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Differential actions of urocortins on neurons of the
myenteric division of the enteric nervous system in
guinea pig distal colonbph_516 222..236
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Background and purpose: Urocortins (Ucns) 1, 2 and 3 are corticotropin-releasing factor (CRF)-related neuropeptides and
may be involved in neural regulation of colonic motor functions. Nevertheless, details of the neural mechanism of action for
Ucns have been unclear. We have, here, tested the hypothesis that Ucns act in the enteric nervous system (ENS) to influence
colonic motor behaviour.
Experimental approach: We used intracellular recording with ‘sharp’ microelectrodes, followed by intraneuronal injection of
biocytin, and immunohistochemical localization of CRF1 and CRF2 receptors in guinea pig colonic tissue.
Key results: Application of Ucn1 depolarized membrane potentials and elevated excitability in 58% of AH-type and 60% of
S-type colonic myenteric neurons. In most of the neurons tested, depolarizing responses evoked by Ucn-1 were suppressed by
the CRF1 receptor antagonist NBI 27914, but were unaffected by the CRF2 receptor antagonist antisauvagine-30. The selective
CRF2 receptor agonists, Ucn2 and Ucn3, evoked depolarizing responses in 12 and 8% of the AH-type myenteric neurons,
respectively, and had no effect on S-type neurons. Antisauvagine-30, but not NBI 27914, suppressed these Ucn2- and
Ucn3-evoked responses. Immunohistochemical staining identified CRF1 as the predominant CRF receptor subtype expressed by
ganglion cell somas, while CRF2-immunoreactive neuronal somas were sparse. Ucns did not affect excitatory synaptic
transmission in the ENS.
Conclusions and implications: The results suggest that Ucns act as neuromodulators to influence myenteric neuronal
excitability. The excitatory action of Ucn1 in myenteric neurons was primarily at CRF1 receptors, and the excitatory action of
Ucn2 and Ucn3 was at CRF2 receptors.
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Introduction

Corticotropin-releasing factor (CRF), and urocortin-1 (Ucn1),
urocortin-2 (Ucn2) and urocortin-3 (Ucn3) are structurally
related neuropeptides expressed in the brain and enteric
nervous system (ENS) where they have a major involvement

in brain–gut interactions during stress (Bale and Vale, 2004).
Ucns and CRF exert their biological actions by stimulating the
G protein-coupled receptor subtypes, CRF1 and CRF2 (nomen-
clature follows Alexander et al., 2008). Many studies now
show that Ucns are widely distributed outside the brain,
including the gastrointestinal tract. Ucn1 is expressed in the
ENS of the rat (Harada et al., 1999; Kimura et al., 2007), and in
human gastric and colonic mucosa (Muramatsu et al., 2000;
Chatzaki et al., 2003). Ucn2 is expressed in the mucosa,
immune cells of the lamina propria and neurons in the sub-
mucosal and myenteric plexuses of the mouse and rat ENS
(Chen et al., 2004; Chang et al., 2007). Ucn3 is expressed in
the muscularis mucosae of the mouse small intestine (Hsu
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and Hsueh, 2001), and in the myenteric and submucosal
plexuses of the human colon (Saruta et al., 2005).

CRF1 and CRF2 receptors are expressed abundantly in the
ENS. The CRF1 subtype is expressed in myenteric and submu-
cosal neurons in all regions of the guinea pig and rat gas-
trointestinal tract (Chatzaki et al., 2004a,b; Liu et al., 2005;
Porcher et al., 2005; 2006; Bisschops et al., 2006; Kimura et al.,
2007; Yuan et al., 2007). The CRF2 receptor is reported to be
expressed by myenteric and submucosal neurons throughout
the rat gastrointestinal tract (Porcher et al., 2005; 2006; Chang
et al., 2007; Kimura et al., 2007). Nevertheless, CRF2 has not
been found in guinea pig small intestine (Liu et al., 2005;
Bisschops et al., 2006). Detailed information on the electro-
physiological behaviour and neurochemical coding for the
classes of neurons that express CRF1 receptors in the ENS is
available currently only for the guinea pig ileum (Liu et al.,
2005).

Evidence, which points to a role for CRF and Ucns in the
effects of stress on gastrointestinal motility, is accumulating.
CRF, Ucn1 and Ucn2, when injected into the brain, act at the
CRF2 receptor subtype to inhibit gastric emptying (Kihara
et al., 2001; Chen et al., 2002; Martinez et al., 2004; Czimmer
et al., 2006). On the other hand, injection of these peptides
in the brain accelerates colonic transit through signalling
involving the CRF1 subtype (Martinez et al., 2004). Intraperi-
toneal (i.p.) administration of CRF, Ucn1, Ucn2 and Ucn3
also inhibits gastric emptying by activating CRF2 receptors
(Nozu et al., 1999; Wang et al., 2001; Martinez et al., 2002;
Million et al., 2002). As with intracerebral injection, injec-
tion of CRF or Ucn1 by the i.p. route stimulates colonic
motility through activation of the CRF1 receptor subtype
(Maillot et al., 2000; 2003; Martinez et al., 2002). Injection
(i.p.) of Ucn2 and Ucn3 does not alter colonic transit, while
gastric emptying is suppressed by the same dose (Martinez
et al., 2002).

Tsukamoto et al. (2006) suggested that stimulation of
colonic contractility by i.p. administered CRF actually reflects
an action in the brain. Recent evidence suggests that this
might not be the case and that stimulation of colonic motility
by peripherally administered CRF peptides involves direct
excitatory actions on identified classes of neurons in the ENS.
We reported previously that exposure to CRF depolarizes the
membrane potential and elevates excitability in single
neurons in the myenteric plexus of the guinea pig ileum and
colon (Hanani and Wood, 1992; Liu et al., 2005). These CRF-
evoked depolarizing responses are suppressed by the CRF1/
CRF2 receptor antagonist, astressin, and the selective CRF1

receptor antagonist, NBI 27914, and are unaffected by the
selective CRF2 receptor antagonist, antisauvagine-30 (Liu
et al., 2005). Others reported that excitation of enteric
neurons by i.p. administration of CRF in conscious rats is
demonstrated by an increased number of neurons showing
c-fos expression in the myenteric plexus. Enhanced c-fos
expression in these studies is suppressed by i.p. injection of
astressin or the selective CRF1 receptor antagonist CP-154526
(Miampamba et al., 2002; Yuan et al., 2007). These data are in
general agreement with the suggestion that the CRF1 receptor
subtype is functionally expressed by neurons in the myenteric
plexus of guinea pig and rat colon (Chatzaki et al., 2004a; Liu
et al., 2005).

Peripheral mechanisms by which Ucns are involved in the
neural control of colonic motor function have not been inves-
tigated to the same extent as CRF. The present study aimed to
test a hypothesis that Ucn signalling is a significant factor in
ENS regulation of colonic motor behaviour. We did this by
investigating the direct action of Ucn1, Ucn2 and Ucn3 on
the electrophysiological and synaptic behaviour of morpho-
logically and neurochemically identified myenteric neurons
in guinea pig colon. Selective antagonists and agonists were
used as pharmacological tools to characterize the involve-
ment of CRF1 and CRF2 receptor subtypes in the actions of
Ucns on the excitability of constituents of specific classes of
neurons in the ENS. Immunohistochemistry was used in con-
junction with electrophysiological recording and pharmaco-
logical analysis to identify the classes of neurons that express
CRF1 and CRF2 receptors in the ENS.

Methods

Animals
All animal care and experimental protocols were approved by
the Ohio State University Laboratory Animal Care and Use
Committee and United States Department of Agriculture
inspectors. Male Hartley-strain guinea pigs (300–400 g;
Charles River, Wilmington, MA, USA; 127 guinea pigs in total)
and male C57BL/6 mice (26–38 g; three mice in total)
were used for the studies. The animals were housed in a
temperature-controlled room (22°C) under a 12-h light/dark
cycle, had free access to water and a standard chow until the
day of the experiment. Guinea pigs were killed by stunning
and exsanguination from the cervical vessels. Mice were killed
by cervical dislocation. The distal colon was removed and
placed in chilled Krebs’ solution containing (in mM): NaCl,
120.9; KCl, 5.9; MgCl2, 1.2; NaH2PO4, 1.2; NaHCO3, 14.4;
CaCl2, 2.5; and glucose, 11.5. The solution contained the
L-type calcium channel blocker, nifedipine (1 mM), and the
muscarinic receptor antagonist, scopolamine (1 mM), to mini-
mize muscle contraction and allow for maximal stretching of
the preparations for microelectrode access to the neurons.
The hypothalamus and cerebellum were removed from three
guinea pigs and three mice, washed with artificial cerebrospi-
nal fluid, snap-frozen in liquid nitrogen and stored at -70°C
for later comparative neuroanalysis.

Electrophysiology
Our methods for intracellular recording from enteric neurons
in whole-mount preparations of guinea pig colonic myenteric
plexus are described in detail elsewhere (Wade and Wood,
1988a,b). Transmembrane electrical potentials were recorded
with conventional ‘sharp’ microelectrodes filled with 2% bio-
cytin in 2 M KCl buffered with 0.05 M Tris at pH 7.4. Resis-
tances of the electrodes ranged between 80 and 140 MW. The
pre-amplifier (model M-767; World Precision Instruments,
Sarasota, FL, USA) was equipped with bridge circuits for intra-
neuronal injection of electrical current. Constant current rect-
angular pulses were driven by Grass SD9 stimulators (Grass
Instrument Division, Astro-Med Inc., West Warwick, RI, USA).
Fast excitatory postsynaptic potentials (EPSPs) and slow EPSPs
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were evoked by electrical shocks (0.1–20 Hz) applied focally to
interganglionic connectives with 20 mm diameter Teflon-
insulated Pt wire electrodes connected through stimulus iso-
lation units (Grass SIN5) to Grass S48 stimulator (Astro-Med,
Grass-Telefactor Division). Electrometer output was acquired
and digitized using a PowerLab data acquisition system
(ADInstruments, Inc., Colorado Springs, CO, USA), and analy-
sed using PowerLab Chart v5.1 software.

The morphology of each of the neurons was marked by
passing hyperpolarizing current (0.5 nA for 10–30 min) to
inject biocytin into the neuron from the microelectrode and
later histochemical development of the intraneuronal biocy-
tin. At the end of each recording session, the position of the
neuron within the ganglion, and the location of the ganglion
relative to the oral and aboral orientation of the preparation
were noted for later identification following immunohis-
tochemical processing. The whole-mount preparations were
then transferred to a disposable chamber filled with fixative
containing 4% formaldehyde and 1.5% of a saturated solution
of picric acid, and stored at 4°C overnight. The preparations
were cleared in three changes of dimethyl sulphoxide (DMSO)
and three 10 min washes with phosphate-buffered saline
(PBS), and then reacted with fluorescein isothiocyanate
streptavidin (Vector Labs, Burlingame, CA, USA) diluted 1:200
for 30 min at 37°C, and examined with a Nikon Eclipse 90i
automated fluorescent microscope (Nikon Instruments, Inc.,
Melville, NY, USA). The preparations were further processed
for immunofluorescence staining for CRF receptors according
to the methods described below.

Immunohistochemistry
Segments of distal colon were opened along the mesenteric
border, stretched tautly and pinned out flat with mucosa side
up onto Sylgard-coated Petri dishes. Preparations were imme-
diately fixed in Zamboni’s fixative (4% formaldehyde plus
1.5% picric acid in 0.1 M PBS) for 3 h at room temperature.
After fixation, tissues were washed in PBS three times, 10 min
each. Whole mounts of the longitudinal muscle–myenteric
plexus (LMMP) were dissected from these segments. To mini-
mize non-specific binding and to permeabilize the tissue, the
preparations were placed in PBS containing 10% normal
donkey serum and 0.3% Triton X-100 for 30 min at room
temperature. The preparations were incubated in primary
antibodies for CRF1 receptors (goat, sc-12383, 1:100, Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) or CRF2 recep-
tors (rabbit, ab12964, 1:500, Abcam Inc., Cambridge, MA,
USA) overnight at 4°C. After being washed, the tissues were
incubated in indocarbocyanin (Cy3)-labelled donkey anti-
goat or anti-rabbit IgG (Jackson Immuno Research, West
Grove, PA, USA) at room temperature for 1 h. The tissues were
washed in PBS and cover slipped with VECTASHIELD mount-
ing medium (Vector Labs). Fluorescence labelling was exam-
ined under a Nikon Eclipse 90i automated fluorescence
microscope. Specificity of the CRF1 receptor antibody was
characterized previously (Liu et al., 2005; Porcher et al., 2005;
2006; Bisschops et al., 2006). Pre-absorbing the antibody with
the corresponding blocking peptide (sc-12383p, Santa Cruz
Biotechnology) blocked all specific staining (Figure 1A2).
Specificity of the CRF2 receptor antibody was tested by omit-

ting either the primary or the secondary antibodies, because
no blocking peptide is commercially available for the CRF2

receptor antibody. No specific staining was observed in either
case (Figure 1B2). Positive controls for the CRF2 receptor anti-
body consisted of the guinea pig and mouse hypothalamus
(Figure 1C) and cerebellum (not shown), in which CRF2 recep-
tors are expressed strongly. For immunohistochemistry of the
guinea pig and mouse brain, the animals were anesthetized
with a combination of ketamine (9 mg 100 g-1) and xylazine
(1 mg 100 g-1), and perfused through the aorta with saline
followed by 4% paraformaldehyde. The brains were carefully
removed and processed for immunofluorescence staining of
CRF2 receptors as described previously (Bishop et al., 2006).

Double labelling of CRF1 and CRF2 receptors with other
specific neurochemical markers was used to identify the cell
types that express CRF receptor subtypes, and was performed
in a sequential manner. The tissues were first incubated with
the primary and secondary antibodies for CRF1 or CRF2 recep-
tors as indicated above. Samples were examined under the
fluorescence microscope to ensure quality of labelling. The
tissues were then washed in PBS and subsequently incubated
with the primary antibodies for the anti-human neuronal
nuclear protein (anti-Hu; mouse, A21271, 1:50, Invitrogen,
Carlsbad, CA, USA), calbindin (mouse, C9848, 1:3000, Sigma,
St Louis, MO, USA), choline acetyltransferase (ChAT: goat,
AB144p, Millipore, Temecula, CA, USA), nitric oxide synthase
(NOS; sheep, AB1529, 1:500, Millipore) or synaptophysin
(mouse, M0776, 1:200, Dako, Carpinteria, CA, USA). The
tissues were then washed in PBS and incubated with the
appropriate secondary antibodies for 1 h at room temperature.
After a thorough rinse, the tissues were cover slipped with
VECTASHIELD mounting medium and examined under a
Nikon Eclipse 90i fluorescence microscope. All images were
acquired with a CoolSnap HQ2 monochrome digital camera,
stored on disk and analysed with MetaMorph imaging soft-
ware (Molecular Devices Corporation, Sunnyvale, CA, USA).
Images were minimally adjusted for brightness, contrast and
intensity using MetaMorph. Immunoreactive neurons for
CRF1, CRF2 receptors and the marker populations, as well as
the number of double-labelled cells, were assessed in ran-
domly chosen ganglia throughout the tissue preparations.
Counts of double-labelled cells were assessed in at least three
animals for each chemical marker. At least 30 ganglia in the
myenteric plexus were counted for each preparation. Results
are expressed as means � SEM with n values representing the
numbers of animals studied.

Western blots
Membrane proteins were extracted from the guinea pig and
mouse hypothalamus, cerebellum and distal colon LMMP
preparations. Frozen specimens were crushed into powder
using a liquid nitrogen-cooled biopulverizer unit (Research
Products International, Philadelphia, PA, USA), and were
homogenized in 350 mL lysing buffer [20 mM Tris–HCl (pH
7.5), 150 mM NaCl, 2 mM ethylenediaminetetraacetic acid
(EDTA), 0.1% sodium dodecyl sulphate, 1% NP-40, 0.25%
deoxycholate, 1 mM sodium orthovanadate, 1 mM PMSF,
1 mM NaF, with Complete Mini EDTA-free protease inhibitor
cocktail tablet (Roche Diagnostics, Indianapolis, IN, USA)].
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Homogenates were incubated in lysing buffer on ice for 1 h,
and subsequently centrifuged at 10 000¥ g for 20 min at 4°C
to obtain the cell membrane fraction in the supernatant.
Protein levels were determined with the use of the detergent-
compatible protein assay system (Bio-Rad Laboratories, Her-
cules, CA, USA). Protein (40 mg per lane) was resolved by gel
electrophoresis followed by transfer to the nitrocellulose
membrane (Amersham Pharmacia Biotech, Piscataway, NJ,
USA). Membranes were blocked with 5% non-fat milk in
Tris–HCl-buffered saline (TBS) for 1 h at room temperature.
After washing with TBS, the membranes were incubated over-
night at 4°C with CRF1 (1:200) or CRF2 receptor antibody
(1:4000). After washing, the membranes were incubated for
1 h at room temperature with horseradish peroxidase-
conjugated donkey anti-goat IgG (1:5000; Santa Cruz Biotech-
nology, Inc.) or horseradish peroxidase-conjugated goat
anti-rabbit IgG (1:10 000; Amersham Biosciences). The immu-
noblots were detected with enhanced chemiluminescence
reagents (Amersham Biosciences).

Data analysis
Data are expressed as means � SEM with n values representing
the numbers of neurons for electrophysiological studies and
the numbers of animals for immunohistochemical studies.
Analysis of concentration–response relationships was done
with the SigmaPlot (SPSS, Inc., Chicago, IL, USA) non-linear

curve-fitting program. Concentration–response curves were
constructed from the pooled data by a sigmoid fit to V =
Vmax[1 + (EC50C-1)nH]-1, where V is the observed response, Vmax

is the maximal response, C is the corresponding concentra-
tion, EC50 is the concentration yielding the half-maximal
response and nH is the apparent Hill coefficient. Paired or
unpaired Student’s t-test was used to determine statistical
significance. P < 0.05 was considered statistically significant.

Materials
Ucn1, Ucn2, Ucn3, astressin, antisauvagine-30, nifedipine
and scopolamine were obtained from Sigma-Aldrich. NBI
27914 was purchased from Tocris Cookson (Ellisville, MO,
USA). Pharmacological agents were dissolved in isotonic
saline applied by addition to the bathing solution, unless
otherwise indicated. Stock solutions of NBI 27914 and nife-
dipine were prepared in DMSO, with final DMSO concentra-
tions less than 0.1% (v/v). Preliminary experiments indicated
that the vehicle did not alter any baseline electrophysiologi-
cal parameters.

Results

Action of Ucn1, Ucn2 or Ucn3 on neuronal excitability
Intracellular recording with ‘sharp’ microelectrodes was used
to study actions of Ucns in 74 AH- and 43 S-type neurons in

A1 A2 A3

B3B1

C

B2

Figure 1 Expression of CRF1 and CRF2 receptor immunoreactivity (IR) in the myenteric plexus of the guinea pig distal colon. (A1) CRF1 receptor
IR was expressed in neuronal cell bodies within the myenteric plexus. (A2) Pre-absorption of the CRF1 receptor antibody with the blocking
peptide (sc-12383p) eliminated specific staining. (A3) Western blot analysis demonstrated that the CRF1 receptor antibody recognized a protein
band around 66 kDa in samples extracted from longitudinal muscle–myenteric plexus (LMMP) and hypothalamus. Pre-absorption with the
blocking peptide against which the CRF1 receptor antibody was raised resulted in the loss of the immunoreactive band (control). (B1) CRF2

receptor IR was expressed predominantly in varicose nerve fibres in the myenteric plexus. CRF2-immunoreactive neuronal cell bodies were
sparse. (B2) Omitting the primary antibody for CRF2 receptors eliminated the immunostaining. (B3) Western blot analysis demonstrated that
the CRF2 receptor antibody recognized a protein band around 70 kDa in samples extracted from LMMP, cerebellum and hypothalamus. (C)
CRF2 receptor IR was expressed in the guinea pig hypothalamus, which served as a positive control. LMMP, longitudinal muscle–myenteric
plexus; Hypo, hypothalamus; C, cerebellum. Scale bars = 20 mm.
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the myenteric plexus of the guinea pig distal colon. The
neurons were identified as S- or AH-type according to estab-
lished electrophysiological criteria (Bornstein et al., 1994;
Wood, 1994; 2006). The same neurons were identified mor-
phologically by intraneuronal injection of biocytin from the
microelectrode.

Application of Ucn1 (1–300 nM) in the superfusion solution
depolarized the membrane potential coincident with
enhanced excitability (Figure 2A,B). Enhanced excitability was
reflected by an increased number of action potentials evoked
by intraneuronal injection of constant depolarizing current
pulses (data not shown), anodal-break excitation at the offset
of hyperpolarizing current pulses (Figure 2A,B) and the occur-
rence of spike discharges (Figure 2B). Morphological analysis
of the biocytin-filled neurons revealed that Ucn1 evoked depo-
larizing responses and elevated excitability in both Dogiel type
II multipolar neurons (Figure 2A, inset) with AH-type electro-
physiological behaviour (58%; 43/74) and uniaxonal neurons
(Figure 2B, inset) with S-type electrophysiological behaviour

(60%; 26/43). An increase in membrane input resistance was
associated with the depolarizing responses in AH-type neurons
(Figure 2A). In S-type neurons, the input resistance decreased
in 58% (15/26) (Figure 2B), and was unchanged in the remain-
der. The effects of Ucn1 were fully reversed after a 15–20 min
washout period. Time for recovery during washout was directly
related to the concentration. Blockade of synaptic transmis-
sion by tetrodotoxin (TTX; 300 nM) in the bathing solution or
lowering Ca2+ to 0.5 mM and elevating Mg2+ to 12 mM did not
alter the depolarizing responses evoked by 100 nM Ucn1
(Ucn1: 13.7 � 1.7 mV; Ucn1 plus TTX: 14.0 � 1.7 mV; Ucn1 in
low-Ca2+/high-Mg2+ Krebs solution: 12.8 � 1.6 mV; P > 0.05;
n = 6). Membrane depolarization evoked by Ucn1 was concen-
tration dependent with EC50 values of 37.6 � 9.8 nM (n = 6) for
AH-type neurons, and 60.5 � 18.9 nM (n = 6) for S-type
neurons (Figure 3). The maximal depolarization of the mem-
brane potential evoked by 300 nM Ucn1 was 17.0 � 1.9 mV
(n = 6) for AH-type neurons, and 14.0 � 2.4 mV (n = 6) for
S-type neurons.

Application of Ucn2 or Ucn3 in the superfusion solution
evoked slowly activating depolarizing responses similar to
those evoked by Ucn1 (Figure 4). Of the 74 AH-type neurons
tested, the membrane potential of nine of the neurons was
depolarized by Ucn2, and membrane depolarization by Ucn3
occurred in six. Neither Ucn2 nor Ucn3 evoked membrane
depolarization in any of the 34 S-type neurons tested. Ucn2
evoked membrane depolarization of 16.2 � 1.3 mV at 100 nM
(n = 9), and 15.0 � 3.1 mV at 300 nM (n = 4). Ucn3 evoked
membrane depolarization of 15.5 � 3.1 mV at 100 nM (n = 4),
and 17.0 � 7.0 mV at 300 nM (n = 2). Full concentration–
response curves for Ucn2 and Ucn3 were not obtained
because the numbers of neurons responding to Ucn2 and
Ucn3 were small. Blockade of synaptic transmission by TTX
(300 nM) in the bathing solution, or lowering Ca2+ to 0.5 mM
and elevating Mg2+ to 12 mM did not alter the depolarizing
responses evoked by 100 nM Ucn2 (Ucn2: 12.7 � 0.7 mV;
Ucn2 plus TTX: 12.7 � 0.7 mV; Ucn2 in low-Ca2+/high-Mg2+

Krebs solution: 12.3 � 0.3 mV; P > 0.05; n = 3) or 100 nM
Ucn3 (Ucn3: 11.3 � 3.5 mV; Ucn3 plus TTX: 11.3 � 3.5 mV;
Ucn3 in low-Ca2+/high-Mg2+ Krebs solution: 10.7 � 2.9 mV;
P > 0.05; n = 3).

Figure 2 Depolarizing responses to urocortin-1 (Ucn1) were con-
centration dependent in both AH- and S-type colonic myenteric
neurons. (A) Responses to Ucn1 in concentrations from 10 to 300 nM
in an AH-type neuron. Downward deflections are electrotonic poten-
tials evoked by intraneuronal injection of constant-current hyperpo-
larizing pulses. Increased amplitude of the downward deflections
reflects increased input resistance. Upward deflections are action
potentials occurring at the offset of hyperpolarizing current pulses.
Occurrence of action potentials reflects elevated neuronal excitability.
Morphology of the AH-type neuron from which the records in (A)
were obtained appears in the inset. (B) Responses to Ucn1 (10–
300 nM) in an S-type neuron. Decreased amplitude of the downward
deflections reflects decreased input resistance. Morphology of the
S-type neuron from which the records in B were obtained appears in
the inset.

Figure 3 Concentration–response relationships for urocortin-1
(Ucn1)-evoked membrane depolarization in AH- and S-type neurons.
Each data point represents six AH-type neurons and six S-type
neurons. The EC50 value was 37.6 � 9.8 nM for AH-type neurons, and
60.5 � 18.9 nM for S-type neurons.
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CRF1 and CRF2 receptor antagonists
Involvement of the CRF receptor subtypes in Ucn1-, Ucn2-
and Ucn3-evoked excitatory responses was investigated with
the CRF1/CRF2 receptor antagonist astressin, the selective
CRF1 receptor antagonist NBI 27914 and the selective CRF2

receptor antagonist antisauvagine-30. In these experiments,
neurons were pretreated with each antagonist for 5 min, and
the responses to applications of Ucn1, Ucn2 or Ucn3 in the
presence of each antagonist were obtained. The presence of
astressin, NBI 27914 or antisauvagine-30 in the bathing solu-
tion did not change the membrane potential, input resistance
or neuronal excitability. The non-selective CRF receptor
antagonist astressin (1 mM) suppressed the depolarizing
responses to 30 nM Ucn1 in all five (two AH- and three S-type)
neurons studied (Figure 5B,G). The selective CRF1 receptor
antagonist NBI 27914 (10 mM) suppressed the depolarizing
responses to 30 nM Ucn1 in four S-type (Figure 5C) and four
AH-type neurons. NBI 27914 (1–100 mM) concentration-

dependently suppressed the depolarizing action of 30 nM
Ucn1 with an IC50 value of 8.0 � 2.5 mM (n = 4; including
three AH- and one S-type neurons) (Figure 5H). The selective
CRF2 receptor antagonist antisauvagine-30 (1 mM) did not
suppress or otherwise alter the depolarizing responses to
30 nM Ucn1 in six out of six S-type neurons (Figure 5D), and
seven out of nine AH-type neurons studied. However, in two
out of nine AH-type neurons, antisauvagine-30 (1 mM) sup-
pressed the responses to 30 nM Ucn1 by 46 � 4% (Figure 6B).
The residual Ucn1 responses were further diminished by the
addition of 10 mM NBI 27914 in the bathing solution
(Figure 6C). The depolarizing responses evoked by 30 nM
Ucn2 and 30 nM Ucn3 were suppressed by 1 mM
antisauvagine-30, but were not influenced by 10 mM NBI
27914 in three AH-type neurons (Figure 7).

Immunohistochemical localization of CRF1 and CRF2 receptors
Immunoreactivity (IR) for CRF1 receptors was expressed in 38
� 3% (n = 9) of ganglion cell somas in the colonic myenteric
plexus of the guinea pig (Figure 1A1). CRF1 receptor IR
appeared in the cytoplasm and surface membranes, and in
some cases, in processes projecting from the cell soma. None
of the nerve fibres with varicosities showed IR, nor was there
any staining of ganglion cell nuclei or of muscle in any of the
preparations. Pre-equilibration with the peptide against
which the CRF1 receptor antibody was raised resulted in the
loss of all CRF1 receptor IR (Figure 1A2). Specificity of the CRF1

receptor antibody was assessed also by Western blot analysis.
The CRF1 receptor antibody recognized an approximately
66 kDa protein band in samples extracted from colonic
LMMP preparations and hypothalamus of the guinea pig
(Figure 1A3). This band corresponded to the published
molecular weight for the human and rat CRF1a receptor
(Pisarchik and Slominski, 2005; Yuan et al., 2007). Pre-
absorption with the blocking peptide against which the CRF1

receptor antibody was raised resulted in the loss of the immu-
noreactive band (Figure 1A3).

CRF2 receptor IR was predominantly stronger in varicose
nerve fibres relative to myenteric neuronal cell bodies
(Figure 1B1). A dense network of CRF2 receptor-
immunoreactive varicose nerve fibres was present in the
ganglia (Figure 1B1), interconnecting nerve strands and ter-
tiary plexus. Ganglion cell bodies with CRF2 receptor IR were
sparse and represented only 0.4 � 0.1% (n = 3) of the total in
the myenteric plexus. Omission of the primary antibody for
CRF2 receptors resulted in no immunostaining (Figure 1B2).
Specificity of the CRF2 receptor antibody was assessed by
Western blot analysis. The CRF2 antibody recognized a 70 kDa
protein band in LMMP, cerebellum and hypothalamus of the
guinea pig (Figure 1B3) and mouse (not shown). This band
corresponded to the published molecular weight for the
human and rat CRF2 receptors (Chatzaki et al., 2004a; Bishop
et al., 2006), and was additional evidence for specificity of the
antibody. Specificity of the CRF2 receptor antibody was also
tested in the guinea pig and mouse hypothalamus where
expression of the CRF2 receptor subtype is well documented
(Lovenberg et al., 1995). The antibody-labelled neurons in
the paraventricular nucleus of the guinea pig (Figure 1C)
and mouse (not shown) hypothalamus, which increased

Figure 4 Urocortin-1 (Ucn1), urocortin-2 (Ucn2) and urocortin-3
(Ucn3) evoked depolarizing responses in an AH-type colonic myen-
teric neuron. Bath application of Ucn1, Ucn2 or Ucn3 evoked slowly
activating membrane depolarization. The depolarizing responses to
Ucn1, Ucn2 and Ucn3 were associated with increased input resis-
tance. Downward deflections are electrotonic potentials evoked by
intraneuronal injection of constant-current hyperpolarizing pulses.
Increased amplitude of the downward deflections reflects increased
input resistance. Enhanced excitability is reflected by the occurrence
of anodal-break excitation at the offset of hyperpolarizing current
pulses. Morphology of the AH-type neuron from which the records
were obtained was shown in the inset.
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confidence in the specificity of the CRF2 receptor antibody we
were using.

In order to determine if the neurons that responded to
Ucn1 express CRF1 receptor IR, the neurons were filled with
biocytin and later immunostained with the CRF1 receptor
antibody. Of the 69 Ucn1-responsive neurons, 39 were char-
acterized immunohistochemically for CRF1 receptor IR. Of the
39 neurons, 25 displayed Dogiel type II multipolar morphol-
ogy, and 14 displayed Dogiel type I uniaxonal morphology.
Ucn1-responsive neurons with AH-type electrophysiological
behaviour and Dogiel type II morphology (Figure 8A), and
Ucn1-responsive neurons with S-type electrophysiological
behaviour and uniaxonal morphology (Figure 8B) all

expressed CRF1 receptor IR. Expression of CRF2 receptor IR on
Ucn1-, Ucn2- or Ucn3-responsive neurons was not deter-
mined because the number of neurons with CRF2 receptor-
mediated responses was small.

Double-labelling studies were done to identify the classes of
myenteric neurons that expressed CRF1 or CRF2 receptor IR.
Neurons expressing calbindin, ChAT and NOS as neurochemi-
cal codes were examined. Calbindin is a marker protein,
which identifies most guinea pig enteric neurons with
AH-type electrophysiological behaviour and Dogiel type II
multipolar morphology (Iyer et al., 1988). CRF1 receptor IR
was detected in 98 � 1% (n = 4) of calbindin-immunoreactive
ganglion cells; conversely, calbindin IR was expressed by 18.7

Figure 5 Effect of corticotropin-releasing factor (CRF) receptor antagonists on urocortin-1 (Ucn1)-evoked depolarizing responses. (A) Bath
application of 30 nM Ucn1 evoked slowly developing membrane depolarization that was associated with enhanced excitability in an S-type
myenteric neuron. (B) The non-selective CRF receptor antagonist, astressin (1 mM), suppressed the Ucn1-evoked excitatory responses. (C) The
selective CRF1 receptor antagonist, NBI 27914 (10 mM), suppressed the Ucn1-evoked excitatory responses. (D) The selective CRF2 receptor
antagonist, antisauvagine-30 (1 mM), did not suppress the actions of Ucn1. (E) Washout of the antagonists restored the excitatory action of
Ucn1. (F) Morphology of the neuron from which the records in (A) to (E) were obtained. (G) Pooled data for the effect of the CRF receptor
antagonists on Ucn1-evoked membrane depolarization. Paired Student’s t-test was used to determine statistical significance: **P < 0.01; ***P
< 0.001. (H) Concentration–response relation for inhibition by NBI 27914 (1–100 mM) of membrane depolarization evoked by Ucn1 (30 nM).
Each data point represents four neurons. The IC50 value for NBI 27914 was 8.0 � 2.5 mM.
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� 7.3% (n = 4) of CRF1-immunoreactive myenteric neurons
(Figure 9B1–3). ChAT is a marker for enteric cholinergic
neurons, which includes musculomotor neurons, secretomo-
tor neurons and interneurons (Furness, 2000). CRF1 receptor
IR was detected in 62 � 2% (n = 3) of ChAT-immunoreactive
neurons; conversely, ChAT IR was expressed by 98 � 1% (n =
3) of CRF1 receptor IR neurons (Figure 9C1–3). NOS is a marker
for uniaxonal inhibitory musculomotor neurons, which
project their axons in the anal direction and a population of

interneurons in the guinea pig myenteric plexus (Furness,
2000). CRF1 receptor IR was detected in 40.6 � 2.7% (n = 5) of
NOS-immunoreactive neurons, and NOS IR was expressed by
33.3 � 1.5% (n = 5) of neurons with CRF1 IR (Figure 9D1–3). A
small population of CRF1 receptor-immunoreactive neurons
(2.0 � 0.3; n = 5) also expressed CRF2 receptor IR (Figure 9E1–3).

All CRF2 receptor-immunoreactive myenteric neurons
expressed calbindin IR (n = 7; Figure 10B1–3) and ChAT IR (n =
3; Figure 10C1–3). CRF2-immunoreactive nerve cell bodies were
detected in 7.4 � 1.7% (n = 7) of calbindin-positive nerve
cells, and 0.7 � 0.0% (n = 3) of ChAT-positive nerve cells. No
colocalization of CRF2 receptors with NOS was found in the
myenteric plexus (Figure 10D1–3). In varicose nerve fibres,
CRF2 receptor IR was colocalized with IR for synaptophysin
(Figure 10E1–3), which suggests that the CRF2 receptor subtype
might be expressed at pre-synaptic transmitter release sites.

Action of Ucn1, Ucn2 or Ucn3 on synaptic transmission
The expression of CRF2 receptors on varicose nerve fibres
raised the question of whether activation of pre-synaptic
CRF2 receptors by Ucns altered synaptic transmission. We
addressed the question by applying focal electrical stimula-
tion to interganglionic fibre tracts, and recording stimulus-
evoked EPSPs. Fast and slow EPSPs are the principal synaptic
potentials evoked by fibre tract stimulation in the myenteric
plexus of guinea pig colon (Wade and Wood, 1988b). None of
the Ucns altered electrophysiological parameters of either fast
or slow EPSPs (Figure 11A,B and Table 1).

Discussion and conclusions

Ucns are believed to be mediators in the signalling functions
involved in neural control of intestinal motility (Harada et al.,
1999; Maillot et al., 2000; 2003; Martinez et al., 2002; Chen
et al., 2004; Saruta et al., 2005; Chang et al., 2007; Kimura
et al., 2007). The evidence for such mediation includes obser-
vations of accelerated transit after intraperitoneal administra-
tion of Ucn1 in conscious rats (Maillot et al., 2000; 2003;
Martinez et al., 2002), and increased phasic contractions and
electric field stimulation-induced off-contraction in isolated
colonic muscle strips (Kimura et al., 2007). Ucn2 and Ucn3 are
ineffective on colonic motility (Martinez et al., 2002; Kimura
et al., 2007). The neuronal blocker, TTX, abolishes Ucn1-
evoked phasic contractions in colonic smooth muscle strips
(Kimura et al., 2007), suggesting an ENS-mediated event. In

Figure 6 Responses evoked by urocortin-1 (Ucn1) were mediated
by both CRF1 and CRF2 receptors in two out of nine AH-type myen-
teric neurons. (A) Bath application of Ucn1 (30 nM) evoked a slowly
developing membrane-depolarizing response that was associated
with enhanced excitability and elevated input resistance in an
AH-type myenteric neuron. (B) The selective CRF2 receptor antago-
nist, antisauvagine-30 (1 mM), suppressed the Ucn1-evoked mem-
brane depolarization by ~50%. (C) The residual Ucn1 responses were
further diminished by addition of 10 mM NBI 27914 in the bathing
solution. Morphology of the neuron from which the records were
obtained appears in the inset.

Table 1 Effects of urocortins (Ucns) on synaptic transmission

Ucn1 (100 nM) Ucn2 (100 nM) Ucn3 (100 nM)

Fast EPSP Control: 12.0 � 1.55 Control: 12.7 � 1.8 Control: 12.7 � 1.8
Ucn1: 12.0 � 1.55 Ucn2: 12.7 � 1.8 Ucn3: 12.7 � 1.8

(n = 6) (n = 3) (n = 3)
Slow EPSP Control: 14.4 � 3.4 Control: 8.0 � 1.2 Control: 8.0 � 1.2

Ucn1: 14.4 � 3.4 Ucn2: 8.0 � 1.2 Ucn3: 8.0 � 1.2
(n = 9) (n = 3) (n = 3)

These data represent the peak amplitude of the synaptic potentials in mV, and are expressed as means � SEM; n = numbers of neurons from which data were
obtained.
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view of this, we tested the twofold hypothesis that myenteric
neurons in the colon express CRF receptors and that binding
of Ucns to the CRF receptors enhances neuronal excitability.
Our finding that CRF receptors are expressed by myenteric
neurons and that excitation of the neurons is a major action
of Ucns supports the hypothesis.

The excitatory actions of Ucns mimic those evoked by CRF
on myenteric neurons in intracellular microelectrode studies
(Hanani and Wood, 1992; Liu et al., 2005). Ucn1 was the Ucn
that most often evoked excitation in the present study. Phar-
macological analysis identified CRF1 as the predominant
receptor responsible for the excitatory action, and CRF2 recep-
tor involvement was found in a very small number of
neurons. The proportion of myenteric neurons, which
expressed CRF1 receptor IR, was about 100-fold greater than
the fraction showing CRF2 receptor IR. The number of
neurons that expressed CRF1 IR was greater by far than the
number found to respond to CRF1 receptor agonists in single-
neuron electrophysiological recording. This might reflect
sampling bias due to immunohistochemical marking of the
entire population of neurons that expressed CRF1 receptors
and the limitation of electrophysiological recording to a
smaller sub-sample of the same neurons. Another plausible
explanation is that the anti-CRF1 receptor antibody labelled
non-functional receptors in the neuronal cytoplasm in
addition to the functional receptors in the somal membranes.
The labelled cytoplasmic receptors might be newly synthe-
sized receptors not yet integrated into the neuronal
membrane. Overall, the immunohistochemical and electro-
physiological results are consistent with the conclusion that
CRF1 is the predominant receptor subtype expressed in the
colonic myenteric plexus of the guinea pig.

The excitatory actions of Ucn1, Ucn2 and Ucn3 on the
neurons with AH-type electrophysiological behaviour and
Dogiel type II morphology were typical of the excitatory

actions of multiple other neurotransmitters and paracrine
signal substances, which act at metabotropic G protein recep-
tors coupled to adenyl cyclase and elevation of cAMP in this
class of enteric neurons (Palmer et al., 1986; Wood and Kirch-
gessner, 2004). Excitation evoked by Ucns like that of other
mediators that mimic slow synaptic excitation (slow EPSP) in
AH-type neurons was associated with increased input resis-
tance, which reflected suppression of resting Ca2+-gated K+

conductance (Grafe et al., 1980; Hanani and Wood, 1992;
Wood and Kirchgessner, 2004). Ucn1 evoked more of these
types of responses in AH neurons (i.e. 58%) than did Ucn2
with 12% of the neurons responding or Ucn3 with 8%
responding.

The excitatory actions of Ucn1 on the neurons with S-type
electrophysiological behaviour and a single long axon were
typical of the excitatory actions of many other neurotrans-
mitters and paracrine signal substances, which act at metabo-
tropic G protein-coupled receptors to activate phospholipase
C; synthesis of inositol 1,4,5-trisphosphate; mobilization of
Ca2+ from intracellular stores; and opening of non-selective
cation channels in S-type neurons (Hu et al., 2003; 2004;
Wood and Kirchgessner, 2004). Excitation evoked by Ucn1,
like that of other mediators that mimic slow EPSPs in S-type
neurons, was associated with decreased input resistance (i.e.
increased membrane conductance), which reflected opening
of non-selective cation channels (Wood and Kirchgessner,
2004; Qu et al., 2007). Neither Ucn2 nor Ucn3 evoked
responses in S-type neurons.

The slow EPSP-like action of the Ucns in AH-type neurons
may be significant when the neurons are ‘wired’ into the ENS
integrative microcircuitry in the functioning organ. Cell
bodies of AH neurons in the myenteric plexus are flat coin-
like disks with multiple long neurites attached around the
perimeter (Hanani et al., 1998). One or more neurites of
the AH neurons leave the ganglion and project through the

Figure 7 Depolarizing responses evoked by urocortin-2 (Ucn2) and urocortin-3 (Ucn3) were mediated by the CRF2 receptor subtype. (A) The
depolarizing responses evoked by 30 nM Ucn2 in an AH-type neuron were not influenced by 10 mM NBI 27914, but were suppressed by 1 mM
antisauvagine-30. (B) Depolarizing responses evoked by 30 nM Ucn3 in the same AH-type neuron were not influenced by 10 mM NBI 27914,
but were suppressed by 1 mM antisauvagine-30. Morphology of the neuron from which the records were obtained appears in the inset.
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intestinal circular muscle and lamina propria, and terminate
in the mucosal epithelium (Song et al., 1994; Bertrand et al.,
1998). The nerve ending in the mucosa expresses 5-HT3 recep-
tors (Bertrand et al., 2000), and 5-HT released from entero-
chromaffin cells by mechanical or chemical stimulation
activates the receptors and stimulates the nerve ending to fire
(Kirchgessner et al., 1992; Kunze et al., 1995; 1998; Bertrand
et al., 1997; 2000). This is why AH neurons have been referred
to as intrinsic primary afferent neurons. However, AH
neurons do not behave like classic primary afferent neurons.
AH neurons receive synaptic input from other neurons,
including other AH neurons, spinal afferents and parasympa-
thetic neurons, mainly in the form of slow EPSPs (Wood and

Mayer, 1979; Takaki and Nakayama, 1988; 1989; Kunze et al.,
1993; Tamura, 1997; Wang et al., 2009), but also as nicotinic
fast EPSPs (Grafe et al., 1979; Tamura, 1997; Tamura et al.,
2001). These neurons form recurrent, excitatory networks in
the ENS (Kunze et al., 1993; Thomas et al., 2000; Thomas and
Bornstein, 2003; Chambers et al., 2005; Wood, 2006), in
which the neurons of the circuit make recurrent, slow excita-
tory, synaptic connections one with another. Neural circuits,
‘wired’ like this, are feedback circuits in which the interneu-
ronal synaptic connectivity causes excitation to build rapidly
to firing threshold in each of the neurons in the circuit. Rapid
build-up of firing in individual neurons in such circuits would
ensure simultaneous activation of an entire network of mul-
tiple AH neurons around the circumference and along the
length of a segment of bowel. Output of the circuit becomes
excitatory synaptic input to pools of motor neurons around
the circumference and along the length of an intestinal
segment (Thomas et al., 2000; Thomas and Bornstein, 2003;
Chambers et al., 2005). Outputs from AH networks, in the
myenteric plexus, are postulated to activate pools of excita-
tory and inhibitory musculomotor neurons during generation
of propulsive motility, and to synchronize the firing of pools
of secretomotor neurons to ensure uniform secretion within
an intestinal segment. Our finding that AH neurons express
the CRF1 receptor subtype and that CRF1 receptors mediate
the excitatory action of Ucn1 in this class of enteric neurons
suggests that Ucn1 and CRF might be another of the signals
that elevate excitability in neuronal circuits with AH-type
neurons.

Whereas multipolar AH-type neurons are named for their
characteristic post-spike after-hyperpolarizing potentials,
uniaxonal S-type neurons (i.e. synaptic-type neurons) are so
named because ionotropic nicotinic fast EPSPs appear in vir-
tually all S-type enteric neurons (Wood, 2006). All musculo-
motor neurons and some interneurons show S-type
electrophysiological behaviour and single axon morphology.
A pool of S-type neurons with ChAT IR in the guinea pig
colon consists of cholinergic motor neurons, which when
active evoke contraction of the intestinal musculature.
Another population with NOS IR consists of inhibitory motor
neurons to the musculature, and suppresses muscle contrac-
tion when active (Lomax and Furness, 2000). Activation of
the CRF1 receptors expressed by these functionally different
kinds of motor neurons would be expected to energize pro-
pulsive motility in the colon and might be a neural correlate
of the augmented contractile activity and propulsive motility
that are reported to occur during exposure to Ucn1 (Maillot
et al., 2000; 2003; Martinez et al., 2002; Kimura et al., 2007).

Unlike enteric ganglion cell bodies, which expressed mainly
CRF1 receptor IR, axonal varicosities in both the myenteric
and submucosal plexus were found to express CRF2 IR. CRF2

receptor IR, in these cases, was colocalized with synapto-
physin IR, which suggests that the CRF2 receptor subtype
might be expressed at pre-synaptic transmitter release sites
where multiple neurotransmitters and paracrine mediators
act to either suppress or enhance neurotransmitter release
(Wood, 2006). Hanani and Wood (1992) reported that appli-
cation of CRF suppressed nicotinic neurotransmission (i.e.
fast EPSPs) in the guinea pig small intestinal ENS. Neverthe-
less, this was interpreted as a post-synaptic action because

A

B

Figure 8 Expression of CRF1 receptor immunoreactivity (IR) on
urocortin-1 (Ucn1)-responsive myenteric neurons in the guinea pig
distal colon. (A) Bath application of Ucn1 (30 nM) evoked slowly
activating membrane depolarization and enhanced excitability in an
AH-type neuron. The neuron was traced by filling with biocytin, and
later staining for biocytin and the CRF1 receptor. The Ucn1-responsive
neuron with AH-type electrophysiological behaviour and Dogiel type
II morphology was found to express CRF1 IR. (B) Bath application of
Ucn1 (30 nM) evoked slowly activating membrane depolarization
and enhanced excitability in an S-type neuron. The Ucn1-responsive
S-type neuron was found to have uniaxonal morphology and express
CRF1 receptor IR. Scale bars = 20 mm.
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Figure 9 Colocalization of CRF1 receptor immunoreactivity (IR) with neurochemical codes in the myenteric plexus of the guinea pig distal
colon. (A1–3) Double labelling of CRF1 receptors with anti-Hu, which labels all enteric neurons, showed that the CRF1 receptor was expressed
exclusively by myenteric neurons. (B1–3) CRF1 receptor IR was colocalized with calbindin IR. (C1–3) CRF1 receptor IR was colocalized with ChAT.
IR. (D1–3) CRF1 receptor IR was colocalized with nitric oxide synthase (NOS) IR. (E1–3) A small subset of CRF1 receptor-immunoreactive myenteric
neurons also expressed CRF2 receptor IR. Scale bars = 20 mm.
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Figure 10 Colocalization of CRF2 receptor immunoreactivity (IR) with neurochemical markers in the myenteric plexus of the guinea pig distal
colon. (A1–3) Double labelling of CRF2 receptors with anti-Hu, which labels all enteric neurons, showed expression of CRF2 receptor IR by only
a small subset of neurons. (B1–3) CRF2 receptor IR was colocalized with calbindin IR. (C1–3) CRF2 receptor IR was colocalized with ChAT IR. (D1–3)
CRF2 receptor IR was not colocalized with NOS IR. (E1–3) CRF2 receptor IR and synaptophysin IR were coexpressed in varicose nerve fibres. Scale
bars = 20 mm.

Actions of urocortins on enteric neurons
S Liu et al 233

British Journal of Pharmacology (2010) 159 222–236



exposure to CRF also suppressed ionotropic depolarizing
responses to ACh. Neither of the Ucns altered the electro-
physiological parameters of fast or slow EPSPs evoked by
electrical stimulation of interganglionic fibre tracts in the
myenteric plexus, which raises a question as to the identifi-
cation of the pre-synaptic varicosities that might express the
CRF2 receptor subtype. We have found that keeping the
guinea pig myenteric plexus organotypic culture for 5 days
resulted in significant loss of CRF2 receptor IR nerve fibres,
suggesting that the CRF2 receptors might be primarily
expressed by extrinsic nerve fibres after they enter the intes-
tine. A likely extrinsic fibre candidate would be spinal affer-
ents. The suggestion that spinal afferents might express CRF2

receptors is compatible with a report that peripheral injection
of Ucn2 blunts pain induced by colorectal distension, sup-
presses colonic afferent spike activity and reduces ERK1/2
phosphorylation evoked by CRF2 receptor activation in rat
spinal cord (Million et al., 2006). Moreover, dorsal root
ganglia are known to express the CRF2 receptor gene (Million
et al., 2006).

In summary, this study has demonstrated that Ucn1 evokes
neuronal excitation primarily via CRF1 receptor activation in
the colonic myenteric plexus, whereby it might influence
colonic motility and secretion. Activation of the CRF2 recep-

tors on myenteric neurons might not be sufficient alone to
produce measurable changes in colonic motility. Our immu-
nohistochemical data suggest that the Ucn1-mediated effects
involve activation of both cholinergic and nitrergic neuronal
pathways. The predominant expression of functional CRF1

receptors, relative to CRF2 receptors, along with the expres-
sion of CRF1 receptor ligands, CRF (Liu et al., 2006) and Ucn1
(Harada et al., 1999; Kimura et al., 2007) in the ENS of the
colon suggests a neuromodulator role for CRF or Ucn1 in the
ENS under normal conditions and perhaps more importantly
during stress.

Acknowledgements

This work was supported by grant DK 37238 (J.D.W.) and DK
068258 (J.D.W.) from the National Institutes of Health. S.L.
was supported by a Research Starter Award from The Pharma-
ceutical Research and Manufacturers of America Foundation,
and a Seed Grant Award from University of North Carolina
Center for Functional GI & Motility Disorders.

Conflict of interest

The authors state no conflict of interest.

References

Alexander SPH, Mathie A, Peters JA (2008). Guide to Receptors and
Channels (GRAC), 3rd edn. Br J Pharmacol 153 (Suppl. 2): S1–S209.

Bale TL, Vale WW (2004). CRF and CRF receptors: role in stress
responsivity and other behaviors. Annu Rev Pharmacol Toxicol 44:
525–357.

Bertrand PP, Kunze WA, Bornstein JC, Furness JB, Smith ML (1997).
Analysis of the responses of myenteric neurons in the small intes-
tine to chemical stimulation of the mucosa. Am J Physiol 273:
G422–G435.

Bertrand PP, Kunze WA, Bornstein JC, Furness JB (1998). Electrical
mapping of the projections of intrinsic primary afferent neurones
to the mucosa of the guinea-pig small intestine. Neurogastroenterol
Motil 10: 533–541.

Bertrand PP, Kunze WA, Furness JB, Bornstein JC (2000). The terminals
of myenteric intrinsic primary afferent neurons of the guinea-
pig ileum are excited by 5-hydroxytryptamine acting at
5-hydroxytryptamine-3 receptors. Neuroscience 101: 459–469.

Bishop GA, Tian JB, Stanke JJ, Fischer AJ, King JS (2006). Evidence for
the presence of the type 2 corticotropin releasing factor receptor in
the rodent cerebellum. J Neurosci Res 84: 1255–1269.

Bisschops R, Vanden Berghe P, Sarnelli G, Janssens J, Tack J (2006).
CRF-induced calcium signaling in guinea pig small intestine myen-
teric neurons involves CRF-1 receptors and activation of voltage-
sensitive calcium channels. Am J Physiol Gastrointest Liver Physiol
290: G1252–1260.

Bornstein JC, Furness JB, Kunze WA (1994). Electrophysiological char-
acterization of myenteric neurons: how do classification schemes
relate? J Auton Nerv Syst 48: 1–15.

Chambers JD, Bornstein JC, Sjövall H, Thomas EA (2005). Recurrent
networks of submucous neurons controlling intestinal secretion: a
modeling study. Am J Physiol Gastrointest Liver Physiol 288: G887–
G896.

Chang J, Hoy JJ, Idumalla PS, Clifton MS, Pecoraro NC, Bhargava A

Figure 11 Exposure to urocortins (Ucns) did not alter excitatory
neurotransmission in the myenteric plexus of guinea-pig colon. (A)
Fast excitatory postsynaptic potentials (EPSPs) evoked in an S-type
myenteric neuron were unaffected by Ucn1, Ucn2 or Ucn3. (B) Slow
EPSPs evoked in the same myenteric neuron were unaffected by
Ucn1, Ucn2 or Ucn3. Morphology of the neuron from which the
results in A and B were obtained appears in the inset. Scale bars =
20 mm.

Actions of urocortins on enteric neurons
234 S Liu et al

British Journal of Pharmacology (2010) 159 222–236



(2007). Urocortin 2 expression in the rat gastrointestinal tract under
basal conditions and in chemical colitis. Peptides 28: 1453–1460.

Chatzaki E, Charalampopoulos I, Leontidis C, Mouzas IA, Tzardi M,
Tsatsanis C et al. (2003). Urocortin in human gastric mucosa: rela-
tionship to inflammatory activity. J Clin Endocrinol Metab 88: 478–
483.

Chatzaki E, Crowe PD, Wang L, Million M, Tache Y, Grigoriadis DE
(2004a). CRF receptor type 1 and 2 expression and anatomical
distribution in the rat colon. J Neurochem 90: 309–316.

Chatzaki E, Murphy BJ, Wang L, Million M, Ohning GV, Crowe PD
et al. (2004b). Differential profile of CRF receptor distribution in the
rat stomach and duodenum assessed by newly developed CRF
receptor antibodies. J Neurochem 88: 1–11.

Chen CY, Million M, Adelson DW, Martinez V, Rivier J, Tache Y
(2002). Intracisternal urocortin inhibits vagally stimulated gastric
motility in rats: role of CRF(2). Br J Pharmacol 136: 237–247.

Chen A, Blount A, Vaughan J, Brar B, Vale W (2004). Urocortin II gene
is highly expressed in mouse skin and skeletal muscle tissues: local-
ization, basal expression in corticotropin-releasing factor receptor
(CRFR) 1- and CRFR2–null mice, and regulation by glucocorticoids.
Endocrinology 145: 2445–2457.

Czimmer J, Million M, Tache Y (2006). Urocortin 2 acts centrally to
delay gastric emptying through sympathetic pathways while CRF
and urocortin 1 inhibitory actions are vagal dependent in rats. Am
J Physiol Gastrointest Liver Physiol 290: G511–G518.

Furness JB (2000). Types of neurons in the enteric nervous system.
J Auton Nerv Syst 81: 87–96.

Grafe P, Wood JD, Mayer CJ (1979). Fast excitatory postsynaptic
potentials in AH (type 2) neurons of guinea-pig myenteric plexus.
Brain Res 279: 720–721.

Grafe P, Mayer CJ, Wood JD (1980). Synaptic modulation of calcium-
dependent potassium conductance in myenteric neurones in the
guinea-pig. J Physiol 305: 235–248.

Hanani M, Wood JD (1992). Corticotropin-releasing hormone excites
myenteric neurons in the guinea-pig small intestine. Eur J Pharma-
col 211: 23–27.

Hanani M, Ermilov LG, Schmalz PF, Louzon V, Miller SM, Szurszewski
JH (1998). The three-dimensional structure of myenteric neurons in
the guinea-pig ileum. J Auton Nerv Syst 71: 1–9.

Harada S, Imaki T, Naruse M, Chikada N, Nakajima K, Demura H
(1999). Urocortin mRNA is expressed in the enteric nervous system
of the rat. Neurosci Lett 267: 125–128.

Hsu SY, Hsueh AJ (2001). Human stresscopin and stresscopin-related
peptide are selective ligands for the type 2 corticotropin-releasing
hormone receptor. Nat Med 7: 605–611.

Hu HZ, Gao N, Zhu MX, Liu S, Ren J, Gao C et al. (2003). Slow
excitatory synaptic transmission mediated by P2Y1 receptors in the
guinea-pig enteric nervous system. J Physiol 550: 493–504.

Hu HZ, Gao N, Liu S, Ren J, Xia Y, Wood JD (2004). Metabotropic
signal transduction for bradykinin in submucosal neurons of
guinea pig small intestine. J Pharmacol Exp Ther 309: 310–319.

Iyer V, Bornstein JC, Costa M, Furness JB, Takahashi Y, Iwanaga T
(1988). Electrophysiology of guinea-pig myenteric neurons corre-
lated with immunoreactivity for calcium binding proteins. J Auton
Nerv Syst 22: 141–150.

Kihara N, Fujimura M, Yamamoto I, Itoh E, Inui A, Fujimiya M (2001).
Effects of central and peripheral urocortin on fed and fasted
gastroduodenal motor activity in conscious rats. Am J Physiol
Gastrointest Liver Physiol 280: G406–G419.

Kimura T, Amano T, Uehara H, Ariga H, Ishida T, Torii A et al. (2007).
Urocortin I is present in the enteric nervous system and exerts an
excitatory effect via cholinergic and serotonergic pathways in the
rat colon. Am J Physiol Gastrointest Liver Physiol 293: G903–G910.

Kirchgessner AL, Tamir H, Gershon MD (1992). Identification and
stimulation by serotonin of intrinsic sensory neurons of the sub-
mucosal plexus of the guinea pig gut: activity-induced expression of
Fos immunoreactivity. J Neurosci 12: 235–248.

Kunze WA, Furness JB, Bornstein JC (1993). Simultaneous intracellular
recordings from enteric neurons reveal that myenteric AH neurons
transmit via slow excitatory postsynaptic potentials. Neuroscience
55: 685–694.

Kunze WA, Bornstein JC, Furness JB (1995). Identification of sensory
nerve cells in a peripheral organ (the intestine) of a mammal.
Neuroscience 66: 1–4.

Kunze WA, Furness JB, Bertrand PP, Bornstein JC (1998). Intracellular
recording from myenteric neurons of the guinea-pig ileum that
respond to stretch. J Physiol 506: 827–842.

Liu S, Gao X, Gao N, Wang X, Fang X, Hu HZ et al. (2005). Expression
of type 1 corticotropin-releasing factor receptor in the guinea pig
enteric nervous system. J Comp Neurol 481: 284–298.

Liu S, Gao N, Hu HZ, Wang X, Wang GD, Fang X et al. (2006).
Distribution and chemical coding of corticotropin-releasing factor-
immunoreactive neurons in the guinea pig enteric nervous system.
J Comp Neurol 494: 63–74.

Lomax AE, Furness JB (2000). Neurochemical classification of enteric
neurons in the guinea-pig distal colon. Cell Tissue Res 302: 59–72.

Maillot C, Million M, Wei JY, Gauthier A, Tache Y (2000). Peripheral
corticotropin-releasing factor and stress-stimulated colonic motor
activity involve type 1 receptor in rats. Gastroenterology 119: 1569–
1579.

Maillot C, Wang L, Million M, Tache Y (2003). Intraperitoneal
corticotropin-releasing factor and urocortin induce Fos expression
in brain and spinal autonomic nuclei and long lasting stimulation
of colonic motility in rats. Brain Res 974: 70–81.

Martinez V, Wang L, Rivier JE, Vale W, Tache Y (2002). Differential
actions of peripheral corticotropin-releasing factor (CRF), urocortin
II, and urocortin III on gastric emptying and colonic transit in mice:
role of CRF receptor subtypes 1 and 2. J Pharmacol Exp Ther 301:
611–617.

Martinez V, Wang L, Rivier J, Grigoriadis D, Tache Y (2004). Central
CRF, urocortins and stress increase colonic transit via CRF1 recep-
tors while activation of CRF2 receptors delays gastric transit in
mice. J Physiol 556: 221–234.

Miampamba M, Maillot C, Million M, Tache Y (2002). Peripheral CRF
activates myenteric neurons in the proximal colon through CRF(1)
receptor in conscious rats. Am J Physiol Gastrointest Liver Physiol 282:
G857–G865.

Million M, Maillot C, Saunders P, Rivier J, Vale W, Tache Y (2002).
Human urocortin II, a new CRF-related peptide, displays selective
CRF(2)-mediated action on gastric transit in rats. Am J Physiol
Gastrointest Liver Physiol 282: G34–G40.

Million M, Wang L, Wang Y, Adelson DW, Yuan PQ, Maillot C et al.
(2006). CRF2 receptor activation prevents colorectal distension
induced visceral pain and spinal ERK1/2 phosphorylation in rats.
Gut 55: 172–181.

Muramatsu Y, Fukushima K, Iino K, Totsune K, Takahashi K, Suzuki T
et al. (2000). Urocortin and corticotropin-releasing factor receptor
expression in the human colonic mucosa. Peptides 21: 1799–
1809.

Nozu T, Martinez V, Rivier J, Tache Y (1999). Peripheral urocortin
delays gastric emptying: role of CRF receptor 2. Am J Physiol 276:
G867–G874.

Palmer JM, Wood JD, Zafirov DH (1986). Elevation of adenosine 3′,5′-
phosphate mimics slow synaptic excitation in myenteric neurones
of the guinea-pig. J Physiol 376: 451–460.

Pisarchik A, Slominski A (2005). Molecular and functional character-
ization of novel CRFR1 isoforms from the skin. Eur J Biochem 271:
2821–2830.

Porcher C, Juhem A, Peinnequin A, Sinniger V, Bonaz B (2005).
Expression and effects of metabotropic CRF1 and CRF2 receptors in
rat small intestine. Am J Physiol Gastrointest Liver Physiol 288:
G1091–G1103.

Porcher C, Peinnequin A, Pellissier S, Meregnani J, Sinniger V, Canini
F et al. (2006). Endogenous expression and in vitro study of

Actions of urocortins on enteric neurons
S Liu et al 235

British Journal of Pharmacology (2010) 159 222–236



CRF-related peptides and CRF receptors in the rat gastric antrum.
Peptides 27: 1464–1475.

Qu M-H, Hu H-Z, Gao N, Wang G-D, Wang X-Y, Fei G et al. (2007).
Synaptic activation of TRPC channels by metabotropic purinergic
P2Y1 receptors in the submucosal plexus of the guinea-pig small
intestine. Gastroenterology 132: A18 (85).

Saruta M, Takahashi K, Suzuki T, Fukuda T, Torii A, Sasano H (2005).
Urocortin 3/stresscopin in human colon: possible modulators of
gastrointestinal function during stressful conditions. Peptides 26:
1196–1206.

Song ZM, Brookes SJ, Costa M (1994). All calbindin-immunoreactive
myenteric neurons project to the mucosa of the guinea-pig small
intestine. Neurosci Lett 180: 219–222.

Takaki M, Nakayama S (1988). Effects of mesenteric nerve stimulation
on the electrical activity of myenteric neurons in the guinea pig
ileum. Brain Res 442: 351–353.

Takaki M, Nakayama S (1989). Effects of capsaicin on myenteric
neurons of the guinea pig ileum. Neurosci Lett 105: 125–130.

Tamura K (1997). Synaptic inputs to morphologically identified myen-
teric neurons in guinea pig rectum from pelvic nerves. Am J Physiol
273: G49–G55.

Tamura K, Ito H, Wade PR (2001). Morphology, electrophysiology, and
calbindin immunoreactivity of myenteric neurons in the guinea pig
distal colon. J Comp Neurol 437: 423–437.

Thomas EA, Bornstein JC (2003). Inhibitory cotransmission or after-
hyperpolarizing potentials can regulate firing in recurrent networks
with excitatory metabotropic transmission. Neuroscience 120: 333–
351.

Thomas EA, Bertrand PP, Bornstein JC (2000). A computer simulation
of recurrent, excitatory networks of sensory neurons of the gut in
guinea-pig. Neurosci Lett 287: 137–140.

Tsukamoto K, Nakade Y, Mantyh C, Ludwig K, Pappas TN, Takahashi

T (2006). Peripherally administered CRF stimulates colonic motility
via central CRF receptors and vagal pathways in conscious rats. Am
J Physiol Regul Integr Comp Physiol 290: R1537–R1541.

Wade PR, Wood JD (1988a). Electrical behavior of myenteric neurons
in guinea pig distal colon. Am J Physiol 254: G522–G530.

Wade PR, Wood JD (1988b). Synaptic behavior of myenteric neurons
in guinea pig distal colon. Am J Physiol 255: G184–G190.

Wang L, Martinez V, Rivier JE, Tache Y (2001). Peripheral urocortin
inhibits gastric emptying and food intake in mice: differential role
of CRF receptor 2. Am J Physiol Regul Integr Comp Physiol 281:
R1401–R1410.

Wang G-D, Wang X-Y, Xia Y, Liu S, Qu M-H, Ren W et al. (2009).
Stimulation of spinal afferents evokes slowly-activating excitatory
responses in enteric neurons in parallel with release of mast cell
proteases in guinea pig ileum and colon. Gastroenterology 136 (5):
A–19.

Wood JD (1994). Application of classification schemes to the enteric
nervous system. J Auton Nerv Syst 48: 17–29.

Wood JD (2006). Cellular neurophysiology of enteric neurons. In:
Johnson LR, Barrett KE, Ghishan FK, Merchant JL, Said HM, Wood
JD (eds). Physiology of the Gastrointestinal Tract, 4th edn. Academic
Press: San Diego, CA, pp. 629–664.

Wood JD, Kirchgessner A (2004). Slow excitatory metabotropic signal
transmission in the enteric nervous system. Neurogastroenterol Motil
16 (Suppl. 1): 71–80.

Wood JD, Mayer CJ (1979). Intracellular study of tonic-type enteric
neurons in guinea-pig small intestine. J Neurophysiol 43: 569–581.

Yuan PQ, Million M, Wu SV, Rivier J, Tache Y (2007). Peripheral
corticotropin releasing factor (CRF) and a novel CRF1 receptor
agonist, stressin1-A activate CRF1 receptor expressing cholinergic
and nitrergic myenteric neurons selectively in the colon of con-
scious rats. Neurogastroenterol Motil 19: 923–936.

Actions of urocortins on enteric neurons
236 S Liu et al

British Journal of Pharmacology (2010) 159 222–236


