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Abstract

Abdominal pain is associated with many gastrointestinal dysfunctions, such as irritable bowel
syndrome (IBS), functional dyspepsia, and inflammatory bowel disease (IBD). Visceral
hypersensitivity is a key reason for development of abdominal pain that presents in these
gastrointestinal disorders/diseases. The pathogenesis of visceral hypersensitivity is complex and
still far from being fully understood. In animal studies, visceral hypersensitivity has been linked to
several early-life adverse (ELA) events. In humans, IBD, functional dyspepsia, and IBS can have
adult onset, though the adverse events that lead to visceral hypersensitivity are largely
uncharacterized. In this issue of the journal, Aguirre et al. report the interesting finding that
epigenetics underlies the effects of ELA events on visceral hypersensitivity. This mini-review
examines models of ELA events leading to visceral hypersensitivity and the potential role of
epigenetics, as reported by Aguirre et al. and others.
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1 Introduction

Visceral hypersensitivity in response to intestinal inflammation or even in absence of any
identifiable pathology is present in many gastrointestinal diseases and disorders that include
inflammatory bowel disease (IBD), functional dyspepsia, and irritable bowel syndrome
(IBS). Subsets of IBD patients with active disease or in clinical remission report abdominal
pain as a major presenting symptom. Stressful episodes often precede disease flare in IBD
patients. Stress is also often associated with functional dyspepsia and IBS. Stress-induced
symptoms include, but are not limited to, feelings of incomplete evacuation, abnormal stool
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consistency or frequency, straining or urgency of defecation, abdominal bloating, and pain.
Although the etiology of abdominal pain remains puzzling, visceral hypersensitivity has
been known to cause abdominal pain in functional gastrointestinal disorders.! Multiple
mechanisms at peripheral, spinal, and supraspinal levels contribute to the sensitization of
visceral pain pathways, which leads to increased perception of luminal stimuli, ie, visceral
hypersensitivity. Emerging evidence suggests that early-life adverse (ELA) events may
predispose to visceral hypersensitivity in adult life. Several clinical observations support a
strong correlation between ELA events and adult IBS.23 Although there is generally a
consensus on the association of ELA events and IBS development, whether ELA events are
a cause or a predisposing factor for abdominal pain later in life is difficult to test in humans.

In the current issue of Neurogastroenterology and Motility, Aguirre et al. tested whether
ELA events predispose adults to visceral hypersensitivity and possible molecular and
epigenetic mechanisms that may be involved.# Using an ELA event rat model of intestinal
inflammation, the authors demonstrated that adult rats exposed to an intestinal insult showed
evidence of visceral hypersensitivity. In light of these interesting findings, this mini-review
examines what other models of ELA events have shown and discusses ELA-induced
epigenetic mechanisms that may lead to visceral hypersensitivity. The possible involvement
of the gut microbiota and gut-brain axis is also discussed and summarized in Figure 1.

2 Animal Models of ELA Events and Visceral Hypersensitivity

A wide range of animal models has been developed to investigate the influence of ELA
events on visceral hypersensitivity (summarized in Table 1) and the underlying mechanisms.
These models use a variety of stressors that range from mechanical and chemical to
psychological as well as environmental stressors.

2.1 Mechanical and chemical stressors

In rats, transient mechanical (eg, colorectal distention) or chemical (eg, mustard oil)
irritation in the colon during the neonatal period induced chronic visceral hypersensitivity in
adult animals in the absence of clear pathology or tissue damage.® In this issue, Aguirre et
al.# add to the existing body of research by showing that although colonic instillation of
trinitrobenzene sulfonic (TNBS) acid alone in the neonates did not induce visceral
hypersensitivity in adult rats, it exacerbated visceral hypersensitivity induced by a second
insult in adults. This interesting finding suggests that although a given ELA event alone may
not be sufficient to cause gastrointestinal disease, it primes one for adult onset and increases
vulnerability to other triggering factors.

Mechanical (suction) or chemical irritation of the stomach in the neonatal period has also
been linked to visceral hypersensitivity in adults.68 In humans, gastric suction at birth has
been shown to be associated with functional gastrointestinal disorders in later life.® In a rat
model, gastric suction during the neonatal period resulted in chronic visceral and somatic
hyperalgesia in adult animals.8 Rat models of functional dyspepsia also demonstrate a
linkage to ELA events.’ In neonatal rats, transient gastric irritation with iodoacetamide
resulted in long-lasting effects on adults, including visceral hypersensitivity to graded gastric
distension.” In this animal model of functional dyspepsia, rats that experienced gastric
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irritation as neonates exhibited depression-and anxiety-like behaviors as adults even in
absence of a secondary insult.® Neonatal gastric irritation-induced visceral hyperalgesia and
depression/anxiety-like behaviors are mediated by corticotropin-releasing factor (CRF)-and
vagal nerve-dependent mechanisms.8-2

2.2 Maternal involvement

Maternal separation during the neonatal period is another potent cause of visceral
hypersensitivity in adulthood. The neonatal period of maternal separation is important;
separation during the development-sensitive and stress-hyporesponsive periods (postnatal
days 2-14) results in adult visceral hypersensitivity.19-13 The intensity of visceral sensitivity
appears to be enhanced by exposure to an acute psychological stressor later in life, which is
accompanied by increased colonic motility.13 Interestingly, different paradigms of maternal
separation also induce different visceral responses in adulthood. Removing all pups from the
dam evoked greater visceral hyperalgesia in adult rats than removing only half of the
littermates, 12 suggesting that maternal behavior and stress level play a role in visceral
sensitivity of the offspring. Maternal separation-induced visceral hypersensitivity can be
transferred to the next generation without further exposure of the offspring to maternal
separation, and this phenotype transfer depends on maternal care.14

Human child neglect in which the parent and/or caregiver is usually present but exhibits
improper and abnormal care is another ELA event associated with I1BS.2 In rats, limiting
bedding material from postnatal days 2 to 9 without separating the dam from the pups
induced abnormal maternal care, mimicking human child neglect.1® Limiting bedding
material caused significant visceral hypersensitivity in adult rats,16 similar to findings
reported for rats with a prior history of maternal separation.11:12

2.3 Prenatal stress

Besides the postnatal adverse events, the effects of prenatal adversity on adulthood visceral
sensitivity have also been investigated. Winston et al. developed a chronic prenatal stress
animal model by exposing the pregnant dams to a heterotypic intermittent stress twice-daily
from embryonic day 11 to the time of delivery.1” They found that chronic prenatal stress
induced visceral hypersensitivity in both adult male and adult female rats under basal
conditions. When exposed to chronic stress later in life, the female offspring that have
experienced prenatal chronic stress showed a greater and prolonged (=2 wk duration)
visceral hypersensitivity than the male offspring.1’ This study suggests that chronic stress
during the /n utero development period is another risk factor for the development of visceral
hypersensitivity later in life.

3 Epigenetic Mechanisms in Visceral Hypersensitivity

The early-life period, both before and after birth, is critical for the development of
nociceptive pathways and demonstrates great plasticity. The mechanisms by which ELA
events induce visceral hypersensitivity remain to be determined. Several recent studies have
implicated an important role of aberrant epigenetic modifications in the pathogenesis of
visceral hypersensitivity (Table 2).410.17-21
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Epigenetic modification refers to the process where developmental or environmental cues
affect gene expression without altering DNA sequence. This results in a stable and
potentially heritable phenotypes.?2 Epigenetic mechanisms include post-translational histone
modifications and DNA methylation, which can promote or suppress gene transcription.23
Histone marks such as acetylation of histone 3 (H3) and histone 4 (H4) by histone
acetyltransferases (HATS) decrease the affinity between histones and DNA, relax the
chromatin, and allow the transcriptional machinery to interact with particular gene
promoters to activate gene transcription. On the other hand, reducing acetylation by histone
deacetylases (HDACS) stabilizes the chromatin and represses gene transcription.23 DNA
methylation refers to the addition of a methyl group via DNA methyltransferases (DNMTS)
to the CpG dinucleotides in the promoter region of a gene, which usually leads to gene
silencing.23

3.1 Histone acetylation/deacetylation

Aguirre et al. reported in this issue that histone acetylation played a role in augmenting
visceral hypersensitivity in adult rats received intestinal immune challenge that also have
been exposed to an ELA event (neonatal intestinal immune challenge).* Although the
neonatal intestinal immune challenge alone did not trigger the epigenetic reprogramming, it
increased the susceptibility to an adult immune challenge. Neonatal immune challenge
followed by an adult immune challenge caused increased expression of tyrosine hydroxylase
in the locus ceruleus and elevated norepinephrine levels in the cerebrospinal fluid.
Norepinephrine acting via the adrenergic receptors in the lumbosacral spinal cord induced
acetylation at lysine 9 on histone 3 (H3K9) and lysine 12 on histone 4 (H4K12) at the core
promoter of brain-derived neurotrophic factor (BDNF), which resulted in increased BDNF
gene transcription. Inhibition of histone acetylation by a HAT inhibitor blocked the
epigenetic upregulation of BDNF expression in the spinal cord and the visceral
hypersensitivity in the neonatal/adult immune-challenged rats.# In a previous study, Winston
et al. also reported that H3 acetylation and upregulation of spinal cord BDNF expression
were involved in the development of visceral hypersensitivity induced by prenatal chronic
stress followed by adult chronic stress in female rats.1”

There have been several studies documenting that histone deacetylation, on the contrary,
may promote visceral pain and HDAC inhibitors attenuate visceral pain by increasing
histone acetylation levels. A recent study showed that maternal separation-induced visceral
pain behavior in rats was negatively correlated with H4K12 acetylation level in the
lumbosacral spinal cord.19 Intraperitoneal administration of a HDAC inhibitor in adulthood
normalized neonatal maternal separation-induced reduction of H4K12 acetylation and
visceral hypersensitivity.10 Similarly, local administration of HDAC inhibitors into the rat
cerebral ventricles or amygdala attenuated chronic repeated water avoidance stress or
corticosteroid-induced visceral hypersensitivity.2%-21 Prolonged exposure of the central
nucleus of amygdala (CeA) to elevated corticosteroids, which mimics the effects of chronic
stress, reduced H3K9 acetylation at the glucocorticoid receptor (GR) promoter in rats.
Silencing of GR gene led to upregulation of CRF expression in the CeA, resulting in visceral
hypersensitivity. Bilateral infusion of an HDAC inhibitor into the rat CeA enhanced H3K9
acetylation, increased GR expression, decreased CRF expression, and attenuated
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corticosteroid-induced visceral hypersensitivity.2! Furthermore, intrathecal administration of
HDAC inhibitors prevented forced swim stress-induced visceral hypersensitivity in rats.18
Forced swim stress alone did not alter global histone acetylation in the lumbosacral spinal
cord, however, HDAC inhibitors increased H3K9 acetylation at the metabotropic glutamate
receptor 2 and 3 (mGIluR2/3) promoters and enhanced mGIuR2/3 expression in the
lumbosacral spinal cord.18 Activation of mGIuR2/3 in the spinal cord has been shown to
reduce neuropathic pain in rats,24 indicating that mGIluR2/3 play an analgesic role at the
spinal cord level. Data suggest that activation of HAT by certain stressors resulted in
increased acetylation of histones in specific positions on pro-nociceptive genes (eg, BDNF
in the spinal cord).*17 Paradoxically, activation of HDAC by different set of stressors
resulted in global deacetylation of histones in the spinal cord.1? Thus, both histone
acetylation and deacetylation appear to be associated with visceral pain.

3.2 DNA methylation

Altered DNA methylation of key genes in the nociceptive pathways has also been implicated
in the development of visceral hypersensitivity. Visceral hypersensitivity induced by
repeated water avoidance stress is associated with increased DNA methylation of the GR
promoter region and decreased DNA methylation of the CRF promoter in the CeA, which in
turn decreased expression of GR and increased expression of CRF in the same brain
region.20 Previous studies have demonstrated that stress increased CRF expression both in
the brain and the intestine,2%26 and CRF receptor antagonism both in the brain and in the
periphery reversed visceral hypersensitivity induced by stress.13:27 Another study examining
the role of DNA methylation in visceral hypersensitivity showed that chronic water
avoidance stress induced DNA methylation of the GR promoter and reduced its mRNA and
protein expression in the dorsal root ganglia neurons innervating the pelvic viscera.1®
Chronic water avoidance stress also induced DNA methylation of the antinociceptive
cannabinoid receptor 1 promoter and downregulated its expression, which may contribute to
stress-induced visceral pain. Chronic water avoidance stress also increased H3 acetylation,
which resulted in upregulation of pro-nociceptive transient receptor potential vanilloid 1
expression and function.1® These findings suggest that visceral hypersensitivity induced by
different stressors may involve a combination of post-translational histone modifications and
DNA methylation at various levels of the nociceptive pathways. However, the understanding
of visceral pain epigenetics is still very much in its early stage, and is mostly based on
animal studies. The data from clinical studies are very sparse. Translational research in
human tissue may enhance our understanding of epigenetic processes involved in the
development of visceral pain in functional gastrointestinal diseases and/or disorders.

4 The Microbiome

The gut microbiota appears to modulate visceral sensory pathways during early life. Overuse
of antibiotics in the developed world has resulted in abnormal gut microbiota in humans.28
Early postnatal perturbation of the gut microbiota by using broad-spectrum antibiotics was
associated with visceral hypersensitivity in adult rats.2° In fact, early-life stress has been
shown to alter the composition of gut microbiota in adult rats, neonatal mice, infant
monkeys, and humans.11:30-32 Transfer of fecal microbiota from IBS patients to germ-free
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rats induced visceral hypersensitivity, probably through bacterial metabolites such as
sulfides.33 These observations suggest that gut microbiota may also play role in the
development of visceral sensory pathways in response to ELA events.

5 Gut-Brain Connection

Winston and Sarna3* demonstrated that ELA events in neonatal rats re-program and
upregulate sympathetic activity, resulting in visceral hypersensitivity and anxiety-like
behavior. Rats subjected to neonatal colon inflammation demonstrated higher level of
norepinephrine in the plasma, which upregulated nerve growth factor (NGF) expression in
the stomach and contributed to gastric hypersensitivity.34:3% Expression of NGF in stomachs
of adult rats with neonatal colon inflammation-induced gastric hypersensitivity was found to
be higher compared with the non-responding rats and rats with no ELA exposure.3® Tyrosine
hydroxylase expression in the celiac ganglia was elevated after neonatal colon inflammation,
which appears to be responsible for the increased release of norepinephrine into the gastric
fundus.34 Thus, an increase in norepinephrine release from the sympathetic nerve terminals
in the stomach upregulates NGF expression, which in turn increases the visceromotor
response to gastric distension.

In the accompanying study, Aguirre et al. found that upregulation of sympathetic nervous
system activity in the locus coeruleus and increased expression of BDNF in the lumbar
spinal cord may additionally underlie the enhancement of visceral hypersensitivity in adult
rats with colon inflammation.# They found that elevated norepinephrine level in the cerebral
spinal fluid triggered epigenetic mechanisms to enhance BDNF transcription in the lumbar
spinal cord of adult rats with colon inflammation that have been exposed to ELA events as
neonates.* These findings suggest that ELA events increase sympathetic outflow, which
brings about epigenetic changes and consequently contributes to the development of visceral
hypersensitivity in adulthood.

6 Conclusions and Future Direction

Early-life adverse events play a central role and increase the risk of developing visceral
hypersensitivity in adulthood (Figure 1). Epigenetic changes that ensue due to ELA events
can have profound and long-term effects on the health of an individual and their progeny, as
these changes can be inherited. In human gastrointestinal dysfunction, visceral
hypersensitivity is one major contributing factor, but other factors also exist. Animal studies
are limited by a greater focus on the visceral component of gastrointestinal function. Animal
studies also tend to focus on one sex: males. Data from a few animal studies that included
both sexes suggest sex-specific responses to inflammatory insults3® and to maternal
separation.12 Clinical observations also suggest that visceral hypersensitivity is more
prevalent in females with 1BS37:38 and functional dyspepsia.3® Inclusion of both sexes in
animal models and examining physiology and mechanisms in an integrated manner will help
advance our understanding of gastrointestinal function in a more holistic fashion.
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Key points

. Visceral hypersensitivity is a multifactorial and complex condition associated
with many gastrointestinal disorders.

. Early-life adverse events increase the risk of developing visceral
hypersensitivity in adulthood.

. Epigenetic changes induced by early-life adversity shape the visceral
nociceptive pathways and aggravate visceral sensory responses to insults
encountered later in life. These epigenetic processes can have profound and
long-term effects on the health of an individual and their progeny, as these
changes can be inherited.
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Figure 1.
Early-life adverse events and visceral hypersensitivity in animal models. Early-life adverse

(ELA) events that range from physical, chemical, psychological to environmental stressors
are linked to visceral hypersensitivity and anxiety- like behavior in later life. Insults
encountered in adulthood may also cause visceral hypersensitivity and anxiety-like behavior.
Exposure to ELA events predisposes adults and exacerbates the symptoms of visceral
hypersensitivity induced by insults in later life. Both ELA events and insults in adulthood
increase sympathetic output. Changes in sympathetic output that involve NE release result in
epigenetic changes. Epigenetic changes induced by ELA events or insults in adulthood may
underlie visceral hypersensitivity. Activating DNA and/or histone epigenetic changes were
found in genes involved in the nociceptive pathways (eg, BDNF, NGF, CRF, TRPV1).
Repressive epigenetic marks were found in genes involved in the antinociceptive pathways
(eg, mGIuR, CB1). Perturbation of gut microbiota and other unknown (?) mechanisms may
also contribute to ELA events or adult insults-induced visceral hypersensitivity and anxiety-
like behavior in later life. BDNF: brain-derived neurotropic factor; CB4: cannabinoid
receptor 1; CRF: corticotropin- releasing factor; mGluR: metabotropic glutamate receptors;
NE: norepinephrine; NGF: neurotropic growth factor; TRPV1: transient receptor potential
vanilloid 1. Dash line: unknown (?) mechanisms
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Table 1
Animal models of early-life adverse events
Does the ELA event
Age of animal when exposed to ELA lead to adult visceral
ELA event Species/sex and frequency of ELA exposure hypersensitivity? Reference
Colorectal distention Male SD rats Postnatal day 8-21; colorectal distention Yes 5
was applied daily
Intracolonical instillation of Male SD rats Postnatal day 8-21; mustard oil was Yes 5
mustard oil applied daily
Intracolonical instillation of Male SD rats Postnatal day 10; TNBS was applied No, but the ELA event 4
TNBS once exacerbates visceral
hypersensitivity induced
by an adult insult
Gastric suction Male long evans Postnatal day 2-11; gastric suction was Yes 8
rats applied once daily
Oral gavage of iodoacetamide Male SD rats Postnatal day 10-15; iodoacetamide was ~ Yes 7,9
applied daily
Neonatal maternal separation Male SD rats Postnatal day 2-12; pups were separated Yes 10, 11
from their mother daily for 3 h.
Neonatal maternal separation Wistar rats of both Postnatal day 1-14; pups were separated Yes 12
sexes from their mother daily for 2 h.
Neonatal maternal separation Male Long Evans Postnatal day 2-14; pups were separated Yes 13
rats from their mother daily for 3 h.
Limited bedding Wistar rats of both Postnatal day 2-9; everyday for 8 d. Yes 16
sexes
Prenatal chronic stress SD rats of both Embryonic day 11 to delivery; pregnant Yes 17

sexes

dams were exposed to a random
sequence of heterotypic intermittent
chronic stress twice-daily

Note: ELA, early-life adversity; SD, Sprague Dawley; TNBS, trinitrobenzene sulfonic acid.
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