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Abstract
Background Calcitonin-gene-related peptide (CGRP) and
substance P (SP) are neurotransmitters of extrinsic primary
afferent neurons located within the dorsal root ganglia. In
experimental models of colitis in rats and rabbits, a
protective role of SP and CGRP on intestinal mucosa was
presumed. The mucosal protection partly depends on a
CGRP-mediated modulation of mucosal blood flow. Lim-
ited data are available regarding CGRP- or SP-mediated
effects on epithelial cell restitution. Having shown earlier
that SP-stimulated fibroblasts but not CGRP-stimulated
fibroblasts induce epithelial cell migration in vitro, the aim
of this study was to explore whether mast cells mediate
effects of SP and CGRP on epithelial cell restitution in vitro.
Methods Mast cells (C57) were exposed to SP [10−12–
10−6 M] and CGRP [10−12–10−7 M]. After a 24-h incubation
period, the cell supernatants (conditioned media, CDM)
were taken from mast cell cultures and directly applied to
rat intestinal epithelial cell lines-18 or Caco-2 monolayers,
which had been wounded with a razor blade 24 h prior to

the experiments. Epithelial cell migration was assessed by
counting cells across the wound edge and epithelial cell
proliferation was measured using 3-[4, 5-dimethylthiazol-2-
yl]-2, 5-diphenyl-tetrazolium bromide test.
Results CGRP significantly induced epithelial cell migra-
tion and proliferation via mast cells when supernatants were
directly applied to epithelial cells in vitro. The effects on
epithelial cell migration were abolished after neutralizing
anti-transforming growth factor-beta (TGF-β) had been
added to the cell cultures. SP had no effects on epithelial
cells following stimulation of mast cells.
Conclusion CGRP modulates epithelial cell restitution in
vitro mediated by mast cells. The CGRP- and mast-cell-
induced epithelial cell migration is TGF-β dependent. This
observation underlines an important role for extrinsic
primary afferent neurons in mucosal defence and repair
and in keeping the mucosal homeostasis. This knowledge
leads to a better understanding of the interaction of the
enteric nervous system and wound healing and may, in the
future, lead to new therapeutic approaches to inflammatory
diseases of the intestine.
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Introduction

Within the last decades a chain of evidence has been gained
that extrinsic primary afferent neurons located within the
dorsal root ganglia protect the gastrointestinal mucosa
against injury. The complete ablation of the extrinsic
afferent nervous system by the neurotoxin capsaicin
worsened mucosal damage in experimental models of
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colitis in rats [1–3] and the stimulation of afferent nerve
endings of the mucosa immediately before ethanol- or aspirin-
induced injury significantly reduced mucosal damage in the
rat stomach [4–6]. Similarly, stimulation of afferent nerve
endings protected colonic mucosa in the acetic-acid-induced
experimental model of colitis in rats [7]. While capsaicin
ablates the extrinsic afferent nervous system, it also
influences pepdidergic nerves of the intrinsic nervous
system.

The mechanism leading to protection presumably is the
exocytotic release of neurotransmitters, mainly calcitonin-
gene-related peptide (CGRP), at both central and periph-
eral endings of primary afferent neurons [8]. In the event
of mucosal injury, an early decrease of colonic contents of
CGRP was shown for the rabbit immune complex/
formalin-induced colitis [9] and for the trinitrobenzene
sulfonic acid/ethanol-induced experimental colitis in rats
[2]. CGRP is a potent vasodilatator [10] and the protective
effect of extrinsic afferent neurons was thought to be
mediated by a CGRP-induced increase in mucosal blood
flow [11].

We showed earlier that stimulation of primary afferents
in the rat colon by capsaicin induced an increase in epithelial
cell nucleotide turnover and presumably in mucosal epithe-
lial cell proliferation. This effect was abolished by sensory
desensitisation or application of specific antagonists to
CGRP or substance P (SP) [12]. This observation indicated
a possible modulation of epithelial cell function by the
sensory neurotransmitters CGRP and SP. Although the
human colon-cancer-derived epithelial cell lines CaCo-2
and HT-29 express neurokinin (NK)-1 receptors after pre-
treatment with pro-inflammatory cytokines [13], we did not
detect any direct effects of SP or CGRP on non-conditioned
CaCo-2 cells or rat intestinal epithelial cell lines (IEC)-18
in an in vitro wounding model [14]. It is of interest that,
using the same model, a transforming growth factor beta
(TGF-β)-mediated induction of epithelial cell migration
and a significant inhibition of epithelial cell proliferation
mediated by fibroblasts was induced by SP but not by
CGRP [14].

In addition to the possible direct interaction of sensory
neurotransmitters with epithelial cells and fibroblasts, a
CGRP-induced deliberation of mast cells was reported
previously [8]. Mast cells are known as key elements in
type I hypersensitivity but within the last decades they have
become of interest as they are also involved in inflamma-
tory processes such as inflammatory bowel disease, where
they are markedly increased [15]. Mast cells express a great
number of cytokines including interleukins (IL-1, IL-3, IL-
4, IL-5 and IL-6), colony-stimulating factors like granulo-
cyte macrophage colony-stimulating factor, interferon-γ or
growth-factor-responsive genes that code for small secreted
glycoproteins with cytokine-like properties as macrophage

inflammatory protein (MIP1-alpha and MIP1-beta), TGF-β
and tumor necrosis factor-α [16–18].

The aim of our present study therefore was to elucidate
possible mast-cell-mediated effects of sensory neurotrans-
mitters on epithelial cell restitution in vitro.

Material and methods

Cell lines, cell cultures and CDM

Rat intestinal epithelial cell lines (IEC-18) and the human-
carcinoma-derived cell line Caco-2 were purchased from
American Type Culture Collection, Rockville, MD, USA.
The mast cells used (Cl.MC/C57.1) were a growth-factor-
independent murine mast cell line. This cell line was
originally derived from bone-marrow-cultured mast cells
isolated from C57BL/6J mice and subsequently cloned by
dilution (kind gift of SJ Galli, Stanford, CA, USA). All
cells were routinely grown in Dulbecco’s modified eagle
medium (DMEM) containing 5% (IEC-18) or 10% (Caco-2)
fetal calf serum (FCS).

Cells were stored under 5% CO2 atmosphere at 37°C.
3-[4, 5-Dimethylthiazol-2-yl]-2, 5-diphenyl-tetrazolium
bromide (MTT) was used for the assessment of epithelial
cell proliferation by colorimetric analysis. TGF-β antibody
was purchased from R&D Systems Inc., Minneapolis, MN,
USA. SP and CGRP were purchased from Sigma Chemical
Co., St. Louis, MO, USA. Supernatants of mast cells were
taken from subconfluent monolayers after a 24-h time
period in serum-deprived media and another 24-h incubation
period with different concentrations of SP [10−6, 10−9 and
10−12 M] and CGRP [10−7, 10−9 and 10−12 M].

Measurements of the effects of SP- and CGRP-stimulated
mast cell media on epithelial cell proliferation

All experiments were performed as described previously
[19, 20]. In brief, IEC-18 and Caco-2 cells were seeded into
24-well plates (5×104 cells/well) in the presence of DMEM
containing 5% FCS. Culture media were changed 24 h
before experiments to serum-deprived media (containing
0.1% FCS in DMEM). Proliferation of epithelial cells was
assessed after SP- and CGRP-stimulated mast cell super-
natants were added to media (20%). Supernatants of non-
treated mast cells served as controls. After 24 h (48 h), cells
were photographed and counted. Proliferation assays were
evaluated using MTT as described previously [20, 21]. In
brief, 2 mg/ml of MTT was added to the media followed by
an incubation period of 4 h. Cells were washed and
consecutively dissolved with dimethyl sulfoxide. Quanti-
fied measuring of absorbance at 550 nm (reference
wavelength, 690 nm) was performed using a microplate
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reader (EL×800G, BIO-TEK Instruments, Inc., VT, USA).
Experiments for all substances were performed at least in
quadruplicate.

In vitro wound assays

Confluent monolayers of IEC-18 and Caco-2 cells in 100×
15-mm petri dishes (Falcon®, Becton Dickinson Labware,
NJ, USA) were wounded with a razor blade; two wounds
were made approximately 10–15 mm across the dish,
separated by about 1.5 cm. Afterwards, cells were washed
with phosphate-buffered saline and subsequently cultured
for 24 h in fresh serum-deprived medium (0.1% FCS).
Chemically, conditioned media (CDM) [20%] was added to
the media. A computer-based microscopy imaging system
(Axiovision®, Carl Zeiss, Munich, Germany) was used for
the determination of wound healing at 0 h (Carl Zeiss®,
Axiovert 25 microscope at 400-fold magnification) and
24 h later. Identification of migration was assessed by
quantification of the number of cells observed across the
wound, compared to the same frame at 0 h. Several wound
areas (at least five) per plate were investigated to quantify
migration. To verify possible TGF-β-mediated effects,
monolayers of IEC-18 and Caco-2 cells were treated with
anti-TGF-β1 (5 ng/ml) and CDM [20%]. To exclude
possible proliferative effects that interfered with the
migration of epithelial cells, mitomycin was added to the
media to prevent proliferation while epithelial cell migra-
tion was assessed.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 4
(GraphPad Software Inc., San Diego, CA, USA). Data are

presented as mean±standard error of the mean (SEM).
Differences between the groups were tested with analysis of
variance and Wilcoxon test. Values lower than p=0.05 were
considered statistically significant.

Results

Epithelial cell proliferation

Supernatants (= conditioned media, CDM) of CGRP-
treated C57 mast cells [20%=1/5 of supernatant] induced
a significant proliferation in IEC-18 cells and Caco-2 cells
after 24 h (Fig. 1). This effect was observed in both cell
lines in a dose-dependent manner (CGRP [10−12>
10−9>10−7 M]. Supernatants of SP-stimulated mast cells
had no effect on migration or proliferation in both IEC-18
and Caco-2 cells as CGRP alone on IEC-18 cells and Caco-2
cells (data not shown).

Epithelial cell migration

CDM of CGRP-treated mast cells [20% and 10%] induced
a significant increase of migrating cells in the rat small
intestine-derived cells (IEC-18) and in the human colon-
cancer-derived Caco-2 cells (Figs. 2 and 3 [10% CDM];
data for 20% CDM are not presented but similar). While
IEC-18 cells showed migration in a dose-dependent
manner, the migration rate of Caco-2 cells showed no strict
dose-dependent effect at higher CGRP concentrations.
Again, SP-treated mast cells had no effect on epithelial
cell migration (data not shown).

Stimulation with a lower concentration of CGRP-treated
mast cells CDM showed similar effects on Caco-2 cells
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Fig. 1 Proliferation of IEC-18 and Caco-2 cell incubated with 50 μl
mast cell media [10% CDM] stimulated with CGRP [10−12–10−7 M]—
IEC-18 and Caco-2 cells were incubated with CDM. One incubation
with CDM without CGRP is also presented as control. After a

24-h incubation period, cell proliferation was measured with the
MTT assay. The results represent means±SEM of 12 separate
experiments. Asterisks show a significant induction of proliferation
by incubation of the cells (*=p<0.05, ***=p<0.01 vs. control)
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while the effect on IEC-18 cells was markedly increased
depending on the CGRP concentration used (Fig. 3). Using
mitomycin in our experiments to suppress possible prolifer-
ative effects did not alter the result of a significant migration
(data not presented) indicating that the observed effects more
likely represent migration rather than proliferation.

Inhibition of epithelial cell migration with neutralizing
TGF-β1 antibodies

Addition of neutralizing TGF-β1 antibodies to wounded
IEC-18 and Caco-2 monolayers that were stimulated with
media of CGRP-conditioned mast cells significantly re-
duced the number of migrating cells to the level of the
control group. This reduction was significant compared to
CDM CGRP [10−9 M] (Fig. 4) and detectable in both cell
lines.

Discussion

CGRP modulates epithelial cell function in vitro. This
effect is mediated by CGRP-stimulated mast cells, as the
media of CGRP-conditioned mast cells induced a signifi-
cant increase in epithelial cell proliferation and migration in
our in vitro model. These results indicate that CGRP might
be an important factor in the modulation of epithelial cell
restitution in vivo and in keeping the mucosal homeostasis,
although until today there are not sufficient data available
in humans.

CGRP is a neurotransmitter of primary extrinsic afferent
neurons [8] which is released from neuroeffector junctions
into the surrounding tissues following mucosal injury [2, 9].
Primary extrinsic afferents have been shown to protect the
mucosa against injury in various animal models [1, 2, 9].
So far, the protective effect was believed to be mediated by

Fig. 2 Effect of 50 μl CDM
mast cell media (not stimulated
vs. stimulated with CGRP
[10−9 M] on cell migration in
Caco-2 cell monolayers—Caco-
2 cells were grown in mono-
layers and injured with a razor
blade cut, indicated by the
arrow). Following wounding,
the cells were cultured for 24 h
in fresh serum-deprived medi-
um. The cell preparation was
then incubated with designated
CDM (upper panel 50 μl con-
ditioned unstimulated mast cell
media, lower panel stimulated
with CGRP [10−9 M]). After
24-h incubation period, the cell
migration across the wound
edge was counted
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a CGRP-induced vasodilatation and modulation of mucosal
blood flow [10]. To our knowledge, this is the first report
showing an effect of CGRP on epithelial cell restitution
mediated by mast cells. Epithelial cell restitution comprises
the migration of epithelial cells from the edge of mucosal
injury into the wounds within hours to maintain mucosal
integrity and homeostasis in the gut. In our experiments,
epithelial cell migraton was abolished by neutralizing
antibodies against TGF-β, indicating a TGF-β-dependent
effect. TGF-β is the key mediator within an orchestra of
growth factors and cytokines inducing epithelial cell
restitution [19, 22–25]. We already showed that SP
modulates epithelial cell restitution in vitro mediated by
fibroblasts while CGRP had no effect in this experimental
setting [14]. Using mast cells, a modulatory effect on
epithelial cell proliferation and migration was demonstrat-
ed. Mast cells represent an interesting target because they
play a major role in modulating inflammatory responses in
several tissues and they are located in close proximity to

nervous fibres throughout the gut. Moreover, it has been
reported that they are present in surgical resections of
patients with ulcerative colitis and Crohn`s disease (CD).
While it could be shown that in healthy controls mast cells
were localised in the gut mucosa, their amount increased
significantly in the submucosa and the muscularis propria
in CD patients, indicating a disease-depending effect [26].

We showed earlier that stimulation of primary afferents
in the colonic mucosa of rats with the neurotoxin capsaicin
induced a significant immigration of inflammatory cells, an
increase of bromodeoxyuridine (BrdU) uptake into the
surface epithelium and an increase of DNA content of
colonic mucosa [12]. More recently, we have shown that SP
induced epithelial cell migration via stimulation of fibro-
blasts [14]. We did not detect any direct effects of SP or
CGRP on epithelial cell function in unconditioned IEC-18
or CaCo-2 cells. CaCo-2 cells express NK-1 receptors after
exposure to pro-inflammatory cytokines while unexposed
CaCo-2 cells do not express the receptor [13].
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Fig. 4 Effect of CDM [10%] stimulated with CGRP [10−9 M] and
TGF-β1 antibody on cell migration in IEC-18 and Caco-2 cell
monolayers—IEC-18 cells and Caco-2 cells were incubated with
CDM/CGRP [10−9 M] and TGF-β1 antibody to explore possible TGF-

β effects on migration. After a 24-h incubation period, the cell
migration across the wound edge was measured. The results shown
represent means±SEM of 12 separate experiments. Asterisks show a
significant induction of migration of the cells (*=p<0.05 vs. control)
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Fig. 3 Effect of CDM [10%]
stimulated with CGRP
[10−12–10−7 M] on cell migra-
tion in IEC-18 and Caco-2 cell
monolayers—IEC-18 cells and
Caco-2 cells were incubated with
CDM/CGRP [10−12–10−7 M] to
explore effects on migration.
After a 24-h incubation period,
the cell migration across the
wound edge was measured. The
results shown represent means±
SEM of at least eight separate
experiments. Asterisks show a
significant induction of migration
of the cells (*=p<0.05,
***=p<0.01 vs. control)
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Currently, we cannot exclude for sure the possibility that
the supernatants of activated mast cells induce the expres-
sion of CGRP receptors on epithelial cells. This could lead
to an interaction of a remaining low dose of CGRP in the
supernatants with CGRP receptors on epithelial cells and
thus to the observed effects in this study. This would,
however, imply the unlikely possibility that CGRP from
mast cell supernatants, diluted 1:160, is stable and bioactive
in the cell culture media for more than 24 h.

Therefore, the in vivo observed BrdU uptake into
epithelial cells indicating an increased nucleotide turnover
and presumably epithelial cell proliferation seems more
likely related to actions of the neurotransmitters SP and
CGRP mediated via fibroblasts or mast cells.

There are some remarkable differences between the cells
used in these experiments such as species differences,
differences between non-transformed and cancer-derived
cell lines and small-intestine-derived vs. colon-derived
epithelial cells. The murine-derived mast cells certainly
imply other abilities and receptors as human intestinal mast
cells but, as these are not available to date, our experiments
have to remain the best possible approach. However,
sufficient data are published to show that colonic and
intestinal epithelial cells do not differ in the general
mechanisms of epithelial cell restitution like epithelial cell
migration, proliferation and differentiation [25]. Further-
more, molecular properties of SP, CGRP and TGF-β are
similar in these species.

In summary, CGRP and extrinsic primary afferent
neurons appear to play an important role in mucosal
protection and repair. In addition to its known effects on
mucosal blood flow, we were able to show further effects of
CGRP on epithelial cell restitution mediated by mast cells.
Both the increase in mucosal blood flow and the induction
of epithelial cell restitution are events that occur early after
mucosal injury. The release of CGRP from neuroeffector
junctions of extrinsic afferents was detected as early as 4 h
after the induction of mucosal injury giving an ideal time
frame to develop its protective properties [9]. This
observation underlines an important role for the interaction
of mast cells, epithelial cell function and primary extrinsic
afferent neurons. While this may lead to a better under-
standing of the orchestra of mucosal defence and repair, it is
still far from reaching therapeutic approaches. Further
studies have to verify our results in experiments with
selective receptor blockers or specific knock-outs.
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