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Abstract
Immunofluorescence was used to study immunoreactivity (IR) for corticotropin releasing factor
(CRF) in the guinea-pig enteric nervous system. CRF-IR was expressed in both the myenteric and
submucosal plexuses of all regions of the large and small intestine and the myenteric plexus of the
stomach. CRF-IR-nerve fibers were present in the myenteric and submucosal plexuses, in the
circular muscle coat and surrounding submucosal arterioles. Most of the CRF-IR fibers persisted
in the myenteric and submucosal plexuses after 7 days in organotypic culture. CRF-IR was not co-
expressed with tyrosine hydroxylase-IR or calcitonin gene-related peptide-IR fibers. The
proportions of CRF-IR cell bodies in the myenteric plexus increased progressively from the
stomach (0.6%) to the distal colon (2.8%). Most of the CRF-IR myenteric neurons (95%) had
uniaxonal morphology; the remainder had Dogiel type II multipolar morphology. CRF-IR cell
bodies in the myenteric plexus of the ileum expressed IR for choline acetyltransferase (56.9%),
substance P (55.0%), and nitric oxide synthase (37.9%). CRF-IR never co-localized with IR for
calbindin, calretinin, neuropeptide Y, serotonin or somatostatin in the myenteric plexus. CRF-IR
cell bodies were more abundant in the submucosal plexus (29.9-38.0%) than in the myenteric
plexus. All CRF-IR neurons in submucosal ganglia expressed vasoactive intestinal peptide-IR and
were likely to be secretomotor/vasodilator neurons. CRF-IR neurons did not express IR for the
CRF1 receptor. CRF1-IR was expressed in neuronal neighbors of those with CRF-IR. Collective
evidence suggests that VIPergic secretomotor neurons might provide synaptic input to neighboring
cholinergic neurons.
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Clinical and experimental evidence suggests that stress is associated with the onset,
symptom exacerbation and reactivation of gastrointestinal disorders, which include the
irritable bowel syndrome, ulcerative colitis, Crohn’s disease, gastroesophageal reflux
disease and gastric ulcer (Duffy et al., 1991; Greene et al., 1994; Levenstein et al., 1994;
Mayer, 2000; Peck and Wood, 2000; Wood et al., 2000; Wood, 2002; Drossman, 2004).
Exposure of animals to stress causes erosions and ulceration in the gastric mucosa and
inhibits gastric emptying coincident with stimulation of colonic motility, colonic transit,
fecal pellet expulsion, mucosal electrolyte secretion and opening of the mucosal barrier to
antigenic molecules (Fone et al., 1990; Taché, 1999; 2001; Maillot et al., 2000; Martinez et
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al., 20002; Million et al., 2002; 2003; Saunders et al., 2002a,b). Moreover, environmental
stress factors initiate ulcerative colitis-like disease that is associated with colon cancer in
primates (Peck and Wood, 2000; Wood et al., 2000). The mechanistic details of these stress-
induced gastrointestinal functional abnormalities are poorly understood. Nevertheless, the
available evidence points to corticotropin releasing factor (CRF) signaling pathways in the
brain and the gut as significant factors in the stress-evoked gastrointestinal disorders,
including changes in gastrointestinal motor and epithelial functions (Taché et al., 2004;
Taché and Perdue, 2004).

Results obtained following injection of CRF, CRF-related ligands or CRF receptor
antagonists strongly implicate CRF signaling in the brain as a significant factor in stress-
related alterations in gastric and colonic physiology. Intracerebroventricular (ICV) injection
of CRF inhibits gastric motility and emptying of solid or liquid meals in rats, mice and dogs
(Martinez et al., 1997;2002;2004; Tache et al., 2001;2004). The non-selective CRF receptor
antagonists α-helical CRF (9-41), astressin or the selective CRF2 receptor antagonist
astressin2-B, blocks CRF and stress induced inhibition of gastric transit when injected ICV.
On the other hand, ICV injection of the CRF1 receptor antagonist NBI-35965 does not
suppress stress-induced changes in gastric emptying (Martinez et al., 1997;2002;2004;Chen
et al., 2002). This implicates involvement of the CRF2 subtype as the receptor in the brain
involved in CRF-evoked inhibition of gastric motility.

Effects of stress on colonic motor function differ significantly from the effects on gastric
motility. Water avoidance or cold-restraint stress stimulates colonic motility, which is
reflected as accelerated transit and defecation in animal models (Tache et al., 2001).
Administration of CRF or urocortin by the ICV route mimics the effects of stress on the
colon (William et al., 1987; Lenz et al., 1988; Monnikes et al., 1992; Martinez et al., 1997;
2002; 2004). Central administration of the non-selective CRF receptor antagonist α-helical
CRF (9-41), astressin or the selective CRF1 receptor antagonist NBI-35965 suppresses the
effects of both stress and central administration of CRF or urocortin on colonic motility. The
CRF2 receptor antagonist astress2-B does not attenuate stress responses or centrally
mediated actions of CRF or urocortin (Martinez et al., 1997; 2002; 2004; Million et al.,
2003). Most of the pharmacological evidence suggests that both the effects of stress and ICV
administration of CRF on colonic motility involve stimulation of the CRF1 receptor subtype
in the involved pathways in the brain.

Pharmacological evidence suggests that expression of CRF and its receptors in the enteric
nervous system (ENS) might have importance for stress related alterations of gastrointestinal
physiology equivalent to that of CRF in the brain. Intraperitoneal or intravenous
administration of CRF or urocortin inhibits gastric emptying and stimulates colonic motility
and transit in the rat and mimics the changes induced by stress or central injection of CRF
(Pappas et al., 1985; Nozu et al., 1999; Maillot et al., 2000; Wang et al., 2001; Martinez et
al., 2002; Miampamba et al., 2002; Million et al., 2002; Tache and Perdue, 2004). These
effects of peripheral administration likely reflect direct actions within the gastrointestinal
tract because peripherally administered CRF does not enter the brain (Martins et al., 1996).
Furthermore, the effects of peripheral administration of CRF are blocked by CRF receptor
antagonists that do not readily cross the blood-brain barrier (Martinez et al., 1997; 2002;
Maillot et al., 2000; Wang et al., 2001). Gastric responses to peripherally administered CRF
or urocortin are blocked by intravenous injection of the CRF2 receptor antagonist astressin2-
B or antisuvagine-30, but not by the CRF1 receptor antagonist CP-154,526 (Wang et al.,
2001; Million et al., 2002; Martinez et al., 2002). Colonic motor responses to peripherally
administered CRF were blocked by the CRF1 receptor antagonist CP-154,526 and NBI
35965, but not by any of the CRF2 antagonists (Million et al., 2002; 2003; Martinez et al.,
2002). Peripheral administrations of urocortin 2 or urocortin 3, both of which are selective

Liu et al. Page 2

J Comp Neurol. Author manuscript; available in PMC 2008 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



agonists for the CRF2 receptor, inhibit gastric emptying without alteration of colonic transit
(Million et al., 2002; Martinez et al., 2002). The evidence suggests that delayed gastric
emptying evoked by peripherally administered CRF is mediated by activation of the CRF2
receptors and that stimulation of colonic transit is mediated by the activation of the CRF1
receptor.

Apart from its effects on gastrointestinal motility, stress also alters intestinal epithelial
functions. Cold restraint, water-avoidance or immobilization stress stimulates intestinal
mucosal secretion of water, electrolytes and mucus (Saunders et al., 1994;1997;
2002a,b;Castagliuolo et al., 1996;Santos et al., 1999). Fluxes of proinflammatory bacterial
peptides and large molecules (e.g., mannitol, horseradish peroxidase or EDTA) from lumen
to lamina propria are significantly enhanced in mucosal preparations from stressed animals
and this suggests breakdown in intestinal barrier function (Saunders et al.,
1994;1997;2002b;Kiliaan et al., 1998;Santos et al., 1999). These kinds of mucosal changes
are reproduced by intraperitoneal injections of CRF (Saunders et al.,
1994;1997;2002b;Castagliuolo et al., 1996;Kiliaan et al., 1998;Santos et al., 1999). Both
stress and CRF-evoked changes in epithelial physiology are suppressed by the CRF receptor
antagonist, α-helical CRF (9-41), when it is injected intraperitoneally. Intravenous injection
of CRF evokes watery diarrhea with a rapid onset and in a dose-related manner in conscious
rats (Saunders et al., 2002a). This diarrheogenic action of CRF, which is likely to be
mediated by excitation of secretomotor neurons in the submucosal plexus, is mediated by
the CRF1 receptor subtype (Saunders et al., 2002a).

Most of the evidence suggests that the ENS is the site where the peripheral actions of CRF
mediate stress associated changes in gastrointestinal motility and mucosal functions. The
following is a summary of the evidence: 1) Application of CRF to segments of guinea-pig
small intestine in vitro evokes muscle contractions that are blocked by tetrodotoxin,
indicating that the CRF-evoked contractions are mediated by stimulation of excitatory
musculomotor neurons (Lazer et al., 2003). 2) Exposure of rat isolated colonic segments to
CRF enhances neurally-mediated peristaltic activity and this action is prevented by the CRF-
receptor antagonist α-helical-CRF (9-41) (Mancinelli et al., 1998). 3) Application of CRF to
the myenteric plexus of guinea-pig small intestine evokes excitatory responses in single
neurons recorded with microelectrodes (Hanani and Wood, 1992). 4) Intraperitoneal
injection of CRF induces elevated expression of c-fos in colonic myenteric neurons, which is
blocked by peripheral application of astressin or selective CRF1 receptor antagonists
(Miampamba et al., 2002). 5) RT-PCR detects CRF1 m-RNA receptor transcripts in the
myenteric plexus and immunohistochemical analysis reveals the expression of the CRF1
receptor subtype by neurons in both myenteric and submucosal plexuses (Chatzaki et al.,
2004; Liu et al., 2005). This in vitro evidence, together with the evidence from whole animal
studies, suggests that CRF signaling occurs in the enteric neural networks that organize
intestinal motility and secretion.

The neuronal cell types that release CRF in the integrative microcircuits of the ENS are
inadequately identified. In the human colon, CRF mRNA can be detected near the bases of
the crypts of Lieberkühn, where it might be expressed by enterochromaffin cells (Kawahito
et al., 1994). CRF-like immunoreactivity has been described in the stomach, duodenum,
liver and pancreas of several animal species (Petrusz et al., 1984; Suda et al., 1984; Kawai et
al., 1985). A brief report also described the presence of CRF-IR in the myenteric and
submucosal plexuses of rat duodenum (Wolter, 1984). Nevertheless, detailed evaluation of
the distribution of CRF-IR nerve fibers and the identities of the types of neurons that express
CRF in the ENS is unavailable. Extensive information on the properties of guinea-pig small
intestinal myenteric and submucosal neurons facilitates research to identify relations
between CRF expression and the neurophysiological functions of specific subpopulations of
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enteric neurons. In the present study, we used double-label immunohistochemistry to
evaluate the chemical coding patterns of the neurons that express CRF-IR in the guinea-pig
small intestine and to evaluate the distribution of CRF-IR neurons and nerve fibers along the
gastrointestinal tract.

MATERIALS AND METHODS
Tissue Preparation

Adult male guinea-pigs (300 - 400 g) of the albino Hartley strain were euthanized by
stunning and exsanguination from the cervical blood vessels, as approved by the Ohio State
University Laboratory Animal Care and Use Committee and United State Department of
Agriculture inspectors. Segments of the duodenum, jejunum, ileum, colon and stomach were
immediately 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 also contained 1-μM scopolamine and nifedipine to minimize muscle contraction
and permit maximal stretching of the preparations. Stomachs were opened along the lesser
and greater curvature. Preparations of equal size were removed along the greater curvature
of the corpus and antrum. Intestinal specimens were opened along the mesenteric border.
The preparations were stretched tautly and pinned-out flat with mucosa side up to Sylgard®
at the bottom of the dish. Preparations, which were not to be treated with colchicine, were
immediately fixed in Zamboni’s fixative (4% formaldehyde plus 0.2% picric acid in 0.1 M
sodium phosphate buffer, pH 7.0) for 3 hours at room temperature.

Colchicine Treatment
To enhance somal immunostaining for CRF and other neuropeptides, some whole-mount
preparations were maintained in a culture medium containing colchicine prior to fixation.
For these studies, all utensils and solutions were sterilized either in 75% ethanol or
autoclaved. The gut segments were cut along their mesenteric borders and pinned flat with
mucosal side up in sterile dishes containing ice-cold sterile Krebs solution. The mucosal
layer was carefully peeled away with microdissection forceps. The preparations were
incubated in tissue culture medium consisting of Dulbecco’s modified Eagle’s medium
(DMEM) to which fetal bovine serum (10%), antibiotic antimycotic solution (1 ml/100ml),
glucose (12 mM), and colchicine (40 μM) were added. The preparations were placed in a
humidified incubator, which was kept at 37°C and aerated with 95% O2/5% CO2, for 24
hours. The tissue was subsequently rinsed thoroughly with Krebs solution and fixed in
Zamboni’s fixative for 3 hours at room temperature.

Organotypic Culture
Myenteric and submucosal plexus preparations were maintained in organotypic culture for 7
days to allow time for the nerve fibers of extrinsic origin to degenerate. Segments of
intestine were removed from the animals and opened along the mesenteric border as
described above. After repeated washes with sterile Krebs solution, the flat preparations
were pinned mucosal side up to Sylgard®-lined Petri dishes. The mucosal layer was
carefully peeled away with microdissection forceps. The preparations were incubated with
sterile culture medium DMEM supplemented with fetal bovine serum (10%), antibiotic
antimycotic solution (1 ml/100ml) and glucose (12 mM). The preparations were placed in a
humidified incubator, which was kept at 37°C and aerated with 95% O2/5% CO2, for 7 days
with daily change of culture medium. The tissues were rinsed thoroughly with Krebs
solution and fixed as described above.
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Immunohistochemistry
Following fixation, the preparations were washed three times for 10 min each in
dimethylsulphoxide followed by three 10-minute washes in phosphate-buffered saline (PBS;
0.9% NaCl in 0.1 M sodium phosphate buffer, pH 7.0). Whole-mounts of the myenteric and
submucosal plexuses were dissected from these segments. To permeabilize the tissue, and to
minimize nonspecific binding, the preparations were placed in PBS containing 0.3% Triton
X-100, 10% normal donkey serum and 0.1% sodium azide for 30 min. The preparations
were then placed in a rabbit polyclonal antibody raised against CRF, diluted in PBS
containing 10% normal donkey serum, 0.3% Triton X-100 and 0.1% sodium azide, for 24
hours at room temperature. After removal from the primary antibody, the tissues were rinsed
3 × 10 minutes with PBS and incubated in donkey anti-rabbit IgG conjugated to fluorescein
isothiocyanate (FITC) for 1 hour at room temperature. Following a final set of rinses, the
preparations were mounted on a micro slide and cover-slipped with VECTASHIELD
fluorescence mounting medium, which inhibits photobleaching (Vector Laboratories INC.,
Burlingame, CA).

The proportions of CRF-IR neurons relative to the total neuronal population in the various
gastrointestinal regions were evaluated by double labeling with a mouse monoclonal
antibody for human neuronal protein HuC/HuD (anti-Hu) and CRF. Anti-Hu antibody binds
specifically to antigens that are present exclusively in neurons and is a useful tool for
marking all neurons in the ENS (Lin et al., 2002). The preparations were incubated in a
mixture of primary antibodies for both CRF and anti-Hu for 24 hours. After incubation with
the primary antibodies, the tissues were washed (3 × 10 minutes) in PBS and incubated at
room temperature for 1 hour with a mixture of appropriate secondary antibodies, donkey
anti-rabbit IgG conjugated with FITC and donkey anti-mouse IgG conjugated with
indocarbocyanin (Cy3). The tissues were then rinsed in PBS and cover-slipped with
fluorescence mounting medium.

Double labeling of CRF with other specific neurochemical markers was used to identify the
cell types that express CRF IR. The primary antisera for the established neurochemical
markers in the ENS used in the current study include: calbindin, calretinin, choline
acetyltransferase (ChAT), nitric oxide synthase (NOS), neuropeptide Y (NPY), serotonin (5-
HT); somatostatin, substance P and vasoactive intestinal peptide (VIP). Sources and
dilutions for the primary antibodies are listed in Table 1. Combination of primary antibodies
for CRF and one of the other neurochemical markers was done at the same time to achieve
double immunolabeling. Following incubation in the primary antibodies, the preparations
received 3 × 10 minutes washes in PBS and were then incubated for 1 hour in the mixture of
appropriate secondary antibodies conjugated to the contrasting fluorophores FITC or Cy3.
The tissues then received 3 × 10 minutes washes in PBS prior to placement in fluorescence
mounting medium.

Control experiments involved exposure to the secondary antibody without prior exposure to
the primary antibody for CRF. In additional control experiments, aliquots of the CRF
antibody were pre-absorbed in the presence of 1-μM CRF peptide against which the
antibody was raised, or of urocortin peptide, and applied to the myenteric and submucosal
preparations. In these preparations, no immunoreactivity was observed with antiserum that
had been pre-absorbed with CRF, while immunoreactivity persisted in preparations pre-
absorbed with urocortin.

Analysis of Immunohistochemically Labeled Preparations
For quantitative analysis, 30 ganglia from 5 to 8 preparations of a given region, taken from
different guinea-pigs, were analyzed. All preparations were examined under a Nikon Eclipse
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E-600 fluorescence microscope (Nikon Inc., Melville, NY) and analyzed with filter
combinations that enabled separate visualization of multiple fluorophores. Digital images
were obtained with a SPOT RT cooled CCD digital camera (Diagnostic Instruments,
Sterling, Heights, MI), stored on disk, and analyzed with SPOT II software. Contrast in the
digital images was sometimes enhanced before either converting to JPEG file interchange
format (*.jpg) for electronic transfer or printing as photomicrographs with ink jet printers.

RESULTS
Distribution of CRF-IR Neurons in the Stomach and Intestine

Two different CRF antibodies revealed a similar distribution of CRF-IR in whole-mount
preparations from the guinea-pig stomach, duodenum, jejunum and ileum and proximal and
distal colon. CRF-IR nerve cell bodies were present in the myenteric and submucosal
plexuses of the intestine and the myenteric plexus of the stomach (Fig. 1A,B).
Immunoreactive nerve fibers occurred in the myenteric ganglia (Fig. 2A), along
interganglionic connectives (Fig. 2A), in the tertiary plexus (Fig. 2B), in the circular muscle
layer (Fig. 2C), in the submucosal plexus and around submucosal arteroles (Fig. 2D).
Exposure of preparations to secondary antiserum without prior exposure to primary antisera
for CRF resulted in no immunostaining (Fig. 1C1). Immunoreactivity for CRF was lost if the
antisera was pre-absorbed with CRF (Fig. 1C2), and immunoreactivity persisted with
antisera pre-absorbed with urocortin (Fig. 1C3).

We examined the distribution of CRF-IR neurons in the myenteric and submucosal plexuses
in the various regions quantitatively by counting the neuronal cell bodies with CRF-IR and
anti-Hu-IR in 30 ganglia from each region in whole-mount preparations from 5-8 guinea-
pigs. Colchicine-treated preparations were used to maximize somatic immunostaining of
CRF. Double labeling with CRF and Anti-Hu permitted evaluation of the proportions of
CRF-IR neurons relative to the total neuronal populations in each region (Fig. 3). Anti-Hu
antibody stains essentially all neurons in the ENS and is a convenient neuronal marker (Lin
et al., 2002).

Myenteric Plexus
In myenteric plexus preparations, about 50% of the ganglia in the jejunum, ileum, proximal
and distal colon contained at least one CRF-IR neuron. A smaller percentage of ganglia in
the stomach (11.4%) and duodenum (31.4%) contained CRF-IR neurons (Fig. 4A). A mean
of 1.6 neurons per ganglion expressed CRF-IR in the myenteric plexus of the stomach, 2.0
neurons per ganglion in the duodenum and jejunum, and 2.2 neurons per ganglion in the
ileum and colon (Fig. 4B). When evaluated as a percentage of the total neuronal population,
the proportions of CRF-IR myenteric neurons progressively increased from the stomach
(0.6%) to the distal colon (2.8%) (Fig. 4C). The majority of the CRF-IR neurons (95%;
387/409) in the myenteric plexus exhibited Dogiel type I morphology (i.e., an oval or round
cell body with a single long process and several short lamellar dendrites). Only a small
number of CRF-IR nerve cells (5%; 22 of 409) had Dogiel type II morphology (i.e., a
relatively large cell body with two or more long processes) (Fig. 5D). About half of the
CRF-IR neurons with Dogiel type I morphology projected their axons in the oral direction,
whereas the other half projected their axons in the aboral direction.

Submucosal Plexus
The distribution of CRF-IR neurons in the submucosal plexus was evaluated for both the
small and large intestine, but not the stomach which is devoid of ganglia in the submucosal
plexus. CRF-IR nerve cell bodies in the small and large intestine were more abundant in the
submucosal plexus than in the myenteric plexus. Almost all of the submucosal ganglia
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contained at least one CRF-IR neuron. When evaluated as a percent of the total submucosal
neuronal population, similar percentages of CRF-IR neurons were found in the duodenum
(29.9%), jejunum (32.9%), ileum (33.3%), proximal colon (36.0%), and distal colon
(38.0%) (Fig. 4D). The majority of the CRF-IR neurons were located in the centers of the
ganglia. All CRF-IR submucosal neurons expressed Dogiel type I uniaxonal morphology.
No CRF-IR was found in Dogiel type II submucosal neurons.

Chemical Coding In the Ileal Myenteric Plexus
Double labeling immunohistochemistry in colchicine-treated preparations was used to
identify the chemical codes of subpopulations of neurons, which expressed CRF-IR. The
results for the whole-mount preparations appear in Table 2.

CRF-IR in the myenteric plexus was detected in 4.5% (202/4448) of ChAT-IR cell bodies,
while 57% (202/355) of the CRF-IR neurons expressed ChAT-IR (Fig. 5A). CRF-IR was
expressed in 4.2% (208/4953) of the substance P-IR cell bodies, while 55% (208/378) of the
CRF-IR neurons expressed substance P-IR (Fig. 5B). Co-localization of CRF-IR and NOS-
IR occurred in 5.0% (195/3905) of the NOS-IR myenteric neurons, and 38% (195/515) of
the CRF-IR neurons expressed NOS-IR (Fig. 5C). No co-localization of CRF-IR with
calbindin-IR, calretinin-IR, NPY-IR, serotonin-IR or somatostatin was detected in the
myenteric plexus (Fig. 5D-I).

Chemical Coding In the Ileal Submucosal Plexus
All CRF-IR cell bodies in submucosal ganglia expressed immunoreactivity for VIP (Fig.
6A), which suggests that CRF-IR neurons in the submucosal plexus are exclusively
VIPergic secretomotor neurons. The CRF-IR neurons accounted for 77% (1333/1724) of all
VIP-IR ganglion cells. Co-localization of CRF-IR with ChAT-IR (Fig. 6B), calretinin-IR
(Fig. 6C), NPY-IR (Fig. 6D) or somatostatin-IR (Fig. 6E) was not observed in the
submucosal plexus. The absence of co-localization with ChAT-IR suggests that cholinergic
secretomotor neurons do not express CRF-IR. Immunoreactivity for neuronal nuclear
protein (NeuN), a suggested marker of submucosal Dogiel type II neurons (Poole et al.,
2002), was expressed in a population of neurons that did not express CRF-IR. No NeuN-IR
neurons showed CRF-IR in 5 submucosal preparations (Fig. 6F). Substance P-IR, which is
also a chemical code for submucosal Dogiel type II neurons was not co-expressed with
CRF-IR in six submucosal plexus preparations (Fig. 6G).

Expression of the CRF1 Receptor In Relation To CRF
Expression of the CRF1 receptor was reported recently for both the myenteric and
submucosal plexuses of the guinea-pig (Liu et al., 2005). We used double-labeling
immunohistochemistry to study the associations of enteric neurons that express CRF-IR with
those that express immunoreactivity for the CRF1 receptor (CRF1-IR). CRF1-IR was found
in neurons that were neighbors to the neurons with CRF-IR in both the myenteric and
submucosal plexuses. However, CRF-IR was never found in neurons that expressed CRF1-
IR (Fig. 7), which suggests that one subset of neurons expresses the signal substance while a
second subset possesses the receptor for the signal substance.

Origins of CRF-IR Nerve Fibers
CRF-IR nerve fibers were apparent throughout the myenteric and submucosal plexuses in all
regions of the gut. To test the hypothesis that CRF-IR nerve fibers were intrinsic to the gut,
both the myenteric and submucosal plexus preparations were maintained in organotypic
culture for 7 days to allow degeneration of extrinsic nerve fibers. Seven days in culture was
assumed to be sufficient time for degeneration of the extrinsic sympathetic and sensory
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nerve fibers in the preparations, based on reports by Mawe and Kennedy (1999) and Hu et
al. (2002). Most of the CRF-IR nerve fibers remained in the myenteric and submucosal
plexuses after 7 days in culture (Fig. 8A). Moreover, CRF-IR nerve fibers did not overlap
with fibers that expressed tyrosine hydroxylase-IR (Fig. 8B) or calcitonin gene-related
peptide-IR (Fig. 8C). Fibers that were immunoreactive for tyrosine hydroxylase were
assumed to be postganglionic sympathetic nerve fibers that entered the intestine from
prevertebral sympathetic ganglia. The nerve fibers that were immunoreactive for calcitonin
gene-related peptide and substance P were assumed to be sensory afferent fibers that entered
the intestine from dorsal root spinal ganglia.

DISCUSSION
The present study compliments the earlier findings of others that intraperitoneal
administration of CRF evokes stress-like responses in the gastrointestinal tract, which
include: 1) inhibition of gastric emptying (Asakawa et al., 1999; Martinez et al., 1999; Nozu
et al., 1999; Wang et al., 2001); 2) inhibition of small intestinal transit (Williams et al.,
1987); 3) stimulation of colonic transit and fecal pellet expulsion (Williams et al., 1987;
Maillot et al., 2000; Martinez et al., 2002); 4) stimulation of ion secretion in the colon
(Santos et al., 1999). The earlier work suggests that these effects of peripherally
administered CRF at the organ system level might reflect actions in the ENS. This
suggestion is supported by findings that peripherally administered CRF stimulates c-fos
expression in enteric neurons (Miampamba et al., 2002).

Aside from the neurally-mediated actions found at the organ level, details of the
neurobiology of CRF signaling in the ENS were unclear when we initiated the present study.
An earlier suggestion of a signaling mechanism emerged from reports that CRF, which does
not enter the brain from the blood, is actively transported out of the brain into the systemic
circulation (Martins et al., 1996;1997). This suggested that CRF, which is released in the
brain during stress, might enter and be carried by the blood to the gastrointestinal tract
where it might produce its actions by binding to CRF receptors on enteric neurons.
Nevertheless, other lines of evidence suggest that CRF is expressed in organs outside the
brain and might be released to act locally. CRF-IR was reported to be expressed in the
digestive system (Petrusz et al., 1984;Suda et al., 1984;Wolter, 1984;Kawai et al.,
1985;Kawahito et al., 1994), in endocrine organs (Petrusz et al., 1983;Suda et al., 1984), and
by immune/inflammatory cells (Karalis et al., 1997).

We found that CRF-IR neurons did not express IR for the CRF1 receptor subtype, which is
the functional receptor for CRF in the ENS (Liu et al, 2005). CRF1-IR was expressed in
subgroups of neurons, which expressed chemical codes that were different from the codes
for CRF-IR neurons. This was the case for both the myenteric and submucosal plexuses.

Neurons, which were identified in the submucosal plexus as uniaxonal VIPergic
secretomotor neurons, expressed CRF, but not the CRF1 receptor. CRF1 receptors were
expressed exclusively by neuronal neighbors of secretomotor neurons, which expressed a
different set of chemical codes and different morphology. The neighboring neurons with
CRF1 receptors expressed ChAT, NPY, calbindin, and substance P-IR (Liu et al., 2005). Co-
expression of NPY and ChAT is a chemical code for uniaxonal cholinergic secretomotor
neurons (Furness, 2000; Brookes, 2001). Co-expression of calbindin and substance P is a
code for submucosal neurons with Dogiel II morphology (Furness, 2000).

Binding of CRF to CRF1 receptors evokes electrophysiological excitation, which mimics
slow synaptic excitation in ENS neurons (Liu et al., 2005). This suggests that firing in a
network of CRF-IR neurons might release CRF as a neurotransmitter or neuromodulator,
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which would then act to elevate excitability in neighboring neurons of a different type and
function. The mechanisms by which changes of this nature at the microcircuit level of ENS
organization underlie changes in behavior at the level of the integrated organ system is
poorly understood and persists as one of the frontiers of enteric neurobiology.

Myenteric Plexus
Based on their chemical coding, morphology and projection patterns, most of the CRF-IR
myenteric neurons appeared to be excitatory motor neurons. More than half of the CRF-IR
myenteric neurons expressed ChAT and substance P and corresponded to a subset of
ChAT-/SPIR neurons with uniaxonal morphology, which are identified as excitatory motor
neurons to the circular muscle coat (Furness, 2000; Brookes, 2001). These CRF-IR cell
bodies were presumably the source of some of the CRF-IR nerve fibers that were found
running parallel to the muscle fibers in the circular muscle layer of the small and large
intestine. This suggests that CRF might be co-released with acetylcholine and substance P
from a subgroup of excitatory motor neurons and work in parallel with acetylcholine and
substance P somehow to influence motility. Evidence for such an influence on motility
comes from studies in which peripheral administration of CRF stimulated propulsive
motility in the colon as reflected by elevated contractile activity, accelerated transit, and
ejection of fecal pellets in rats (Casagliuolo et al., 1996; Maillot et al., 2000).

A smaller proportion (i.e., 38%) of CRF-IR myenteric neurons was immunoreactive for
NOS. NOS is a chemical code for inhibitory motor neurons with descending projections to
the musculature and descending interneurons that mediate local reflexes (Furness 2000;
Brookes, 2001). Co-localization with NOS suggests that the CRF-/NOS-IR myenteric
neurons with aboral projections might belong to the population of inhibitory motor neurons
to the circular muscle coat and/or descending interneurons that mediate local reflexes. Co-
release of CRF from inhibitory motor neurons might be an explanation for the direct action
of CRF to relax contractile tension in smooth fibers of the guinea-pig ileum and caecum
(Iwakiri et al., 1996; Duridanova et al., 1999) and to suppress small intestinal transit
(Williams et al., 1987).

Small calretinin-IR uniaxonal neurons comprise 17-24% of the neurons in the myenteric
plexus of guinea-pig small intestine (Brookes et al., 1992; Costa et al., 1996). These neurons
also express ChAT-IR and are classified as excitatory motor neurons, which innervate the
longitudinal muscle layer or as ascending interneurons (Furness, 2000; Brookes, 2001). Our
finding of lack of expression of CRF expression by calretinin-IR myenteric neurons suggests
that CRF might not be involved in neural influence on the longitudinal muscle coat.

Calbindin-IR is a chemical code for neurons with multipolar Dogiel type II morphology and
AH-type electrophysiological behavior in the ENS (Furness et al., 1990; Wood, 1994;
Furness, 2000; Brookes, 2001). Somatostatin-IR identifies a group of descending
interneurons in the guinea-pig myenteric plexus (Furness, 2000) and serotonin is expressed
by another population of descending interneurons (Furness, 2000; Brookes, 2001). Finding
that CRF-IR did not co-localize with calbindin-, somatostatin-, or serotonin-IR might
indicate that CRF is not a neurotransmitter in interneuronal microcircuits in the myenteric
plexus.

A small group of CRF-IR myenteric neurons had Dogiel type II morphology and expressed
ChAT-IR, but not calbindin-IR. Calbindin-IR is expressed by the majority of myenteric
neurons with AH-type electrophysiological behavior and Dogiel II morphology (i.e.,
81-84%); nevertheless, a small subclass of these neurons does not express calbindin-IR (Iyer
et al., 1988; Song et al., 1994). Our results suggest that CRF-IR might be another code for
the small calbindin-negative population of Dogiel type II myenteric neurons.
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CRF-IR nerve fibers were apparent throughout the myenteric plexus in all regions. Most of
these CRF-IR fibers remained after 7 days in organotypic culture. Neither postganglionic
sympathetic nerve fibers nor spinal afferent fibers expressed CRF-IR in the myenteric
plexus, which suggests that the CRF-IR nerve fibers originated from myenteric neurons and
are intrinsic to the ENS. CRF-IR fibers were unlikely to be projections of AH/Dogiel Type
II interneurons because CRF-IR was not co-localized with calbindin, which is a chemical
code for myenteric neurons with AH electrophysiological behavior and Dogiel II
morphology (Iyer etal., 1988; Furness. 2000). Nevertheless, a small proportion of myenteric
neurons with CRF-IR (5%) had Dogiel Type II multipolar morphology. Most of the CRF-IR
myenteric neurons (95%) had uniaxonal morphology and expressed IR for ChAT, substance
P or NOS, which suggests that these CRF-IR neurons might be interneurons or motor
neurons to the musculature.

Submucosal Plexus
CRF-IR nerve cell bodies were relatively more abundant in the submucosal plexus than in
the myenteric plexus. All of the CRF-IR submucosal neurons had Dogiel type I morphology
and expressed VIP-IR. VIP is an established neurotransmitter released by non-cholinergic
secretomotor neurons and vasodilator neurons in the submucosal plexus (Vanner and
Surprenant, 1991). Co-localization with VIP suggests that CRF might be released at the
same time as VIP when secretomotor neurons fire and be involved in the neural coordination
of intestinal secretion and submucosal blood flow. Intravenous or intraperitoneal
administration of CRF stimulates mucosal secretion of water, electrolytes and mucus and
evokes watery diarrhea with rapid onset in a dose-dependent manner in conscious rats
(Castagliuolo et al., 1996; Santos et al., 1999; Saunders et al., 2002a,b). This form of
neurogenic secretory diarrhea is reminiscent of stress-evoked diarrhea (Saunders et al.,
2002a,b).

NPY-IR is identified as a chemical code for cholinergic secretomotor neurons and
calretinin-IR is a code for cholinergic secretomotor/vasodilator neurons in the submucosal
plexus (Furness, 2000; Brookes, 2001). Substance P-IR and NeuN-IR are chemical codes for
submucosal Dogiel type II neurons (Poole et al., 2002). None of these neuronal populations
expressed CRF-IR. On the other hand the NPY-, NeuN- and substance P-IR submucosal
neurons express the CRF1 receptor subtype and activation of the receptor by CRF evokes
excitatory responses reminiscent of slow synaptic excitation in these neurons (Liu et al.,
2005). The combined evidence suggests that VIPergic secretomotor/vasodilator neurons,
which do not express CRF receptors themselves, might synthesize and release CRF as a
neurotransmitter to stimulate excitability in neighboring populations of cholinergic
secretomotor neurons.

The numbers of CRF-IR nerve fibers in submucosal ganglia were considerably smaller than
in the myenteric ganglia. No CRF-IR fibers were present in more than half of the ganglia.
Scarcity of CRF-IR nerve fibers in the submucosal ganglia is consistent with the report of
Furness et al. (2003) that VIP neurons have few intra-ganglionic terminals (Furness et al.,
2003). On the other hand, CRF-IR fibers in the interganlionic connectives were common.
Arterioles outside the ganglia were accompanied by CRF-IR nerve fibers. Usually, a single
IR fiber was seen on each side of a vessel in whole-mounts. This suggests that the
innervation of the blood vessels might have been derived from submucosal VIPergic
secretomotor/vasodilator neurons. Presumably, CRF-IR fibers in the submucosal plexus
were projections from CRF-IR/VIP-IR cell bodies in the submucosal ganglia because these
fibers persisted in isolated submucosal preparations in organotypic culture. This observation
that most of the CRF-IR fibers in the submucosal preparations do not degenerate in
organotypic culture suggests that few, if any, CRF-IR neurons in the myenteric plexus
project to the submucosal regions.
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Fig. 1.
Distribution of CRF-IR cell bodies in the guinea-pig gastrointestinal tract. (A1-6) Myenteric
plexus of the gastric antrum, duodenum, jejunum, ileum, proximal and distal colon. (B1-3)
Submucosal plexus of the duodenum, ileum, and distal colon. (C1-3) Controls. (C1)
Omission of the primary antibody for CRF. (C2) CRF-IR, antiserum pre-absorbed with CRF.
(C3) CRF-IR, antiserum pre-absorbed with urocortin. Scale bars = 20 μm.
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Fig. 2.
Distribution of CRF-IR nerve fibers in whole-mount myenteric and submucosal plexus
preparations. (A) CRF-IR varicose fibers in myenteric ganglia and interganglionic
connectives. (B) CRF-IR nerve fibers in the tertiary component of the myenteric plexus. (C)
CRF-IR fibers in the deep muscular plexus, with a predominant orientation in the
circumferential direction in the circular muscle coat. (D) CRF-IR nerve fibers accompanying
small blood vessels in the submucosal plexus. Scale bars = 20 μm.
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Fig. 3.
The proportion of neurons expressing CRF IR was determined by double labeling of CRF-
IR with anti-Hu-IR. Anti-Hu-IR labeled all neurons and was used to count the total number
of neurons. (A1-2) Paired images of myenteric ganglia showing CRF-IR and anti-Hu-IR in
whole-mount preparations of guinea-pig ileum. (B1-2) Paired images of submucosal ganglia
showing CRF-IR and anti-Hu-IR. Arrows point to CRF-IR neurons. Scale bars = 20 μm.
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Fig. 4.
CRF-IR neurons in the myenteric and submucosal plexuses of the guinea-pig gastrointestinal
tract. (A) Data for proportions of myenteric ganglia with at least one CRF-IR neuronal cell
body. The bars represent mean for percentages from 5-8 preparations, with 60–170 ganglia
counted in each preparation. (B) Numbers of CRF-IR neuronal cell bodies in myenteric
ganglia. The bars represent means for 30 ganglia from five preparations in each region. (C)
Proportions of neuronal cell bodies with CRF-IR in the myenteric plexus from individual
regions of the gastrointestinal tract. The bars represent the means for the percent of the total
neuronal population with CRF-IR neuronal cell bodies in 30 ganglia in each of 5
preparations. (D) Proportions of neuronal cell bodies with CRF-IR in the submucosal plexus
from individual regions of the intestinal tract. The bars represent the means for the percent
of the total neuronal population with CRF-IR neuronal cell bodies in 30 ganglia in each of 5
preparations. Error bars are standard errors of the mean.
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Fig. 5.
Co-localization of CRF-IR with chemical codes in the myenteric plexus of the guinea-pig
ileum. (A) Co-localization of CRF IR with ChAT-IR. Asterisks are examples of neurons that
were co-labeled, thick arrow points to a neuron labeled for ChAT only and the thin arrow
points to a neuron labeled for CRF only. (B) Co-localization of CRF-IR with substance P-
IR. Asterisks are examples of co-labeled neurons. (C) Co-localization of CRF-IR with NOS-
IR. Asterisks are examples of co-labeled neurons, thick arrow points to a neuron labeled for
NOS only and the thin arrow points to a neuron labeled for CRF only. (D) Two myenteric
ganglion cells with Dogiel type II morphology expressed CRF-IR. None of the CRF-IR
neurons expressed calbindin-IR. (E) One myenteric ganglion cell with Dogiel type I
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morphology expressed CRF-IR and did not express calbindin-IR. (F) CRF-IR did not co-
localize with calretinin-IR. (G) CRF-IR did not co-localize with 5-HT-IR. (H) CRF-IR did
not co-localize with NPY-IR. (I) CRF-IR did not co-localize with somatostatin-IR. CRF-IR
was labeled with fluorescein isothiocyanate (FITC, green) in A-I. Other chemical codes
were labeled with indocarbocyanine (Cy3, red). Scale bars = 20 μm.
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Fig. 6.
Co-localization of CRF-IR with chemical codes in the submucosal plexus of the guinea-pig
ileum. (A) Co-localization of CRF-IR with VIP-IR. In one submucosal ganglion, all neurons
that were CRF-IR were also VIP-IR. (B) CRF-IR did not co-localize with ChAT-IR. (C)
CRF-IR did not co-localize with calretinin-IR. (D) CRF-IR did not co-localize with NPY-
IR. (E) CRF-IR did not co-localize with somatostatin-IR. (F) CRF-IR did not co-localize
with neuronal nuclear protein-IR (NeuN). (G) CRF-IR did not co-localize with substance P-
IR. CRF was labeled with FITC in A-E and G, and was labeled with Cy3 in F. Other
chemical codes were labeled with Cy3 except F where NeuN was labeled with FITC. Scale
bars = 20 μm.
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Fig. 7.
CRF-IR neurons did not co-express CRF1-IR and CRF1-IR neurons did not co-express CRF
in the myenteric or submucosal plexuses of the ileum. (A1) CRF-IR in the myenteric plexus.
(A2) CRF1-IR in the same microscopic field as A1. (B1) CRF-IR in the submucosal plexus
of the ileum. (B2) CRF1-IR in the same microscopic field as B1. Arrows point to the CRF-IR
neurons in both sets of paired photomicrographs. Scale bars = 20 μm.
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Fig. 8.
Origin of CRF-IR nerve fibers in the guinea-pig ENS. (A1-2) Seven days in organotypic
culture had no effect on the distribution of CRF-IR nerve fibers in either the myenteric (A1)
or submucosal (A2) plexus. (B1-3) Double labeling for CRF IR and tyrosine hydroxylase IR,
a marker for extrinsic sympathetic nerve fibers, revealed that CRF IR was not co-localized
with tyrosine hydroxylase IR in guinea-pig myenteric plexus. (C1-3) Double labeling for
CRF IR and CGRP IR, a marker for extrinsic sensory nerve fibers, revealed that CRF IR
was not co-localized with CGRP IR in guinea-pig myenteric plexus. Scale bars = 20 μm.
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TABLE 2

Distribution of CRF-IR in Relation to Chemical Codes in Myenteric and Submucosal Plexuses of Guinea-Pig
Small Intestine

Region Chemical Code Co-Label/Chemical Code Co-Label/CRF

Myenteric
Plexus

Calbindin 0% 0%

Calretinin 0% 0%

ChAT 4.5% 56.9%

CRF1 0% 0%

NOS 5.0% 37.9%

NPY 0% 0%

Serotonin 0% 0%

Substance P 4.2% 55.0%

Somatostatin 0% 0%

Submucosal
Plexus

Calretinin 0% 0%

ChAT 0% 0%

CRF1 0% 0%

NeuN 0% 0%

NPY 0% 0%

Substance P 0% 0%

VIP 77.3% 100%

ChAT, choline acetyltransferase; CRF1, corticotropin releasing factor type 1 receptor; NeuN, neuronal nuclear protein; NOS, nitric oxide synthase;
NPY, neuropeptide Y; VIP, vasoactive intestinal peptide
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