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First published November 16, 2017; doi:10.1152/ajpgi.00272.2017.—Chronic abdom-
inal and pelvic pain are common debilitating clinical conditions experienced by
millions of patients around the globe. The origin of such pain commonly arises from the
intestine and bladder, which share common primary roles (the collection, storage, and
expulsion of waste). These visceral organs are located in close proximity to one another
and also share common innervation from spinal afferent pathways. Chronic abdominal
pain, constipation, or diarrhea are primary symptoms for patients with irritable bowel
syndrome or inflammatory bowel disease. Chronic pelvic pain and urinary urgency and
frequency are primary symptoms experienced by patients with lower urinary tract
disorders such as interstitial cystitis/painful bladder syndrome. It is becoming clear
that these symptoms and clinical entities do not occur in isolation, with consider-
able overlap in symptom profiles across patient cohorts. Here we review recent
clinical and experimental evidence documenting the existence of “cross-organ
sensitization” between the colon and bladder. In such circumstances, colonic
inflammation may result in profound changes to the sensory pathways innervating
the bladder, resulting in severe bladder dysfunction.
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INTRODUCTION

The subconscious coordination of sensory signals from the
colon, bladder, and urethra is essential for synchronized defa-
catory and micturition responses (17, 29). These sensory sig-
nals are conveyed via sensory afferents, which have peripheral
endings within their host tissue, and travel via the splanchnic,
pelvic, and pudendal nerves to the central nervous system.
These sensory afferents have cell bodies located within the
thoracolumbar (TL) and lumbosacral (LS) dorsal root ganglia
(DRG) and central projections in the dorsal horn of the corre-
sponding regions of spinal cord. It has recently become appar-
ent that disease of one of these organs can result in the
subsequent development of pathology in the otherwise unaf-
fected adjacent organ. This process called “cross-organ sensi-
tization” originates and is embedded within the physiological
coordination of these organs. This pathological occurrence is
believed to be responsible for the comorbidity of a number of
lower urinary tract and colonic disorders, including, but not

limited to, irritable bowel syndrome (IBS), inflammatory
bowel disease (IBD), overactive bladder (OAB), and interstitial
cystitis/painful bladder syndrome (IC/PBS), as well as both
fecal and urinary incontinence (32).

Accordingly, cross-organ sensitization has received mount-
ing interest in the development and clinical diagnosis of
chronic abdominal and pelvic pain states. This in turn has led
to an expansion in preclinical research to delineate the mech-
anisms of such viscero-visceral interactions in disease. It also
provides the tantalizing prospect of treating multiple syn-
dromes concurrently, as well as avoiding debilitating side
effects. This review will outline the current clinical evidence
and experimental research for the existence of cross-organ
sensitization between the colon and bladder. It will focus on
how alterations in response to a colonic insult result in bladder
dysfunction and provide insights into the mechanisms that have
been hypothesized to mediate this phenomenon.

CLINICAL EVIDENCE OF CROSS-ORGAN SENSITIZATION

Gastrointestinal disorders can be generally defined as being
either “organic” or “functional” on the basis of their perceived
underlying etiology. For instance, IBD, which includes both
Crohn’s disease and ulcerative colitis, is an organic digestive
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disease. IBD is characterized by chronic remitting and relaps-
ing inflammation of the intestine (3), resulting in abdominal
pain, diarrhea, gastrointestinal bleeding, and malnutrition in
~0.5% of the Western population (31). Although the etiology
of IBD is unknown, it is generally acknowledged that IBD
development occurs through an exaggerated or inadequately
suppressed immune response to luminal antigens, probably
derived from intestinal microbiota, in genetically susceptible
individuals (7). In contrast, IBS is a prevalent chronic func-
tional gastrointestinal disorder that affects ~11% of the global
population (19). While IBS is characterized by abdominal pain
or discomfort associated with altered bowel habit (either diar-
rhea, constipation, or alternating between both), it differs from
IBD in that these symptoms present in the absence of overt
intestinal inflammation. Persistent neuroplasticity (structural,
synaptic, or intrinsic changes that alter neuronal function) of
the sensory afferent pathways innervating the colon contribute
to these symptoms in the absence of inflammation and may
arise following acute bouts of intestinal inflammation that
resolve (7). This neuroplasticity may also be the result of
low-grade inflammation not identified during routine clinical
screening (7).

There are commonalities between IBS and IBD patients,
with extraintestinal symptoms apparent in both patient cohorts.
For example, bladder dysfunction is significantly more com-
mon among a cohort of IBS patients than in healthy control
subjects (61). Correspondingly, patients with IBS are more
likely to report OAB symptoms, including nocturia, urgency,
and in some cases urge incontinence (14). Six years after once
off giardiasis, which is a known risk factor for the development
of IBS (25), the prevalence of OAB is significantly increased
compared with healthy controls. On the flip side, patients with
IC/PBS also present with both urological and gastrointestinal
symptoms, including urinary frequency and urgency accompa-
nied by persistent pelvic pain (1). These IC/PBS patients are
100 times more likely to have concurrent IBD than healthy
controls (2). Patients visiting a gynecological clinic with com-
bined or individual symptoms of urinary frequency and/or
urgency are significantly more likely to have concurrent IBS
symptoms than age-matched healthy controls (21, 48). For
those patients presenting with symptom-defined OAB, for
which urgency is the only defining feature (60), ~30% also
exhibit IBS symptoms (41). Furthermore, 20–30% of both men
and women with IC/PBS report IBS as among their most
common comorbidity (2, 12).

Therefore, the defining symptoms of concurrent gastrointes-
tinal and urological disorders, including abdominal/pelvic
pain, urinary urgency, altered bowel habits, and urinary fre-
quency, appear to be sensory driven. These are essentially
replicated symptoms in separate, but closely located, organs
that share similar primary roles (the collection, storage, and
expulsion of waste products) (15). These findings suggest that
coexisting comorbid conditions between the colon and bladder
are a likely consequence of persistent pathological neuroplas-
ticity to sensory pathways innervating these visceral organs
(47). Because the sensory afferents from these different organs
travel together within the same spinal nerves, it is likely that
the neural pathways required for normal physiological function
become sensitized in these disease states and are responsible
for these phenotypic shifts. Experimental models of colitis in

animals, particularly rodents, have provided valuable insight
into these mechanisms

PRECLINICAL EVIDENCE OF CROSS-ORGAN SENSITIZATION

Changes in Bladder Voiding Parameters

As an immediate comparison with the clinical symptoms of
OAB and IC/PBS, there have been a number of well-docu-
mented studies into the effects of transient colitis on bladder
voiding. During the acute phase of trinitrobenzesulfonic acid
(TNBS)-induced colitis in rodents, when colonic inflammation
is pronounced, there are consistent changes in bladder voiding
parameters. This includes deceased micturition intervals, de-
creased voided volumes, and decreased bladder capacity, as
well as increased micturition frequency (37, 65). By 7 days
post-TNBS administration, colonic inflammation has begun to
spontaneously resolve, with a corresponding increase in the
integrity of the colonic wall. By 28 days post-TNBS, there are
no observable histological changes in the colon compared with
healthy control mice (9, 10, 16, 27). However, changes in
bladder micturition parameters remain altered at 10 and 12
days post-TNBS (20, 57) and may persist long term (24).
Accordingly, these studies indicate that transient experimental
colitis can have profound acute and long-term effects on
bladder function following resolution of the initial inflamma-
tory stimuli. This provides us with the closest possible analogy
to the symptoms of urgency, urge incontinence, and frequency
observed in humans with OAB and IC/PBS (Table 1).

Sensory Afferents

The detection and transmission of mechanical and chemical
stimuli by extrinsic sensory afferents play a key role in mod-
ulating autonomic reflexes and maintaining the homeostasis of
visceral organs. Therefore, recent research into the mecha-
nisms underlying OAB and IC/PBS have focused on the
function of the peripheral endings of sensory afferents (67).
There is a clear correlation between increased bladder afferent
sensitization and changes in bladder voiding parameters (59),
while the extent of bladder afferent sensitization is linked to the
transition of symptoms from urgency and frequency, through
to pain (68). Accordingly, bladder afferent sensitization to
bladder distension is essential for symptom progression. Such
sensory afferent sensitization is also hypothesized to be
responsible for establishing cross-organ sensitization be-
tween the colon and bladder. For example, rats with dextran
sodium sulfate (DSS)-induced colitis have spinal neurons
within the dorsal horn of the LS spinal cord that exhibit
greater excitatory responses compared with those in healthy
control animals (52). Correspondingly, these rats with DSS-
induced colitis also display hyperalgesia to bladder disten-
sion compared with healthy control animals (52). Further-
more, colitis induced by intracolonic TNBS administration
results in mechanical hypersensitivity of high-threshold af-
ferents in both the splanchnic and pelvic pathways. This
corresponds with hyperexcitability of retrogradely traced
colon-innervating DRG neurons, in addition to hyperalgesia
and allodynia to colorectal distension (Fig. 1) (5, 44).

Other studies have shown that as little as 1 h after intraco-
lonic TNBS administration, bladder afferent responses to nox-
ious bladder distension, as well as capsaicin, bradykinin, and
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substance P application, are all enhanced (56). Furthermore, at
3 days post-TNBS, bladder-innervating LS DRG neurons dis-
play hyperexcitability (36, 40). These changes following acute
colitis are accompanied by a twofold increase in the peak Na�

current amplitude in bladder-innervating DRG neurons, which
may be due in part to upregulation of the voltage-gated Na�

(NaV) channels NaV1.7 and NaV1.8 (36, 37, 40). These acute
changes in the excitability of bladder-innervating DRG neu-

Table 1. Reported changes in bladder function in response to experimental colitis

Reference No. Species
Time After

Insult Colitis Model Major Findings

37 Mouse 3–5 Days TNBS Reduced bladder capacity, voided volume, micturition
interval

65 Rat 3 Days TNBS Decreased intermicturition intervals and quantities of
urine voided

20 Rat 12 Days TNBS Decreased voiding interval and increased bladder
permeability are mast cell dependent

57 Rat 10 Days TNBS Decreased voiding interval, sensitization of pelvic
afferents blocked by capsaicin pretreatment

38 Rat 60–90 Days TNBS Decreased voided volume, increased micturition
frequency

35 Mouse 7 and 14 Days TNBS Enhanced VMR and micturition frequency at day 7
but not day 14

52 Rat Acute DSS Lumbosacral spinal neurons in rats with DSS-induced
colitis responded to UBD at a lower distension
threshold and had greater excitatory responses
compared with those in control animals

56 Rat 1 h TNBS Enhanced afferent response to bladder distension
above 30 mmHg; enhanced responses to capsaicin,
bradykinin, and substance P

40 Rat 3 and 30 Days TNBS Decreased voltage and current thresholds for action
potential firing in LS and L1–L3 DRG

36 Rat 3 Days TNBS Increased peak amplitude of total Na� current and
TTX-R Na� current in bladder DRG neurons

37 Mouse 3–5 Days TNBS Decreased bladder capacity, voided volume, and
micturition interval; upregulation of Nav channels
and increased amplitude of total Na� current

39 Rat Acute DSS Enhanced responses to capsaicin and the peak
amplitude of TTX-R Na� current in bladder DRG

36 Rat 3 and 30 Days TNBS Enhanced Na� currents at days 3 and 30

TNBS, trinitrobenzesulfonic acid; DSS, dextran sodium sulfate; VMR, visceromotor response; UBD, urinary bladder distension; LS, lumbosacral; DRG, dorsal
root ganglia; TTX-R, tetrodotoxin resistant; Nav, voltage-gated Na�.

Fig. 1. Summary of key changes that occur in colon
and bladder innervating sensory pathways following
experimental colitis. TL, thoracolumbar; LS, lumbosa-
cral; DRG, dorsal root ganglia; CGRP, calcitonin gene-
related peptide; NGF, nerve growth factor; BNDF,
brain-derived neurotrophic factor; TrkA, tyrosine re-
ceptor kinase A; TrkB, tyrosine receptor kinase B;
SCF, stem cell factor; Sub P, substance P.
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rons provide a basis for the long-term changes in neuronal
excitability of the bladder that occur following the resolution of
experimental colitis, as discussed below. At 10 days postin-
tracolonic TNBS, exaggerated bladder afferent responses to
bladder distension pressures above 30 mmHg are main-
tained, as well as enhanced chemosensitive responses to
intravesical capsaicin (57, 66). At 30 days postintracolonic
TNBS, the peak amplitude of total Na� current remains
enhanced, with a leftward shift in the steady-state activation
of the total Na� current and a significantly higher Na�

current density (Fig. 1) (36).
Together these data provide evidence that colonic hypersen-

sitivity is able to cause acute changes in bladder sensation that
persist following the resolution of experimental colitis. Fur-
thermore, it is this enhanced bladder sensitivity that correlates
to symptoms analogous to those observed in OAB and IC/PBS
states. The questions that remain are: 1) by what mechanisms
does this sensitization occur, and, more importantly; 2) if we
understand the mechanisms, can we reverse afferent sensitiza-
tion and cross-organ sensitization?

DIRECT MECHANISMS FOR CROSS-ORGAN SENSITIZATION

Dichotomizing Afferents

Dichotomizing afferents are a subpopulation of DRG neu-
rons that have a single cell soma but axons that project to
multiple visceral organs. Retrograde tracing from both the
colon and bladder reveal that dual-labeled bladder/colon inner-
vating DRG neurons in TL and LS regions represent ~10%
(range 5–25%) of the total number of DRG neurons. There is
also a greater proportion of dual-labeled bladder/colon inner-
vating neurons in the LS DRG relative to the TL DRG (11, 37,
40, 66). The significance of this disproportion, and the relative
contribution of LS and TL regions to nociceptive signaling in
relation to the establishment of cross-organ sensitization, has
yet to be determined (11, 37, 40, 52, 66). However, these
dichotomizing afferents are hypothesized to directly translate
the sensitization of peripheral afferents from one organ to
another (Fig. 1). For example, following colitis this allows
hypersensitivity of the colon-innervating axon to induce hy-
persensitivity of the convergent bladder-innervating axon (5, 9,
27). This is evident in LS DRG retrogradely labeled from both
the bladder and colon of rats with colitis. These neurons
display lower voltage and current thresholds for action poten-
tial generation and an increased upstroke velocity, which is
accompanied by enhanced capsaicin responses and a signifi-
cant increase in peak amplitudes of tetrodotoxin-resistant
(TTX-R) Na� currents (39, 40).

Although these dichotomizing dual-labeled DRG neurons
are hyperexcitable during and following TNBS colitis (40), the
proportion of dichotomizing afferents remains small compared
with the total population of bladder or colonic afferents.
Therefore, dichotomizing afferents are unlikely to be the sole
explanation for the large cross-sensitization effects observed in
both colitis and postcolitis animals. This is supported by data
showing that, following TNBS colitis, LS DRG with axons
innervating only the bladder also display increased total Na�

currents and a corresponding neuronal hyperexcitability, much
like those with dichotomizing axons to both the bladder and
colon (36, 37, 40).

Spinal Convergence

The visceral sensory input from the bladder and colon
converges into similar areas of the spinal cord and is essential
for the coordinated function of these organs (17, 29). It is
hypothesized that sensitization of spinal cord dorsal horn
neurons receiving input from colonic afferents may subse-
quently sensitize a proportion of convergent bladder afferents
whose autonomic regulation occurs in similar regions.

Experimental studies demonstrate that LS spinal dorsal horn
neurons receiving input from the colon display sensitization to
colorectal distension during colitis (53). Thus every level of the
peripheral sensory pathway, from the afferent ending to the
spinal cord, is hyperexcitable following experimental colitis (7,
53). Interestingly, ~12% of spinal neurons within the superfi-
cial and deeper regions of the LS dorsal horn that respond to
noxious colorectal distension also respond to urinary bladder
distension. Notably, this proportion of spinal dorsal horn neu-
rons is similar to the proportion of DRG showing dichotomiz-
ing afferents (11, 36, 37, 40, 51, 52, 66). Hyperexcitability of
LS spinal dorsal horn neurons in rats with DSS-induced colitis
show concurrent hypersensitivity of colon/bladder convergent
neurons but also in neurons with inputs only from the urinary
bladder (52). Therefore, it is unlikely that direct sensitization of
colonic spinal neurons is able to provide general sensitization
of the bladder distension pathway without further structural
plasticity. In this regard, there is evidence for the central
terminals of colonic afferents sprouting into other regions of
the dorsal horn following recovery from TNBS-induced colitis
(26). This increased density and sprouting of colonic afferent
central terminals correlates with increased numbers of acti-
vated dorsal horn neurons in response to colorectal distension,
showing that transient colitis is able to induce long-term
rewiring of the nociceptive input within the spinal cord (26).
Whether this increased sprouting is in areas associated with
bladder spinal signaling has yet to be determined but is an
intriguing possibility because of the close proximity of bladder
and colon central endings within the dorsal horn of the spinal
cord (17). Although not specifically studied within visceral
pathways, the somatosensory literature suggests that interneu-
rons and satellite cells within the central nervous system may
be an essential component in the development of neuropathic
pain (70). Therefore, continued activation of these pathways
has the potential to induce chronic cross-sensitization and
could be an important component in the transition to a more
complete sensitization of the entire visceral network.

INDIRECT MECHANISMS FOR CROSS-SENSITIZATION

Inflammation

Postinflammatory afferent hyperexcitability is a hallmark of
chronic pain syndromes. However, there is scant evidence to
suggest that colitis results in significant inflammation within
the bladder. In the numerous studies detailed above that have
observed changes in bladder function following colitis, there
has been little corresponding observable change in 1) the
histology of the bladder, 2) myeloperoxidase activity, 3) hy-
pertrophy, nor 4) changes in bladder weight that, if present,
would be suggestive of active inflammation (23, 35, 37, 38, 40,
43, 45, 46, 49, 57, 65, 66). Assessments from day 1 through
day 30 postintracolonic TNBS administration fail to show
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neutrophil infiltration within the bladder. However, some stud-
ies have shown increased mast cell numbers within the bladder
at 10 and 12 days postintracolonic TNBS administration (20,
57). Interestingly, other studies show that depletion of C-fiber
neuropeptides, with systemic capsaicin pretreatment, not only
significantly reduces mast cell numbers within the bladder but
also restores natural voiding intervals and afferent excitability
to distension (57), suggesting a key mechanism in this process.

Along similar lines of evidence, an increase in the number of
activated mast cells, as well as the mast cell growth factor,
stem cell factor, have also been reported within the bladder
wall following colitis (38). Notably, the contractile response of
the bladder to the mast cell activating agent 48/80 is signifi-
cantly greater in mice at 12 days postintracolonic TNBS
administration (20). Treatment with the mast cell stabilizer
ketotifen for 5–7 days, or desensitization of the protease-
activated receptor 2, significantly reduces 48/80-induced con-
tractions observed in rats with TNBS-induced colitis (20).
Moreover, oral administration of ketitofen restores normal
voiding parameters, while TNBS treatment in KitaWa/
KitaW-va mast cell-deficient mice fails to induce changes in
voiding interval (20). These findings provide compelling evi-
dence that mast cells are essential components mediating
alterations in bladder function following colitis (20). However,
both this study and that of Ustinova (57) did not reveal if the
degree of colitis, nor if the sensitivity of the colon, was altered
following manipulation of mast cells. This is important, since
mast cells have also been suggested to play key roles in the
development of colonic hypersensitivity relevant to IBS (4).
Therefore, the precise mechanism of mast cell-induced bladder
hypersensitivity following colitis remains currently unre-
solved. Although the origins of bladder inflammation as a
result of a colonic insult remain unknown, there are a number
of recent studies showing intracolonic TNBS is associated with
changes in bladder permeability. This increased permeability
of the bladder may lead to a localized mild inflammation of the
bladder, as discussed below.

Bladder Permeability

The urothelium’s major role is to act as a barrier; however,
when this barrier is compromised, its breakdown allows the
passage of urine contents into underlying structures. Recent
studies have demonstrated that disruption of the urothelium can
alter the balance of mediator release, resulting in bladder
afferent hypersensitivity either directly or indirectly through
the induction of localized inflammation (13, 18).

Studies demonstrate that, following intracolonic TNBS ad-
ministration, the permeability of the bladder urothelium is
altered. For example, there is a significant increase in the
concentration of sodium fluorescein in plasma 15 min after
infusion in the bladder at 12 days postintracolonic TNBS
administration (20). Because sodium fluorescein should be
predominantly contained within the bladder following this
route of administration, these findings suggest colitis causes
long-term alterations in urothelial barrier function. Systemic
inflammation has been implicated in the development of OAB
and IC/PBS (22, 34), and changes in bladder permeability
could be a consequence of low-level systemic inflammation
during and following colitis. IBS, and to greater extent IBD,
patients show altered innate and adaptive immune responses

and corresponding changes in circulating cytokine/chemokine
profiles (28, 54). These same proinflammatory mediators are
also increased in the serum of patients with IC/PBS and, to a
lesser extent, the urine of OAB patients (22, 30, 34, 55).

In ovariectomized rats, which are known to exhibit an OAB
phenotype (63), there is a significant decrease in transepithelial
electrical resistance, indicative of increased urothelial perme-
ability in the bladder at 1, 3, and 5 days postintracolonic TNBS
administration (23). Furthermore, the transfer of the 4-kDa
fluorescent molecule FITC-4 through the bladder wall is sig-
nificantly increased 1 and 3 days postintracolonic TNBS com-
pared with saline-treated controls (23). In these studies, the
time course of urothelial permeability and subsequent barrier
recovery correlate more closely with the time course of inflam-
mation than afferent hypersensitivity, which, although not
measured directly in these studies, often persists beyond the
resolution of inflammation. Earlier reports showed that, in
proestrous, but not metestrous, acute colonic inflammation
with mustard oil (a known TRPA1 agonist) significantly in-
creased extravasation in the uninflamed bladder (62). These
results lead to the hypothesis that estrogen may play an
essential role in this mechanism and could be related to the
increased prevalence of urological disorders in females (62).
This effect was blocked by transection of the hypogastric nerve
before colonic inflammation, implicating sensory spinal nerves
innervating both the colon and bladder in driving these changes
in permeability. Furthermore, intrabladder infusion of prota-
mine sulfate, which permeabilizes the urothelium, but does not
induce inflammation, increases colonic permeability (23), sug-
gesting a direct link between the two organs that is not
dependent on inflammation. It remains to be determined if
changes in bladder afferent physiology following colitis result
in changes to urothelial permeability or if urothelial permea-
bility determines bladder afferent sensitivity and bladder func-
tion.

Neurogenic Inflammation

Following colitis there is evidence that afferents support an
efferent function via the release of neuropeptides, such as
substance P, tachykinins, and calcitonin gene-related peptide
(CGRP). These mediators drive neurogenic inflammation
within the colon wall, which helps to maintain the hypersen-
sitivity of colonic afferent endings (6, 7). These neurogenic
changes include an increase in nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), CGRP, and the
tyrosine receptor kinases (Trk) A and TrkB (Fig. 1). These
receptors and neuropeptides share an intimate relationship
enabling the positive feedback of each other (11, 37, 40, 66).
They also increase concentrations of substance P and tachy-
kinins within afferent endings and the persistence of neuro-
genic inflammation. The development of neurogenic inflam-
mation within colonic sensory structures has been hypothe-
sized, either through autocrine actions within dichotomizing
DRG neurons or more likely through paracrine actions within
the ganglia, to modulate the abundance of these neuropeptides
in bladder DRG neurons to induce cross-organ sensitization.
Accordingly, recent studies show that there are significant
increases in the levels of CGRP mRNA and protein within the
bladder and LS spinal cord, as well as an increase in the
percentage of bladder-innervating DRG neurons expressing
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CGRP in LS DRG following TNBS-induced colitis (45, 49).
There is increased expression of TrkB in bladder-innervating
DRG neurons following colitis (49), while overexpression of
CGRP may also be associated with the bladder afferent sensi-
tization described in experimental models of colitis. In line
with this theory, addition of CGRP to DRG neurons in culture
enhances TTX-R Na� currents (42), something that has been
observed in bladder-innervating DRG neurons following colitis
(39). Cystitis-induced bladder overactivity is also associated
with an increase in TrkB and CGRP, suggesting that neuro-
genic inflammation may be essential to bladder afferent sensi-
tization for both bladder-specific disease and during cross-
organ sensitization (50, 58).

mRNA and protein levels of NGF, which plays an essential
role in neurite outgrowth, are significantly increased in the
bladder urothelium following colitis (33, 38). NGF is also able
to increase BDNF expression in the cell soma when applied
directly to DRG nerve terminals via activation of an MEK/
ERK pathway, further compounding neurogenic inflammation
and peripheral sensitization (69). The importance of these
neuromodulators in mediating colon-bladder cross-sensitiza-
tion is shown with the use of BDNF heterozygous knockouts
(BDNF�/�), with BDNF�/� mice showing significant recov-
ery of micturition interval time compared with BDNF wild-
type mice (64). Using these same BDNF�/� mice and inhibi-
tion of the BDNF high-affinity receptor, TrkB, the authors
demonstrate that BDNF is essential to the development of the
phosphorylation of cAMP response element-binding protein-
mediated neuroplasticity required for cross-organ sensitization
between bladder and bowel (64).

Because of the nature of cell-cell interactions and the time
course for the development of neuroplasticity, neurogenic
inflammation seems most likely to determine the persistent
changes in bladder sensitivity seen following colitis in both
rodents and humans. Because of the often-progressive nature
of visceral syndromes, neurotrophic factors and their receptors
must be considered an essential component to cross-organ
sensitization.

CONCLUSIONS

A number of studies have shown that there is significant
hypersensitivity of mechanosensitive bladder afferents and
alterations in the excitation and channel properties of bladder-
innervating DRG neurons both during and following colitis.
The precise mechanisms by which these changes occur are yet
to be fully deduced; however, several mechanisms have been
hypothesized, including direct sensitization of dichotomizing
afferents, sensitization of DRG and spinal pathways, as well as
indirect sensitization of peripheral afferents following the
breakdown of the epithelial barrier and the induction of neu-
rogenic inflammation. The literature presented here provides
evidence that the establishment of cross-organ sensitization is
via the induction of neuronal hypersensitivity, is independent
of direct inflammation in the bladder, and persists as a result of
neuroplasticity at the level of the peripheral ending, DRG
neuron, and spinal cord. As there is ample evidence to suggest
that alterations in neuronal sensitivity underlie the symptoms
of OAB and IC/PBS, it is tempting to imagine the exploitation
of these neuronal pathways for the treatment of bladder disor-

ders associated with, or independent of, comorbidity with
gastrointestinal disorders.

ACKNOWLEDGMENTS

We thank Andelain Erickson for help in creating Fig. 1.

GRANTS

S. M. Brierley is a National Health and Medical Research Council of Australia
(NHMRC) R. D. Wright Biomedical Research Fellow (APP1126378) and is
funded by NHMRC Australia Project Grant 1083480, 1139366, and 1140297.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

AUTHOR CONTRIBUTIONS

L.G. and S.M.B. conceived and designed research; L.G. and S.M.B.
prepared figures; L.G. and S.M.B. drafted manuscript; L.G. and S.M.B. edited
and revised manuscript; L.G. and S.M.B. approved final version of manuscript.

REFERENCES

1. Abrams P, Cardozo L, Fall M, Griffiths D, Rosier P, Ulmsten U, van
Kerrebroeck P, Victor A, Wein A. The standardisation of terminology of
lower urinary tract function: report from the Standardisation Sub-commit-
tee of the International Continence Society. Am J Obstet Gynecol 187:
116–126, 2002. doi:10.1067/mob.2002.125704.

2. Alagiri M, Chottiner S, Ratner V, Slade D, Hanno PM. Interstitial
cystitis: unexplained associations with other chronic disease and pain
syndromes. Urology 49, Suppl: 52–57, 1997. doi:10.1016/S0090-
4295(99)80332-X.

3. Ananthakrishnan AN. Epidemiology and risk factors for IBD. Nat Rev
Gastroenterol Hepatol 12: 205–217, 2015. doi:10.1038/nrgastro.2015.34.

4. Barbara G, Stanghellini V, De Giorgio R, Cremon C, Cottrell GS,
Santini D, Pasquinelli G, Morselli-Labate AM, Grady EF, Bunnett
NW, Collins SM, Corinaldesi R. Activated mast cells in proximity to
colonic nerves correlate with abdominal pain in irritable bowel syndrome.
Gastroenterology 126: 693–702, 2004. doi:10.1053/j.gastro.2003.11.055.

5. Beyak MJ, Ramji N, Krol KM, Kawaja MD, Vanner SJ. Two TTX-
resistant Na� currents in mouse colonic dorsal root ganglia neurons and
their role in colitis-induced hyperexcitability. Am J Physiol Gastrointest
Liver Physiol 287: G845–G855, 2004. doi:10.1152/ajpgi.00154.2004.

6. Brierley SM, Hughes PA, Harrington AM, Rychkov GY, Blackshaw
LA. Identifying the ion channels responsible for signaling gastro-intestinal
based pain. Pharmaceuticals (Basel) 3: 2768–2798, 2010. doi:10.3390/
ph3092768.

7. Brierley SM, Linden DR. Neuroplasticity and dysfunction after gastro-
intestinal inflammation. Nat Rev Gastroenterol Hepatol 11: 611–627,
2014. doi:10.1038/nrgastro.2014.103.

9. Castro J, Harrington AM, Garcia-Caraballo S, Maddern J, Grundy
L, Zhang J, Page G, Miller PE, Craik DJ, Adams DJ, Brierley SM.
�-Conotoxin Vc1.1 inhibits human dorsal root ganglion neuroexcitability
and mouse colonic nociception via GABAB receptors. Gut 66: 1083–
1094, 2017. doi:10.1136/gutjnl-2015-310971.

10. Castro J, Harrington AM, Hughes PA, Martin CM, Ge P, Shea CM,
Jin H, Jacobson S, Hannig G, Mann E, Cohen MB, MacDougall JE,
Lavins BJ, Kurtz CB, Silos-Santiago I, Johnston JM, Currie MG,
Blackshaw LA, and Brierley SM. Linaclotide inhibits colonic nocicep-
tors and relieves abdominal pain via guanylate cyclase-C and extracellular
cyclic guanosine 3=,5=-monophosphate. Gastroenterology 145: 1334–
1346 e1331–1311, 2013. doi:10.1053/j.gastro.2013.08.017.

11. Christianson JA, Liang R, Ustinova EE, Davis BM, Fraser MO,
Pezzone MA. Convergence of bladder and colon sensory innervation
occurs at the primary afferent level. Pain 128: 235–243, 2007. doi:10.
1016/j.pain.2006.09.023.

12. Clemens JQ, Brown SO, Kozloff L, Calhoun EA. Predictors of symp-
tom severity in patients with chronic prostatitis and interstitial cystitis. J
Urol 175: 963–966, 2006. doi:10.1016/S0022-5347(05)00351-4.

13. Collins VM, Daly DM, Liaskos M, McKay NG, Sellers D, Chapple C,
Grundy D. OnabotulinumtoxinA significantly attenuates bladder afferent
nerve firing and inhibits ATP release from the urothelium. BJU Int 112:
1018–1026, 2013. doi:10.1111/bju.12266.

G306 CROSS-ORGAN SENSITISATION

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00272.2017 • www.ajpgi.org
Downloaded from journals.physiology.org/journal/ajpgi (182.255.102.162) on May 21, 2020.

https://doi.org/10.1067/mob.2002.125704
https://doi.org/10.1016/S0090-4295%2899%2980332-X
https://doi.org/10.1016/S0090-4295%2899%2980332-X
https://doi.org/10.1038/nrgastro.2015.34
https://doi.org/10.1053/j.gastro.2003.11.055
https://doi.org/10.1152/ajpgi.00154.2004
https://doi.org/10.3390/ph3092768
https://doi.org/10.3390/ph3092768
https://doi.org/10.1038/nrgastro.2014.103
https://doi.org/10.1136/gutjnl-2015-310971
https://doi.org/10.1053/j.gastro.2013.08.017
https://doi.org/10.1016/j.pain.2006.09.023
https://doi.org/10.1016/j.pain.2006.09.023
https://doi.org/10.1016/S0022-5347%2805%2900351-4
https://doi.org/10.1111/bju.12266


14. Cukier JM, Cortina-Borja M, Brading AF. A case-control study to
examine any association between idiopathic detrusor instability and gas-
trointestinal tract disorder, and between irritable bowel syndrome and
urinary tract disorder. Br J Urol 79: 865–878, 1997. doi:10.1046/j.1464-
410X.1997.00172.x.

15. Daly DM, Nocchi L, Grundy D. Highlights in basic autonomic neuro-
sciences: cross-organ sensitization between the bladder and bowel. Auton
Neurosci 179: 1–4, 2013. doi:10.1016/j.autneu.2013.05.445.

16. de Araujo AD, Mobli M, Castro J, Harrington AM, Vetter I, Dekan Z,
Muttenthaler M, Wan J, Lewis RJ, King GF, Brierley SM, Alewood
PF. Selenoether oxytocin analogues have analgesic properties in a mouse
model of chronic abdominal pain. Nat Commun 5: 3165, 2014. doi:10.
1038/ncomms4165.

17. de Groat WC, Nadelhaft I, Milne RJ, Booth AM, Morgan C, Thor K.
Organization of the sacral parasympathetic reflex pathways to the urinary
bladder and large intestine. J Auton Nerv Syst 3: 135–160, 1981. doi:10.
1016/0165-1838(81)90059-X.

18. Eastham JE, Gillespie JI. The concept of peripheral modulation of
bladder sensation. Organogenesis 9: 224–233, 2013. doi:10.4161/org.
25895.

19. Enck P, Aziz Q, Barbara G, Farmer AD, Fukudo S, Mayer EA,
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