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Abstract

Nerve growth factor (NGF) is reportedly involved in the changes in C-fiber bladder afferent
pathways that induce detrusor overactivity (DO) following spinal cord injury (SCI). This study
examined the roles of NGF in TRP channel expression in bladder afferent neurons in mice with
SCI using laser-capture microdissection (LCM) methods. Spinal intact (SI) and SCI mice were
divided into 3 groups: (1) SI with vehicle treatment; (2) SCI with vehicle treatment; and (3) SCI
with anti-NGF antibody. Two weeks after SCI, an osmotic pump was placed subcutaneously into
the back of the mice and vehicle or anti-NGF antibody was administered at a rate of 10 pg/kg per
hour for two weeks. Four weeks after SCI, the L6 dorsal root ganglia (DRG) were removed.
Expression of the TRPV1, TRPC1, TRPC3, and TRPC6 genes was analyzed using real-time
polymerase chain reaction (PCR) following LCM of the bladder afferent neurons, which were
labeled by Fast Blue injected into the bladder wall 1 week prior to tissue removal. The mRNA
expression of TRPV1 was found to be higher in vehicle-treated SCI mice than in SI mice. The
expression level of TRPC3 and TRPC6 in vehicle-treated SCI mice was lower than in SI mice.
However, in SCI mice treated with anti-NGF antibody, the mRNA expression of TRPV1 was
lower, and the mRNA levels of TRPC3 and TRPC6 were higher than in vehicle-SCI mice. These
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results suggest that the NGF-dependent changes in specific TRP channel genes, such as TRPV1,
TRPC3, and TRPCS, could be involved in SCI-induced afferent hyperexcitability and DO.
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Introduction

NGF is reportedly involved in changes in C-fiber bladder afferent pathways and induces
detrusor overactivity (DO) following spinal cord injury (SCI) [1, 8, 13] Research in rats and
mice indicates that NGF is overexpressed in the bladder and spinal cord following SCI and
is involved in the emergence of neurogenic lower urinary tract dysfunction (LUTD) [8, 9,
14]. It has been proposed that afferent nerves in the bladder take up NGF and transport it to
the dorsal root ganglia (DRG), where it alters the expression of ion channels and receptors
and induces hyperexcitability of C-fiber bladder afferent pathways, which in turn initiate
neurogenic LUTD [1, 12, 15].

The expression of TRP channels such as TRPV1 is known to be involved in the sensitization
of C-fiber afferent pathways. Additionally, TRPC channels such as TRPC1, TRPC3, and
TRPCS6 are expressed in DRG neurons [2], though their role in the control of bladder
afferent function is unclear. Therefore, we investigated the effects of anti-NGF antibody
treatment on TRP channel expression in laser-captured bladder afferent neurons using SCI
mice.

Materials and methods

Ethical approval

All animal experiments were conducted in accordance with the ARRIVE and National
Institutes of Health guidelines and approved by the Institutional Animal Care and Use
Committees (IACUC) (Protocol approval #15086776).

Animal preparation

A total of 25 9- to 10-week-old female C57BL/6N mice (Envigo, Frederick, MD) weighing
between 18 and 22 g were used. SCI mice underwent complete transection at the thoracic
8/9 level of the spinal cord after induction of anesthesia by intraperitoneal (i.p.) injection of
pentobarbital (50 mg/kg) according to methods described previously [3, 6, 7]. SCI animals
were treated with ampicillin (100 mg/kg, subcutaneously) once daily for 5 days post-SCI
followed by twice per week injections until final experiments to prevent urinary tract
infection. The bladders of SCI animals were emptied by manual bladder compression and
perineal stimulation daily for 4 weeks post-SCI. Spinal intact (SI) mice underwent a sham
operation without spinal cord transection, and received the antibiotic treatment with
ampicillin once daily for 5 days after surgery. SI and SCI mice were then divided into 3

Neurosci Lett. Author manuscript; available in PMC 2019 September 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shimizu et al.

Page 3

groups: (1) spinal intact group (SI, n = 8); (2) spinal cord injury group (SCI, n = 7); and (3)
SCI group treated with anti-NGF antibody (NGF-Ab) (SCI+NGF-Ab, n = 10).

Two weeks after SCI, an osmotic pump (#1002, Alzet Osmotic Pumps, Cupertino, CA) was
placed subcutaneously under the skin on the back of the animal to continuously administer
vehicle to the SI and the SCI groups and 10 ug/kg per hour of anti-NGF antibody (#L148M,
Exalpha Biologicals Inc., Shirley, MA) to the SCI+NGF-Ab group for two weeks. The
dosage of the antibody was determined according to previous studies [8, 11, 14] as well as
our own preliminary experiments. Four weeks after SCI, the L6 DRG were removed fresh
and stored at —80°C until use. Gene expression of TRPV1, TRPC1, TRPC3, and TRPC6 in
bladder afferent neurons was analyzed by real-time PCR. The bladder afferent neurons were
labeled with Fast Blue (1.8% w/w, Poly Sciences Inc., Warrington, PA), which was injected
into the bladder wall using a 31-gauge Hamilton syringe 1 week prior to tissue removal.

(Fig. 1).

LCM and Real-Time PCR

L6 DRGs were embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek USA, Torrance,
CA) and stored at =80 °C until use. Samples were sectioned at a thickness of 10 um and
mounted on PEN membrane slides (Leica Microsystems, Wetzlar, Germany). Tissue sections
were dipped sequentially in 75%, 95%, and 100% ethanol for 30 s each, followed by xylene
for 2 min. The sections were then air-dried. LCM was performed using an LMD6000 (Leica
Microsystems) to dissect the FB-labeled bladder afferent neurons (Fig. 2). Excised cells
were individually captured in the caps of 0.5 mL Eppendorf tubes and lysed. RNA isolation
was performed using an RNeasy® Plus Micro Kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. Real-time PCR was performed using the MX3000P system
(Stratagene, La Jolla, CA). The primers sequences used were as follows: Actb
(NM_007393.5; forward primer: GCCCTGAGGCTCTTTTCCAG,; reverse primer:
TGCCAC AGGATTCCATACCC); TRPV1 (NM_001001445.2; forward primer:
TACTTTTCTTTGTACAGTCACT; reverse primer: TCAATCATGACAGCATA GAT);
TRPC1 (NM_011643; forward primer: GCGAACAGCAAAGCAATGAC; reverse primer:
GATGTACCAGAACAGAGCAAAGCA); TRPC3 (NM_019510; forward primer:
GGAGAGCGATCTGAGCGAAGT; reverse primer: GGGAGCCATTTGTCTCTAGCA);
and TRPC6 (NM_013838; forward primer: ACTACATTGGCGCAAAACAGAA; reverse
primer: AGAAAGACCAAAGATAGCCCAGAA). The cycle conditions comprised a 10-min
polymerase activation and 45 cycles of denaturation at 95 °C for 15 s, annealing at 55 °C for
30 s, and extension at 72 °C for 30 s followed by dissociation from 55 °C to 95 °C. The
reactions were performed in triplicate and the relative quantities of mMRNA were normalized
to the neuronal cell control gene s-actin (Actb). Real-time PCR data were analyzed by the
DCp (difference in crossing points) method as R=2" (Cp sample - Cp control) to generate
the relative expression ratio (R) of each target gene relative to that of Actb. We also
determined the specificity of the cDNA using real-time PCR to verify that our primer/probe
sets did not amplify genomic DNA.
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Statistical analysis

Results

One-way analysis of variance with post hoc Mann-Whitney U-test was used to calculate the
statistical significance among groups. A P value < 0.05 was considered to be statistically
significant.

FB-labeled bladder afferent neurons were randomly selected from L6 DRG sections, and
90-100 bladder afferent neurons per sample were laser-captured for the measurement of
TRPV1, TRPC1, TRPC3, and TRPC6 mRNA levels. Fifteen samples were obtained from 12
DRGs in the Sl group, 20 samples were obtained from 9 DRGs in the SCI group, and 29
samples were obtained from 20 DRGs in the SCI-NGF-Ab group. In each group, one or two
samples were obtained from L6 DRG sections of each mouse, and the relative expression to
the housekeeping Actb gene was calculated for each sample. The mMRNA expression of
TRPV1 was higher in vehicle-treated SCI mice than in SI mice. The expression levels of
TRPC3 and TRPC6 in vehicle-treated SCI mice were lower than in SI mice. However, in
SCI mice treated with anti-NGF antibody, the mRNA expression of TRPV1 was lower and
the MRNA levels of TRPC3 and TRPC6 were higher than in vehicle-treated SCI mice (Fig.
3). In addition, there were no significant differences in TRPV1, TRPC1, TRPC3 or TRPC6
expression between Sl and SCI-NGF-Ab groups.

Discussion

The present study showed that, in SCI mice, the expression of TRPV1 in the L6 DRG was
increased and the expression levels of TRPC3 and TRPC6 were reduced. Additionally, the
results showed that anti-NGF treatment reduced the expression changes in TRPV1 and
reversed the expression changes in TRPC3 and TRPC6 in bladder afferent neurons obtained
from L6 DRG. These results indicate that NGF plays an important role in the plasticity of
TRP channel expression in bladder afferent neurons in SCI mice. We recently reported that
anti-NGF Ab treatment, when administered using the same regimen as in this study,
improved C-fiber-dependent DO, as indicated by a decrease in non-voiding contractions
during bladder filling and the reduced hyperexcitability of capsaicin-sensitive C-fiber
bladder afferent neurons in SCI mice [5, 11, 14]. Therefore, NGF-dependent changes in TRP
channels, such as the changes in TRPV1, TRPC3, and TRPC6 found in this study, may
contribute to the functional alterations of bladder function and bladder afferent activity that
underlie SCl-induced DO.

It has been demonstrated that the expression of TRP channels such as TRPV1 is known to be
involved in the sensitization of C-fiber afferent pathways [4, 17], and that NGF is an
important regulator of TRPV1 expression, spatial distribution, and activation thresholds [4,
17]. Previous studies using SCI rats have demonstrated that over-distention of the bladder
increases NGF production in the bladder, which could result in the enhancement of C-fiber
afferent nerve excitability, leading to neurogenic DO after SCI [8, 9, 15]. Our recent study
using SCI mice also showed that NGF was upregulated in the bladder mucosa and the spinal
cord, and that the 2 weeks of treatment with anti-NGF Ab reduced the levels of NGF at both
sites along with TRPV1 in whole L6-S1 DRG [14]. However, it has not been clarified
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whether the NGF-dependent change in TRPV1 expression after SCI is induced in bladder
afferent neurons because only a small number (6-7%) of L6-S1 DRG neurons innervates the
bladder [16]. Thus, this study using LCM techniques further confirmed that the NGF-
dependent increase in TRPV1 channels after SCI actually occurs in a bladder-specific
population of L6 DRG neurons. In addition, our recent study that used a novel herpes
simplex virus (HSV) vector-mediated neuronal labeling technique indicated that SCI induces
an expansion of the TRPV1-expressing C-fiber cell population and that the average cell size
of TRPV1-expressing cells decreases after SCI, suggesting that SCI induces de novo
expression of TRPV1 in small-sized C-fiber bladder afferent neurons, thereby increasing
excitability [10].

In contrast to previous studies of TRPV1 channels, little is known about the expression and
regulation of TRPC channels in micturition-related afferent pathways. Thus, the present
study demonstrated for the first time that SCI induced NGF-dependent alterations of TRPC
channels in mouse bladder afferent neurons. In this study, we chose to examine the
expression of TRPC1, TRPC3, and TRPC6 because these channels are most abundantly
expressed in the cluster of DRG neurons that bring sensory information from the periphery
to the spinal cord in adult mice [2]. TRPC1 was expressed in the neurofilament 200-positive
large-sized subclass of DRG neurons, while TRPC3 mRNA expression, which stained up to
35% of DRG neurons, was almost exclusively present in non-peptidergic, isolectin B4 (1B4)-
positive small-sized neurons that were largely TRPV1-negative [10]. As discussed above,
because the expansion of TRPV1-positive bladder afferent neurons after SCI occurred in
small-sized neurons in our recent HSV vector-tracing study [16], it is possible to speculate
that the reduction of TRPC3/C6 and the increase in TRPV1 are induced in small-sized, non-
peptidergic C-fiber bladder afferent neurons after SCI.

Although the functional role of TRPC channels in the control of micturition is not yet clear,
the present study showed that SCI reduces the mRNA levels of TRPC3 and TRPC6 in
bladder afferent neurons, which are known to be expressed primarily in small-sized, non-
peptidergic DRG neurons, [2]. Therefore, TRPC3/6 might play an inhibitory role in the
control of cell excitability of non-peptidergic C-fiber bladder afferent neurons; thus, their
reduction could contribute to C-fiber hyperexcitability after SCI, though future studies are
needed to further support this point. In addition, because this study showed that anti-NGF
Ab treatment normalized the expression of TRPV1, TRPC3, and TRPC6, but not TRPCL1 in
SCI mice, NGF might be less important for the regulation of TRPC1 expression in SCI.
Furthermore, our recent study also demonstrated that NGF plays an important role in the
hyperexcitability of capsaicin-sensitive bladder afferent neurons due to the reduction of
slow-decaying A-type K* (KA) channel activity in SCI mice [11]. Taken together, these
current and previous results provide evidence that NGF-targeting therapies could be
effective for the treatment of SCI-induced bladder afferent hyperexcitability and DO via the
normalization of ion channels activity, such as that of KA channels [11], and the expression
of TRP channels such as TRPV1, TRPC3, and TRPCS6.
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Conclusion

Anti-NGF antibody treatment reversed the changes in the expression levels of TRPV1 and
TRPC3/TRPCB6, which were found to increase and decrease, respectively, in a mouse model
of SCI. These results suggest that the NGF-dependent changes in genes such as TRPV1,
TRPC3, and TRPC6 could be involved in SCl-induced DO and that TRPC3/TRPC6 might
have an inhibitory role in the control of bladder afferent activity while TRPV1
overexpression is involved in C-fiber sensitization, leading to the induction of DO after SCI.
These findings add to the understanding of the TRP-mediated mechanism underlying
neurogenic lower urinary tract dysfunction.
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Highlights
. Spinal cord injury (SCI) induces alterations of TRP channels in mouse
bladder afferent neurons
. TRPV1 channel expression in laser-captured bladder afferent neurons is
increased after SCI
. SCI-induced increase in TRPV1 channels is reversed by anti-nerve growth
factor (NGF) treatment
. TRPC3 and TRPC6 expressions in laser-captured bladder afferent neurons are

decreased after SCI

. SCl-induced decreases in TRPC3 and TRPC6 channels are reversed by anti-
NGF treatment
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Figure 1. Schema showing the study design.
SlI: spinal intact, SCI: spinal cord injury, LCM: laser-capture microdissection
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Figure 2. Laser-capture microdissection (LCM) of Fast Blue-labeled bladder afferent neurons.
A-D show the same DRG section before and after LCM. A: before LCM; B: bladder afferent

neurons outlined for LCM; C: after LCM, showing a microdissected neuron; D: after LCM
showing multiple microdissected neurons.
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Figure 3. The expression of mMRNA levels of TRPV1, TRPC1, TRPC3, and TRPCS6 receptors in
bladder afferent neurons.

The data were expressed as fold changes of relative values of mMRNA levels in each of SCI
groups vs. the SI group whereas the statistical analysis was performed using the mMRNA
expression ratio of TRPV1, TRPC1, TRPC3 or TRPCG6 against the house keeping gene
(Actb) calculated in each sample. In SCI mice, TRPV1 mRNA levels in the L6 DRG (n=20
samples from 7 mice) were higher than in spinal intact (SI) mice (n=15 samples from 8
mice), and TRPC3 and TRPC6 mRNA levels in the L6 DRG were lower than in spinal intact
mice. After anti-NGF treatment, TRPV1 levels in SCI mice were lower than in SCI mice
without treatment (n=20 samples from 10 mice), and TRPC3 and TRPC6 were higher than
in SCI mice without treatment. In addition, there were no significant differences in TRPV1,
TRPCL1, TRPC3 or TRPC6 expression between SI mice and SCI mice with anti NGF
treatment.

*P < 0.05 versus spinal intact (SI) mice, TP < 0.05 versus SCI mice without treatment.
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