hybridization for NTR1 mRNA in rat colon. A riboprobe
complimentary to the distal 3' untranslated portion of NTR1
gene (NTR2.3; gift from M.J. Alexander, Boston University
School of Medicine) was labeled with digoxigenin (DIG) and
quantified following the manufacturer’s instructions
(Boehringer Mannheim, Indianapolis, Indiana, USA). Rat
colonic sections (5 im) were briefly fixed in 4% paraformalde-
hyde-PBS (pH 8.5) and acetylated for 15 min at room tempera-
ture in freshly prepared 0.25% acetic anhydrate in 0.1 M tri-
ethanolamine HCI-PBS buffer (pH 8.0). In situ hybridization was
performed in a moisture chamber overnight at 53°C using a
DIG-NTR1 cRNA probe at a concentration of 4 ng/ul in
hybridization buffer (50% formamide, 10% dextran sulfate, 4%
standard saline citrate [SSC], 1x Denhart’s solution, 0.1 mg/ml
herring sperm DNA, 0.125 mg/ml tRNA, 0.1 mg/ml dithiothre-
itol). After hybridization, slides were digested with RNase (20
Hg/ml) for 1 h at 37°C and washed with 2x SSC, 1% SSC, and
0.1x SSC for 1 h each at 50-58°C. The localization of NTR1
mRNA was observed after incubation of the sections with a flu-
orescein-labeled sheep anti-digoxigenin conjugate (Boehringer
Mannheim) at a dilution of 1:6 in blocking serum (1% donkey
serum, 2% BSA, 0.05 M NH,Cl, and 0.1% Tween-20.). After mul-
tiple washings in 1x TBS (0.05 M Tris base, 0.15 M NacCl), sec-
tions were mounted in a drop of 1 mg/ml of N-propylgallate
(Sigma Chemical Co.) to reduce photobleaching in 90% glycerol-
PBS (pH 8.5). The images were viewed by a confocal microscope
(model MRC1024; Bio-Rad Microsciences, Cambridge, Massa-
chusetts, USA) using Plan-Neofluar objectives (20x) and were
digitally stored in Bio-Rad COMOS software.

Immunohistochemical determination of NTRI protein expression dur-
ing toxin A—induced colitis. Rat colonic sections were first washed
with 1x TBS buffer and then fixed in 4% paraformaldehyde in
PBS (pH 8.5). Sections were next incubated for 30 min in 1%
hydrogen peroxide and then for 30 min in blocking serum as
described above. The slides were then incubated for 1 h at room
temperature with a rabbit anti-rat NTR1 polyclonal antibody at
a 1:200 dilution. This antibody has been raised toward amino
acids 1-28 and 50-69 of the rat NTR1 (13). This antisera
immunoprecipitated 25I-NT azide cross-linked to NT receptors
from human Pc3 cells and chicken liver (33). It also immunos-

Figure 1

Toxin A administration increases NT content in rat colonic mucosa. One
closed loop was prepared in the proximal colon of anesthetized rats and
injected with either 5 ug of toxin A or buffer (Control). At the indicated time
points, animals were sacrificed, colonic loops were excised, and the mucosa
was removed and processed for measurements of NT content. Arrow shows
limit of detection. Each bar represents the mean + SEM of 6-8 loops for each
experimental condition. *P<0.05, ** P<0.01 vs. control. NT, neurotensin.

tained NT receptors from Pc3 cells, chicken liver, and rat brain
subjected to Western blotting (33). After washing three times (10
min each) in 1x TBS, sections were incubated for 1 h at room
temperature with FITC-labeled anti-rabbit IgG (Jackson
ImmunoResearch Laboratories Inc., West Grove, Pennsylvania,
USA). After washing in TBS, the slides were mounted, examined,
and photographed using a confocal microscope as described
above (20% or 32x). In separate experiments, slides were exposed
to the anti-NTR1 antibody, which was preincubated with an
excess of the peptides used to immunize the rabbits.

Statistical analyses. Data was analyzed using the SIGMA-STAT
program (Jandel Scientific Software, San Rafael, California, USA).
ANOVA with protected  test was used for intergroup comparisons.

Results

Time course of toxin A—induced colitis. We first measured the
time course of appearance of the secretory and inflamma-
tory responses following intracolonic administration of
toxin A. Toxin A administration had no significant effect on
colonic fluid secretion and mucosal permeability after one
hour. However, both these parameters were significantly
increased after two hours, and further increased after four
hours (Table 1). Neutrophil infiltration, congestion and
edema, and epithelial cell damage correlated temporally
with changes in permeability and fluid secretion (Table 1).

NT content and NT mRNA levels are increased in rat colonic
mucosa during C. difficile toxin A-induced colitis. Intracolonic
administration of toxin A caused a time-dependent ele-
vation in mucosal NT content, with NT levels increasing
by 2.6-fold at 30 minutes and by fourfold after one hour
(Fig. 1). Two hours after toxin A injection, NT levels were
lower than they were at one hour, but this decline was
not statistically significant (Fig. 1). To semiquantitate
changes in the levels of NT mRNA, we performed RT-
PCR on total mucosal RNA. Our results showed that
toxin A increased the relative abundance of NT mRNA
by 5.5-fold as early as 30 minuctes after toxin administra-
tion and by 12.6-fold after two hours, compared with
control levels (P < 0.05 and P < 0.01, respectively; n = 4-6
per group). These data indicate that increases in the
abundance of both NT mRNA and NT peptide in rat
colon precede the secretory and inflammatory changes
in response to toxin A (compare Fig. 1 and Table 1).

The NT antagonist SR-48,692 inhibits toxin A—induced colitis.
Pretreatment of rats with the NT receptor antagonist SR-
48,692 reduced toxin A-induced increases in colonic
secretion, mannitol permeability, and MPO activity
(Table 2). Histologic evaluation of colonic sections indi-
cated that SR-48,692 at 1 mg/kg significantly reduced
neutrophil infiltration, congestion and edema of the

041
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Table 2
Effects of pretreatment with SR-48,692 on toxin A-induced colitis

Intestinal [3H]mannitol MPO RMCPII Histologic severity

secretion permeability activity release Epithelial Congestion and Neutrophil

(cm/mg) (dpm/cm) (mU/mg protein) (ng/mg tissue) damage edema infiltration
Control 1509 1,220 £410 231+2 0.96+0.28 0.2+0.1 0.3+0.2 0.2+0.2
Toxin A 436 £ 177 9,680 + 907 5,303 2274 7.99 +1.97 2.0+0.3* 2.2+0.3" 2.4+0.27
Toxin A + 189 +108¢ 6,400 + 1,6708¢ 552 +128BC 1.80 + 0.48¢ 0.6 +0.65¢ 0.7 £0.58¢ 1.0 £0.38¢
SR-48,692
(1 mg/kg)

Rats were treated (intraperitoneally) with 1 mg/kg of SR-48,692 or vehicle alone, and after 30 min, colonic loops were prepared and injected with 5 g of toxin A
or buffer (control). After 4 h, animals were sacrificed, colonic loops were removed, and fluid secretion, mucosal permeability to [*H]mannitol, mucosal MPO activ-
ity in colonic mucosal scrapings, and histologic severity of colitis were measured as in Table 1. In other experiments, colonic explants obtained from vehicle or SR-
48,642-treated rats were exposed in vitro to toxin A (5 pg/ml) or buffer, and after 2 h incubation, mucosal mast cell degranulation was determined by RMCPI|
released into the culture media. Data are presented as mean + SEM of 6-12 animals per group. *P <0.01, BP <0.05 vs. control; P <0.01 vs. toxin A alone. MPO,
myeloperoxidase; RMCPII, rat mast cell protease.

mucosa, and the epithelial cell damage caused by toxin A
(Table 2). SR-48,642 administration at doses of 100 and
10 pg/kg (n = 6-12 per group) significantly inhibited
toxin A-mediated secretion (by 28% and 15% respective-
ly; P <0.05), [*H]mannitol permeability (by 25% and 18%,
respectively; P < 0.05), and MPO activity (by 76%, P < 0.01;
and by 41%, P < 0.05, respectively). Administration of 1
Hg/kg of SR-48,642 did not significantly inhibit toxin
A-mediated secretion, permeability, or MPO activity.
These results strongly suggest that NT participates in the
intestinal effects of C. difficile toxin A in rat colon in vivo.

The NT antagonist SR-48,692 inbibits toxin A—induced mast
cell degranulation. Because toxin A is known to activate
mucosal mast cells in vivo and in vitro (23, 26), and since
NT-induced mast-cell degranulation in vitro is blocked
by SR-48,692 (9), we examined the effect of SR-48,692
pretreatment on toxin A-induced mucosal mast cell
degranulation in rat colonic explants. Exposure of
colonic explants from vehicle-injected animals to toxin
A for two hours increased release of the specific rat mast
cell product RMCPII, while pretreatment of rats with SR-
48,692 inhibited this increase by 88% (Table 2).

NTRI mRNA and NTRI protein are upregulated in the colonic
mucosa during toxin A colitis. Hybridization of control sec-
tions with an antisense riboprobe for NTR1 mRNA
showed the presence of modest signal in the colonic

mucosa (Fig. 2a), consistent with previous findings (19).
However, in tissues obtained from loops exposed to toxin
A for one hour, a dramatic increase in the abundance of
NTR1 mRNA was seen (Fig. 2b). The distribution of the
signal in the mucosa appeared uneven: epithelial cells,
mainly in colonic glands, and cells in the lamina propria,
expressed NTR1 mRNA (Fig. 2b). In addition, detectable
signal was also present in cells of the muscularis layer (Fig.
2b). Signal was nearly absent when toxin A-treated loops
were hybridized with a sense riboprobe encoding the
NTR1 mRNA (Fig. 2c). A semiquantitative analysis of
NTR1 mRNA levels performed by RT-PCR showed that
toxin A increased the relative abundance of NTR1 mRNA
by 1.5-fold 30 minutes after toxin administration and by
9.5-fold after 60 minutes, compared with control levels (P
<0.05 and P < 0.01, respectively; n = 5 per group). These
data indicate that NTR1 mRNA levels are increased dur-
ing the early stages of toxin A-induced colitis.

A similar pattern of immunohistochemical staining
of colonic sections was obtained using antisera directed
toward two peptides from the NH,-terminal region of
NTRI. Staining of control loops revealed few NTR1-
positive mucosal cells (Fig. 3a). At two hours after injec-
tion of toxin A, an increase in the immunostaining for
NTRI1 was evident mainly in the plasma membrane of
colonic cells (Fig. 3b). Staining was most evident in the

Figure 2

Increased NTRT mRNA expression during toxin A-induced colitis in rats. Rat colonic loops were exposed to either toxin A or buffer. After 1 h, ani-
mals were sacrificed, and colonic tissues were processed for in situ hybridization using 383-base-digoxigenin-labeled antisense riboprobe encoding
for the NTRT mRNA. Tissues were examined by confocal microscopy. (a) Section from a rat colon exposed only to buffer shows the presence of lit-
tle hybridization signal in the epithelial layer and in cells of the lamina propria. (b) Colon exposed for 1 h to toxin A shows increased signal for the
NTR1 mRNA primarily in intestinal epithelial cells (arrows), but also in cells of the lamina propria (arrowheads). (¢) Colon from toxin A-exposed loop
hybridized with a sense riboprobe encoding for the NTRT mRNA shows absence of specific signal. Results are representative of three experiments for
each experimental condition. Scale bar: 50 pm. NTRT, NT receptor-1.

846 The Journal of Clinical Investigation | March 1999 | Volume103 | Number 6



Figure 3

Increased NTR1 protein expression during toxin A colitis in rats.
Rat colonic loops were injected with either toxin A (5 g) or buffer
(control). Animals were sacrificed after 2 h, and colonic tissues
were processed for immunohistochemical detection using a rabbit
polyclonal antibody directed against the NH,-terminal amino acids
1-28 and 50-69 of the rat NTR1 receptor. Sections were examined
by confocal microscopy. (a) Buffer-exposed colon (2 h). (b) Toxin
A-exposed colon (2 h). (¢) Toxin A-exposed colon (2 h) incubated
with the NTR1 antiserum, which was preincubated with an excess
of the two NHy-terminal peptides of the NTR1 described above. (d)
Higher magnification of b. Note the presence of signal for NTR1 in
the colonic mucosa, in particular the colonic epithelial cells (arrows
inbandd), and in cells in the lamina propria (arrowhead). Note also
the increased immunoreactivity after 2 h exposure to toxin A (b)
compared with control (a). Preabsorption of the NTR1 antiserum
with an excess of the receptor peptides used to generate the anti-
body causes complete disappearance of positive staining in toxin
A-exposed colon (c). Results are representative of three experi-
ments for each experimental condition. Scale bar: 50 um.

epithelium but was also present in the lamina propria
(Fig. 3, b and d). No staining was observed after adsorp-
tion of the antiserum with the peptide antigen (Fig. 3¢).

The SP antagonist CP-96,345 inbibits NT-mediated mast cell
degranulation. Because we previously reported that toxin
A-mediated activation of mucosal mast cells is SP-depend-
ent (26, 32), we investigated whether NT-induced mast cell
degranulation in rat colon involves release of SP. As shown
in Fig. 4, exposure of colonic explants to 10 M of NT or
SP caused a significant release of RMCPII compared with
explants exposed to medium alone. Preincubation of the
explants with SR-48,692 inhibited NT-mediated mast cell
degranulation (Fig. 4). Pretreatment of explants with the
SP receptor antagonist CP-96,345 completely inhibited
both SP-mediated (n =4, P <0.01; data not shown) and NT-
mediated mast cell degranulation in the rat colon (Fig. 4).
CP-96,344, the inactive enantiomer of the SP receptor
antagonist, did not have any effect on this response (Fig.
4). These results suggest that in the rat colon, NT induces
mast cell degranulation through release of SP.

Discussion

To our knowledge the data presented here show for the
first time the involvement of NT and the NTR1 receptor
in the pathophysiology of acute colonic inflammation.

Figure 4

The SP antagonist CP-96,345 inhibits NT-mediated mucosal mast cell
degranulation in rat colon. Colonic explants (2 X 2 mm) were cultured at
37°C in Krebs buffer alone or in buffer containing 0.1 mM of either the
SP receptor antagonist CP-96,345 or the NT receptor antagonist SR-
48,692. After 1 h, either NT or SP (10-8 M) was added to the explants, and
mucosal mast cell degranulation was determined after 2 h by measuring
RMCPII released into the culture media. Both SP and NT caused a signif-
icant mast cell degranulation as measured by increased levels of RMCPII
in the culture media. NT-induced mast cell degranulation was complete-
ly inhibited by the SP receptor antagonist CP-96,345, but not by its inac-
tive enantiomer, CP-96,344. Data are presented as mean + SEM of four
experiments, with triplicate determinations per group. **P<0.01 vs. con-
trol; **P<0.01 vs. NT alone. SP, substance P.

NT and NTR1 were elevated in rat colonic mucosa (Figs.
1-3) early during the course of C. difficile colitis and before
significant increases in fluid secretion and mucosal per-
meability in response to toxin A were evident (Table 1).
Furthermore, the NT receptor antagonist SR-48,692
inhibited colonic secretion, epithelial cell damage, neu-
trophil infiltration, and colonic mast cell degranulation
in response to toxin A (Table 2). Our evidence also indi-
cates that NT can degranulate colonic mast cells and that
this effect is mediated via release of SP (Fig. 4).

In previous studies, we provided evidence that mucos-
al mast cells are critically involved in the pathophysiolo-
gy of C. difficile toxin A-mediated enteritis (23, 26, 32).
We also demonstrated that NT can potently degranulate
mast cells, releasing histamine and generating
leukotrienes (7, 8). Furthermore the nonpeptide NT
receptor antagonist SR-48,692 specifically blocked mast
cell histamine release in vivo and in vitro in response to
NT (9). Here we found that pretreatment of rats with SR-
48,692 at 1 mg/kg inhibited mucosal mast cell activation
in response to toxin A (Table 2). These findings strongly
suggest a critical involvement of NT or a related peptide
in toxin A-induced mast cell activation. Inhibition of
mast cell activation may also account for the reduced
neutrophil infiltration observed in rats treated with the

The Journal of Clinical Investigation |

6 %%
*%
° *k I
2 5 1
B2
o 4
£
g 3
T 2 ++
o I T -+
=
- 1
0 Y 3
R A I L
¥ xC?‘ xc‘?’
<« <«
March 1999 | Volume103 | Number 6 847



848

NT antagonist in our study (Table 2), because mast cell
mediators are known to activate endothelial cells and ini-
tiate PMN chemotaxis in involved tissues (34).

Our results showed increased mucosal NT expression
in the colonic mucosa in response to toxin A adminis-
tration (Fig. 1). Consistent with earlier studies (3, 35), the
levels of NT and its mRNA were very low but detectable
in adult rat colon. It is well accepted that NT in the intes-
tinal mucosa is primarily localized in endocrine N cells,
which have their apices in direct contact with the intes-
tinal lumen (3). Thus, N cells may sense the luminal con-
tent and release NT in response to specific stimuli (36).
Furthermore, enteropathogenic viruses also increase NT
blood levels (37), indicating a possible role for NT in the
pathophysiology of diarrheal disorders. Thus, it is pos-
sible that toxin A stimulates NT release from mucosal N
cells in the early phases of toxin A inflammation. NT
might then stimulate neurons and immune cells of the
lamina propria, including mast cells, to release proin-
flammatory mediators and other neuropeptides, thus
initiating and/or amplifying the inflammatory response.

The involvement of primary sensory afferent neurons
containing SP and calcitonin gene-related peptide
(CGRP) in the intestinal effects of toxin A is well estab-
lished (23, 24, 32, 38). The importance of SP and its neu-
rokinin-1 (NK-1) receptor in toxin A-induced inflam-
mation has been underscored by a recent study showing
that mice deficient in NK-1 receptor have dramatically
reduced intestinal responses to toxin A (39). In addition,
the ability of NT to stimulate release of SP has been
demonstrated in a number of experimental systems (40,
41). For example, NT causes release of SP from mesen-
teric ganglia by acting on primary afferent terminals
(40), and NT-mediated contraction of guinea pig ileum
involves activation of SP-releasing nerves (41). Further-
more, NT-induced increase in short-circuit current in
guinea pig ileal mucosa in vitro is inhibited by prior
desensitization of SP receptors (42). Here we demon-
strate that, in rat colonic explants, NT-mediated mucos-
al mast cell degranulation is blocked by a specific antag-
onist to NK-1 receptor (Fig. 4). Thus, NT released from
N cells or enteric neurons in response to toxin A (Fig. 1)
may stimulate the release of substance P, and possibly
other peptides, initiating a cascade of neuro-immuno
interactions leading to an acute inflammatory response
within the colon (24, 32, 39).

Here we provide evidence that NTR1 protein and
mRNA are present in colonic epithelial cells and cells of
the colonic lamina propria (Figs. 2 and 3), in keeping with
results from our laboratory (19) and others’ (16). Indirect
evidence indicates the presence of functional NT receptors
in enteric neurons (43) and immune and inflammatory
cells, including peritoneal mast cells (7) and endothelial
cells (18). However, so far there is limited direct evidence
for presence of NTR1 mRNA or protein in any of these
cells, including mucosal mast cells. Here we show
increased expression of NTR1 mRNA (Fig. 2) and protein
(Fig. 3) upon exposure of rat colon to toxin A. We did not
directly investigate the nature of the cells in the lamina
propria expressing NTR1 (Figs. 2 and 3). However, recent
results indicate that rat intestinal macrophages express
NTR1 mRNA upon stimulation with IL-1[3 (44). In addi-

tion, we recently observed that human intestinal
microvascular endothelial cells also express NTR1 and
respond to neurotensin by releasing IL-8 (Castagliuolo, L.,
and Fiocchi, C., unpublished observations).

The finding that NT receptor upregulation occurs in
the presence of increased levels of NT in the colonic
mucosa is somewhat unexpected, because in vitro evi-
dence indicates that agonist exposure induces loss of
cell-surface receptors for NT (45). However, this finding
is not without precedent. For example, increased mucos-
al SP content during the early stages of C. difficile toxin
A-induced enteritis (24) is associated with upregulation
of SP receptors (46). Similarly, SP binding sites are ele-
vated in lymphoid aggregates and small blood vessels in
colons of patients with inflammatory bowel disease (47),
and SP content was found increased in the colonic
mucosa of these patients (48). In a preliminary report we
also showed that exposure of human colonic epithelial
cells (HT-29) or umbilical vein endothelial cells to IL-1f3
resulted in increased NTR1 mRNA expression (49, 50).
Based on these findings, we postulate that inflammato-
ry mediators released during colonic inflammation can
stimulate increased expression of NT receptors and over-
come NT-mediated downregulation of its receptor.

In summary, our findings suggest a major proinflam-
matory role for NT and its receptor in acute, C. difficile
toxin A-induced secretion and inflammation in rat colon.
Our evidence indicates that the mechanism by which NT
participates in colonic inflammation may involve release
of SP from enteric and/or primary sensory nerves, which,
in turn, can stimulate mast cell degranulation and colonic
inflammation. Finally, the fact that NT and its receptor
participate in both stress-induced colonic responses (19)
and, as shown here, in enterotoxin-induced colonic
inflammation, may indicate an important role for this
peptide in the pathway(s) by which brain-gut interactions
modulate inflammatory responses.
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