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Abstract

Background: Visceral hypersensitivity is a complex pathophysiological paradigm with unclear mechanisms. Primary afferent
neuronal plasticity marked by alterations in neuroactive compounds such as calcitonin gene-related peptide is suggested to
underlie the heightened sensory responses. Signal transduction that leads to calcitonin gene-related peptide expression
thereby sensory neuroplasticity during colitis remains to be elucidated.

Results: In a rat model with colitis induced by 2,4,6-trinitrobenzene sulfonic acid, we found that endogenously elevated
brain-derived neurotrophic factor elicited an up-regulation of calcitonin gene-related peptide in the lumbar LI dorsal root
ganglia. At seven days of colitis, neutralization of brain-derived neurotrophic factor with a specific brain-derived neurotrophic
factor antibody reversed calcitonin gene-related peptide up-regulation in the dorsal root ganglia. Colitis-induced calcitonin
gene-related peptide transcription was also inhibited by brain-derived neurotrophic factor antibody treatment. Signal trans-
duction studies with dorsal root ganglia explants showed that brain-derived neurotrophic factor-induced calcitonin gene-
related peptide expression was mediated by the phospholipase C gamma, but not the phosphatidylinositol 3-kinase/Akt or
the mitogen-activated protein kinase/extracellular signal-regulated protein kinase pathway. Application of PLC inhibitor
U73122 in vivo confirmed that colitis-induced and brain-derived neurotrophic factor-mediated calcitonin gene-related pep-
tide up-regulation in the dorsal root ganglia was regulated by the phospholipase C gamma pathway. In contrast, suppression
of the phosphatidylinositol 3-kinase activity in vivo had no effect on colitis-induced calcitonin gene-related peptide expres-
sion. During colitis, calcitonin gene-related peptide also co-expressed with phospholipase C gamma but not with p-Akt.
Calcitonin gene-related peptide up-regulation during colitis correlated to the activation of cAMP-responsive element binding
protein in the same neurons. Consistently, colitis-induced cAMP-responsive element binding protein activation in the dorsal
root ganglia was attenuated by brain-derived neurotrophic factor antibody treatment.

Conclusion: These results suggest that colitis-induced and brain-derived neurotrophic factor-mediated calcitonin gene-
related peptide expression in sensory activation is regulated by a unique pathway involving brain-derived neurotrophic factor-
phospholipase C gamma-cAMP-responsive element binding protein axis.
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Background

Visceral hypersensitivity is manifested by heightened sen-

sory responses to visceral organ stimulation.! Improper
signaling in the viscera modulates sensory activity by
regulating neurotransmitter production and release,
resulting in chronic neuroplasticity of the primary
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sensory afferents in the dorsal root ganglia (DRG) and
spinal cord.>? The increased sensory activity and altered
neurotransmission is often accompanied by changes in
the levels of neuropeptides and ion channels in the sen-
sory reflex pathway which in turn play crucial roles in the
development and maintenance of visceral pain.*’
Calcitonin-gene related peptide (CGRP) is one of the
most important nociceptive markers in the control of
pain and inflammation”®’ and is most extensively stu-
died in the trigeminal ganglia and DRG in migraine
pathophysiology and peripheral and visceral pain.®? In
adult rat DRG, about half of the primary sensory popu-
lations are peptidergic that are marked by CGRP;'%!!
69% of CGRP visceral afferent neurons express nerve
growth factor (NGF) high affinity receptor TrkA.'?
CGRP expression in the DRG can be regulated by retro-
grade NGF signaling emanating from the inflamed
visceral organ."”> CGRP is also colocalized with brain-
derived neurotrophic factor (BDNF) high affinity recep-
tor TrkB in the lumbar and sacral (L1 and S1) DRG,
and the number of DRG neurons coexpressing these two
molecules is increased in colitis.” These reports indicate a
positive correlation of BDNF action and CGRP expres-
sion. Indeed, exogenous BDNF treatment increases the
number and density of CGRP fibers in the spinal cord.'*
A significant interaction of BDNF and CGRP is also
implicated in migraine susceptibility in patients.'’

BDNF is an important neuromodulator in pain trans-
duction by strengthening excitatory (glutamatergic) syn-
apses.'®!” BDNF protein is localized mostly in the
primary sensory nociceptors and is stored in dense core
vesicles, possibly released in response to nociceptor activ-
ity.'®2° It has been demonstrated that acute intrathecal
injection of BDNF could decrease the nociceptive thresh-
old (i.e. hyperalgesia) in the rat,?' implicating an essen-
tial role of BDNF in the initiation of pain process. By
binding to TrkB, BDNF initiates signal cascades includ-
ing activation of three major signaling pathways: the
extracellular signal-regulated protein kinase (ERK)
pathway, the phosphatidylinositol 3-kinase (PI3K)/Akt
pathway, and the phospholipase C gamma (PLCy) path-
way. Activation of these pathways ultimately regulates
gene transcription and protein production thereby mod-
ulating cellular physiology. The active form of ERK (i.e.
ERK1/2, ERKY) and PI3K/Akt can directly phosphor-
ylate transcription factor cAMP-responsive element
binding protein (CREB) at the serine 133 site and
enhance CREB transcriptional activity.”*** Activation
of the PLCy pathway leads to Ca*" and Na™ influx
through the activation of ion channels, Ca®" release
from stores, and further leads to Ca®"-dependent
kinase activity and CREB phosphorylation and
activation.”*

CREB is a transcription factor that regulates an esti-
mated 4000 genes in humans and has been found to be

involved in the perpetuation of neuropathic, inflamma-
tory, and muscle pain.?>?® This transcription factor is
demonstrated to be extensively involved in synaptic plas-
ticity and long-term potentiation and is commonly used
as a marker for pain-related neuronal changes.”> The
CGRP promoter contains a cAMP-responsive element,
and CGRP expression is regulated by CREB-mediated
transcription.’®?! Taken together, it is likely that CGRP
expression level is modulated by CREB activity level in
the primary afferent neurons.

Our previous study demonstrates that BDNF appli-
cation in DRG mass culture elicits an increase in CGRP
expression which is mediated by TrkB.” To further exam-
ine the interplay of BDNF and CGRP, and their explicit
roles in sensory activation during visceral inflammation,
the present study is undertaken to investigate the intra-
cellular signaling pathways initiated by BDNF in vivo in
colitis and examine which pathway(s) are responsible for
BDNF-initiated CGRP expression. Using an experimen-
tal colitis model induced by 2,4,6-trinitrobenzene sul-
fonic acid (TNBS), we show that endogenously
elevated BDNF contributes to the induction of CGRP
expression. CGRP production in vivo and in vitro is
attenuated by suppression of the PLCy pathway but
not the PI3K/Akt pathway, revealing a unique signaling
cascade in the regulation of CGRP expression. Our find-
ings will increase the understanding of the molecular
mechanisms of visceral hypersensitivity as a result of vis-
ceral inflammation.

Materials and methods
Experimental animals

Adult male Sprague-Dawley rats (150-200g) (Harlan
Sprague Dawley, Inc.) were used in the current studies.
All experimental protocols involving animal use were
approved by the Institutional Animal Care and Use
Committee of Virginia Commonwealth University
(TACUC#: AM10315). Animal care was in accordance
with the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC) and National
Institutes of Health guidelines. All efforts were made to
minimize the potential for animal pain, stress, or distress.

Induction of colonic inflammation

To induce inflammation in the distal colon, fasted rats
were anesthetized and TNBS (Sigma—Aldrich Co. LLC)
was instilled into the lumen of the colon 6 cm proximal to
the anus at a single dose of 90 mg/kg (60 mg/mL solution
in 50% EtOH) through a syringe-attached polyethylene
catheter. Animals that received similar volume of 50%
EtOH enema or saline served as control. All colonic
instillations were performed under isoflurane anesthesia
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(2.5%, SurgiVet, Smiths Medical PM, Inc. Waukesha,
WI). Euthanasia of animals was performed on either
day 3 (termed as three days of colitis) or day 7 (termed
as seven days of colitis) after a single dose of intracolonic
instillation of TNBS. To ensure exposure of the distal
colon to TNBS, rats were held head-down by lifting up
the tail for 1 min.

Tissue harvesting

For immunostaining, intracardiac perfusion was per-
formed for euthanasia of animals. Under anesthesia
(3%—4% isoflurane), animals were euthanized via perfu-
sion first with oxygenated Krebs buffer (pH 7.4) (95%
0,, 5% CO,) followed by 4% paraformaldehyde. After
perfusion, the DRGs were quickly removed and post-
fixed for 6 h. Tissue was then rinsed in phosphate buf-
fered saline (0.1 M PBS, pH 7.4) and placed in ascending
concentrations of sucrose (20 %) for cryoprotection. For
Western blot and culture, DRGs were freshly dissected
out and either homogenized or processed to extract
DRG explants.

DRG explants culture

The segment-matched DRG pairs from L1 level were
freshly isolated from naive animals. After peeling off
the surrounding membrane that wrapped the ganglion,
these DRGs were acutely cultured in Dulbecco’s
Modified Eagle Medium for 24 h before treatment. To
study the effect of BDNF, one DRG explant was treated
with BDNF (50ng/mL, EMD Millipore Corporation)
for designated time point. The contralateral DRG
served as control. To study the effect of a specific inhibi-
tor, one DRG was treated with BDNF plus inhibitor and
the contralateral served as control by receiving treatment
of BDNF and vehicle (DMSO). The inhibitor and vehi-
cle were added to the culture 1h prior to BDNF
treatment.

Immunostaining

DRGs were sectioned at a 20 pm thickness and processed
for on-slide immunostaining. Primary antibodies used
were mouse anti-CGRP (1:2000, Abcam), rabbit anti-
phospho-CREB  (1:1000, Cell Signaling), rabbit
anti-phospho-Akt (1:500, Cell Signaling), and rabbit
anti-PLC-y  (1:1500, Santa Cruz Biotechnology).
The specificity of these antibodies had been carefully
characterized in our previous studies.”'* The secondary
antibodies used were Cy3- or Alexa 488-conjugated spe-
cies-specific antibody. The final product of the slides was
coverslipped with Citifluor (Citifluor Ltd., London) and
viewed under a Zeiss fluorescent photomicroscope.
Immunoreactive positive cells were counted in 6 to 10

sections randomly chosen from each ganglion and aver-
aged as one sample. The area of section containing cells
(excluding the area containing fibers) was selected using
free-line tools integrated in the AxioVision measurement
software (Carl Zeiss, Inc.) and was measured as mm?>.
The number of positively stained cells was normalized
against the measured area and expressed as number
cells per mm?”. This method of quantification has been
validated in our previous studies.'*> To avoid double
counting, we chose every third section for one specific
antibody stained.

Western blot

Ganglia were homogenized in T-Per solution (Pierce
Biotechnology, Rockford, IL) with addition of protease
and phosphatase inhibitor cocktails (Sigma). Proteins
were denatured in an equivalent amount of Laemmli
Sample Buffer (Bio-Rad) and were separated on a 10%
SDS-PAGE gel and transferred to a nitrocellulose mem-
brane using Trans-Blot Turbo (Bio-Rad). The membrane
was blocked using 5% milk in Tris-buffered saline, and
incubated at 4°C with primary antibody against phos-
pho-CREB (1:1000, Cell Signaling). A horseradish per-
oxidase-conjugated secondary antibody (1:2000, Cell
Signaling) and enhanced chemiluminescence system was
used to visualize immunoreactive bands. For endogen-
ous control, the same membrane was stripped and re-
incubated with antibody against total CREB (1:1000,
Cell Signaling), or B-actin (1:5000, Sigma). The densito-
metric quantification of immunoreactive bands was per-
formed using the software FluorChem 8800 (Alpha
Innotech, San Leabdro, CA).

RNA extraction and quantitative real-time PCR

Total RNA was extracted using a RNA extraction kit
RNAqueous (Ambion, TX). RNA concentration was
determined spectrophotometrically. cDNA was synthe-
sized using High Capacity cDNA  Reverse
Transcription Kit (Applied Biosystems, ABI) under
manufacturer’s instruction. Specific Tagman probes
were used in real-time PCR quantification. B-actin was
used as an endogenous control. The changes in the target
genes were normalized against the endogenous control
and were calculated to express fold changes using
2722 method.

Drug treatment

Animals received antagonists via intravenous (i.v.)
injection. Antagonists used in this study were BDNF
neutralizing antibody (36 pg/kg body weight, Santa
Cruz Biotechnology, Inc.),!” PLC inhibitor U73122
(1mg/kg body weight, Calbiochem-EMD Millipore
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Corporation),® and PI3K inhibitor LY 294002
(50 pg/kg body weight, Calbiochem-EMD Millipore
Corporation).'” A single dose of antagonist was injected.
When animals were examined on day 3 post colitis induc-
tion, the antagonist was injected on the same day and
post TNBS treatment. When animals were examined at
day 7 post colitis induction, the antagonist was injected
on day 3 after colitis induction. Both U73122 and
LY294002 solution were prepared by dissolving in
DMSO as stock and then diluting in saline for injection.
Animals control to drug treatment received either the
same amount of control IgG (to anti-BDNF) or
DMSO (to pharmacological inhibitors). The treatment
designs for each drug were customized by us through
preliminary studies.

Data analysis

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

Results

Inhibition of BDNF in vivo attenuated
CGRP expression in DRG during colitis

The excitatory neurotransmitter CGRP immunoreactiv-
ity is up-regulated in TrkB-expressing DRG neurons at
seven days of colitis; this suggests an association of the
BDNF/TrkB system and CGRP expression in the DRG.
We have shown that the endogenous BDNF levels are
increased in DRG neurons during colitis,'” and BDNF
has a paracrine role in regulating DRG neuronal activ-
ity.>* To examine whether BDNF regulates CGRP
expression in the DRG in vivo, we injected BDNF necu-
tralizing antibody to animals with colitis to block the
endogenous BDNF action. We chose the L1 DRG seg-
ment to study because both CGRP mRNA and protein
levels were up-regulated in this segment during colitis, in
a time-dependent manner, i.e., CGRP mRNA levels were
the highest at three days of colitis and CGRP protein
levels were peaked at seven days of colitis,? thus these
time points were examined (Figure 1). Consistently in the
current study, colitis also increased the level of CGRP
protein in L1 DRG at day 7 following TNBS treatment;
this increase was not affected by normal IgG intervention
(Figure 1: ompare 1(b) to 1(a); summary data shown in
Figure 1(d)), however, was attenuated by anti-BDNF
treatment (Figure 1: compare 1(c) to 1(b); summary
data shown in Figure 1(d)). To examine whether
endogenous BDNF had a role in regulating CGRP

transcription, we performed qPCR of CGRP.> Our
results showed that BDNF also had a role in regulating
CGRP mRNA levels in the DRG during colitis. The
relative levels of CGRP mRNA were increased in
TNBS-treated animals that received control IgG when
compared to IgG-treated control animals (Figure 1(e)).
BDNF neutralization blocked colitis-induced CGRP
transcriptional up-regulation (Figure 1(¢)).

BDNF increased CGRP expression
through the PLCy pathway

To examine the mechanism of action of BDNF in CGRP
expression in the DRG, we used an ex vivo approach
by incubating segment-matched DRG explants pair
with or without BDNF (Figure 2(a): without BDNF;
Figure 2(b): with BDNF). Our results showed that
exogenous BDNF (50 ng/mL) elicited a two-fold increase
in CGRP immunoreactivity in the DRG after 16 h incu-
bation (Figure 2(c)). To examine whether BDNF also
regulated CGRP mRNA levels, we performed a time-
course study in order to catch the window of the
CGRP transcriptional activity prior to mRNA transla-
tion. We showed that BDNF indeed increased CGRP
transcription, but in a time-dependent manner
(Figure 2(d)). We then examined the signal transduction
pathways that could mediate BDNF-regulated CGRP
up-regulation. Specific inhibitors were used, including
PD98059 (5uM) to block the mitogen-activated protein
kinase/extracellular signal-regulated protein kinase
(MEK/ERK) pathway, LY294002 (5uM) to block the
PI3K/Akt pathway, and U73122 (SuM) to block the
PLC/Ca®" pathway. Pair-matched DRG explants were
pre-treated with either vehicle or the specific inhibitor for
1 h, followed by BDNF treatment of both DRGs for add-
itional 16 h. Our results showed that pre-treatment of the
DRG with PLC inhibitor U73122 reduced CGRP immu-
noreactivity caused by BDNF (Figure 3(a)—(c)). In con-
trast, both LY294002 (Figure 3(d)—(f)) and PD98059
(Sigma) (Figure 3(g)—(i)) were unable to block BDNF-
induced CGRP expression in the DRG which resulted in
a similar amount of CGRP immunoreactivity in the
DRG pairs treated by BDNF (plus vehicle)
(Figure 3(d) and (g)) or BDNF plus inhibitors (Figure
3(e) and (h)), respectively.

Inhibition of PLC but not PI3K in vivo attenuated
colitis-induced CGRP expression in DRG

We next examined whether the PLCy pathway was also
involved in CGRP up-regulation in the L1 DRG in the
in vivo model of colitis. Our published results showed
that PLCy expression and Akt phosphorylation were up-
regulated in the DRG at seven days of colitis.>* Here we
showed that on day 7 post colitis induction, coexpression
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Figure 1. Colitis-increased CGRP expression in LI DRG was blocked by BDNF neutralization. TNBS treatment increased CGRP

immunoreactivity in LI DRG in the presence of normal IgG (A, B, and D). BDNF antibody treatment of colitis animals reduced CGRP
immunoreactivity when compared to colitis (B, C, and D). TNBS treatment also increased CGRP mRNA levels examined by real-time PCR
in LI DRG in the presence of normal IgG (E). BDNF antibody treatment reduced CGRP mRNA level in colitis (E). Bar = 60 pm. *p < 0.05;

*p <0.01. n=4-6 animals for each group.

of CGRP (Figure 4(a), green cells) and PLCy
(Figure 4(b), red cells) was increased in the L1 DRG
(Figure 4(d)), however, CGRP was scarcely colocalized
with p-Akt (Figure 4(e)—(h)). Administration of the PLC
specific inhibitor U73122 to animals with colitis signifi-
cantly reduced the number of L1 DRG neurons express-
ing CGRP immunoreactivity (Figure 5(a)—(c)). In
contrast, administration of the PI3K inhibitor
LY294002 had no effect on CGRP expression level in
the DRG when compared to colitis (Figure 5(d)—(f)).
As for the ERK pathway, our earlier studies showed
that the ERK1/2 activity was not affected in the DRG
by colitis.” Figure 3 also demonstrated that the

MEK/ERK pathway was not involved in BDNF-
induced CGRP expression in culture. Thus, we did not
perform the in vivo test of PD98059 on colitis-induced
CGRP expression.

Up-regulation of CREB activity was associated
with BDNF-induced CGRP up-regulation
in DRG during colitis

The transcription factor CREB acts as a molecular
switch in neuronal plasticity and is activated dependent
of Ca*". To examine whether BDNF has a role in CREB
activation in DRG during colitis, we examined the
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Figure 2. Exogenous BDNF increased CGRP expression in DRG explants. One ganglion of the ganglia pair was treated with BDNF
(50 ng/mL), and the contralateral was used as control. CGRP immunoreactivity was examined and compared within the pairs (A, B). BDNF
treatment elicited an up-regulation of CGRP immunoreactivity in the DRG after treatment for 16 h (C). Bar =60 pm. Time course studies
showed that BDNF treatment also increased the levels of CGRP mRNA in the DRG (D). *p < 0.05. n=3 independent experiments.

phosphorylation (activation) level of CREB (p-CREB
Ser'*) in the DRG during colitis and post anti-BDNF
treatment (Figure 6). At seven days of colitis, the level of
p-CREB was increased in the L1 DRG examined by
immunohistochemistry  (compare Figure 6(b)—(a),
arrows show nuclear staining), and Western blot when
both total CREB and B-actin were used as internal con-
trols (Figure 6(e); summary data Figure 6(f)).
Neutralization of BDNF action in vivo attenuated

colitis-induced CREB activation in the DRG (compare
Figure 6(c)—(b), Figure 6(d)—(f)), suggesting that CREB
served as a downstream mediator in BDNF signaling
cascade in DRG during colitis.

Since both CGRP and p-CREB were up-regulated
during colitis and both CGRP and p-CREB were
regulated by BDNF (compare Figure 6(a)-(d) to
Figure 1(a)—(d)), we next examined the association of
CREB activation and CGRP expression in DRG
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Figure 3. BDNF-induced CGRP expression was mediated by the PLCy pathway but not by the PI3K/Akt or the MEK/ERK pathway. The
ganglia pairs were pre-treated with vehicle plus BDNF (A, D, G), or one of the inhibitors against the PLCy pathway (B, C: U73122), the
PI3K/Akt pathway (E, F: LY294002), or the MEK/ERK pathway (H, I: PD98059) followed by BDNF treatment for 16 h (B, E, H). CGRP
immunoreactivity was then examined and compared in these ganglia pairs (C, F, I). U73122 (C) pre-treatment blocked BDNF-facilitated
CGRP expression in DRG. LY294002 (F) and PD98059 (I) pre-treatment did not affect the level of CGRP in the ganglia induced by BDNF.
Bar =80 um. *p < 0.05. Results were from four independent experiments for each treatment.
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Figure 4. Increases in the co-localization of CGRP with PLCy but not phospho-Akt in LI DRG during colitis. Double immunostaining
showed that a subpopulation of CGRP cells (A, green cells indicated by white arrows) also expressed PLCy (B, red cells). In contrast, very
few CGRP cells expressed phospho (p)-Akt (E-G, yellow arrows indicated CGRP cells, blue arrows indicated p-Akt cells). TNBS treatment
of animals increased the number of DRG neurons co-expressing CGRP and PLCy (D) but had no effect on the number of cells co-

expressing CGRP and p-Akt (H). Bar = 60 um. *p < 0.05. n =4 animals in each group.
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Figure 5. Inhibition of PLCy but not PI3K/Akt attenuated colitis-induced CGRP expression in LI DRG. Animals were induced for colitis
followed by treatment with either vehicle (A, D), or specific inhibitors against PLC (B: U73122) or PI3K (E: LY294002). CGRP immu-
noreactivity was examined in LI DRG from all animals. Colitis-induced CGRP expression was attenuated by inhibition of the PLCy pathway
(C). However, suppression of the endogenous PI3K activity with LY294002 had no effect on CGRP expression level evoked by colitis (F).
Bar =80 um. *p < 0.05. n =3 animals for each group.
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Figure 6. BDNF immuno-neutralization reduced the level of CREB phosphorylation in LI DRG during colitis. The number of phospho
(p)-CREB immunoreactive neurons was significantly higher in LI DRG from animals treated with TNBS in the presence of control IgG
(compare A and B). BDNF neutralization reduced colitis-induced increases in p-CREB expression (C and D). Western blot confirmed the
effects of BDNF antibody in reducing CREB phosphorylation in colitis when both total CREB, and [3-actin were used as internal control (E
and F). Bar = 60 um. *p < 0.05. n =4-5 animals for each group.



Hashmi et al.

during colitis. Colocalization study showed that a sub-
population of DRG neurons coexpressed both CGRP
(Figure 7(a), (d), green cells) and phospho-form
of CREB (Figure 7(b), (e), red nuclear staining).
The majority of CGRP neurons contained p-CREB
(Figure 7(c), (f), (g) white arrows); however, not all p-
CREB positive cells had CGRP (Figure 7(c), (f), (g),
yellow arrows) in both control (Figure 7(a)-(c)) and
TNBS-treated groups (Figure 7(d)—(e)). At seven days
of colitis, the number of DRG neurons expressing both
CGRP and p-CREB was increased in the L1 DRG
(Figure 7(h)), suggesting a parallel up-regulation of
these two molecules in DRG during colitis.

Discussion

The present study demonstrates that the PLCy pathway
is a unique pathway downstream of BDNF in colitis-
induced CGRP expression in DRG. CGRP is an excita-
tory neurotransmitter that marks the nociceptive activity
of the primary sensory neurons. During colitis, CGRP
transcripts and protein levels alter dynamically in a time-
dependent manner in the lumbar and sacral DRG due to
their production and release.>>> It is important but not
yet understood how CGRP production in DRG is regu-
lated. Extended from our previous study showing that
TNBS colitis caused an up-regulation of CGRP tran-
scripts and protein levels in L1 DRG, and CGRP co-
expressed with BDNF high affinity receptor TrkB,*’
we examined the role of endogenous BDNF in CGRP
expression during colitis. The hypothesis of BDNF regu-
lation of CGRP during colitis is based on the following
observations: (1) BDNF protein up-regulation in the
DRG is at the same time block (i.e. three days of colitis)
with CGRP mRNA up-regulation and is prior to CGRP
protein up-regulation (i.e. seven days of colitis),>'” and
(2) BDNF increases CGRP expression in DRG neuronal
culture which is blocked by inhibition of high affinity
BDNF receptor TrkB.” Expanding on these in vitro stu-
dies,”'* the present study demonstrated that BDNF
action in vivo also regulated CGRP expression in
DRG examined in the colitis model. Among the three
major signaling pathways downstream of BDNF/TrkB,
the PLCy pathway was found to be involved in CGRP
up-regulation, while the MEK/ERK and PI3K/Akt
pathway were not. This conclusion was confirmed in cul-
ture and in vivo, suggesting a unique role of PLCy in
mediating the activity of CGRP-containing nociceptors
during colitis. Additional study showed that Ca®"-sensi-
tive transcription factor CREB activity was also
regulated by BDNF and was associated with CGRP
up-regulation in the DRG during colitis. These findings
further strengthen the importance of PLCy-Ca”" axis in
BDNF action and colitis-associated nociceptive
transmission.

PLC is a class of enzymes that cleave phospholipids
such as PtdIns(4,5)P2 to produce the secondary messen-
ger inositol trisphosphate (IP3). Six isotypes of PLC: B,
v, 0, &, £, n are identified according to their structures
and functions in signal transduction. PLCy is down-
stream of receptor tyrosine kinase and is responsive to
neurotrophin/Trk action. In the neuronal system, PLCy
is well characterized for its role in BDNF-initiated long-
term potentiation, synaptic plasticity, and remodeling.*®
The function of PLCy is carried on by IPs-facilitated
Ca*" release from the intracellular store, and/or diacyl-
glycerol/protein kinase C-modulated ion channel activity
leading to Ca>" influx, thereby increasing the intracellu-
lar Ca** ([Ca®™];) level and the activity of Ca**-depend-
ent pathways.?”*® Subsequently, the transcription factor
CREB, which activity is dependent on Ca’* levels, will
undergo trafficking and phosphorylation, and promote
gene transcription.®® One of the genes targeted by CREB
is CGRP.” Indeed, CREB activation and CGRP up-
regulation in DRG during colitis are parallel and coex-
isting in the same neurons, and both are regulated by the
BDNF-PLC cascade.

CREB can also be activated by a number of other
kinases including the Ca*"/CaM-dependent kinase II,
PKA, MAPK, and Akt* and is involved in other gene
expression in addition to CGRP.*' Although Akt and
CREB activation are correlated in cancer cells** and
can be activated by growth factors,*® in the present
study, we show that phospho-Akt does not colocalize
with CGRP in DRG neurons even though the level of
phospho-Akt was also increased in the DRG during col-
itis,>* thus it is unlikely that the Akt pathway directly
regulates CGRP expression in the DRG neurons. One
explanation is that the PI3K/Akt pathway may activate
CREB in non-CGRP neurons. This is true that a large
number of p-CREB positive cells do not express CGRP
(Figure 7) while most of the CGRP neurons have p-
CREB. This suggests that p-CREB could have multiple
roles in the DRG by not only regulating CGRP but also
regulating other molecules.

In addition to the BDNF-PLCy pathway, CGRP
expression can also be regulated by other signaling in
the DRG. ERKS5 is a novel member of the ERK family
that is sensitive to cytokine, stress, and mitogenic factors.
The phosphorylation level of ERKS5, not the ERK1/2, is
reported to increase in DRG during colitis.” Activation
of ERKS is a key pathway in retrograde NGF-induced
sensory neuronal survival response.*” In culture, preven-
tion of ERKS activity attenuates retrograde NGF-
induced CGRP up-regulation in DRG neuronal
soma.”? Up-regulation of NGF in the inflamed distal
colon and retrograde transport of TrkA to DRG neur-
onal cell body may facilitate this interaction and also
contribute to CGRP up-regulation in DRG."** The
interplay between NGF and CGRP pathways has long
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Figure 7. Correlation of CREB phosphorylation and CGRP expression in LI DRG during colitis. Double immunostaining showed that
CGRP expression (A, D: green cells) was largely colocalized with phospho (p)-CREB (B, E: red nuclear staining) in LI DRG in both control
(A—C) and seven days of colitis animals (D—F). The merged microphotograph (C, F) showed green CGRP cells having red p-CREB nuclear
stain (white arrows). Colitis increased the number of DRG cells expressing both CGRP and p-CREB (H). Bar = 60 um in A-F; 20 um in G.
*p < 0.05. n=5 for each control and TNBS treatment.
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Figure 8. Schematic diagram illustrates the putative mechanism
for BDNF signaling in mediating CGRP expression in DRG.
Endogenously elevated BDNF in sensory neurons upon visceral
inflammation (colitis in the present study) binds to TrkB and acti-
vates the PLCy pathway which leads to Ca®" mobilization and
Ca®" dependent CREB phosphorylation. Activity of CREB further
contributes to CGRP up-regulation in primary afferent neurons.

been suggested. The peptidergic DRG neurons contain
both CGRP and TrkA. CGRP mRNA in DRG was also
decreased in TrkA ™/~ mice as well as in NGF-deprived
DRG explants.*> Some of the DRG neurons that contain
CGRP also contain TrkB thus are also responsive to
BDNF. These results suggest that CGRP as a nocicep-
tive marker can be regulated by a number of modulators
synergistically to fine-tune the activity of the sensory
neurons. Other factors such as cytokines, purinergic
system, and glutamate and receptors may also have
roles in CGRP expression due to their ability in regulat-
ing the Ca®" pathway. The cytokine Activin is able to
increase CGRP expression in sensory neurons in culture
and in vivo after peripheral inflammation.*®*’

Visceral hypersensitivity is a highly complex entity
that can occur due to hyperexcitability of the primary
sensory afferents in DRG. Aberrant levels of neurochem-
ical compounds within DRG neurons are critical com-
ponents in modulating neuronal excitability. CGRP is
highly recognized for its neurotransmitter nature in med-
iating sensory activity and central sensitization in the
spinal cord®’” and is widely considered as a nociceptive
marker.®*® Mice lacking CGRP or receiving pharmaco-
logical inhibition of CGRP activity do not develop
hyperalgesia or central neuropathic pain after inflamma-
tion.*> Conversely, mice receiving intrathecal CGRP
peptide exhibit nociceptive behavior.”>* In regard to
visceral hypersensitivity induced by TNBS colitis,
CGRP expression is increased in the lumbar L1 DRG,?
and inhibition of endogenous CGRP activity reduces vis-
ceral hypersensitivity.” As of today, limited studies have

been implemented to investigate the mechanism of
CGRP generation in sensory neurons. The present
study combined in vivo and in vitro techniques and sys-
temically explored the signal transduction that mediates
CGRP expression in primary sensory neurons. Through
these studies, we conclude that in TrkB-expressing cells,
CGRP is regulated by a paracrine action of endogenous
BDNF through a unique pathway involving PLCy and
CREB (Figure 8). CGRP expression in other cell popu-
lations can be modulated by different factors such as
NGF/TrkA and cytokines. These results suggest that
blockade of a single pathway may be necessary but
may not be sufficient to decrease nociception during vis-
ceral inflammation.
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