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Abstract

Background—Irritable bowel syndrome (IBS) is a heterogeneous disorder with abdomen pain as
one of the primary symptoms. The etiology of IBS remains unknown. Epidemiological studies
found that a subset of these patients have a history of adverse early-life events. We tested the
hypothesis that chronic prenatal stress (CPS) epigenetically enhances brain-derived neurotrophic
factor (BDNF) in spinal cord to aggravate colon sensitivity to colorectal distension (CRD)
differentially in male and female offspring.

Methods—We used heterotypic intermittent chronic stress (HelCS) protocols in pregnant dams
from E11 until delivery.

Results—CPS induced significant visceral hypersensitivity (VHS) to CRD in male and female
offspring. A second exposure to HelCS in adult offspring exacerbated VHS greater in female
offspring that persisted longer than in male offspring. CPS upregulated BDNF expression in the
lumbar-sacral dorsal horn that correlated with the exacerbation of VHS in female, but not in male
offspring. The upregulation of BDNF was due to a significant increase in RNA Pol Il binding,
histone H3 acetylation and significant decrease in histone deacetylase 1 association with the core
promoter of BDNF in female offspring. Other chronic prenatal and neonatal stress protocols were
less effective than HelCS.
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Conclusion & Inferences—The development of visceral hypersensitivity, which contributes to
the symptom of intermittent abdominal pain, is a two-step process, chronic in utero stress
followed by chronic stress in adult-life. This two-step process induces aggravated and persistent
colon hypersensitivity in female than in male offspring. Our preclinical model explains several
clinical features in I1BS patients.

INTRODUCTION

Irritable bowel syndrome (IBS) is a heterogeneous disorder characterized primarily by
episodes of abdomen pain and altered bowel habits (diarrhea, constipation or alternating
diarrhea and constipation). These symptoms show inter- and intra-individual variations and
IBS has significant overlap with other gastrointestinal (functional dyspepsia, nausea and
vomiting) and nongastrointestinal (fibromyalgia, lower back pain, neuroticism, anxiety
headaches and non-specific fatigue) pain and affective disorders (1-6). Together, these
findings suggest that IBS is a complex disease rooted in environmental factors that may
concurrently affect multiple cell-types and organs in a variable profile.

Overwhelming clinical, experimental and epidemiological findings have built support for a
strong role of early-life stressors in complex diseases, including metabolic syndrome,
cardiovascular disease and impaired neural development (7-9). A subset of IBS patients also
report a history of childhood adverse events (10-17), suggesting that these events might
have aberrantly programmed some genes in gut-related organs to cause dysfunction.
Preclinical studies in rodents support this concept; maternal deprivation or inflammation in
male rodent neonates induces visceral hypersensitivity (VHS) to colorectal distension
(CRD) and impairs smooth muscle function, which respectively contribute to visceral
hyperalgesia and motility dysfunction (18-27). The window of susceptibility to develop
adult diseases by epigenetic programming in response to environmental stressors is a
continuum from in utero to adult-life. Epigenetic programming is highly sensitive to
changes in cellular microenvironment during in utero development, it persists to a lesser
degree during neonatal development and decreases further in adult-life (10, 28-30). The
greater sensitivity during in utero development is partly due to de novo programming of all
genes in rapidly dividing cells. The effect of early-life adverse events on organ dysfunction
in adult-life depends also on the stress paradigm and its intensity (10, 31-34). The effects of
stressful events during in utero development on gut-related organ dysfunctions with respect
to IBS-like symptoms remain unknown.

We tested the hypothesis that chronic prenatal stress (CPS) induces visceral hypersensitivity
in male and female offspring in adult-life. However, the female offspring show a markedly
greater and prolonged increase of visceral sensitivity to CRD than the male offspring, when
challenged by chronic stress in adult-life. We also investigated whether adult chronic stress
increases BDNF expression in the lumbar-sacral dorsal horn differentially in female and
male offspring, which underlies the differential sensory responses between sexes, following
chronic stress in adult-life. We found that CPS modifies the chromatin structure of select
Bdnf promoters to upregulate BDNF expression.
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Materials and Methods

Animal models

Experiments were performed on pregnant Sprague-Dawley rats and their adult offspring.
IACUC at UTMB approved all procedures. Pregnant dams were subjected to various
psychological stress protocols. A heterotypic intermittent chronic stress (HelCS) protocol
consisted of a random sequence of twice-daily (9-11 AM and 3-5 PM) applications of one
of three stress sessions, one-hour water avoidance stress (WAS), 45-min cold restraint stress
(CRS) or 20-min forced swim stress (FSS) (35, 36), starting on E11 and continuing until
delivery. Male and female offspring from the stressed dams were designated chronic
prenatally stressed (CPS) rats. Control dams received sham stress and their offspring
designated control rats. Adult CPS and control rats (8—-12 weeks old) were subjected to the
same twice daily HelCS protocol (2x HelCS), as above for nine days. In a separate
experiment, pups born to unstressed dams were subjected to maternal deprivation (MD) for
3 hours each morning from postnatal day 2 through day 14 (18). Visceromotor response
(VMR) to graded CRD was measured after at least one-week recovery from abdominal
electrode implantation (36).

Measurement of viscero-motor response (VMR) to graded CRD

Two electrodes were implanted under general 2% isoflurane anesthesia in the external
oblique abdominal muscle and exteriorized in the subscapular region. Rats were allowed one
week to recover from surgery, a 5 cm long balloon constructed from a surgical glove finger
and attached to tygon tubing was inserted 7 cm into the descending colon and rectum. Rats
were placed in small Lucite cubicles (20x8x cm) and allowed to adapt for 30 minutes. CRD
was performed by rapidly inflating the balloon to constant pressures: 20, 30, 40, 50, 60 & 80
mm Hg, for 20 seconds followed by 2-minute rest.

Electromyographic (EMG) activity from the external oblique muscle was recorded on
Biopac equipment (Biopac Systmes, Inc., Santa Barbara, CA). The EMG signal was
amplified, filtered at 300 Hz and digitized. The area under the curve (AUC) for the EMG
signal during each 20 seconds of distention was calculated using Acknowledge software
(Biopac Systmes, Inc). The net value for each distension period was calculated by
subtracting the baseline value derived from the average AUC for 20 seconds before and 20
seconds after the distention period.

Laser capture microscopic (LCM) dissection

A midline abdominal incision was made to expose the descending colon. Cholera Toxin
subunit B Alexa 488 conjugate (CTB-488), 0.05 mg/rat in PBS was injected into the wall of
the descending colon using a 10 pl Hamilton syringe. Approximately ten, 2 pl injections
were made per rat. DRG were collected 6 days later and frozen in Optimal temperature
cutting medium on dry ice. Twelve-micron sections, prepared from both S1 DRGs were
fixed in 75% ethanol and dehydrated. We identified CTB-488 labeled neuronal profiles and
captured them with a Pixel Ile LCM microscope (Applied Biosystems, Foster City, CA).
RNA was prepared with a Qiagen microRNA kit. SYBR green RT-PCR was performed with
Applied Biosystem’s reagents and Step One Plus real-time PCR apparatus. We used 18S
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rRNA as a normalizer and compared fold-change to control females subjected to chronic
stress by using the DDCt procedure. Primers were designed using Primer Express Software
(Applied Biosystems) and validated through control experiments: a single amplimer was
observed by melting curve analysis; no amplimer was produced without reverse
transcription or template; amplification efficiency was 100%.

Intrathecal treatments

Thirty-two gauge catheters were inserted through the atlanto-occipital membrane and
extended to T8 (36). The location of each catheter was confirmed following euthanasia. Rats
received either BDNF antagonist trkB-Fc (R&D Systems, Minneapolis, MN), 5 ug in 10 pl
sterile saline or vehicle once/day during the 9-day stress period or BDNF siRNA or control
SiRNA (2 ug of the appropriate siRNA; 1:5 v/v with i-Fect transfection reagent Neuromics,
Edina, MN). Each rat received 2ug siRNA/10 ul.) on days 1, 3, 5 and 7 of the 9 day stress
period.

Chromatin immunoprecipitation (ChlP) assay

ChIP assays were performed as described previously (37). Antibodies used for
immunoprecipitation were Histone H3 acetyl Rabbit pAb (Cat. # 39139), HDAC1 Mouse
mADb (cat. # 39531) and RNA pol Il mADb (Cat. # 39097), all from Active Motif, Carlsbad,
CA. Rabbit IgG was used for mock precipitation. Precipitated DNA, SYBR Green Master
Mix (Applied Biosystems, Foster City, CA), and primers specific to the Bdnf promoter IX
(-95/-26) were used for real-time polymerase chain reaction (PCR). Fold-differences in
precipitated DNA were normalized against input. See table 1 for primers.

Real-time RT-PCR

Total RNA was extracted by using RNeasy Mini Kit (QIAGEN, Valencia, CA). One
microgram of total RNA was reverse-transcribed using SuperScript™ 111 First-Strand
Synthesis System for RT-PCR (Invitrogen). Bdnf mMRNA levels were measured by
TAQMAN RT-PCR using a StepOnePlus thermal cycler with 18S as the normalizer using
Applied Biosystems primer/probe set Rn02531967_s1 directed against the translated exon
IX. Fold-change relative to control was calculated using the AACt method (Applied
Biosystems). Measurement of untranslated Bdnf exon mRNA was performed with SYBR
Green Master Mix (Applied Biosystems, Foster city, CA). Hprt was quantified as internal
control for the amount and quality of cDNA. See table 1 for primers.

Western Blot

Previously described procedures were used (38). BDNF antibody (Santa Cruz
Biotechnologies, Santa Cruz, CA) was used at 1/200 dilution; p-actin antibody (Sigma
Aldrich, St Louis) was used at 1/5000 dilution. Secondary antibodies used were donkey anti-
rabbit alexa fluor 680 (Invitrogen) and goat anti-mouse IRDye 800 (Rockland). Images were
acquired and band intensities measured using the Li-Cor Odyssey system (Li-Cor, Lincoln,
Nebraska).
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The area under the colorectal distention-response curve was used for analyzing colon
sensitivity. We performed a two-way ANOVA to determine CPS, adult HelCS and sex
effects on colonic sensitivity among different groups of rats. If significant main effects were
present, the individual means were compared using the Tukey post-hoc test. For intrathecal
experiments, two-way repeated measures ANOVA with treatment as the between factor and
distention pressure as the repeated factor; Tukey post-hoc test was used to compare
individual means.

Chronic prenatal stress exacerbates visceral sensitivity to CRD following adult chronic

stress

We measured baseline VMR to graded CRD in four groups of rats: Control female (Ctr. F),
CPS female (CPS F), control male (Ctr. M) and CPS male (CPS M). Two-way ANOVA
detected a significant main effect of CPS (F1 49=46.3, p<0.001), but no significant main
effect of sex (F1 49=1.1, p=0.3) or interaction (F1 49=0.54, p=0.47) (Figure 1A, baseline).
Within each sex, Tukey post-hoc test found significant increase in VMR to CRD in CPS
male and female rats vs. their respective controls (p<0.001 for each sex), suggesting that
CPS enhanced visceral sensitivity similarly in male and female adult offspring.

Next, we investigated whether the male and female CPS rats responded differentially to
adult chronic stress. We subjected rats in each group to a nine-day 2x HelCS protocol or
sham stress and measured VMR to graded CRD at 24 hours, 1 week and 2 weeks after the
last stressor. We detected a significant interaction between CPS and sex (F1, 30=6.53,
p=0.016), 24-hours following the end of adult chronic stress (Figure 1A). Post hoc tests
showed that CPS female rats were significantly more sensitive than control, CPS male
(p<0.001) and female control rats (p<0.001) (Figure 1A). Stressed male CPS rats were not
significantly more sensitive than the stressed male control rats (p=0.072) or stressed female
control rats (p=0.36). After one week post-2x HelCS, we detected a significant main effect
of prenatal 2x HelCS (Fy 3p=28.9, p<0.001), but no significant effect of sex (F; 30=0.01,
p=0.95) or interaction (F1 30=2.86, p=0.1) (Figure 1A). Post-hoc tests showed that CPS
female rats were more sensitive than control male and female rats (p<0.015) and that CPS
male rats were more sensitive than control female and male rats (p<0.001). After two weeks,
we detected a significant interaction (Fy 30=4.3, p=0.046) between sex and CPS (Figure
1A). Post hoc tests showed that CPS female rats were more sensitive than control and CPS
male (p=0.01) and control female rats (p<0.001).

Adult chronic stress significantly increased visceral sensitivity in all four groups compared
to sham stressed controls and to pre-stress baseline (statistics presented in figure legend).
Within CPS females, sensitivity to CRD in stressed CPS female rats was significantly
greater than the pre-stress baseline and the sham stressed CPS female rats at 24 hours, 1
week and two weeks (Figure 1B). Within female controls, the sensitivities to CRD were
significantly greater in stressed rats compared to pre-stress baseline at 24 hours and one
week, but not at 2 weeks, and to sham stressed females at 24 hours and 1 week, but not at 2
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weeks (Figure 1C). Within CPS male rats, sensitivity to CRD was significantly greater than
pre-stress baseline at 24 hours (p=0.001) and 1 week (p=0.018), and greater than sham
stressed male rats at 24 hours (p<0.001) (Figure 1D). Within male control rats, sensitivity to
CRD was significantly greater than pre-stress baseline at 24 hours, but not at 2 weeks, and
greater than sham stressed male rats at 24 hours and 1 week, but not at 2 weeks (Figure 1E).
No significant differences in visceral sensitivity at any time-point were detected in sham
stressed rats within each experimental group. These findings demonstrated that the
combination of adult chronic stress and prenatal stress produced significantly greater
sensitivity in female compared to male CPS rats and between CPS female and control
female rats at 24 hours, 1 week and 2 weeks after the last stressor, indicative of sex specific
effects of adult chronic stress on colonic visceral sensitivity. The sensitizing effects of adult
chronic stress lasted for at least two weeks in CPS female rats, but not in the other groups.
The increase of visceral sensitivity following adult chronic stress occurred without any
increase of MPO activity in the muscularis externa or the mucosa/submucosa (data not
shown).

Upregulation of BDNF in LS spinal cord of female CPS rats following 2x HelCS correlated
with the magnitude of visceral hypersensitivity

Given the pro-nociceptive role of BDNF in the spinal cord, we tested whether BDNF protein
levels in in spinal cord LS dorsal horn correlated with the magnitude of visceral
hypersensitivity in female CPS rats following HelCS. No significant differences in BDNF
protein levels were detected between adult control female, CPS female, control male, and
CPS male rats (Figure 2A). Twenty-four hours following 2x HelCS, we found a significant
increase in BDNF protein expression in CPS female rats vs. the other three groups, which
were not significantly different from each other (Figure 2B). Within females, 2x HelCS
significantly increased BDNF protein in both control and CPS rats compared to sham
stressed rats (Figure 2C). This increase was significantly greater in female CPS+HelCS rats
vs. Ctr.+HelCS rats (p=0.014), consistent with the findings in Figure 2B. BDNF protein
levels remained significantly elevated in CPS female rats 2 weeks after HelCS vs. the
unstressed CPS rats (Figure 2D), whereas, in similarly treated male CPS rats, no difference
was observed at 2-weeks (Figure 2E). These findings show a correlation between LS spinal
cord BDNF and the magnitude of the VMR to CRD in female CPS+HelCS rats.

We performed interventional experiments to investigate the functional relevance of BDNF
upregulation to visceral hypersensitivity in female CPS+HelCS rats using intrathecal
infusion of either BDNF sequestration agent trkBFc or BDNF siRNA, followed by
measurement of VMR at 24 hours after the last stressor. Rats received trkBFc once per day
for the last five days of the 2x HelCS protocol. This treatment produced a significant
decrease in VMR to CRD 24 hours after 2x HelCS compared to vehicle treated CPS+HelCS
rats (Figure 3A). siRNA was administered on days 4, 6 and 8 of the stress protocol. This
treatment produced a significant decrease in VMR to CRD in CPS+HelCS female rats 24
hours after HelCS compared to CPS+HelCS rats treated with control siRNA (Figure 3B).
BDNF siRNA treatment significantly reduced BDNF protein expression in the LS dorsal
horn (Figure 3C). These data supported a role of BNDF increase in the LS spinal cord in
enhancing visceral sensitivity to CRD in female CPS+HelCS rats.

Neurogastroenterol Motil. Author manuscript; available in PMC 2015 May 01.
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HelCS epigenetically upregulates spinal cord BDNF in CPS rats

To distinguish between the relative contributions of primary afferents and spinal cord
neurons in upregulating BDNF in female CPS+HelCS rats, we measured BDNF mRNA in
colon projecting primary afferents in S1 DRG isolated by laser capture microdissection and
in LS dorsal horns. In LS dorsal horns, BDNF mRNA was significantly greater in CPS
+HelCS female rats vs. CPS control and Ctr.+HelCS rats (Figure 4A). By contrast, in colon
projecting neurons, there was no significant difference in BDNF mRNA levels between CPS
+HelCS and Ctr.+HelCS rats (Figure 4B). These findings suggested that the source of
enhanced spinal cord dorsal horn BNDF expression in CPS+HelCS female rats was the cells
within the spinal cord.

We used ChlP assay to investigate whether the upregulation of spinal cord BDNF after
application of adult 2x HelCS to female CPS rats occurred by epigenetic mechanisms. Since
BDNF has multiple promoters (39), each followed by a unique untranslated exon, we
performed RT-PCR for five of the untranslated exons (I11. 1V, VI, VIl and IX) to
investigate whether adult chronic stress altered the activity of one or more promoters to
upregulate BDNF transcription in female CPS rats. We found significant increase in BDNF
mMRNA containing exons Il and 1X in female CPS+HelCS rats vs. unstressed female CPS
rats (Figure 4C). Given the greater magnitude of increase in exon IX, we focused ChIP
assays on this promoter. We found a significant increase in RNA Pol Il binding (Figure 4D),
histone H3 acetylation (Figure 4E) and significant decreases in HDAC1 association (Figure
4F) with the core promoter region of this promoter in CPS+HelCS female rats vs. unstressed
CPS and Ctr. rats. These findings demonstrated that increased histone acetylation at BDNF
promoter 1X was associated with increased mRNA levels and RNA pol 11 binding with
promoter IX.

To investigate the physiological significance of increased histone acetylation, we measured
the effects of treating female CPS and control rats with a non-specific histone
acetyltransferase (HAT) inhibitor curcumin (200 mg/kg, p.o., twice daily during the HelCS
protocol) on VMR to CRD and spinal cord BDNF expression following 2x HelCS.
Curcumin treatment in stressed female CPS rats significantly decreased the VMR to CRD
(Figure 5A), suppressed BDNF mRNA (Figure 5B) and protein expression (Figure 5C) in
the LS dorsal horn, but it was without significant effect on any of these parameters in
stressed control female rats (Figures 5A, B and C).

Next, we treated unstressed female CPS and control rats with the HAT inhibitor anakardic
acid (1 pg/hour) or vehicle delivered via an intrathecal catheter connected to an osmotic
pump for 14 days. The drug treatment significantly reduced the VMR to CRD (Figure 5D),
BDNF mRNA (Figure 5E) and protein expression (Figure 5F) in LS spinal cord dorsal horns
compared to vehicle control, suggesting that the increase of BDNF in the spinal cord
contributed to the increase of VMR to CRD.

Neurogastroenterol Motil. Author manuscript; available in PMC 2015 May 01.
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Relative effects of intensity, timing and type of perinatal stressor on visceral sensitivity in

adult-life

As stated in the introduction section, the effect of perinatal stressors on organ dysfunction in
adult-life depends on the type of stressor, its intensity and timing. We investigated whether
these variables have differential effects in inducing VHS to CRD in male and female
offspring. We used three additional stress protocols. First, we reduced the intensity of stress
by applying only one heterotypic stressor in the morning (1x HelCS), instead of two as in
the regular protocol. Second, we used homotypic, instead of heterotypic, stress by applying
only WAS twice a day (2x WAS). Third, we used maternal deprivation (MD) stress in
neonates, instead of prenatal stress. Each group of rats received double HelCS when 6 to 8
weeks old. Prenatal 2x HelCS and 2x WAS significantly increased colon sensitivity in
female offspring, while neonatal MD and prenatal 1x HelCS had no significant effect (Fig.
6A). In male offspring, prenatal 2x HelCS, 2x WAS and neonatal MD increased colon
sensitivity, but 1x HelCS had no effect (Figure 6B).

We then investigated whether the intensity, type and timing of early-life stress affects the
duration of VHS following chronic stress in adult-life. The colon sensitivity in response to
adult chronic stress was significantly elevated in female offspring subjected to prenatal 2x
HelCS, 2x WAS and 1x HelCS at 24 hours and one week after the last stressor (Figure 6C).
The increase of VHS at both time points was greater in females subjected to 2x HelCS than
in those subjected to either 2x WAS or 1x HelCS (Figure 6C). We detected no significant
increase in colonic sensitivity of female MD rats at 24 hours. Colonic sensitivity in all three
prenatal stress groups was significantly greater than their respective pre-stress baselines at
both 24 hours and 1 week.

In males, we detected no significant differences in colonic sensitivity amongst the three
prenatally stress groups 24 hours after the last stressor, although sensitivities were
significantly greater than their respective baselines in each group (Figure 6D). Adult stress
did not significantly increase sensitivity in male MD rats. At one week, colonic sensitivity in
all three prenatally stressed groups and controls remained significantly greater than their
respective baselines. The offspring subjected to 2x HelCS were significantly more sensitive
than the other groups and 2x WAS offspring were more sensitive than controls. Taken
together, these findings indicated that female offspring subjected to 2x HelCS show a
significantly greater and more prolonged response to adult chronic stress compared to the
other groups; this effect was not observed in male offspring.

Discussion

Our findings in a preclinical model show that chronic stress during in utero development
sets up molecular conditions by epigenetic programming so that exposure to chronic stress
in adult offspring exacerbates visceral sensitivity to colorectal distension. Visceral
hypersensitivity to colorectal distension correlates with the symptom of abdominal pain in
IBS patients (40-43). Clinical studies in IBS patients also show that chronic stress correlates
with the severity of symptoms, especially abdominal pain (44-48). The slope of the
regression line relating stress intensity to bowel symptoms is significantly greater in IBS
patients than in non-IBS patients or healthy controls (44), suggesting greater stress reactivity
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in IBS patients as the underlying cause of the greater intensity of symptoms. The clinical
and preclinical findings together suggest that chronic stress is a prominent underlying
environmental factor that determines the severity of abdominal pain in IBS patients.

We found that chronic prenatal stress by itself modestly, but significantly, increased visceral
sensitivity to CRD in adult male and female offspring. However, the reactivity to chronic
stress in prenatally stressed rats was significantly greater than in control rats. The
exacerbation of visceral sensitivity persisted longer in prenatally stressed than in prenatally
unstressed controls. In addition, the intensity of hypersensitivity and its duration were
greater in female than in male prenatally stressed rats. These findings are consistent with the
findings of multiple retroactive and prospective studies in IBS patients that major stressful
events have contemporaneous and delayed effects on symptoms (44-48).

IBS is a heterogeneous disorder: 1. Symptom intensity varies among patients and with time
in individuals (49), 2. The ratio of female to male IBS is about 2:1 among patients seen in
medical clinics and tertiary centers (50-54), 3. Female IBS patients report greater intensity
(41), frequency (52) and longer episodes of abdominal pain (55). Stressful events in
childhood and adolescence have been identified as risk factors for the development of IBS
(10-14). Work-, family-, illness- and environment-related stressors are common in daily life
and their intensities vary. Female IBS patients report higher levels of stress and greater
reactivity to stress than non-IBS controls and normal subjects (44, 56). Our preclinical
findings suggest that the intensity, susceptibility and sex effects on IBS symptoms may
depend on the intensity, timing, type and duration of stress during early develoopment as
well as in adult-life. Together, these observations explain the greater intensity of symptoms
(57, 58) and morbidity, at least from abdominal pain (41, 52, 55) and greater prevalence of
IBS in women than in men. In addition, variations in the intensity of stressors with time may
explain the variations in the intensities of symptoms.

Chronic homotypic stress induced by twice-daily water avoidance stress yielded results
similar to those of twice-daily heterotypic stress. However, the intensity of increase in
visceral sensitivity depended on the intensity of psychological stress; twice-daily heterotypic
threatening stressors were more effective in inducing visceral hypersensitivity and
prolonging its post-stress persistence than a single daily stressor. The timing of application
of stress in the perinatal period affected the intensity of visceral hypersensitivity and sex-
effect in adult-life. Psychological stress by maternal deprivation in neonates was less
effective in inducing visceral hypersensitivity. In addition, it induced visceral
hypersensitivity in male, but not in female rats and it did not set up molecular conditions to
exacerbate visceral sensitivity following adult chronic stress. Another recent study found a
sexually dimorphic effect of unpredictable exposure to odor-shock in neonate rats (59). Most
investigators found sexual dimorphism among IBS patients; lower discomfort thresholds in
female than in male IBS patients (42, 60-63), while some did not (40, 64). Together, our
findings suggest that the intensity of pathogenic effects and sex effects of adverse early life
experiences (AELES) on visceral sensitivity depend upon the type of stressor, its severity
and timing of adverse experiences in perinatal development; these variables should be
considered in retrospective studies to establish a correlation between AELEs and
development of IBS. One retrospective study found no effect of war-time conditions,
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specifically food restriction, during in utero development on the prevalence of IBS in
adulthood (65); data on stress level, type of stress and its timing during pregnancy were not
included or were not available in this study.

Blanchard and colleagues (46) found a bidirectional relationship between the intensity of
chronic stress and IBS symptoms. This implies that while initially chronic stress might
precipitate IBS, with the passage of time the symptoms of IBS may sustain or enhance
chronic stress. These investigators argued that stress management might not be effective in
reducing IBS symptoms because of lack of causal relationship between chronic stress and
IBS symptoms. Our preclinical study demonstrated a causal relationship between chronic
stress and exacerbation of visceral sensitivity that relates to the severity of abdominal pain
(40-43). An improvement in IBS symptoms does not occur until all stressors are eliminated
for a period of time (45). This time lag might be because the upregulation of nociceptive
genes by chronic stress persists long after the stressors are eliminated (see later).

The prenatal development profiles of the neuroendocrine, immune and other systems in
rodents differ from those in humans (66—68). Therefore, the prenatal period during which
the human fetus is susceptible to chronic psychological maternal stress in developing
visceral hypersensitivity in adult-life is likely to differ from that in the rat species.

Previous studies indicate that the visceromotor response fluctuates during estrous cycle, with
rats in proestrus being more sensitive than those in metestrus/diestrus (69), we did not
control for the estrous cycle in female CPS rats. However, since all treatment groups
contained a mix of females at different stages of the cycle, effects of the cycle on parameters
measured would be expected to average out between groups. The finding of enhanced VHS
in the CPS+chronic stress females was reproducible across several experiments and was not
observed in stressed control females, demonstrating that our finding was not due to a chance
clustering of CPS females in the proestrus (more sensitive part) of the cycle. Note that most
clinical studies in female IBS patients to show differential pain sensitivity between female
and male patients were performed at random times during estrus cycle.

BDNF is a critical pronociceptive neurotrophin in spinal cord dorsal horn where increase of
its expression enhances neurotransmission (70-72). We found that chronic prenatal stress
upregulates the expression of BDNF in LS dorsal horn, but not in the LS DRG, in female
offspring. The elevation of BDNF in LS dorsal horn was critical in inducing visceral
hypersensitivity in prenatally stressed female offspring, but not in male offspring. Chronic
stress in adult female offspring further increased BDNF expression, which correlated with
the exacerbation of visceral sensitivity for at least two weeks after the end of stress. The
exaggeration of symptoms in female IBS patients also persists long after stressful events
(45). We project that the modulation of BDNF expression in spinal cord may underlie the
greater morbidity of abdominal pain in female IBS patients. BDNF expression did not
correlate with VHS in male prenatally stressed offspring; we did not investigate the cellular
mechanisms of VHS in male offspring in this study.

This study identified only one of the neurotrophins in LS spinal cord, BDNF, which related
to increase in reactivity to chronic stress in adult CPS female offspring. Although a previous
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study demonstrated primary afferent input into the thoraco-lumbar spinal cord (73), we
chose to focus our initial studies in LS spinal cord segments, where pelvic nerve afferents
terminate in rats; sensory input from the colon that activates pseudo-affective reflexes
travels primarily through the LS DRG (74). We do not rule out that chronic prenatal stress
also targets BDNF in other parts of the spinal cord as well as additional nociceptive genes,
including other neurotrophins and their receptors and ion channels, to enhance reactivity to
chronic stress in female offspring. Human tissue is seldom available to investigate the
alterations in BDNF expression in spinal cord. However, one study found elevated BDNF in
the colon biopsies of IBS patients vs. healthy controls (75), suggesting that BDNF
upregulation might also occur in non-spinal cord tissue in IBS patients. The contribution of
the elevated BDNF in the mucosa to visceral hypersensitivity remains unknown.

Bdnf gene has a complex structure that contains at least eight 5 and one 3 untranslated
exons, each with its own promoter (39). Transcription can be initiated by one or more of
these promoters in a developmental-, tissue-, and activity-dependent manner (39, 72).
However, whichever promoter is used, the first transcribed exon is spliced to form a
bipartite mMRNA with exon 1X, which contains the complete Bdnf coding sequence.
Therefore, the resulting BDNF protein is the same. The functional significance of the above
transcriptional organization is to provide differential mMRNA stability and translatability or
differential subcellular localization of the protein (72, 76). Therefore, the degree and
duration of transcription may vary with the use of each promoter. Of the five promoters we
investigated, prenatal stress upregulated the activities of promoters 111 and IX in female
prenatally stressed rats.

Acetylation of lysine residue is one of the best-understood epigenetic modifications of
chromatin to modulate transcription (77, 78); the acetylation of lysine residues relaxes the
chromatin to allow increased interaction between DNA and transcription regulating
complexes, while deacetylation condenses the chromatin to suppress transcription. Histone
acetyltransferases (HATS) and histone deacetylases (HDACS), recruited to target genes via
their direct association with transcriptional activators and repressors, regulate acetyl group
turnovers. Our findings show that CPS reduced the association of HDAC1 with the core
promoter region of Bdnf promoter 1X, which increased the acetylation of histone 3 allowing
greater interaction of RNA pol Il with the core prompter to enhance Bdnf transcription.
Intrathecal administration of anakardic acid to CPS unstressed female offspring or oral
gavage with curcumin during adult chronic stress suppressed the VMR to CRD by reducing
the transcription of BDNF mRNA and protein expression. Together, these findings show
that epigenetic modification of Bdnf by CPS exacerbates VHS in adult female offspring in
the resting state and following chronic stress. HAT inhibitors may serve as potential
modulators of visceral pain in female IBS patients. Epigenetic modulations by adverse early
life experiences can have transgenerational (79); one study showed that susceptibility to
stress induced visceral hypersensitivity in maternally separated rats transferred to the next
generation.

Previous maternal stress studies found that elevated fetal corticosterone levels were
responsible for many of the lasting deleterious metabolic, neurobiological and stress axis
changes observed in adult offspring (80-86). One study utilizing maternal stress protocols
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found significant effects of prenatal stress on maternal behavior toward pups, in particular,
arched-back nursing and nesting/grouping of pups, were reduced in pre-natal stressed dams
over post-natal days 1-10 (87). Maternal separation-induced susceptibility to stress-
triggered visceral hypersensitivity is transferred across generations and this transfer depends
on maternal care (88). Our data suggest a primary role of direct effects of pre-natal stress on
the fetus. When we subjected maternal deprivation rats to adult chronic stress, we did not
find significant post-stress enhancement of VHS in MD male or female rats. These findings
suggest that the effects on nociceptive circuits producing enhanced female VHS in CPS rats
following chronic stress occurred during fetal development. This hypothesis is further
supported by lack of differences in LS spinal cord expression of BDNF between male and
female stressed MD rats. However, we cannot rule out the possibility that CPS also
adversely affects dam behavior during the suckling period.

Acetylation of lysine residue is one of the best-understood epigenetic modifications of
chromatin to modulate transcription (77, 78); the acetylation of lysine residues relaxes the
chromatin to allow increased interaction between DNA and transcription regulating
complexes, while deacetylation condenses the chromatin to suppress transcription. Histone
acetyltransferases (HATS) and histone deacetylases (HDACS), recruited to target genes via
their direct association with transcriptional activators and repressors, regulate acetyl group
turnovers. Our findings show that CPS reduced the association of HDAC1 with the core
promoter region of Bdnf promoter IX, which increased the acetylation of histone 3 allowing
greater interaction of RNA pol Il with the core prompter to enhance Bdnf transcription. Oral
gavage with curcumin during adult chronic stress suppressed the VMR to CRD by reducing
the transcription of BDNF mRNA and protein expression. Curcumin is a naturally occurring
p300 histone acyl transferase inhibitor that has anti-nociceptive effects in a number of rodent
pain models (89-93), in some reports due to down-regulation of specific pro-nociceptive
genes. These findings are consistent with our finding that curcumin down-regulates spinal
cord BDNF expression and reduces colonic hypersensitivity in stressed female CPS rats.
However, curcumin might act at multiple genes to suppress affective responses or pain. With
these limitations in mind, our findings show that epigenetic modification of Bdnf by CPS
exacerbates VHS in adult female offspring in the resting state and following chronic stress.
HAT inhibitors may serve as potential modulators of visceral pain in female IBS patients. It
is noteworthy that epigenetic modulations by adverse early life experiences can have
transgenerational (79); one study showed that susceptibility to stress induced visceral
hypersensitivity in maternally separated rats transferred to the next generation.

In conclusion, the development of IBS-like visceral hypersensitivity is a two-step process.
The first step is exposure to chronic stress in early-life that epigenetically modifies the
chromatin structure of nociceptive genes to modestly, but significantly, increase visceral
sensitivity in male and female offspring. In the second step, chronic stress in adult offspring
exacerbates visceral sensitivity, more in female than in male rats, again by epigenetic
mechanisms. The intensity of these effects and sex specificity depend on the type of
psychological stress and its intensity and timing in the perinatal period; prenatal stress
appears to be more potent than the neonatal stress. In female offspring, prenatal stress
epigenetically modified the chromatin structure of the Bdnf gene in spinal cord LS dorsal

Neurogastroenterol Motil. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Winston et al.

Page 13

horn, which played a major role in the exacerbation of visceral hypersensitivity following
adult chronic stress. HAT inhibitors can reverse the epigenetic modulation and its
pathogenic effects on visceral sensitivity. Together, these findings show that the intensity of
visceral hypersensitivity in prenatally stressed rats depends on the intensity of chronic stress
in early- as well as in adult-life. Our findings in a preclinical model suggest that several
features of IBS, such as greater prevalence and morbidity in women than in men and the
variability of symptom intensity with time might relate to the varying intensity of daily-life
stressors. The inclusion of a metric of co-existing stress (mild, moderate and severe) in the
widely used Rome (94) and Manning (95) criteria might be beneficial in stratifying IBS
patients in obtaining consistent findings and charting a course for the management of
symptoms. It is important to understand that early-life stressors are one of the potential
etiologies of IBS; severe inflammatory stress in adults in the presence of psychological
morbidity can also induce IBS symptoms (96-98).
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Figure 1.

Effects of CPS followed by adult chronic stress on colon sens?tivity to CRD in male and female rats. A. Bar graphs display area
under the curve of EMG to graded CRD of male and female CPS and control rats before stress at 24 hours, 1 week and 2 weeks
after the end of adult 2x HelCS, *p<0.05 vs. baseline. Baseline measurements were obtained from female Ctr (n=12), female
CPS (n=12), male Ctr (n=20) and male CPS (n=10) rats. Ctr. (n=8), female CPS (n=8), male Ctr (n=13) and male CPS (n=6) rats
were subjected to the nine day 2x HelCS protocol, the remaining rats were sham stressed. B. Bar graphs display the average
response to CRD of female CPS rats before and 24 hours, 1 week and 2 weeks after adult 2x HelCS compared to sham stressed
female CPS rats. We observed a significant main effect of the interaction of stressxtime (F3 30=4.4, p=0.01). Sensitivity to CRD
in stressed CPS female rats was significantly greater than the pre-stress baseline and the sham stressed CPS female rats at 24
hours (p<0.001 and p=0.01, respectively), 1 week (p=0.001and p=0.02, respectively) and two weeks (p=0.002 and p=0.04,
respectively). C. Bar graphs display the average response to CRD of female control rats before (baseline) and 24 hours, 1 week
and 2 weeks after adult HelCS compared to sham stressed female control (Ctr.) rats. There was a significant main effect of stress
(F3, 30=21.2, p<0.001), but not of time (F3 30=2.12, p=0.12) or interaction between stress and time (F3 30=2.42, p=0.085).
Sensitivities to CRD were significantly greater in stressed rats compared to pre-stress baseline at 24 hours (p<0.001) and one
week (p<0.001) but not at 2 weeks (p=0.24), and to sham stressed females at 24 hours (p=0.014) and 1 week (p<0.001) but not
at 2 weeks (p=0.95). D. Bar graphs display the average response to CRD of male CPS rats before (baseline) and 24 hours, 1
week and 2 weeks after adult HelCS compared to sham stressed male CPS rats. There was a significant main effect of the
interaction of stressxtime (F3, 30=7.88, p<0.001). Sensitivity to CRD was significantly greater than pre-stress baseline at 24
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hours (p=0.001) and 1 week (p=0.018), and greater than sham stressed male rats at 24 hours (p<0.001). E. Bar graphs display
the average response to CRD of male Ctr. rats before (baseline) and 24 hours, 1 week and 2 weeks after adult 2x HelCS
compared to sham stressed male Ctr. rats. *p<0.05 vs. sham; # p< 0.05 vs. baseline.
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Figure 2.
BDNF is preferentially upregulated in LS spinal cord of female CPS+HelCS rats. A. Western blots show BDNF expression in

LS spinal cord dorsal horns from female and male Ctr. and CPS rats at baseline, n=6. B. Western blots show BDNF expression
in LS spinal cord dorsal horns from female and male control (Ctr.) and CPS rats, 24 hours after adult HelCS (*p<0.05). (2 way
ANOVA: prenatal, F1 24=9.27, p=0.006, sex, , F1 24=0.61, p=0.44, interaction, F; 24=3.36, p=0.079, CPS F vs. Ctr. F p=0.002,
vs. Ctr. M p=0.006, vs. CPS M p=0.047. n=6) C. Western blots show BDNF expression in LS spinal cord dorsal horns from
female sham stressed and stressed Ctr. and CPS rats 24 hours after adult HelCS (*p<0.05). (2 way ANOVA: prenatal,
F124=10.7, p=0.003, adult stress, F1 24=32.7, p<0.001, interaction, F1 24=.25, p=0.62, within HelCS, CPS F vs. Ctr. F p=0.014,
within CPS F, stress vs. sham, p<0.001, within Ctr. F, stress vs. sham, p=0.001, n=6). D. Western blots show BDNF expression
in LS spinal cord dorsal horns from female sham stressed and 2x HelCS stressed CPS rats 2 weeks after adult HelCS (*p<0.05,
n=6). E. Western blots show BDNF expression in LS spinal cord dorsal horns from male sham stressed and 2x HelCS stressed
CPS rats 2 weeks after adult HelCS, n=6.
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Figure 3.
Intrathecal treatment with BDNF antagonists reduced VMR to CRD in female CPS+HelCS rats. A. Graph shows that intrathecal

administration of BDNF antagonist trkBFc in female CPS rats significantly decreased VMR to CRD, 24 hours following adult
2x HelCS (2 way repeated measures ANOVA found a significant main effect of treatment, F1 53=10.4, p=0.015; post hoc tests
found significant differences at 30 mmHg, 40 mmHg, 50 mmHg and 60 mmHg, n=4). B. Graph shows that intrathecal
administration of BDNF siRNA in female CPS rats significantly decreased VMR to CRD, 24 hours following adult 2x HelCS (2
way repeated measures ANOVA: treatmentxpressure interaction, Fq 77=3.49, p=0.008, tukey post hoc tests found significance at
30 mmHg, p=0.013 and at 40, 50 50, 80 mmHg, p<0.001, n=7 Ctr., n=6 BDNF siRNA). C. Western blot shows a significant
decrease in spinal cord BDNF protein expression in rats treated with BDNF siRNA (*p<0.05).
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Epigenetic changes associated with enhanced BDNF mRNA expression in LS dorsal horns in female CPS+HelCS rats. A. Bar
graph showing BDNF mRNA levels by quantitative RT-PCR relative to p-111-tubulin mRNA in female Ctr. and CPS stressed
rats measured in S1 DRG colon projecting neurons isolated by laser capture microdissection 24 hours after last stressor, n=6. B.
Bar graph showing BDNF mRNA levels measured by quantitative RT-PCR relative to 18S RNA in female Ctr. and CPS sham
and stressed rats 24 hours after last stressor. Two way repeated measures ANOVA found significant main effects of prenatal
treatment Fq 25=36.2, p<0.001 and of adult stress F1 o5 =25.7, p<0.001. post hoc tests found significant effects of stress within
Ctr., p=0.015, stress within CPS, P<0.001, CPS within sham, p=0.004 and CPS within stress, p<0.001, n=6-8. C. Expression
levels of Bdnf transcripts from promoters 11, 1V, VI, VIl and 1X in spinal cord dorsal horn of female CPS and CPS+HelCS rats,
24 hours after the last stressor. mMRNA levels were quantified by real-time RT-PCR. Hprt served as internal control. N=5-6. *p
< 0.05. ChIP assays by using RNA polymerase Il (RNAP I1), acetylated histone H3 (H3Ac) and histone deacetylase 1 (HDACL1)
antibodies showed that HelCS increases RNAP I1 binding (D) and histone H3 acetylation (E), and suppresses HDAC1
interaction (F) at the core promoter region (-95/-26) of Bdnf promoter IX in spinal cord dorsal horn of female CPS+HelCS rats.
Immunoprecipitated DNA was quantified by gPCR and normalized to input. Rabbit 1gG was used for mock
immunoprecipitation that did not pull down detectable chromatin. N=3 independent experiments each. * p < 0.05 vs. Ctr.
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Figure 5.
Effects of treatment with HAT inhibitors on VMR to CRD and BDNF expression in female Ctr. and CPS rats. (A) Graph shows

a significant reduction in VMR to graded CRD in female CPS+HelCS rats treated with curcumin (200 mg/kg p.o.) twice daily
during the 9-day 2x HelCS protocol compared to vehicle treated rats. Two-way ANOVA found a significant prenatal
treatmentxdrug interaction Fq 21=20.9, p<0.001, post-hoc tests found that within CPS, drug vs. vehicle, p<0.001; within prenatal
treatment CPS vs. Ctr., p<0.001, n=6 for drug, n=5 for vehicle). B. Bar graph shows effects of curcumin treatment on BDNF
mRNA in LS spinal cord dorsal horns measured by quantitative RT-PCR relative to 18S rRNA. Curcumin treatment produced a
significant decrease in BNDF mRNA in CPS+HelCS, but not in control females. Two way ANOVA: prenatal treatmentxdrug
interaction F1 27=6.8, p=0.015; post-hoc tests found within CPS drug vs. vehicle, p=0.007; within prenatal treatment CPS vs Ctr,
p=0.01, n=6). C. Western blots show that curcumin treatment significantly reduced BDNF protein expression in female CPS
+HelCS rats but was without significant effects in control rats. Two way ANOVA: prenatal treatmentxdrug interaction
F126=8.51, p=0.007; post-hoc tests found that within CPS, drug vs. vehicle, p=0.015; within prenatal treatment CPS vs. Ctr,
p<0.00, n=6). D. Graph showing a significant reduction in VMR to graded CRD in female CPS rats after intrathecal
administration of HAT inhibitor anakardic acid (1 pg/hr. via osmotic pump) for 14 days compared to vehicle infusion. Two way
repeated measures ANOVA found a significant interaction between treatment and pressure, Fs 45=3.27, p=0.013. Post hoc tests
revealed significant differences at 40 mmHg, p=0.012, 50 mmHg, p=0.008, and 60 mmHg, p=0.008. n=7-8). E and F. This
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treatment produced a significant reduction in BDNF mRNA and protein expression detected in LS spinal cord dorsal horns by
western blot and gRT-PCR, normalized to 18S and B-actin respectively (*p<0.05, n=7-8).
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Figure 6.

Comparison of the effects of various pre-natal stress protocols and neonatal maternal deprivation on colonic sensitivity in male
and female adult rats before and after adult chronic stress. Pregnant dams were subjected to either once a day heterotypic stress
(1x HelCS) or twice a day homotypic stress, water avoidance stress (2x WAS). A third set of pups were subjected to maternal
separation for 3 hours per day from PND2 to PND 14. A, B. Bar graphs display the average VMR to CRD of female, A and
male, B adult offspring of dams subjected to one of three prenatal HelCS protocols or pups subjected to maternal deprivation
(MD) expressed as a percentage of their respective age matched control rats, *p<0.05 compared to controls. C, D. Bar graphs
display the effects of adult chronic stress on the average VMR to CRD of female © and male (D) adult offspring of dams
subjected to one of three prenatal HelCS protocols or pups subjected to maternal deprivation (MD) compared to pre-stress
baseline and to controls. Data are expressed as a percentage of their respective average baseline control values. #p<0.05
compared to corresponding baseline; *p<0.05 compared to other prenatal or neonatal treatments. No data were collected for MD
at one week. MD, n=8 all groups. 1x HelCS: Ctr. (n=18), female HelCS (n=18), male Ctr. (n=12) and male HelCS (n=12) rats.
Of these, Ctr. (n=12), female CPS (n=11), male Ctr. (n=8) and male CPS (n=6) rats were stressed as adults. 2x WAS: N=7 all
groups. Within females, two way ANOVA with repeated measures revealed a significant interaction between the factors type of
early-life adverse event and adult stress, Fg 137=6.12, p<0.001. Post-hoc comparisons of the effect of adult stress on the VMR to
CRD at 24 hr. and 1 week compared to baseline within each group revealed the following significant differences: Ctr.: 24 hr. vs.
Baseline p<0.001,1 week vs. Baseline p=0.004, 24 hr. vs. 1 week p=0.024; Within 1x CPS: 24 hr. vs. Baseline p<0.001, 1 week
vs. Baseline p=0.041 24 hr. vs. 1 week p<0.001; Within 2x CPS: 24 hr. vs. baseline p<0.001, 1 week vs. Baseline p<0.001, 24
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hr. vs. 1 week p=0.009; Within 2x WAS: 24 hr. vs. Baseline p<0.001,1 week vs. Baseline p=0.037 24 hr. vs. 1 week p=0.42;
Within MD: 24 hr. vs. Baseline p>0.05.
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Table 1

Primers for ChIP assays and qRT-PCR

Application
ChlIP Assay

qRT-PCR

Primer Name
PIX-Core-F
PIX-Core-R
Bdnf-I11-F
Bdnf-1V-F
Bdnf-VI-F
Bdnf-VIII-F
Bdnf-1X-F
Bdnf-R
Hprt-F
Hprt-R

Primer Sequence (5’ to 37)
aacaccgtggtccgaagtgct
tctgagcaggagagetgggacy
cctttetattttccctccccgagagt
ctctgectagatcaaatggagctte
gctggetgtegeacggteeccatt
gtgtgtgtctctgcgectcagtgga
ccagagctgctaaagtgggaggaag
gaagtgtacaagtccgcegtectta
gatgatgaaccaggttatgac

gtccttttcaccagcaagcttg
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