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Abstract

Patients with inflammatory bowel disease (IBD) or irritable bowel syndrome (IBS) often
experience increased sensory responsiveness in the urinary bladder reflecting neurogenic bladder
overactivity. Here we demonstrate that colitis-induced up-regulation of the phospholipase C
gamma (PLC-y) pathway downstream of brain-derived neurotrophic factor (BDNF) in bladder
afferent neurons in the dorsal root ganglia (DRG) plays essential roles in activating these neurons
thereby leading to bladder hyperactivity. Upon induction of colitis with 2,4,6-
trinitrobenzenesulfonic acid (TNBS) in rats, we found that the phosphorylation (activation) level
of cCAMP responsive element-binding (p-CREB) protein, a molecular switch of neuronal plasticity,
was increased in specifically labeled bladder afferent neurons in the thoracolumbar and
lumbosacral DRGs. In rats having reduced levels of BDNF (BDNF*/"), colitis failed to elevate
CREB protein activity in bladder afferent neurons. Physiological examination also demonstrated
that colitis-induced urinary frequency was not shown in BDNF*/~ rats, implicating an essential
role of BDNF in mediating colon-to-bladder sensory cross-sensitization. We further implemented
in vivo and in vitro studies and demonstrated that BDNF-mediated colon-to-bladder sensory cross-
activation involved the TrkB - PLCy-calcium/calmodulin-dependent protein kinase Il (CaMKII)
cascade. In contrast, the PI3K/Akt pathway was not activated in bladder afferent neurons during
colitis and was not involved in BDNF action in the DRG. Our results suggest that colon-to-bladder
sensory cross-sensitization is regulated by specific signal transduction initiated by the up-
regulation of BDNF in the DRG.
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INTRODUCTION

Patients with inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS) often
show evidence of bladder hypersensitivity such as detrusor instability, nocturia, frequency
and some forms of urinary urge incontinence, back pain and, in women, dyspareunia,
leading to significant problems in diagnosis and treatment (Ben-Ami et al., 2002; Whorwell
et al., 1986). Several theories have been formed to explain the cross-organ sensitization or
the referred pain suggestive of the involvement of spinal segments receiving inputs from
different organs (Brumovsky and Gebhart, 2010). It is described that convergent neural input
via dichotomizing primary afferents to the sensory limb including dorsal root ganglia (DRG)
and spinal dorsal horn occurs between the heart and the stomach or the gallbladder
(Ammons and Foreman, 1984; Qin et al., 2007), the colon and the urethra (Peng et al.,
2010), as well as the distal colon and the urinary bladder (Qiao and Grider, 2007; Qin et al.,
2005). However, the majority of the colonic afferent neurons do not overlap with bladder
afferent neurons in the DRG (Chaban, 2008; Christianson et al., 2007; Qiao and Grider,
2007). It is not certain whether the few number of dichotomizing sensory neurons is
sufficient to be principal players in the generation and maintenance of cross-organ
sensitization. Emerging evidence suggests other peripheral mechanisms such as
intraganglionic neurochemical coupling within the DRG thereby mediating sensory cross-
activation of the neighboring DRG neurons innervating different visceral organs (Amir and
Devor, 1996; Ulrich-Lai et al., 2001; Xia et al., 2012).

Brain-derived neurotrophic factor (BDNF) possesses neurotransmitter-like properties and
can release locally in an extrasynaptic fashion (Swanwick et al., 2004) thereby acting in a
paracrine manner on TrkB cells (Apfel et al., 1996). Among the neurotrophin family of
growth factors, BDNF is important to memory formation and long-term potentiation (LTP)
(Bekinschtein et al., 2008). BDNF synthesized in primary afferent neurons has profound
effects on DRG/spinal cord neurons and peripheral tissues, and participates in sensory
plasticity and pain (Obata and Noguchi, 2006). In IBS patients, an increase in the expression
of BDNF and nerve fibers is found in colonic biopsies, which correlates significantly with
the severity and frequency of abdominal pain/discomfort in these patients (Yu et al., 2012b).
In animals, inhibition of BDNF activity with a neutralizing antibody or using BDNF*/~ mice
also attenuates colonic hypersensitivity in response to colonic distention (Delafoy et al.,
2006; Yu et al., 2012b). In a recent study by us, intrathecal inhibition of BDNF activity
reverses colonic inflammation-associated bladder hyperactivity (Xia et al., 2012),
implicating a paracrine action of endogenous BDNF in visceral hypersensitivity and cross-
organ sensitization.

The cellular biological function of BDNF is mediated by high affinity receptor TrkB and
modulated by low affinity receptor p75NTR. In general, TrkB transduces BDNF signals via
the Ras (a GTPase)-ERK (extracellular signal-regulated kinase), PI3K (phosphatidylinositol
3-kinase)/Akt (protein kinase B), and/or PLC+y (phospholipase C-gamma) cascades. The
Ras-ERK and PI3K/Akt pathways are expressed in neuronal and non-neuronal cells,
promoting growth and survival (Manning and Cantley, 2007; McCubrey et al., 2007).
Activation of PLC+y hydrolyses PtdIns(4,5)P2 to produce the secondary messenger inositol
trisphosphate (1P3) to facilitate Ca2* release from the intracellular store, and leads to Ca2*
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influx through activation of ion channels, thereby increasing the intracellular Ca2* ([Ca2*];)
level and the activity of Ca?*-dependent pathways (Mizoguchi et al., 2002; Numakawa et al.,
2001). One of those pathways regulated by Ca2* is the Ca?*/calmodulin-dependent protein
kinase Il (CaMKII) (Mizoguchi et al., 2002; Numakawa et al., 2001). The transcription
factor cAMP-responsive element binding (CREB) protein functions as a molecular switch by
regulating approximately 4,000 genes in human tissues (Zhang et al., 2005). Signaling
upstream of CREB is very complex and more than 300 stimuli are reported to activate
CREB by up-regulating Ca2* pathways and a list of kinases that phosphorylate CREB on
serine 133 (Johannessen et al., 2004).

Here we assessed endogenous BDNF in bladder afferent neuronal cross-activation and
investigated the signaling pathways that turned on CREB in bladder afferent neurons post
colonic inflammation. We show that downstream of BDNF and TrkB, the PLCy pathway is
involved in CREB activation in the DRG. CaMKI| is an intermediator in CREB activation.
The PI3K/AKkt pathway is reported to activate CREB elsewhere (Johannessen et al., 2004)
but is not involved in bladder afferent cross-activation post colitis. The PLCy/CaMKI|
cascade is well documented in the central nervous system and is important to LTP; however,
less information is known for their roles in the peripheral nervous system.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats of the age 6-8 weeks consisting of wildtype (BDNF*/*: Harlan
Laboratories, Indianapolis, IN) and BDNF heterozygous knockout (BDNF*/~: SAGE® Labs,
Boyertown, PA) were treated with intracolonic instillation of 2, 4, 6-trinitrobenzenesulfonic
acid (TNBS) at a dose of 90 mg/kg (60 mg/mL solution in 50 % EtOH) or vehicles (50 %
EtOH) as described previously by us (Xia et al., 2011). All experimental protocols involving
animal use were approved by Institutional Animal Care and Use Committee.

Retrograde labeling of bladder afferent neurons

Bladder afferent neurons were specifically labeled by conventional neuronal tracing dye Fast
Blue (FB, 4 %, weight/volume; Polysciences, Inc. Warrington, PA) in live animals through
surgery as described previously (Qiao and Grider, 2007). Briefly, the rat urinary bladder was
exposed with a lower abdominal incision under anesthesia (2.5 % isoflurane). FB was
injected into 10 sites (4 pL per site) in the muscular wall of the bladder to label bladder
afferent neurons in the DRG. Sterilized Hamilton syringe (10 uL size) was used for
injection. To prevent leakage and labeling of adjacent tissues, a cotton swab was used, close
to the injection site, to wipe off any excess dye that might leak during needle withdrawal
after each injection. We also avoided to inject dyes into the lumen, major blood vessels, or
overlying fascial layers. The incision was closed with 4-0 sutures. The surgeries were done
7 days prior to harvest of tissues. We also checked the leakage of the dyes by examining the
bladder and surrounding tissues after euthanasia of the rats. No contamination was found.
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Immunohistochemistry

Animals used for immunohistochemistry were perfused intracardiacally with oxygenated
Krebs buffer (pH 7.4) (95 % 02, 5 % CO2) followed by 4 % paraformaldehyde. DRG
segments were identified and isolated for cryosectioning. The on-slide immunostaining
technique was used. Briefly, DRG sections (20 um thickness) were incubated for 1 h at room
temperature with blocking solution containing 3 % normal donkey serum (Jackson
ImmunoResearch, West Grove, PA) in PBST (0.3 % Triton X-100 in 0.1 M PBS, pH 7.4).
Samples were then incubated in primary antibodies diluted in PBST containing 5 % normal
donkey serum overnight at 4 °C. The primary antibodies used in this study were rabbit anti-
phospho (p) -CREB (1:1000, Cell Signaling Technology, Inc.), mouse anti-p-CREB (1:400,
Cell Signaling Technology, Inc.), rabbit anti-PLC+y (1:1500, Santa Cruz Biotechnology,
Inc.), rabbit anti-p-Akt (1:500, Cell Signaling Technology, Inc.), and rabbit anti-p-CaMKI|I
(1:12000, Cell Signaling Technology, Inc.). After rinse (3 x 10 min with 0.1 M PBS), tissues
were incubated with fluorescence-conjugated species-specific secondary antibody (1:500,
Molecular Probes, Eugene, OR) for 2 h at room temperature. Slides were coverslipped for
analysis. The specificity of the antibodies was assessed by western blot shown in the present
study. We chose every third section for one specific antibody to avoid double counting.

DRG cells exhibiting visible nucleus were counted with a Zeiss fluorescent
photomicroscope. 6 to 10 sections from each DRG were randomly chosen for analysis. We
focused on L1 and S1 DRGs. The results were presented as number cells per mm? area, or
percentage of bladder afferent neurons expressing immunoreactivity. For the former, the area
of section containing cells (excluding the area containing fibers) was selected using free-line
tools integrated with the AxioVision measurement software (Carl Zeiss, Inc.) and was
measured as mm? for normalization. For the latter, the number of positive stain of protein of
interest was counted in FB-labeled bladder afferent neurons and was normalized against the
number of FB cells.

Western Blot

The protein extracts from pooled L1-L2 and L6-S1 DRGs were subject to centrifugation at
20,200 g for 10 min at 4 °C, and the supernatant was removed to a fresh tube. The protein
concentration was determined using Bio-Rad DC protein assay kit. Proteins were then
separated on a 10 % SDS-PAGE gel and transferred to a nitrocellulose membrane. The
membrane was blocked with 5 % milk in Tris-buffered saline for 1 h and then incubated
with a specific primary antibody followed by HRP-conjugated secondary antibody. For
internal loading control, the same membrane was stripped and re-probed with anti-p-actin
antiserum or antibody to a non-phosphorylated form of the protein examined. The
concentrations of antibodies used for p-CREB, CREB, p-Akt, Akt, PLC+y and p-CaMKII
were 1:1000, and for B-actin was 1:3000 (Sigma-Aldrich, St. Louis, MO). The bands were
visualized by enhanced chemiluminescence (ECL). Densitometric quantification of the
immunoreactive bands was performed using the software FluorChem 8800 (Alpha Innotech,
San Leandro, CA).
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DRG explant culture

The segment-matched DRG pairs were used for comparison. DRGs were freshly dissected
out and acutely cultured in Dulbecco’s Modified Eagle Medium (DMEM). To study the
effect of BDNF, one DRG explant was treated with BDNF (50 ng/mL) and the counterpart
served as control. To study the effect of a specific inhibitor, one DRG was treated with
BDNF plus inhibitor and the counterpart served as control by receiving treatment of BDNF
plus vehicle.

Examination of voiding behavior

\oid stain on paper (VSOP) method (Sugino et al., 2008) was used to assess bladder activity.
This non-invasive procedure allowed characterizing spontaneous urination patterns without
surgical manipulation. We have also used this method in our previous studies (Xia et al.,
2012; Yu et al., 2012a). Briefly, each animal was placed in a meshed cage and comparison
groups were examined simultaneously. Experiments were conducted in the morning. The
urine was collected naturally onto an underneath filter paper placed 20 cm below the mesh
cage that contained the tested animal. We used a cage with a dimension of 25x15x15 cm3
(LxWxH). The number of urine drops from each animal in a 2-h window was counted. The
diameters of the urine drops were measured at 4 directions (two cross-overs and two
diagonal) and averaged for each drop.

Data analysis

RESULTS

The results from each study were presented as mean = SEM. Comparison between control
and experimental groups was made by using Kruskal-Wallis nonparametric one-way
ANOVA, or by student t-test. Differences between means at a level of p < 0.05 were
considered to be significant.

Activation of CREB in bladder afferent neurons post colitis was regulated by endogenous

BDNF

Bladder afferent activity was examined by the expression level of p-CREB in specifically
labeled primary afferent neurons that innervated the urinary bladder. The L1-L2 and L6-S1
DRGs were identified and extracted from control rats and rats that received TNBS treatment
and survived for 7 days and 21 days. Western blot of CREB phosphorylation on serine 133
was conducted in DRG samples from control animals and animals at 7 days and 21 days
post colitis induction. Although the degree of colonic inflammation was subsided at day 7
and significantly recovered by day 21 (Xia et al., 2011), the levels of p-CREB in the DRGs
were sustained at both 7 days and 21 days (Figure 1A). There were significant 2-fold
increases in the level of p-CREB at both 7 days and 21 days post colitis induction (Figure
1B). We then performed immunostaining of the DRG cryosections with a specific antibody
against p-CREB on serine 133. We found that p-CREB was expressed in the nucleus of
DRG neurons (Figure 1C-1E, arrows) in all DRGs examined. The p-CREB
immunoreactivity in the neurons was examined and showed increases post colitis induction
(Figure 1F), confirming the western blot results (Figure 1B).
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In FB labeled bladder afferent neurons (Figure 2A and 2D, blue cells), we also observed p-
CREB expression (Figure 2B and 2E, red nuclear stain). Colitis did not cause changes in the
number of FB labeling in the DRG (Qiao and Grider, 2007). In control rat (Figure 2A-2C),
baseline of p-CREB expression in bladder afferent neurons (Figure 2A, FB cells) was
evident (Figure 2A-2C, arrows). Post colitis induction, the number of bladder afferent
neurons expressing p-CREB was significantly increased in the DRG (Figure 2D-2F; Figure
2G). The percentage of bladder afferent neurons expressing p-CREB was 27.6 + 3.1 in
control rats. At 7 days after TNBS treatment, the percentage of bladder afferent neurons
expressing p-CREB was increased to 55.2 + 4.7 (p<0.05). A similar trend was seen at 21
days after TNBS treatment yielding 50.3 = 6.5 % of bladder afferent neurons expressing p-
CREB (p<0.05).

The effect of endogenous BDNF on CREB phosphorylation in the DRG was tested in a
genetically modified rat model containing a monoallelic deletion of the bdnf gene. In these
animals, the level of endogenous BDNF is 50 % lower than that in wildtype. We performed
both the immunostaining and western blot and confirmed that the expression levels of p-
CREB in bladder afferent neurons (Figure 2G, open bar) and in the whole DRG (Figure 2H)
were reduced in BDNF*/~ rats when compared to wild type counterparts post colitis
induction. The number of FB labeled bladder afferent neurons in wildtype and BDNF*/~ rats
post colitis stayed the same, which were similar to those in healthy animals reported by us
previously (Qiao and Grider, 2007).

The PLCy but not the PI3K/Akt pathway was increased in bladder afferent neurons post

colitis

TrkB, PLCy,

The PLCy pathway is one of the major pathways that transduce the BDNF signaling in
neurons and is important in neuronal plasticity and LTP in the central nervous system
(Gartner et al., 2006). In the peripheral nervous system, a subpopulation of the PLC-y
immunoreactivity (Figure 3A and 3D, red cells) was also expressed in bladder afferent
neurons labeled by FB (Figure 3B and 3E, blue cells) in the DRG. The expression level of
PLCy was increased in bladder afferent neurons at 7 days and 21 days post colitis induction
(Figure 3D-3F) when compared to control (Figure 3A-3C; Figure 3G). The increases in
PLCy expression in the DRG post colitis were confirmed by western blot (Figure 3H). It
was noted that in control animals a large portion of bladder afferent neurons did not express
PLC+y (Figure 3A-3C, white arrow). In rats treated with TNBS, only few bladder afferent
neurons did not have PLCy (Figure 3D-3F, white arrows). We also compared the Akt
activity (Figure 4A, 4D) in bladder afferent neurons (Figure 4B, 4E) before (Figure 4A-4C)
and post colitis induction (Figure 4D-4F). Although the phosphorylation level of Akt was
increased in the DRG during colitis (Figure 4G and 4H), there were few bladder afferent
neurons expressing phospho-Akt immunoreactivity (Figure 4C, 4F, purple cells indicated by
yellow arrows). There was no significant change in the number of bladder afferent neurons
expressing Akt phosphorylation post colitis when compared to control (Figure 41).

and CaMKIl mediated BDNF-induced CREB activation in the DRG

To examine the signaling pathways that mediated BDNF-induced CREB activation in the
DRG, we treated the DRG explants culture with BDNF (50 ng/mL) and found that BDNF
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elicited a 2-3 folds increase in CREB activity at 5 and 10 min post treatment (Figure 5A and
5B). BDNF-induced CREB phosphorylation was blocked by inhibition of TrkB with K252a
(5 uM) and by inhibition of PLC-y by U73122 (5 pM) (Figure 5C and 5D), suggesting that
the high affinity receptor-mediated PLC-y pathway was involved in BDNF action in the
DRG.

CaMKI| is one of those kinases whose activity is regulated by intracellular CaZ* levels. In
culture CaMKII is also able to phosphorylate CREB on serine 133 and lead to CREB
activation (Johannessen et al., 2004). To examine whether CaMKII was involved in CREB
activation in the DRG in vivo post colitis, we performed western blot and showed an
increase in the phosphorylation level of CaMKII in the DRGs at 7 days and 21 days of
colitis (Figure 6A-6B). A subpopulation of p-CaMKII (Figure 6C, green cells) was also co-
localized with p-CREB (Figure 6D, red nuclear stain) in the DRG. To examine whether
CaMKII was upstream of CREB activated by BDNF, we treated DRG explants culture with
CaMKI|I specific inhibitor KN-93 (5 uM) prior to BDNF stimulation and found that BDNF-
induced CREB activation was blocked by inhibition of CaMKI| activity (Figure 6F-6G).

BDNF*~ rat demonstrated reduced bladder activity associated with colitis

We previously showed that intrathecal inhibition of endogenous BDNF action with a specific
BDNF neutralizing antibody reversed colitis-induced bladder hyperactivity that was
examined by cystometry at an acute stage within 3 days post TNBS treatment (Xia et al.,
2012). Neurogenic bladder activity and bladder pain were also evident at 10 days to 1 month
post colitis induction (Pan et al., 2010; Yoshikawa et al., 2015). Using the non-invasive
methodology to record bladder function via void stain on paper (VSOP), we examined that
the control rats excreted fewer times (i.e., lower number of urine drops) with larger volumes
per drop (i.e., bigger urine spots) (Figure 7A, 7D, and 7E). At 21 days post TNBS treatment,
the rats voided more frequently (i.e., higher number of urine drops) with smaller quantities
of urine per voiding (i.e., smaller urine spots) (Figure 7B, 7D, and 7E), suggesting bladder
hyperactivity. The BDNF*/~ rats that had 21 days of colitis demonstrated reduced number of
urination with relatively larger urine spots when compared to wild type colitis (Figure 7C,
7D, and 7E).

DISCUSSION

The spinal reflex participating in cross-organ sensitization was documented in the late 19t
century (see review by (Brumovsky and Gebhart, 2010). In the past decade the underlying
mechanisms began to be investigated in experimental animal models (Lei and Malykhina,
2012; Xia et al., 2012; Yoshikawa et al., 2015). The present study extends from previous
findings by us and others (Lei and Malykhina, 2012; Xia et al., 2012; Yoshikawa et al.,
2015) to illustrate the signal transduction by endogenous BDNF in regulating bladder
afferent neuronal activity resulting from colitis. In our earlier studies we blocked
endogenous BDNF action in the DRG by intrathecal neutralization and found that BDNF
inhibition reversed colitis-induced bladder hyperactivity, suggesting a paracrine mechanism
of BDNF in colon-to-bladder cross-sensitization (Xia et al., 2012). Here we show that
bladder afferent neuronal activation demonstrated as an up-regulation of CREB
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phosphorylation in these neurons during colitis is reduced in BDNF*/~ rats, further
implicating an essential role of BDNF in mediating intraganglionic neuronal cross-activation
in colon-to-bladder cross-organ sensory sensitization. Concordantly, exogenous BDNF is
also able to activate CREB in the DRG. BDNF-induced CREB activation is attenuated by
inhibition of PLC-y and CaMKI|I. During colitis, the levels of PLCy and CaMKI|I
phosphorylation are increased in the thoracolumbar and lumbosacral DRGs, and is up-
regulated in bladder afferent neurons or co-expressed with phospho-CREB. In contrast, the
PI3K/Akt pathway is not involved in bladder afferent neuronal activation during colitis.
These studies confirm that BDNF plays essential roles in the regulation of colon-to-bladder
sensory cross-activation, and also reveal a unique signaling pathway involving PLC-y-
CaMKII-CREB axis in mediating BDNF action in vivo and in culture (Figure 8). The PLCry/
CaMKII pathway is traditionally known for their roles in memory and LTP (Gartner et al.,
2006; Yamauchi, 2005). The present study provides evidence implicating their roles in the
peripheral neuronal plasticity in response to visceral inflammation.

Nociceptive primary afferent neurons housed in the DRG are pseudounipolar which give rise
to a single main process splitting into a peripheral (distal) branch to the organ and a central
(proximal) branch to the spinal cord. The contribution of primary afferent reflex pathway in
colon-to-bladder cross-sensitization has been investigated and well documented. Several
anatomic pathways have been suggested including sensory convergence projection to DRG
neurons and the spinal cord dorsal horn, which denotes input from both organs onto the
same sensory neurons named dichotomizing neurons (Christianson et al., 2007; Qiao and
Grider, 2007; Qin et al., 2007). Neuronal tracing studies from independent laboratories
reveal that colonic and bladder afferent neurons locate in the same spinal segments, however,
the number of dichotomizing sensory neurons project to both colon and urinary bladder
ranges 5-27 %, in rat, and 21 %, in mouse, of traced neurons (Christianson et al., 2007; Qiao
and Grider, 2007). Approximate 80 % of specific bladder afferent neurons do not innervate
the distal colon but are also activated during colitis (Lei and Malykhina, 2012; Qiao and
Grider, 2007). It is likely that paracrine mediators that are released from the activated
primary afferent neurons upon irritation of the innervating organ (i.e. distal colon in this
study) can act on nearby neurons thus facilitating intraganglionic neuronal cross-
sensitization. Chemical coupling within the DRG is found to be attributable to sensory
neuron cross-excitation in culture (Amir and Devor, 1996).

In the acute phase of colonic inflammation (3-days post TNBS), there is an increased
amplitude of total Na* current in bladder afferent neurons (Lei and Malykhina, 2012). In the
intermediate phase of colonic inflammation (7-days post TNBS), more excitatory
neurotransmitters are found to be produced by bladder afferent neurons (Qiao and Grider,
2007), suggesting an increase in transcriptional and translational regulation in the neurons.
CREB functions in neurons as a molecular switch that turns on or shuts off many genes
resulting in long-term neuronal plasticity. At 7-21 days post colitis induction, CREB activity
is increased in bladder afferent neurons which may participate in cAMP-responsive element
(CRE)-dependent transcription and induce prolonged neuronal activation. Recent update on
spinal LTP in facilitating nociception is extensively reviewed by (Sandkuhler and Gruber-
Schoffnegger, 2012). In this study, we show that the key players in LTP in hippocampus, the
PLC+y and CaMKII (Gartner et al., 2006; Yamauchi, 2005), are also associated with bladder
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afferent activation post colitis. Although Akt serves as a convergent point in multiple
signaling networks and is involved in neuronal growth and survival with a role recently
discovered in mediating nerve injury pain (Sun et al., 2006; Xu et al., 2007), Akt, in
contrast, is not activated in bladder afferent neurons post colitis. Bladder afferent neuronal
activation examined by CREB activity is prolonged at 21 days when the colonic
inflammation has already recovered (Xia et al., 2011). At 1 month post colitis induction,
there is an increase in calcitonin gene-related peptide (CGRP) and Substance P (SP) release
into the urinary bladder (Pan et al., 2010). CGRP promoter contains a CRE and activation of
CREB can lead to CGRP up-regulation (Lanigan and Russo, 1997).

BDNF is a member of the neurotrophin family of growth factors consisting of nerve growth
factor (NGF), neurotrophin-3 (NT-3) and NT-4. It has long been implicated that BDNF plays
a significant role in neuronal plasticity especially the LTP (Bekinschtein et al., 2008). Recent
studies suggest that BDNF also participates in modulating sensory activity in the peripheral
nervous system and acts as a pain modulator (Merighi et al., 2008; Obata and Noguchi,
2006). Peripheral and visceral inflammation elicits BDNF synthesis in the primary sensory
neurons in the DRG where it facilitates intracellular signal transduction and gene expression
(Mannion et al., 1999; Qiao et al., 2008). BDNF regulates spinal central sensitization via
releasing anterogradely to the superficial dorsal horn of the spinal cord where TrkB is
expressed (Papadia and Hardingham, 2007; Zhou and Rush, 1996). Paracrine secretion of
BDNF within the DRG has also been documented (Valdes-Sanchez et al., 2010). However,
the signal transduction of BDNF within the DRG has not been examined. During colitis, the
level of TrkB expression is up-regulated in bladder afferent neurons (Qiao and Grider, 2007).
The accumulation of TrkB in bladder afferent neurons may enhance the responsiveness of
these neurons to BDNF, thus lead to changes in the plasticity of these neurons. In DRG
neuron culture, BDNF increases the expression level of CGRP, an excitatory
neurotransmitter that is up-regulated in bladder afferent neurons (Qiao and Grider, 2007) and
releases to the urinary bladder during colitis (Pan et al., 2010). Demonstrated in the present
study, BDNF induces CREB activation in vitro and also regulates CREB activation in
bladder afferent neurons in vivo. Intrathecal inhibition of BDNF with a specific neutralizing
antibody reverses colitis-induced bladder hyperactivity (Xia et al., 2012). In these studies,
BDNF antibody is unable to enter into the plasma thus supporting a paracrine role of BDNF
in cross-neuron activation. In BDNF*/~ rat, colitis-induced CREB activation in bladder
afferent neurons is also reduced, which is correlated to the decreased bladder activity, again
supporting a role of endogenous BDNF in colon-to-bladder cross-organ sensitization. To
speculate, other possible mechanisms underlying endogenous BDNF-regulated cross-organ
sensitization may also involve the regulation of mast cell activity. It is shown that mast cells
are activated in the urinary bladder during colitis contributing to cross-organ sensitization
(Fitzgerald et al., 2013). In the periphery, TrkB/BDNF binding can acutely sensitize
nocireceptive pathway that require the presence of mast cells (Huang and Reichardt, 2001).
Additional pathways may involve ion channel activation. The transient receptor potential ion
channel (TRPV)1 and tetrodotoxin-resistant (TTX-R) sodium channels in the DRG are
involved in viscera-visceral cross-organ sensitization (Chaban, 2008; Lei and Malykhina,
2012; Malykhina et al., 2006; Pan et al., 2010). The ability of BDNF in regulating the
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activity of these channels (Zhang et al., 2008) may also underlie the mechanisms of DRG
neuronal cross-activation.

PLCy and CaMKII are key mediators in BDNF-induced LTP in central nervous system. A
few recent studies also suggest that CaMKII may also have a role in sensory sensitization
(Ferhatovic et al., 2014; Kostic et al., 2014). The present study demonstrates that PLCy and
CaMKII are unique intracellular mediators in visceral organ cross-sensitization that is
regulated by endogenous BDNF through high affinity receptor TrkB. Discovery of this
unique pathway provides specific therapeutic target in the treatment of cross-organ
sensitization.
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Highlights
. Colon-to-bladder sensory cross-sensitization is mediated by BDNF.
. The PLCy pathway is essential in BDNF-regulated TrkB-mediated

sensory neuronal activation

. The PLCry but no the PIBK/Akt pathway is activated in bladder afferent
neurons and is regulated by endogenous BDNF in colitis.
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Figure 1. CREB activity was increased in the DRG post colitis
Western blot of phospho-CREB (A) was performed to identify CREB activity level in the

whole DRG (pooled L1-L2 and L6-S1) showing increases (B) at both 7 days and 21 days
post colitis induction (animal numbers: control, 6; TNBS 7 days, 6; TNBS 21 days, 5).
Immunostaining of phospho-CREB (C-E) demonstrated that phospho-CREB was expressed
in the nucleus of DRG neurons (arrows). Number counting of phospho-CREB in DRG
neurons (F) showed significant increases at 7 days and 21 days post colitis induction (animal
numbers: control, 4; TNBS 7 days, 4; TNBS 21 days, 3), confirming the western blot results
above. *, p<0.05. Calibration bar = 40 um. Representative microphotographs (C-E) are from

L1 DRGs.
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Figure 2. CREB activity was increased in bladder afferent neurons and was regulated by
endogenous BDNF post colitis

Immunostaining of DRG segments containing bladder afferent neurons (A and D, blue cells)
showed that CREB phosphoryaltion (B and E, red nuclear stain) was expressed in bladder
afferent neurons (C and F, purple cells indicated by arrows) in both control animals (A-C)
and animals treated with TNBS (D-F). CREB phosphorylation was increased in bladder
afferent neurons at 7 days and 21 days post colitis induction (G, animal numbers: control: 5,
TNBS 7 days, 4; TNBS 21 days, 4), which was reduced in BDNF*/~ rats (G, open bar, n=4).
The level of CREB phosphorylation in the DRG (L1-L2 and L6-S1) was also compared
between wildtype and BDNF*/~ rats by western blot (H, n=3) showing attenuation of CREB
phosphorylation by BDNF partial deletion in vivo. *, p<0.05 vs. control; #, p<0.05 vs TNBS
21 days. Calibration bar = 80 pm.
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Figure 3. PLCy expression was increased in bladder afferent neurons post colitis
Immunostaining showed that PLC-y expression (A and D, red cells) was expressed in

bladder afferent neurons (B and E, blue cells) in both control animals (A—C) and animals
treated with TNBS (D—F). PLCy expression was increased in bladder afferent neurons
(compare F to C, purple cells indicated by green arrows) at 7 days and 21 days post colitis
induction (G, animal numbers: control: 5, TNBS 7 days, 4; TNBS 21 days, 4). Western blot
confirmed that PLC+y expression was up-regulated in the DRG by colitis (H, n=3). *,
p<0.05. Calibration bar = 80 um.
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Figly_u_re 4. The expression level of phospho-Akt was not changed in bladder afferent neurons post
colitis

Immunostaining showed that a small population of phospho-Akt immunoreactivity (A and
D, red cells) was expressed in bladder afferent neurons (B and E, blue cells) in both control
animals and animals treated with TNBS (compare F to C). Western blot showed an up-
regulation of Akt phosphorylation (activation) in the DRG post colitis (G and H, n=3).
However, the number of bladder afferent neuron expressing phospho-Akt expression was not
changed at 7 days and 21 days post colitis induction (I, animal numbers: control: 5, TNBS 7
days, 4; TNBS 21 days, 4). Calibration bar = 60 pm. *, p<0.05.
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Figure 5. BDNF-induced CREB activity was mediated by TrkB and PLCvy
BDNF stimulation of cultured DRG explants for 5 or 10 min (n=5) resulted in an increase in

CREB phosphorylation (A and B). Treatment of DRG explants with TrkB inhibitor K252a
(C and D) blocked BDNF-elicited CREB phosphorylation (n=3). Treatment of DRG
explants with PLC-y inhibitor U73122 (C and D) also blocked BDNF-elicited CREB
phosphorylation (n=3). The inhibition experiments were done with BDNF treatment for 5
min. Segment-matched DRG explants were used as comparison. *, p<0.05 vs control. #,
p<0.05 vs BDNF treatment.
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Figure 6. Colitis increased CaMKII phosphorylation in the DRG which was associated with
phospho-CREB

Western blot of phospho-CaMKII (A) was performed to identify CaMKII activity level in
the whole DRG. Three CaMKII isoforms, namely a, B, and y were detected (A). Summary
data in B showed increases in p-CaMKII in the DRG at both 7 days and 21 days post colitis
induction (animal numbers: control, 6; TNBS 7 days, 6, TNBS 21 days, 5). Double
immunostaining of p-CaMKII (C, green cells) and p-CREB (D, red nuclear stain) from
colitis animals (7 days post colitis induction) showed co-localization of these two phospho-
proteins (E, green cells having red nuclear stain indicated by arrows). In cultured DRG
explants, CaMKII inhibitor KN-93 treatment reduced BDNF-induced CREB activity (F and
G, n=3). The inhibition experiments were done with BDNF treatment for 5 min. Segment-
matched DRG explants were used as comparison. *, p<0.05 vs control. #, p<0.05 vs BDNF
treatment. Calibration bar = 30 pm.
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Figure 7. Bladder hyperactivity was present at 21 days post colitis induction which was reduced
in BDNF*/~ rats

VSOP (A-C) showed that control rats excreted fewer times with larger volumes per drop
(A). TNBS treatment increased voiding frequency and reduced urine amount per drop (B),
reflecting bladder hyperactivity. Bladder hyperactivity was reduced in BDNF*/~ rats
receiving TNBS treatment (C). The number of urine drops were recorded in a 2-h window
(D). The average diameters of the urine spots were measured and calculated (E). Animal
numbers used: for wildtype: control, 6; TNBS 21 days, 5; for BDNF*/~ rats: total 8 animals
were analyzed. Two pairs (control and TNBS 21 days) were analyzed simultaneously in a
pair-matched manner. Additional 4 animals were examined before and post TNBS treatment.
There was no significant difference within each treatment group thus data were pooled). *,
p<0.05 vs control. #, p<0.05 vs TNBS in wildtype.
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Figure 8.

Schematic diagram illustrating the putative mechanism for a paracrine role of BDNF in the
regulation of colon-to-bladder cross-sensitization which is mediated by the PLCy-CaMKI|I-

CREB axis in bladder afferent neurons.
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