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Abstract

Background—Caorticotropin-releasing factor (CRF) mediates our body’s overall responses to
stress. The role of central CRF in stress-stimulated colonic motility is well characterized. We
hypothesized that transient perturbation in expression of enteric CRF is sufficient to change stress-
induced colonic motor and secretory responses.

Methods—Sprague-Dawley rats (adult, male) were subjected to 1-h partial restraint stress (PRS)
and euthanized at 0, 4, 8, and 24 h. CRF mRNA and peptide levels in the colon were quantified by
real-time RT-PCR, enzyme immunoassay, and immunohistochemistry. Double-stranded RNA
(dsRNA) designed to target CRF (dsCRF) was injected into the colonic wall to attain RNA
interference (RNAI)-mediated inhibition of CRF mRNA expression. DsSRNA for p-globin was
used as a control (dsControl). Four days after dSRNA injection, rats were subjected to 1-h PRS.
Fecal output was measured. Ussing chamber techniques were used to assess colonic mucosal ion
secretion and transepithelial tissue conductance.
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Key Results—Exposure to PRS elevated CRF expression and increased CRF release in the rat
colon. Injection of dsCRF inhibited basal CRF expression and prevented the PRS-induced increase
in CRF expression, whereas CRF expression in dsControl-injected colons remained high after
PRS. In rats treated with dsControl, PRS caused a significant increase in fecal pellet output,
colonic baseline ion secretion, and transepithelial tissue conductance. Inhibition of CRF
expression in the colon prevented PRS-induced increase in fecal output, baseline ion secretion,
and transepithelial tissue conductance.

Conclusions & Inferences—These results provide direct evidence that transient perturbation
in peripherally expressed CRF prevents colonic responses to stress.

Keywords
stress; colon; CRF; motility; ion secretion

INTRODUCTION

Corticotropin releasing factor (CRF) is important for our body’s overall responses to stress.
(1) Besides CRF, three other CRF-related peptides, urocortin (Ucn)1, Ucn2, and Ucn3, have
been identified in mammals.(2—4) CRF and Ucns exert their biological actions via two CRF
receptor subtypes, CRF; and CRF,.(5) CRF signaling in the brain has been known to
mediate colonic responses to stress. Exposure to an array of acute stressors stimulates
colonic motor activity.(6—12) Intracerebral or intraventricular administration of CRF or
Ucnl simulates the effects of acute stress by enhancing colonic motility.(6,7,13-15)
Intracerebral injection of non-selective peptide CRF receptor antagonists or selective CRFq
antagonists inhibits the effects of both acute stress and CRF/Ucn1 on colonic motor activity.
(6,7,11,13-16) However, intracerebral administration of the CRF,-specific peptide
antagonists does not inhibit stress or CRF-induced acceleration of colonic motility and
transit.(11) These findings implicate the central CRF/CRF; signaling pathway in mediating
the colonic motor responses to acute stress.

Besides the brain, CRF peptides and CRF receptors are also found in the gut. We recently
reported the expression of CRF/UCNs and their receptors in the enteric nervous system
(ENS) of the rat and guinea pig gastrointestinal tract.(17-21) In guinea pig, the numbers of
enteric neurons that express immunoreactivity for CRF increase progressively in the aboral
direction, with the lowest numbers found in the stomach and the largest numbers in the
distal colon.(18) CRF and Ucn1 cause excitation of myenteric neurons via activating CRF;.
(17,19,22) CRF, CRF4, and CRF, are also expressed in enterochromaffin cells, mononuclear
cells, macrophages, and mast cells in the colon.(23-30) When injected peripherally, CRF
enhances colonic motility in rodents and humans.(31-34) Peripherally injected non-selective
peptide CRF receptor antagonists or selective CRFq antagonists block the stimulation of
colonic motility induced by acute stress or peripheral injection of CRF.(6,32,34) Peripheral
activation of CRF; by intraperitoneal (ip) injection of Ucn2 reduces acute stress or CRF-
induced defecation and colonic motility in rodents; whereas ip injection of astressin2-B, a
peptide CRF, antagonist, enhances stress-induced increase in colonic motility.(35) These
observations suggest that activation of peripheral CRF; contributes to stress-related
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stimulation of colon motility, whereas activation of peripheral CRF, counteracts the CRF1-
mediated stimulation of colonic motility and initiates a stress coping response in rodents.

Stress greatly enhances intestinal ion secretion and disrupts intestinal epithelial barrier.
Psychological stress has been found to increase Na* and CI~ secretion and reduce H,0
absorption in human jejunum.(36) Restraint stress has been found to induce watery diarrhea
in rats.(37) Similarly, ip injection of CRF increases colonic baseline ion secretion and
evokes watery diarrhea in rats, which is mimicked by peripheral injection of cortagine, a
selective CRF agonist,(38) and antagonized by the selective CRF; antagonists.(39,40)
Peripherally applied CRF increases intestinal epithelial permeability for large organic
molecules in human colon mucosal biopsies.(41) Pretreatment with a-helical CRF%41, a
non-selective peptide CRF receptor antagonist, abolished the actions of CRF on colonic
mucosal permeability.(41)

The evidence implicates that CRF signaling takes place locally in the gut and affects colonic
motility and secretion. However, no study has been done to determine the role of
endogenous CRF in the gut in colonic responses to stress. We therefore aimed to investigate
if transient perturbation in expression of endogenous CRF in the gut is sufficient to change
stress-induced colonic motor and secretory responses. Preliminary reports of the results have
been published in abstract form.(42,43)

MATERIALS AND METHODS

Animals

Adult Sprague-Dawley rats (male, 250-275 g) were purchased from Charles River,
Wilmington, MA, USA, housed in the University of Wisconsin-La Crosse and/or University
of California San Francisco (UCSF) animal facility at 22°C with a 12-h light/12-h dark
cycle, and had free access to food and tap water. The animal care and experimental protocols
were approved by the Laboratory Animal Care and Use Committees of University of
Wisconsin-La Crosse and UCSF and complied with the Guide for the Care and Use of
Laboratory Animals by U. S. National Institutes of Health.

Partial restraint stress protocol

Rats were lightly anesthetized with isoflurane prior to partial restraint stress (PRS). The
movements of the rats were restricted by wrapping the adhesive tapes around their upper
forelimbs, shoulders, and thoracic trunks.(6) Control animals were anesthetized but not
wrapped to allow free movement after recovering from anesthesia. The PRS procedures
were carried out between 9:00-11:00 AM on the days of the experiment to avoid the
influence of circadian rhythm. After 1 h PRS, the fecal pellets excreted by the rats were
collected. The rats were then euthanized by CO, inhalation at different time points (0, 4, 8,
and 24 h) after PRS (Fig. 1, inset). The distal colons were taken out of the abdominal cavity
and flushed with chilled Krebs solution containing: NaCl (120.9 mM); KCI (5.9 mM);
MgCl, (1.2 mM); NaH,PO,4 (1.2 mM); NaHCO3 (14.4 mM); CaCl, (2.5 mM); and glucose
(11.5 mM). The colonic specimens were then used for real-time reverse transcription-
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polymerase chain reaction (RT-PCR), enzyme immunoassay, and immunohistochemistry
according to the following procedures.

Real-time RT-PCR

CRF mRNA relative expression in the rat colon was measured by real-time RT-PCR. Total
RNA was extracted from the rat colon using the Absolutely RNA Miniprep Kit (Agilent
Technologies, La Jolla, CA, USA) and was used to synthesize the first-strand cDNA by
utilizing the AffinityScript QPCR cDNA Synthesis Kit (Agilent Technologies). Real-time
PCR was implemented using a Brilliant® SYBR® Green QPCR Master Mix (Agilent
Technologies) on a LightCycler Real-Time PCR machine (Roche Diagnostics, Indianapolis,
IN, USA). Primers for CRF were designed according to the rat CRF mRNA sequence
(NCBI Reference Sequence: NM_031019.1): 5-TCT CTG GAT CTC ACC TTC CAC
CTT-3 (forward) and 5’-AGT TTC CTG TTG CTG TGA GCT TGC-3’ (reverse, with
estimated PCR product size 92 bp). Expression of -actin (a house-keeping gene) was
measured for every sample in parallel with CRF for data normalization. Primers for -actin
were the same ones used in a previous study.(44) The corresponding no-RT RNA samples
were included as negative controls. Data were analyzed using the 2724CT method. (45)

Enzyme immunoassay

This assay was used to measure CRF peptide levels and CRF release from the rat colon.
Segments of rat colon were homogenized in Tris buffer (50 mM, pH 7.5), NaCl (150 mM),
phenylmethanesulfonyl fluoride (PMSF, 0.1 mM), aprotinin (2.8 ug/ml), and tablets of
complete protease inhibitor cocktail (Roche Diagnostics). The homogenates were
centrifuged (10,000g, 5 min, 4°C) and the supernatants were used to determine CRF peptide
levels by using a commercial CRF enzyme immunoassay kit (Phoenix Pharmaceuticals,
Belmont, CA, USA). To measure CRF release, segments of rat colon were incubated in 1.5
ml micro-centrifuge tubes containing 500 ul preoxygenated Kreb’s solution with PMSF (0.1
mM), aprotinin (2.8 pg/ml), and bovine serum albumin (2.5 pg/ml) at 37°C for 30 min. At
the end of the incubation, the micro-centrifuge tubes were vortex mixed and centrifuged
(3,000g, 10 min, room temperature). The supernatants were recovered and used for CRF
enzyme immunoassay.

Immunohistochemistry

The whole-mount preparations of colonic myenteric and submucosal plexuses were treated
with colchicine before fixation to enhance CRF immunoreactivity in the neuronal cell bodies
according to previously described method.(18) The approximate dimension of the whole-
mounts was 1.0 cm (length) x 1.0 cm (width). After 24-h incubation in colchicine, the
preparations were washed with Krebs solution and fixed in Zamboni’s fixative (3 h, room
temperature). The preparations were then washed in phosphate buffered saline (PBS) three
times, 10 min each and used for immunofluorescence staining for CRF according to the
method described previously.(18) CRF antibody (rabbit, 1:3,000, PBLrC70, Gift of W.
Vale) specificity was tested previously.(18,46) Immunofluorescence labeling was visualized
using a Nikon 80i fluorescence microscope. Numbers of CRF- immunoreactive (CRF-IR)
neurons were counted from 30 ganglia in each whole-mount preparation from each animal,
and five animals in each treatment group were studied. The 30 ganglia were selected
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randomly from the whole-mount preparation at six different locations, two on the left, two in
the middle, and two on the right, to minimize the influence of ganglionic size on neuronal
counting.

Transmural injection of dsRNA

Rats were anesthetized and their abdominal walls opened. The cecum and colon were
exposed, and a suture was put in the muscular layer at a site 5 cm distal to the ileocecal
junction to serve as a reference for double stranded RNA (dsRNA) injection sites. DSRNA
for CRF (dsCRF) or B-globin (as a control dsRNA, dsControl) was mixed with
Lipofectamine 2000 and injected into the muscularis externa at two sites (15 pg/site in 125
ul), 1.5 cm proximal and distal to the reference suture. We have earlier characterized the
time course and spatial spread of dsSRNA-mediated RNA interference (RNAI) effects in
detail elsewhere.(47) As the colonic mucosa sheds every 3-5 days, the effect of dsSRNA
injection is most pronounced in the enteric neurons and spreads about 6 cm-length of the
colon. Synthesis of dsRNAs for CRF and p-globin has been described previously.(48,49)
The abdominal incision was closed with sutures, and the rats were monitored daily for four
days following surgery. The total fecal pellets passed out over 24 h were collected the day
before dsRNA injection and for four consecutive days following dsRNA injections. The 24-
h fecal pellet outputs in rats after dSRNA injection were similar to the levels observed before
surgery, thereby suggesting that rats did not show any overt signs of post-operative ileus
after injection of dsControl or dsCRF.

Measurement of colonic motility and secretion

Four days after dsSRNA injection, half of the rats in each group (n = 5) were subjected to a 1-
h PRS as described above while the other half were not stressed. The fecal pellets expelled
during the 1-h PRS were collected. The rats were euthanized and a 2-cm colonic segment in
between the two-dsRNA injection sites were removed and used for real-time RT-PCR and
immunofluorescence staining to confirm CRF knockdown. An adjacent 1-cm colonic
segment was used to measure colonic secretion using the Ussing chamber techniques. The
mucosa/submucosa preparations were obtained by removing the serosa and muscularis
externa layers and subsequently mounted in modified Ussing chambers (cross-sectional area
0.5 cm?). The Ussing chambers were filled with 5 ml of Krebs solution, which is oxygenated
with 95% O, and 5% CO», and maintained at 37°C by a temperature-controlled water bath.
Transepithelial potential difference for each mucosa/submucosa preparation was measured
by a pair of Ag/AgCI pellet electrodes (P2020S; Physiologic Instruments, San Diego, CA,
USA) connected to a VCC MC6 multichannel voltage/current clamp (Physiologic
Instruments). A pair of Ag wire electrodes were connected to the voltage/current clamp to
inject short-circuit current (Igc) in order to maintain a zero transepithelial potential
difference across the mucosa/submucosa preparation. The baseline Igc was expressed as
current per unit area of tissue (WA/cm?2) and used as an indicator of colonic secretory
activity. Transepithelial conductance was determined by pulsing a small command voltage
(2.5 mV) in voltage clamp mode and recording the change in the Isc, and calculated
according to Ohm’s law (transepithelial conductance = Alsc/2.5 mV).
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Statistical analysis

Data were shown as means = SEM; n values represent the number of animals in each group.
Student’s t-test or one-way/two-way ANOVA was used to determine statistical significance.
Tukey’s HSD was used for post hoc test when statistical significance was found in one-way
or two-way ANOVA. P < 0.05 was considered statistically significant.

RESULTS

Partial restraint stress increases CRF expression in the rat colon

Real-time RT-PCR was used to investigate the effect of PRS on CRF mRNA expression in
the rat colon. CRF mRNA levels in the colon increased by two-fold immediately after PRS
(control: 1.59 £ 0.30, n = 9; PRS: 3.22 £ 0.36, n = 5; P < 0.01), whereas the mRNA levels
tended to remain high 4-24 h post PRS (Fig. 1).

Next, we determine whether PRS increases CRF peptide levels. CRF peptide concentrations
in the rat colon were measured by enzyme immunoassay. PRS increases CRF peptide
concentrations in the colon compared with non-stressed controls (Fig. 2). CRF peptide levels
in the rat colon were 2.6-fold higher immediately after stress was terminated (control: 23.58
+ 2.28 pg/mg protein, n = 10; PRS: 62.06 + 14.55 pg/mg protein, n = 5; P < 0.05), continued
elevated for 8 h (57.89 + 12.51 pg/mg protein, n = 5; P < 0.05), and fell back to control
levels 24 h post-stress (14.16 + 4.72 pg/mg protein, n = 5; P > 0.05) (Fig. 2).

CRF immunoreactivity was found in the soma and nerve fibers of enteric neurons in both the
myenteric and submucosal plexuses of the rat colon, consistent with previous reports.
(18,29,50,51) In response to PRS, the number of CRF-IR neurons was increased
immediately in both the myenteric (control: 1.77 + 0.14 neurons/ganglion, n = 8; PRS: 4.33
+ 0.41 neurons/ganglion, n = 6; P < 0.01) and submucosal plexuses (control: 3.46 + 0.19
neurons/ganglion, n = 8; PRS: 6.73 + 0.22 neurons/ganglion, n = 6; P < 0.01) after stress
was terminated (Fig. 3A, B). The number of CRF-IR neurons fell back to control levels 8 h
post- stress (1.90 * 0.25 neurons/myenteric ganglion, n =5, P > 0.05; 2.79 + 0.19 neurons/
submucosal ganglion, n =5, P > 0.05) (Fig. 3A, B).

Partial restraint stress increases CRF release from the rat colon

To investigate the effect of PRS on CRF release from the rat colon, CRF accumulation in the
supernatant of rat colon specimens after PRS was measured by enzyme immunoassay. PRS
significantly increased CRF concentrations in the supernatant. CRF concentrations in the
supernatant were 3-fold higher immediately after stress was terminated (control: 325.43 +
53.26 pg/g tissue, n = 10; PRS: 995.98 + 299.05 pg/g tissue, n = 5; P < 0.05) and returned to
control levels 4 h post-stress (516.51 + 243.17 pg/g tissue, n = 5; P > 0.05) (Fig. 4).

Transmural injection of CRF dsRNA in the colon knocks down CRF expression and
prevents partial restraint stress-induced increase in CRF expression

To ascertain whether transient perturbation in expression of endogenous CRF in the gut is
sufficient to change stress-induced colonic motor and secretory responses, we silenced CRF
expression in the rat colon by transmural injection of CRF dsRNA, which led to RNAI-
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mediated degradation of CRF mRNA.. In dsControl-treated rats, PRS caused a two-fold
increase in CRF mRNA levels in the rat colon (dsControl non-stress: 1.10 £ 0.23, n = 5;
dsControl stress: 2.12 + 0.33, n = 5, P < 0.05; Fig. 5A). Injection of dsCRF into the colonic
muscularis externa suppressed basal CRF mRNA expression by 63% (dsCRF non-stress:
0.41 £ 0.09, n =5; P < 0.05 compared to dsControl non-stress) and prevented PRS-induced
increase in CRF mRNA level (dsCRF stress: 0.51 £ 0.16, n = 5; P > 0.05 compared to
dsCRF non-stress) (Fig. 5A). In addition to suppressing CRF mRNA expression, dsCRF
effectively silenced CRF peptide expression in the rat colon as assessed by
immunohistochemistry. In dsControl-treated rats, the number of CRF-IR neuronal cell
bodies was relatively small in the colonic myenteric (1.79 £ 0.19 neurons/ganglion; n = 5)
and submucosal plexuses (3.58 + 0.31 neurons/ganglion; n = 5). PRS increased the number
of CRF-IR neurons in both the myenteric (4.29 £+ 0.50 neurons/ganglion, n = 5; P < 0.05)
and submucosal plexuses (6.85 + 0.23 neurons/ganglion, n = 5; P < 0.05) (Fig. 5B).
Treatment with dsCRF effectively achieved a colon-specific suppression of CRF
immunoreactivity and prevented PRS-induced increase of CRF immunoreactivity. CRF
immunoreactivity was very low or undetectable in myenteric and submucosal neurons in
dsCRF-treated rats (Fig. 5B).

Transmural injection of CRF dsRNA in the colon has no effect on basal fecal pellet output

Knockdown of endogenous CRF expression in the colon did not affect daily fecal pellet
output as measured for four consecutive days following dsSRNA injection (Fig. S1). The total
wet weight, dry weight, and water content of the fecal matter were similar in dsControl and
dsCRF groups (data not shown).

Transmural injection of CRF dsRNA in the colon prevents partial restraint stress-
stimulated fecal output

Control dsRNA-treated rats expelled 3.17 + 0.60 fecal pellets (n = 5) during the 1-h
observation period (Fig. 6). When dsControl-treated rats were exposed to PRS, the number
of fecal pellets excreted increased significantly during the 1-h PRS compared with non-
stressed control rats (9.50 + 1.15 fecal pellets/h; n = 5; P < 0.01) (Fig. 6). Local injection of
dsCREF in the colon did not change fecal pellet output in non-stressed rats (3.20 + 1.07 fecal
pellets/h; P > 0.05 compared with dsControl non-stress). As predicted, dSCRF treatment
effectively prevented the PRS-induced increase in fecal excretion (3.17 + 0.95 fecal
pellets/h; P < 0.01 compared with dsControl stress and P > 0.05 compared with dsControl
non-stress) (Fig. 6).

Transmural injection of CRF dsRNA in the colon prevents partial restraint stress- induced
increase in colonic ion secretion

To test if transient perturbation in expression of endogenous CRF in the gut prevented
stress-induced changes in colonic epithelial function, we measured baseline Isc and
transepithelial tissue conductance four days post dsRNA injection. PRS induced a 1.7-fold
increase in baseline Isc (dsControl non-stress: 38.33 + 5.86 pA/cm?2, n = 5; dsControl stress:
66.67 + 12.45 pA/cm?, n = 5, P < 0.05 compared to dsControl non-stress) (Fig. 7A) and a
2.3-fold increase in transepithelial tissue conductance (dsControl non-stress: 21.92 + 1.93
mS/cm?2, n = 5; dsControl stress: 50.66 + 9.15 mS/cm?, n = 5, P < 0.01 compared to
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dsControl non-stress) (Fig. 7B) in colonic mucosa from dsControl-treated rats. Local
injection of dsCRF in the colon effectively prevented the PRS-induced increase in baseline
Isc (dsCRF non-stress: 35.00 + 6.72 pA/cm?2, n = 5; dsCRF stress: 36.46 + 10.12 uA/cm?, n
=5, P > 0.05 compared to dsCRF non-stress) (Fig. 7A) and transepithelial tissue
conductance (dsCRF non-stress: 20.92 + 2.67 mS/cm?, n = 5; dsCRF stress: 30.99 + 5.67
mS/cm?, n =5, P > 0.05 compared to dsCRF non-stress) (Fig. 7B).

DISCUSSION

CRF signaling in the brain, in relation to stress-induced modification of gastrointestinal
motility and mucosal secretion, has been extensively studied and documented.(6,7,11,13—
15) Alteration of gastrointestinal functions by CRF and CRF receptor agonists and
antagonists, when administrated in the periphery either by intravenous or intraperitoneal
route, has been systematically described as well.(31-34) Nevertheless, prior to our study, the
role of endogenous CRF in the gut in stress-induced changes in colonic motility and
secretory activity had not received systematic study.

In view of current concepts for CRF signaling in the brain as well as in the ENS, we thought
that endogenous CRF in the gut plays a critical role in stress-induced changes in colonic
motor and secretory functions. The following observations from the present study support
our hypothesis: 1) partial restraint stress disturbs colonic motility and mucosal secretion; 2)
upregulation of CRF mRNA occurs in the colon during partial restraint stress and not in
non-stressed controls; 3) concentrations of CRF peptide inside the colon become elevated
during partial restraint stress and remain unchanged in non-stressed controls; 4) numbers of
CRF-IR neuronal cell bodies increase in the myenteric and submucosal plexuses in stressed
rats, but remain unchanged in non-stressed controls; 5) larger amounts of CRF is released
from inside the colon of stressed rats as compared with amounts released from non-stressed
controls; 6) transient knockdown of CRF expression in the rat colon is sufficient to prevent
the effects of stress on colonic motility and mucosal secretion. Our results suggest that
enteric CRF has a critical role in mediating colonic motor and secretory responses to stress.

Partial restraint stress stimulates intramural CRF production

We reported earlier that ENS neurons express CRF and its two receptor subtypes.(17-21)
We found, in the present study, that exposure to partial restraint stress resulted in
upregulation of intramural CRF, which was evidenced as elevated expression of CRF
mMRNA and associated synthesis of the peptide. Immunochistochemistry showed that the
observed upregulation of CRF peptide took place in ENS neurons and most likely also in
other kinds of intramural cells, such as enteric immune cells and mucosal enterochromaffin
cells. The stress-induced increase in CRF mRNA and peptide levels was found to be
variable in their individual time courses over the 24 h span (see Figs. 1-3). Nevertheless,
recovery to control levels was complete at 24 h post stress, suggesting that the effect of
acute stress on enteric CRF levels is transient.

We confirmed that cells in the colon, which may be ENS neurons or populations of other
cell types, could release their CRF into the extracellular milieu in response to stress (see Fig.
4). CRF, once released, acts at the CRF4 receptor subtype on adjacent ENS neurons and
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causes membrane depolarization and action potential discharge in these neurons.(17,22)
Interestingly, in the guinea pig, the ENS neurons that contain CRF do not express CRF or
CRF, receptors.(18) Instead, excitatory CRFq receptors are present in ENS neurons adjacent
to the CRF population. This indicates that CRF-containing neurons are not synaptically
interconnected one-with-the-other in the ENS microcircuits. Instead, CRF immunoreactivity
is found in presynaptic varicose terminals surrounding non-CRF-IR cell bodies in both the
myenteric and submucosal plexuses. (18) CRF released from these nerve terminals is
expected to activate CRF1 receptors expressed by neurons identified by one or the other of
neurochemical codes, including choline acetyltransferase and calbindin in the myenteric
plexus, and choline acetyltranferase, calbindin, substance P, and neuropeptide-Y in the
submucosal plexus.(17) Actions of enteric CRF on ENS neurons might contribute to stress-
stimulated colonic propulsive motor function and mucosal secretion.

Aside from release at neuron-neuron synapses, ENS neurons also release CRF at junctions
with enteric mast cells. Activation of CRF receptors on mast cells causes mast cell
degranulation and release of histamine, mast cell proteases, and other inflammatory
mediators,(30,52,53) which implicates CRF as a major factor in neuro-immune and neuro-
inflammatory interactions in the gastrointestinal tract.(49,54)

Knockdown of CRF in the colon prevents stress-induced increase in colonic motility and
mucosal secretion

Conclusion

Results of our study show that CRF production and release in the colon are associated with
stress-induced functional changes that include facilitated large intestinal transit, elevated ion
and H,0 secretion, and increased colonic mucosal permeability. Our finding that transient
perturbation in expression of endogenous CRF in the gut prevents these stress-induced
functional changes is strong evidence that peripheral CRF is key to understanding the
changes in intestinal physiology that occur during stress. Stress-induced production of CRF
in the ENS networks of the colon, like in circuitry of the brain,(55-57) is the possible
initiating factor in the switch from normal to pathological behavior that occurs when an
animal encounters adverse circumstances. However, it remains unclear as to mechanisms
that connect the perception of detrimental stress by the conscious brain with activation of
CRF production in the large intestine.

In future studies, it would be interesting to determine if transient perturbation in CRF
expression alters gut function over long-term, or does function return to normal once CRF
expression returns to baseline. If function does not recover, despite CRF expression
returning to baseline, it would suggest that transient perturbation in CRF can have long-
lasting effect on ENS plasticity and would require detailed investigation. Other studies that
examined long-term recovery of pain behavior (58) or gut motility function (47) after RNAI
suggest that RNAI effects are transient and long-term effects are unlikely.

Exposure to acute partial restraint stress enhances CRF expression and increases CRF
release in the rat colon. Acute stress-evoked activation of CRF expression initiates a cascade
of pathophysiological events that culminate in rapid fecal transit, diarrhea, and breach of the

Neurogastroenterol Motil. Author manuscript; available in PMC 2017 February 01.
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colonic epithelial barrier to luminal contents. Elevated CRF expression and its release in the
colon underlie acute stress-induced abnormality in colonic matility, mucosal secretion, and
epithelial barrier function.
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Key Messages

The role of central CRF in stress-stimulated large intestinal motility is well
characterized, but the role of peripherally synthesized CRF in the colon in
regulating colonic functions remains ambiguous.

We aimed to test a hypothesis that transient perturbation in expression of
endogenous CRF in the gut is sufficient to change stress-induced colonic motor
and secretory responses.

Double-stranded RNA (dsRNA) targeted to CRF (dsCRF) was injected into the
rat colonic wall to attain RNAi-mediated inhibition of CRF expression. Rats
were subjected to 1-h partial restraint stress four days after dsSRNA injection.

Partial restraint stress elevated CRF expression and increased its release in the
rat colon. Inhibition of CRF expression in the rat colon prevented the partial
restraint stress-induced elevation of CRF expression and increase in fecal
output, colonic ion secretion, and transepithelial tissue conductance, suggesting
that peripherally synthesized CRF in the large intestine played a critical role in
colonic responses to stress.
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Fig. 1.
Time course of the effects of partial restraint stress on CRF mRNA levels in the rat colon.

Real-time RT-PCR was performed to investigate the effect of partial restraint stress (PRS)
on CRF mRNA expression in the rat colon. PRS increased CRF mRNA levels immediately
after termination of PRS (0 h, P < 0.01). While CRF mRNA levels remained high at other
time points examined, they did not attain statistical significance. N = 5-9/group. PRS and
time points for tissue collection are illustrated in the inset.
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Fig. 2.
Time course of the effects of partial restraint stress on CRF peptide levels in the rat colon.

Enzyme immunoassay was performed to determine CRF peptide levels in the rat colon. CRF
peptide level was significantly elevated immediately after 1 h of PRS, remained at a higher
level 8 h after stress, and returned to control level 24 h after stress. N = 5-10/group; * P <
0.05 compared to control.
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Fig. 3.

Ti?ne course of the effects of partial restraint stress on the number of CRF-immunoreactive
neurons in the enteric nervous system of the rat colon. Immunofluorescence staining was
used to determine the number of CRF-immunoreactive (CRF-IR) neurons in the myenteric
and submucosal plexuses of the rat colon. (A) Representative images showing the effects of
PRS on the number of CRF-IR neurons in the enteric nervous system. In control rats, only
one or two CRF-IR neurons were found in each myenteric or submucosal ganglion.
Immediately after PRS, the number of CRF-IR neurons/ganglion increased significantly.
The increase in CRF-IR neurons lasted for 4 h and returned to normal levels after 8 h. (B)
Bar graph showing the effects of PRS on CRF-IR neurons. Scale bar = 20 pm. N = 5-8/
group; ** P < 0.01 compared to control.
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Partial restraint stress increases CRF release from rat colon. CRF accumulation in the
supernatant of rat colon specimens after 1 h of PRS was measured by enzyme immunoassay
as CRF release. PRS significantly increased CRF release from the rat colon. CRF release
returned to control levels 4 h post-stress. N = 5-10/group; * P < 0.05 compared to control.
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Fig. 5.

In?ﬂbition of CRF expression by in vivo RNAI in the rat colon. Rats were treated with long
dsRNA for CRF (dsCRF) or B-globin (dsControl). Four days after dsSRNA injection, half of
the rats in each group (n = 5) were subjected to 1 h PRS, while the other half were kept in
their cages without stress. Rats were euthanized immediately after stress. (A) Real-time RT-
PCR revealed that local dsCRF injection effectively inhibited expression of basal CRF
mMRNA and prevented PRS-induced increase in CRF mRNA levels. Local injection of
dsControl did not prevent PRS-induced increase in CRF mRNA levels. (B) Representative
images showing that local injection of dsCRF effectively silenced CRF immunoreactivity in
the myenteric and submucosal plexuses in the rat colon and prevented PRS-induced increase
in CRF immunoreactivity. Scale bar = 20 ym. N = 5/group; * P < 0.05 compared to
dsControl non-stress; ## P < 0.01 compared to dsControl stress.
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Inhibition of CRF expression in the rat colon prevents partial restraint stress-stimulated
increase in fecal pellet output. Control dsRNA-treated rats defecated only occasionally
during the 1-h observation period. Exposure to PRS for 1 h caused significantly increase in
the number of fecal pellets excreted compared with non-stressed dsControl rats. Local
injection of dsCRF in the colon did not change fecal pellet output in non-stressed rats, but
effectively prevented PRS-induced increase in fecal excretion. N = 5/group; ** P < 0.01
compared to dsControl non-stress; ## P < 0.01 compared to dsControl stress.
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Inhibition of CRF expression in the rat colon prevents partial restraint stress-induced
increase in colonic ion secretion. Colonic ion secretion and transepithelial conductance were
measure by the Ussing chamber technique. Colonic mucosa/submucoa preparations from
dsControl-treated rats that were exposed to PRS had significantly elevated baseline Isc (A)
as well as significantly elevated transepithelial tissue conductance (B). Local injection of
dsCRF in the colon effectively prevented the PRS-induced increase in baseline Is¢ (A) and
transepithelial tissue conductance (B). N = 5/group; * P < 0.05, ** P < 0.01 compared to

dsControl non-stress; # P < 0.05, ## P < 0.01 compared to dsControl stress.
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