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Abstract
Little is known about CRF expression and regulation in the rat colon compared to the brain. We
investigated CRF gene expression, cellular location, and regulation by endotoxin and corticosterone
in the male rat colon at 6 h after intraperitoneal (ip) injection. CRF mRNA level, detected by reverse
transcription polymerase chain reaction (RT-PCR) was 2.3-fold higher in the distal than proximal
colon and 4.4-fold higher in the proximal colonic submucosa plus muscle layers than in mucosa.
CRF immunoreactivity was located in the epithelia, lamina propria and crypts, and co-localized with
tryptophan hydroxylase, a marker for enterochromaffin (EC) cells, and in enteric neurons.
Lipopolysaccharide (LPS, 100 μg/kg, ip) increased defecation by 2.9-fold and upregulated CRF
mRNA by 3.5-fold in the proximal and 2.1-fold in the distal colon while there was no change induced
by corticosterone as monitored by quantitative PCR. LPS-induced increased CRF mRNA expression
occurred in the submucosa plus muscle layers (2.5-fold) and the mucosa of proximal colon (1.9-fold).
LPS increased significantly CRF immunoreactivity in the submucosal and myenteric plexuses of
proximal and distal colon compared to saline groups. These results indicate that in rats, CRF is
expressed in both proximal and distal colon and more prominently in enteric neurons of the
submucosa plus muscle layers and subject to upregulation at the gene and protein levels by LPS
through corticosteroid independent pathways. These data suggests that colonic CRF may be part of
the local effector limb of the CRF1 receptor mediated colonic alterations induced by acute stress.
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1. Introduction
CRF, characterized by Vale et al. in 1981 as a novel 41-amino-acid hypothalamic peptide
[44], was established to mediate stress-evoked activation of the hypothalamo-pituitary-adrenal
(HPA) axis through the activation of pituitary CRF1 receptor [4,10]. Subsequently, activation
of CRF-CRF1 receptor signaling was shown to participate in various components of the
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adaptive response to stressful events [4,10]. In particular, CRF injected centrally recapitulates
stress-related colonic functional alterations (increased motility, permeability, secretion, transit,
bacterial translocation, secretion and hypersensitivity to colorectal distension) and CRF1
receptor antagonists alleviate acute stress-induced colonic responses in conscious rodents
[40].

In addition to the centrally mediated CRF actions, recent experimental and clinical studies
indicate that peripheral injection of CRF or CRF1 agonists mimic the effects of acute stress on
the colon as shown by the increase in myenteric neuronal activity, motility, transit, mucus
secretion, macromolecular permeability and visceral pain [7,11,25,26,36,46,47,55]. These
actions of exogenously administered CRF into the circulation or isolated colon in rats or colonic
biopsy specimens in humans are largely mediated by the activation of CRF1 receptor
prominently located in myenteric neurons and immune cells [9,22,29,34,46,55]. The relevance
of the peripheral activation of CRF receptor signaling is also supported by the dampening of
acute stress-induced stimulation of colonic secretory motor function by peripheral injection of
peptide CRF receptor antagonists with poor brain penetrance in rats and humans [39,41,50].
However, compared to the brain, less is known on CRF gene expression and CRF localization
and its regulation by stressors in the rat colon. So far, CRF mRNA has been reported to be
expressed in the mice and rat ileum [24,51], rat cecum [45] and human colonic mucosa [18]
and rapidly upregulated in rat and mice ileum in response to toxin A that was perfused in the
ileal loop [24,51].

Therefore in the present study, we investigated CRF expression at the gene and protein levels
in the proximal and distal colon in naïve rats and in response to peripheral injection of
lipopolysaccharide (LPS) and corticosterone. Gene expression was assessed by reverse
transcription-polymerase chain reaction (RT-PCR) and real time quantitative PCR [53]. The
cellular location and identity (endocrine vs neuronal) of CRF positive cells were characterized
using immunohistochemistry and double immunostaining with tryptophan hydroxylase (TPH)
as an enterochromaffin cell marker [21,54] and Hu C/D as a neuronal marker [27] in the whole
thickness tissue sections. CRF immunoreactivity change in response to LPS was also evaluated
using digital computer-assisted image analysis in whole mount preparation of enteric plexuses
(submucosal and myenteric).

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats (265–297 g, Harlan Laboratory, San Diego, CA) were group housed
under controlled conditions (22–24°C, lights on from 6:00 AM to 6:00 PM) with free access
to standard rodent chow (Prolab RMH 2500, PMY Nutrition International, Brentwood, MO)
and tap water. Studies were conducted under the approved protocols of the Department of
Veterans Affairs Animal Component of Research Veterans Affairs Greater Los Angeles
Healthcare System (04012-06 and 9906-820). All experiments were performed between 9:00
AM and 1:00 PM to avoid confounding variables of diurnal rhythm influence on the HPA axis
under basal and stress conditions.

2.2. CRF expression in the colon of naïve rats
2.2.1. CRF mRNA expression in the proximal and distal colon by RT-PCR—Three
naive rats were decapitated and proximal (1 cm from cecum) and distal (2 cm to the anus)
segments of the colon were collected. In the proximal colon segment, half of it was separated
into mucosa and submucosa plus muscle layer as previously described [55]. All colonic samples
were snapped frozen in dry ice and stored at −70° C until used. Total RNA was extracted using
RNA-Bee™ (TEL-TEST, Friendswood, TX), following manufacturer's recommended
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protocol. RNA pellets were resuspended in DEPC-treated water and further digested with
DNase I for 60 min at 37°C (Promega, Madison, WI). Total RNA (5 μg) was denatured at 65°
C for 5 min and used to synthesize first-strand cDNA in a total volume of 20 μl reaction by
ThermoScript™ RT-PCR system (Invitrogen, CA). cDNA (1μl) was amplified for CRF
directly by the polymerase chain reaction (PCR) with 33 cycles at 92°C for 40 s, 57°C for 40
s, 72°C for 2 min, and a final extension step at 72°C for 5 min using specific CRF primers for
rat (Table 1). PCR for the house-keeping gene, rat acidic ribosome protein (ARP) served as
the internal control as in our previous study [55]. PCR products were separated by 1% agarose
gel electrophoresis, and visualized with ethidium bromide. The gel images were acquired by
Kodak EDAS 290 system and quantitative densitometry was performed with NIH Image
software (Scion Corporation, Frederick, MD). In all samples, the intensity of the bands was
normalized to that of ARP in each sample respectively and results were expressed as the fold
change in reference to the control group. Then the PCR product corresponding to the predicted
CRF was extracted with QIA quick Gel Extraction Kit (QIAGEN, Hilden, Germany). The
DNA fragment was inserted into pCR2.1 vector and transformed into bacterial competent cells
(TA Cloning kit, Invitrogen). The plasmid with positive insert was sequenced in both directions
to confirm its identity of rat CRF using the Big Dye Terminator (ver. 3) in Cycle Sequencing
System (Applied Biosystems, Foster City, CA).

2.2.2. CRF immunohistochemistry in the whole thickness sections of proximal
colon and double labeling with tryptophan hydroxylase or Hu C/D—The proximal
colon was collected from 3 naïve rats, fixed in formalin, embedded in paraffin and sectioned
at 5 m thickness. Immunohistochemistry was performed using avidin-boiotin-peroxidase
technique. Sections were deparaffinized in xylene and hydrated in descending grades of
ethanol. After washing 2 times (5 min each) in phosphate buffer saline (PBS), slides were
placed in a plastic Coplin jar filled with 10 mM citrate buffer (pH 6.0), boiled for 8 min, and
followed by cooling to room temperature. Sections were washed twice in PBS. Endogenous
peroxidase activity was blocked by incubation for 30 min with 0.3% hydrogen peroxide in PBS
at room temperature. Slides were incubated overnight at 4°C with rabbit anti-rat/human CRF
antibody C70 (1:20,000, gift from Dr. Wylie W Vale, Clayton Foundation Laboratories, Salk
Institute, San Diego, CA) diluted in PBS containing 0.3% Triton X-100, followed by incubation
with biotinylated donkey anti-goat IgG (1:1000; Jackson ImmunoResearch, West Grove, PA)
for 2 h at room temperature. Sections were subsequently processed for avidin-biotin-peroxidase
procedure using diaminobenzidine as a chromogen, and then counterstained with hematoxylin.
Immunohistochemical control was routinely performed following the same procedures, except
that the primary antibody was pre-absorbed with CRF antigen peptide (20 μg/ml, rat CRF, gift
from Jean Rivier, Clayton Foundation Laboratories, Salk Institute).

For the double immunostaining, sections were deparaffinized in xylene, hydrated in descending
grades of ethanol and an antigen retrieval procedure was conducted as described above, then
sections were washed three times at 10-min intervals with PBS, and incubated in 10% normal
donkey serum (Jackson ImmunoResearch Laboratories, Inc, West Grove, PA) in 0.3% Triton-
X 100/PBS for 30 min at room temperature followed by two-overnight incubations with the
mixture of rabbit anti-rat CRF antibody (1:5,000, gift from Dr. Wylie Wale) and mouse anti-
TPH (1:40, Novocastra Lab Ltd., Newcastles, UK), or mouse anti-Hu C/D (1:200, Molecular
probes, Eugene, OR), a neuronal marker. Sections were washed with PBS three times at 10-
min intervals and incubated for 2 h at room temperature with the mixture of FITC-conjugated
donkey anti-rabbit IgG and Rhodamine Red™-X-conjugated donkey anti-mouse IgG (1:100.
Jackson ImmunoResearch Laboratories, Inc, West Grove, PA). After three washes in PBS,
sections were counterstained with 4, 6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, Saint
Louis, MO), mounted on slides with anti-fade mounting media (Vector Laboratory Inc.,
Burlingame, CA) and visualized by standard fluorescence microscopy. The double labeling of
CRF/TPH was assessed in at least 20 TPH immunoreactive (ir) positive cells for each rat and
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expressed in percentage of the total number of TPH positive cells respectively. The means of
the values from each animal were used to calculate the group mean.

2.3 Effect of intraperitoneal injection of LPS on CRF gene and protein expression in rat colon
Freely fed rats (n=6/group) were single housed the day before and thereafter treatment. Rats
were subjected to ip injection (0.3 ml) of either vehicle (endotoxin-free saline) or LPS
(Escherichia coli serotype O26: B6; code 3755, lot 37H4095; 100 μg/kg BW). The dose was
selected based on our previous studies showing alterations of upper gut propulsive motor
function and hormone release [49]. Fecal pellet output was monitored 75 min after ip injection.
Both groups were euthanized by decapitation 6 h after the ip injection to assess changes in CRF
expression in the proximal and distal segments of the colon.

2.3.1. Colonic CRF gene expression assessed by real time quantitative PCR—
The proximal (1 cm from cecum) and distal (2 cm to the anus) segments of colon were collected
and a half piece of each proximal colonic sample was separated into mucosa and submucosa
plus muscle layers as previously described [55]. All samples were processed for RNA
extraction and cDNA synthesis as described above. Real time quantitative PCR for CRF was
performed in triplicates using DNA Engine Opticon® 2 Detection System interfaced to the
Opticon MONITOR™ Analysis Software version 2.01(MJ Research Inc., Waltham, MA) in
a 25 μl reaction volume. The optimized reaction contained 12.5 μl of SYBR® Premix Ex Taq™
(Perfect Real Time) (Takara Mirus Bio Inc., Madison, WI), 0.5 μl each of oligonucleotide
primers (10 μM), 1 μl of the cDNA synthesis reaction, and 10.5 μl of H2O. Selected forward
(f) and reverse (r) primers listed in Table 1 were used for rat CRF. The house keeping genes,
rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was also analyzed as internal
controls. Thermal conditions were as follows: 95 °C for 4 min followed by 40 cycles of 95 °
C for 10 s, 58 °C for 10 s; 72 °C for 20 s with a final extension cycle of 10 min at 72 °C. The
specificity of the amplification reaction was determined by performing a melting curve analysis
of the PCR fragments. For each gene, a standard curve was prepared by serial dilution of a gel-
purified PCR product. The standard curve, spanning seven decades, was used to verify that
crossing-point values (Ct) of all samples were within the exponential range of the PCR reaction
and to calculate final expression levels. The amount of target gene was subsequently divided
by the gene amount of rat GAPDH to obtain a normalized target gene values and presented as
fold change in reference to the control group.

2.3.2. Colonic CRF immunoreactivity in the whole mount preparation of enteric
plexuses—The proximal and distal colons collected from vehicle- and LPS-treated groups
were opened along the mesenteric border. The tissue was pinned flat and fixed overnight in
0.1 M sodium phosphate buffer (PB, pH 7.4) containing 4% paraformaldehyde and 14% picric
acid. After being rinsed in 0.01 M PBS, the tissue samples were processed for longitudinal
muscle/myenteric plexus (LMMP) and submucosal whole-mount preparations as described
previously [31,55]. Briefly, the mucosa was scraped off, the submucosa was collected and the
circle muscle was carefully removed using fine forceps. LMMP whole-mount preparation
included the myenteric plexus adhering to the longitudinal muscle. To avoid regional
differences, in each rat, two pieces of preparation (~0.5 cm2) of proximal or distal colon were
dissected from the segment 1 cm from the cecum or 2 cm rostral to anus respectively. After
being washed three times at 10-min intervals with PBS, free floating submucosa and LMMP
whole mounts of proximal and distal colon were incubated in 10% normal donkey serum
(Jackson ImmunoResearch Laboratories, Inc, West Grove, PA) in 0.3% Triton-X 100/PBS for
30 min at room temperature followed by one overnight incubation with the mixture of rabbit
anti CRF antibody (1:5,000, gift from Dr. Wylie Wale) and mouse anti-Hu C/D (1:200,
Molecular probes, Eugene, OR). Whole-mount preparations were washed with PBS three times
at 10-min intervals and incubated for 2 h at room temperature with the mixture of FITC-
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conjugated donkey anti-rabbit IgG and Rhodamine Red™-X-conjugated donkey anti-mouse
IgG (1:100. Jackson ImmunoResearch Laboratories, Inc, West Grove, PA). After washing
three times in PBS, preparations were mounted on the slides with anti-fade mounting media
(Vector Laboratory Inc., Burlingame, CA). To minimize variability in staining,
immunohistochemical detection in the whole mount preparations from all animals were
processed simultaneously as a single batch. A negative control was performed with pre-
absorbed primary antibody as described above. The intensity of CRF immunoreactivity was
evaluated using a digital computer-assisted method. Briefly, the images of 15 submucosal or
myenteric ganglia best representing CRF immunostaining in the preparations were captured
from each rat using a fluorescence microscope (Zeiss Axioskop 2 plus) coupled to a color
digital camera (Hamamatsu, C4742-95). The images were analyzed with the image software
(NIH ImageJ 1.42 bundled with 32-bit Java 1.6.0_10). All fluorescent images were digitally
converted into a grey scale image before starting the analysis. The sum of the gray values of
all the pixels within one ganglion was measured and then divided by the number of pixels per
ganglion. The results are expressed as average optical density (AOD) per ganglion. Background
intensity was also analyzed using the same steps and then subtracted from that of the ganglion
of interest.

2.4. Effect of corticosterone on CRF gene expression in proximal colon
Rats (n=4/group) received successive subcutaneous (sc, 0.2 ml) injections of either vehicle
(11% ethanol-containing saline), or corticosterone (125 μg/rat, Sigma-Aldrich Co, St. Louis,
MO) at 0, 30, 60, 120, and 180 min. Such a regimen of administration was previously reported
to induce similar 6-h area under the curve of circulating corticosterone as that achieved by LPS
at a low dose (50 μg/kg, intravenous) [17]. All groups were euthanized by decapitation at 6 h
after the first injection and the proximal colon was harvested and CRF gene expression
measured by real time quantative PCR as described above.

2.5. Statistical analysis
All data are expressed as mean ± SE. Statistical analysis of the difference between two groups
was performed by two-tailed student's t-test. Multiple group comparisons were performed with
one-way ANOVA followed by Duncan's test. A P value <0.05 was considered statistically
significant.

3. Results
3.1. CRF mRNA expression in the proximal and distal colon and proximal colonic mucosa
vs submucosa plus muscle layers in naïve male rats

A single band for the PCR product of rat CRF was yielded at the predicted size (394 bp) in the
samples of the proximal and the distal colon as well as in both mucosa and submucosa plus
muscle layers of the proximal colon in naïve rats (Figs. 1A,B). The intensity of the bands for
CRF was stronger in the distal colon than in the proximal colon (Fig. 1A). Furthermore, the
bands in the submucosa plus muscle layers were stronger than in the mucosa (Fig. 1B). Bands
for the housekeeping gene ARP were detected in all samples with the predicted size (402 bp)
and had similar intensity (Figs. 1 A, B). Densitometric analysis showed that CRF mRNA level
is significantly 2.3-fold higher in the distal than the proximal colon (Fig. 1C). In the proximal
colon, CRF mRNA level was 4.9-fold more elevated in the submucosa plus muscle layers than
in the mucosa (Fig. 1D). PCR products for CRF were sequenced and found to be identical to
the corresponding sequence of rat CRF.

Yuan et al. Page 5

Peptides. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.2. Endocrine and neuronal cellular localization of CRF immunoreactivity in whole thickness
section of the proximal colon in naïve male rats

CRF immunoreactivity was revealed in individual cells scattered in the mucosa mainly in cells
located in the epithelia (E), crypts (Cry) and lamina propria (LP) in proximal colon of all naïve
rats investigated (Figs. 2A, B, C). In addition, CRF immunoreactivity was also found in
myenteric plexus (MP) (Fig. 2E). In the control slides in which the primary antibody was pre-
absorbed with antigen peptide, no CRF immunoreactivity was detected in the mucosa and
myenteric plexus (Figs. 2D, F). To characterize the endocrine and neuronal identity of CRF
positive cells, double staining of CRF and marker antibodies for TPH to identify EC cells in
the epithelium and Hu D/C for myenteric neurons was conducted in the tissue sections from
the proximal colon in naïve rats (Fig. 3). CRF/TPH double-labeled cells represent 98.9±4.4%
of TPH ir cells in the mucosal epithelia (Figs. 3A–C) and CRF immunoreactivity was detected
in all myenteric ganglia labeled by Hu C/D without CRF specific staining in muscle layers
(Figs. 3D–F), suggesting that almost all EC cells in mucosal epithelia and all ganglia in
myenteric plexuses were CRF ir positive.

3.3. LPS increases CRF mRNA expression in rat colon
Real time PCR was performed using the standard curve method to detect the regulation of CRF
mRNA expression in rat colon in response to LPS and corticosterone. The melt curve was
obtained by plotting the negative first derivative values of the fluorescence intensity as a
function of temperature, which resulted in a single narrow peak. CRF mRNA level monitored
by real time PCR was significantly higher in the distal than proximal colon and higher in the
submucosa plus muscle layers than mucosa in the proximal colon in ip saline-treated rats (Fig.
4) as we observed in naïve rats using RT-PCR (Fig. 3). LPS injection (100 μg/kg, ip) increased
CRF mRNA in the proximal colon by 3.5-fold (3.5±0.5 vs 1.0±0.2 in saline group, p<0.05)
and distal colon by 2.1-fold (4.7±1.5 vs 2.3±0.4 in saline group, p<0.05) as monitored 6-h after
injection (Fig. 4A). LPS-induced increase in CRF mRNA expression in the proximal colon
was more prominent in the submucosa plus muscle layers (11.2±0.9 vs 4.4±0.4 in saline group,
p<0.001) than the mucosa (1.9±0.4 vs 1.0±0.1 in saline group, p<0.05) (Fig. 4B). By contrast,
five repeated subcutaneous injections of corticosterone (125 μg/kg/injection sc) over 3 h had
no effect on CRF mRNA expression in the proximal colon as monitored 6 h after the initial
injection in male rats compared with vehicle group (0.9±0.2 vs 1.0±0.2, p=0.75) (data not
shown).

3.3. LPS increases CRF immunoreactivity in the enteric plexus of proximal and distal colon
Whole-mount preparation allowed us to better visualize as a 3-dimensional picture, the
neuronal networks branching out and interconnections within the enteric ganglia in the
proximal and distal colon. CRF immunoreactivity was found occasionally in the neurons of
the proximal (Fig. 5A) and distal colon (Fig. 5B) and mainly in nerve terminals shown as
varicosity around neurons and running between ganglia (Figs. 6 and 7). The stronger
immunostaining was found in the whole mount samples of either submucosal or myenteric
plexus in rats injected ip with LPS (100 μg/kg) compared with saline (Figs. 6 and 7). The
immunostaining was totally blocked by using antigen peptide absorption in submucosal (Figs.
6M–O) and myenteric (Figs. 7M–O) whole mount preparations. Semi-quantitative analysis
revealed that the AOD of CRF immunoreactivity is significantly higher in LPS-treated rats
than saline group in submucosal plexus as well as in myenteric plexus in both the proximal
and distal colon (Table 2). In saline group, although there is trend showing higher AOD values
in the submucosal or myenteric plexuses of the distal compared with proximal colon, this did
not reach significance (Table 2). In the same groups of rats, the ip injection of LPS significantly
increased fecal pellet output compared to ip saline group (number /75 min: 4.7±1.0 vs 1.2±0.7
respectively; p<0.05).
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4. Discussion
In the present study, CRF gene expression was detected in the rat colon with a 2.3-fold higher
expression in the distal than proximal colon in naïve male rats as detected by RT-PCR and
confirmed by sequencing. In addition, we found that CRF gene was expressed at a 4.4-fold
higher level in the submucosa plus muscle layers compared to mucosa in the proximal colon.
The higher expression in the distal vs proximal colon and proximal submyenteric plus muscle
layers vs mucosa in the proximal colon was confirmed by real time PCR in a control group
injected ip with saline. Of functional relevance, CRF is known to display preferential affinity
for CRF1 receptor [14] and the CRF gene expression pattern is consistent with that of CRF1
receptor previously reported to be prevalent in submucosa plus muscle layers compared with
the mucosa in the rat proximal colon [55]. Taken together these data established CRF gene
expression in the rat colon expending to rodents CRF gene expression that was so far reported
only in colonic mucosal biopsies of healthy human subjects [18,19,34]. It also described for
the first time differential f CRF expression in the rat colon with levels in the distal>proximal
segments and submucosa plus muscle layers>mucosa layer.

Next, we examined in the whole thickness tissue sections of rat proximal colon, the localization
and distribution of CRF peptide by immunohistochemistry. Consistent with results of higher
expression of CRF gene by RT-PCR in the submucosa plus muscle layers, we detected strong
CRF immunoreactivity in all ganglia of myenteric plexus in proximal colon. Whole-mount
preparation technique revealed that CRF immunoreactivity was mainly located in nerve
terminals shown as varicosity around neurons and running between ganglia in proximal and
distal colon. Due to the absence of treatment with colchicine to block axonal transport only
few CRF positive neurons were observed as previously reported in myenteric and submucosal
plexuses of rat distal colon [22]. A previous report in whole mount preparation of myenteric
ganglia from guinea pig proximal colon treated with colchicine, indicates that the majority of
CRF positive neurons exhibits Dogiel I morphology (oval or round cell body with single long
process and small short lamellar dendrites) and co-localizes with excitatory cholinergic/
substance P motor neurons [28]. Whole thickness histological sections and whole mount
preparations without colchicine treatment in the present study precluded us to identify with
certainty whether CRF labeled neurons in rat proximal and distal colon also display Dogiel I
morphology and what percentage they represented from the total myenteric neurons in the
whole mount preparation. Irrespectively, these data expend the identification of CRF
immunoreactivity to proximal and distal colonic myenteric and submucosal neurons that was
previously established in rats within the cecal plexus of the external muscle layer [45], nerve
fibers of submucosal plexus in the ileum, jejunum and duodenum [24,52] and submucosal/
myenteric neurons of distal colon [22].

In the proximal colonic mucosa, we also found strong CRF immunoreactivity in individual
cells located in the epithelia, crypts and lamina propria. Likewise, in the distal colon of female
Wistar rats, one previous study showed that preproCRF labeling in enterocytes and weaker
immunreactivity in colonic bottom crypts and submucosal cells although their phenotypes were
not identified [5]. In the present study, double labeling showed that all TPH labeled cells are
CRF ir positive in the epithelia. Immunohistological localization of TPH, the initial and rate
limiting enzyme in 5-HT biosynthesis [48], has been previously established to characterize 5-
HT producing cells in the rat gastrointestinal tract [54]. Therefore the present results indicate
that EC cells are one endocrine source of CRF in the rat proximal colon. Consistent with these
findings, it has been reported that CRF and 5-HT coexist in mucosal cells from colonic biopsies
of healthy subjects [18]. We also found some cells labeled by CRF but not by TPH in the
epithelia, the phenotype of which still remains to be identified. In the lamina propria, CRF ir
cells are likely to encompasses immune cells as immunostaining for CRF was localized in
monocytes in normal human colonic mucosa [19]. Taken together these data indicate the
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expression of CRF immunoreactivity in neuronal, endocrine (EC cells) and lamina propria cells
of the rat proximal colon mucosa under basal conditions.

Previous studies established that stress, particularly immunological stress influences CRF gene
expression in the hypothalamus [43]. In particular, peripheral injection of LPS, known to induce
the innate defense immune response to Gram-negative bacteria infection [32], activates CRF
gene expression and CRF release in the hypothalamus leading to the stimulation of the HPA
axis and rise in circulating levels of corticosterone in rats [38,43].Therefore, we assessed
whether proximal and distal colonic CRF gene expression is also upregulated by LPS. Real
time quantitative PCR detection of CRF gene expression showed that LPS significantly
increased CRF mRNA level by 3.5 and 2.1-fold in the proximal and distal colon respectively
as monitored 6-h after injection. LPS-induced increase CRF mRNA expression in the proximal
colon occurred in the mucosa and more prominently in submucosa plus muscle layers. By
contrast, repeated subcutaneous injections of corticosterone did not alter CRF gene expression
in the proximal colon at 6 h after the first injection. Such a regimen of administration was
previously established to reproduce the 6-h area under the curve of plasma corticosterone
concentration induced by a low dose LPS [17]. It has been well documented that there are
regional differences in the regulation of CRF mRNA by glucocorticoids in the central nervous
system [16,30] while less is known in the periphery. Although it remains to be further
ascertained, the present data suggest that CRF gene expression in the proximal colon is not
responsive to corticosterone and that LPS induced up-regulation of CRF expression is likely
independent from the activation of the HPA. A potential direct action of LPS through its
receptor is suggested by the abundant expression of Toll like receptor 4 (TLR4) in the rat colon
where TLR4 immunoreactivity has been localized in crypt bottom epithelial cells, mononuclear
cells and lymphocytes in lamina propria [37;42]. In addition, TLR4 is expressed in
approximately 35% of all myenteric neurons in rat small intestine [2]. Therefore, LPS can
regulate CRF expression via TLR4 on epithelial cells, immune cells and myenteric neurons.
Alternatively LPS-induced release of interleukin-1, interleukin-6, and tumor necrosis factor
alpha [12,13] may provide other mechanisms through which cytokine occurrence may
modulate colonic CRF expression as shown in the hypothalamus [43]. We previously reported
that alterations of gut hormone release by ip LPS at a similar dose is mediated by activation of
interleukin-1 receptor in rats [49]. Other studies showed that acute perfusion of mice ileal loop
with toxin A results in marked increase in CRF mRNA signal within 60 min [51] and cecal
injection of peptidoglycan-polysaccharide from Streptococcus pyogenes increases CRF
mRNA in the rat cecum in the chronic phase of inflammation [45]. Collectively these data
indicate that the local CRF gene expression in the intestine is upregulated in response to acute
administration of enterotoxin or Gram negative bacteria.

We next assessed whether the increased CRF gene expression in the proximal and distal colon
induced by LPS translates to changes in protein expression. CRF is a small bioactive peptide
(4.7 kDa) and it would be likely detected in the brain by Western, given the prominent
expression of the peptide in the rat brain [8] and the low amount of interfering substances.
However, in peripheral tissues such as the colon, the combination of low levels of expression
and the low molecular weight of the peptide made it less amendable to be detected by Western
blotting method. Therefore to achieve the detection of CRF at the protein level induced by
LPS, CRF immunostaining was performed in whole mount preparation of enteric plexus
because we detected higher CRF mRNA level in submucosa plus muscle layers than mucosa
and CRF staining was selectively located in the enteric plexus. The evaluation of
immunoreactivity with digital computer-assisted image analysis demonstrated a significant
higher CRF immunoreactivity in rats treated with LPS than saline indicative that CRF protein
level was increased in the colonic enteric plexus consistent with the data yielded by real time
PCR. These results suggest that CRF gene upregulation induced by an immune stressor is likely
to be associated with increase protein translation. Previous studies showed that an increase in
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CRF gene transcriptional activity in the hypothalamus in response to immune challenge [23]
that needs to be also assessed in the colon. In the present study, LPS injected ip at a low dose
(100 μg/kg) that we previously reported to inhibit gastric emptying in rats [49] also stimulated
colonic propulsive motor function as shown by the significant increased in defecation. The gut
motor responses to LPS under these conditions of administration are similar to those induced
by peripheral injection of CRF, well established to inhibit gastric while stimulating colonic
transit in rats [6,41]. The upregulation of CRF expression in the colon may have a bearing with
the stimulation of functional motor changes which will need to be further ascertained.

Conclusion
CRF is expressed at the gene and protein levels in proximal and distal colon of naïve rats and
is upregulated by LPS injected peripherally at a low dose. These findings along with the
described prominent CRF1 receptor expression in rat colon [9,55], provide molecular/
anatomical support for an important role for CRF/CRF1 coupling in the colon as part of the
local effector limb of the CRF1 receptor mediated colonic motor response to stress [40] and
established proinflammatory role [1,20,51]. CRF immunoreactivity was localized in
submucosal and myenteric plexuses, the enterochromaffin 5-HT synthesizing cells in the
epithelia, and in cells yet to be characterized in the lamina propria. CRF endogenously produced
at these sites can exert CRF1 receptor paracrine or autocrine action and thereby serve to
facilitate the colonic responses to stress. It is well known that serotonin (5-HT) released from
EC cells in response to chemical or mechanical stimuli affects gastrointestinal motility and
local injection of CRF in the colon stimulates colonic motor function [40]. Thus, CRF might
be co-released with 5-HT from EC cells in response to acute stress to stimulate the colonic
motor function which is supported by the blockade of stress- and peripheral injection of CRF-
induced propulsive motor function by CRF, 5-HT3 and 5-HT4 receptor antagonists [3,15,33,
35].
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Fig. 1.
CRF gene expression in naive rat colon. A, B. Gel images of RT-PCR for CRF in the proximal
and the distal colon (A) and in the mucosa and the submucosa plus muscle layers of the proximal
colon layers (B). C, D. Quantitative analysis of PCR product for CRF in the proximal and the
distal colon (C) and in the mucosa and the submucosa plus muscle layers (D). In all samples,
the intensity of the band was normalized to that of ARP in the same sample and results are
expressed as the fold change in reference to the proximal colon (C) or mucosa (D). Data are
presented as the mean ± SEM. * P<0.05 vs proximal colon (C) or mucosa (D).
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Fig. 2.
CRF immunohistochemistry in the whole thickness tissue sections of proximal colon in a naïve
rat. A. CRF immunoreactivity was located in cells scattered in the epithelia (E), crypts (Cry)
and lamina propria (LP). B, C. Inserts show a higher magnifications of CRF immunoreactive
positive cells in the crypts (B) and lamina propria (C). E. CRF immunoreactivity was also
found in myenteric plexus (MP), but not in the circle muscle (CM) and longitudinal muscle
(LM). D, F. Pre-absorption of primary antibody by antigen peptide: no CRF immunoreactivity
was seen in the mucosa (D) and myenteric plexuses (F). Bar: 100 μm and 50 μm in the inserts.
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Fig. 3.
Double labeling of CRF and enterochromaffin (EC) cell marker tryptophan hydroxylase (TPH)
or neuronal marker Hu C/D in the whole thickness tissue sections of proximal colon in a naïve
rat. A. CRF staining in the mucosa. B. TPH staining in the mucosa. C. The merged image of
A and B showing the co-localization of CRF and TPH. The arrow points to a cell double-labeled
by CRF and TPH. D. CRF staining in a myenteric ganglion. E. Hu C/D staining in the myenteric
ganglia. F. The merged image of D and E showing the co-localization of CRF and Hu C/D.
The arrow points to the double-labeled ganglia by CRF and Hu C/D. E: epithelia, Cry: crypts,
LP: lamina propria, CM: circle muscle, LM: longitudinal muscle. Bar: 100 μm.
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Fig. 4.
LPS upregulated CRF gene expression in the rat proximal and distal colon (A) and in proximal
colonic mucosa and submucosa plus muscle layers (B). Tissues were collected 6 h after ip LPS
(100 μg/kg) or saline injection. For each sample, the amount of CRF and GAPDH mRNA were
determined by real-time quantitative PCR from the appropriate standard curves. CRF mRNA
level was subsequently divided by GAPDH mRNA to obtain a normalized target value and
data were represented as the fold changes in reference to saline group. The number of rats was
indicated at the bottom of each column. A. * p<0.05 vs. proximal colon of saline-treated rats.
# p<0.05 vs distal colon of saline-treated rats. B. * p<0.05 vs. proximal colonic mucosa of
saline-treated rats. # p<0.05 vs proximal colonic mucosa of LPS-treated rats. & p<0.05 vs
proximal colonic submucosa plus muscle layers of saline-treated rats.
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Fig. 5.
CRF immunostaining in the whole mount preparation of myenteric plexus in the proximal (A)
and the distal colon (B) in a saline-treated rat. Colon was harvested 6-h after ip injection of
saline. CRF immunoreactivity was mainly located in nerve terminals shown as varicosity
around neurons and running between ganglia. CRF ir positive neurons were also observed
(pointed by arrows). Bar: 100 μm.
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Fig. 6.
CRF immunoreactivity in the whole mount preparation of colonic submucosal plexus identified
by Hu C/D in rats that received an ip injection of LPS (100 μg/kg) or saline. A, D, G, J, M: Hu
C/D; B, E, H, K: CRF; C, F, I, L, O: merged images. A–C: proximal colon in saline group. D–
F: proximal colon in LPS group. G–I: distal colon in saline group. J–L: distal colon LPS group.
M–O: Control immunoreactivity in the proximal colonic submucosal plexus with antibody pre-
absorbed by CRF antigen peptide. No CRF immunostaining was seen in Figs. 6N and 6O. Bar:
100 mμ.
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Fig. 7.
CRF immunoreactivity in the whole mount preparation of colonic myenteric plexus identified
by Hu C/D in rats that received ip injection of LPS (100 μg/kg) or saline. A, D, G, J, M: Hu
C/D; B, E, H, K: CRF; C, F, I, L, O: merged images. A–C: proximal colon in saline group. D–
F: proximal colon in LPS group. G–I: distal colon in saline group. J–L: distal colon in LPS
group. M–O: Control immunoreactivity in the proximal colonic myenteric plexus with
antibody pre-absorbed by CRF antigen peptide. No CRF immunostaining was seen in Figs. 6N
and 6O. Bar: 100 mμ.

Yuan et al. Page 19

Peptides. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Yuan et al. Page 20

Table 1

Sequences of oligonucleotide primers used for RT-PCR and real-time quantitative PCR

cDNA Direction Primer (5'–3') Size (bp)

for RT-PCR

rCRF Sense TGATCCGCATGGGTGAAGAATACTTCCTC 394

Antisense CCCGATAATCTCCATCAGTTTCCTGTTGCTG

rARP Sense GTTGAACATCTCCCCCTTCTC 402

Antisense ATGTCCTCATCGGATTCCTCC

for real time PCR

rCRF Sense TCTCTCTGGATCTCACCTTCCACC 77

Antisense AGCTTGCTGAGCTAACTGCTCTGC

rGAPDH Sense AGACAGCCGCATCTTCTTGT 142

Antisense TGATGGCAACAATGTCCACT

r: rat
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Table 2

Semi quantitative analysis of CRF immunostaining in the colonic enteric plexus1

CRF immunoreactivity1 (Average optical density/ganglion)

Saline LPS2

Colon

Proximal Submucosal plexus 19.4±0.5 24.4±1.3*

Myenteric plexus 18.3±0.9 22.9±1.8*

Distal Submucosal plexus 21.2±1.6 26.3±2.1*

Myenteric plexus 20.2±1.8 24.7±1.5*

1
CRF immunostaining was evaluated using NIH ImageJ software within 15 ganglia of submucosal and myenteric plexuses for each animal. The

intensity of the immunoreactivity was expressed as average optical density (AOD) per ganglion. The mean from each animal was used to calculate
the group mean. Mean ± SEM of 6 rats.

*
p<0.05 vs saline.

2
Non fasted rats were injected ip with saline or LPS (100 μg/kg) and 6 h later, animals were euthanized and colonic samples were harvested and

processed for CRF immunohistochemistry.
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