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Abstract

Aim: To investigate the effect of nerve growth factor (NGF) neutralization on Na+ channel 

plasticity of bladder afferent neurons in mice with spinal cord injury (SCI).

Main methods: Female C57/BL6 mice were randomly divided into spinal intact (SI) group, SCI 

group and SCI+NGF-Ab group. SCI was induced by spinal cord transection at the Th8/9 level. In 

SCI+NGF-Ab group, anti-NGF antibodies (10 μg•kg-1 per hour) were continuously administered 

for 2 weeks using osmotic pumps. Bladder afferent neurons were labelled with Fluoro-gold (FG) 

injected into the bladder wall. L6-S1 dorsal root ganglion (DRG) neurons were dissociated and 

whole-cell patch clamp recordings were performed on FG-labelled neurons. Expression of Nav1.7 

and Nav1.8 was examined by immunofluorescent staining.

Key findings: Whole-cell patch clamp recordings showed that TTX only partially inhibited 

action potentials (AP) and Na+ currents of bladder afferent neuron in SI mice, but it almost 

completely inhibited them in SCI mice. Total and TTX-sensitive Na+ currents were increased 

and TTX-resistant currents were decreased in bladder afferent neurons from SCI mice vs. 

SI mice. These changes in SCI mice were significantly reversed by NGF-antibody treatment. 

Immunostaining results showed the increased and decreased levels of Nav1.7 and Nav1.8, 

respectively, in FG-labelled bladder afferent neurons in SCI mice vs. SI mice, which was 

significantly reversed in SCI+NGF-Ab mice.
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Significance: NGF mediates the Na+ channel plasticity with a shift from TTX-resistant Nav1.8 

to TTX-sensitive Nav1.7 in bladder afferent neurons, which could be a possible underlying 

mechanism of bladder afferent hyperexcitability and detrusor overactivity after SCI.
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Introduction

Lower urinary tract dysfunction (LUTD) is a common complication of spinal cord injury 

(SCI) and a life-threatening problem in the care of patients[1]. It has been reported that 

nerve growth factor (NGF) is a crucial mediator involved in the emergence of LUTD after 

SCI and that the level of NGF in the bladder, dorsal root ganglia (DRG) and the spinal cord 

are significantly increased after SCI[2, 3]. Our previous studies also demonstrated that anti-

NGF antibody treatment that normalizes NGF overexpression in the bladder and the spinal 

cord can reduce detrusor overactivity detected during cystometry and the hyperexcitability 

of C-fiber bladder afferent neurons in SCI mice[4, 5]. Furthermore, the improvement of 

C-fiber bladder afferent neuron excitability after anti-NGF antibody treatment is shown to be 

induced at least in part by the restoration of A-type K+ channel activity, which was reduced 

after SCI in mice[5] and rats[6]. However, the role of NGF in the plasticity of another major 

determinant of afferent neuron excitability; that is, the voltage-gated Na+ (Nav) channel, 

after SCI has not been examined previously.

Nav channels play an important role in generation and transmission of action potentials 

in the sensory pathway. There are nine subtypes of Nav channels (Nav1.1–1.9), and 

TTX-sensitive Nav1.7 channels and TTX-resistant Nav 1.8–1.9 channels are abundantly 

detected in bladder afferent neurons[7]. Our previous study demonstrated a shift from high-

threshold tetrodotoxin (TTX)-resistant Na+ currents to low-threshold TTX-sensitive Na+ 

currents in bladder afferent neurons in rats with SCI-induced detrusor overactivity[8]. It has 

also been shown that among TTX-resistant Nav subunits, Nav1.8 & Nav1.9, SCI induced 

the decreased expression of Nav1.8, but not Nav1.9, in bladder afferent neurons from 

SCI rats[9]. Furthermore, several studies have reported that NGF can affect DRG neuron 

excitability by increasing the Na+ channel activity and induce changes in the expression of 

specific Nav subtypes [10–12]. Thus, we hypothesized that SCI can induce the Na+ channel 

plasticity due to NGF-dependent changes in the expression of TTX-sensitive Nav1.7 and 

TTX-resistant NaV1.8 subunits in bladder afferent neurons, resulting in bladder afferent 

hyperexcitability after SCI.

Therefore, this study was performed to investigate the changes in Na+ channel activity and 

the expression of Nav1.7 and 1.8 subunits in bladder afferent neurons from SCI mice with or 

without NGF neutralization using anti-NGF antibody treatment.
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Materials and methods

All experiments were performed according to the NIH guidelines and were approved by the 

Animal Care Committees of University of Pittsburgh and Shanghai Jiao Tong University 

Affiliated Sixth People’s Hospital.

Animal preparation

A total of thirty-sixth female C57BL/6 mice (8 to 10 weeks old, weighting 18–22g) were 

randomly divided into three groups; spinally intact (SI) group (n=12), SCI group (n=12) 

and SCI group treated with anti-NGF antibody (NGF-Ab) (SCI+NGF-Ab group, n=12). The 

study design was shown in Figure 1.

SCI was induced by complete spinal cord transection at the Th8/9 level under isoflurane 

anesthesia according to the methods described previously[13]. The animals were treated 

with ampicillin (100 mg/kg, s.c.) for 5 days post-SCI, followed by twice per week to 

prevent urinary tract infection. The bladder of SCI animals was emptied once a day for 4 

weeks post-SCI. In the SCI+NGF-Ab group, at 2 weeks after SCI, an osmotic pump (Alzet 

Osmotic Pumps, CA, USA) was placed subcutaneously under the back skin to continuously 

administer 10 μg/kg per hour of anti-NGF antibodies (Exalpha Biologicals Inc., MA, 

USA) for two weeks. The dosage of the antibody was determined according to previous 

studies[4, 14]. Three weeks after SCI, 2.5% Fluoro-gold (FG, Fluorochrome, CO, USA) 

was injected into the bladder wall (4 sites, 10μL/site) using a 30-gauge Hamilton syringe to 

retrogradely label bladder afferent neurons. Four weeks after SCI, L6-S1 dorsal root ganglia 

(DRG) were harvested for either whole-cell patch-clamp recordings of dissociated cells or 

immunofluorescence (IF) staining of DRG sections.

Dissociation of DRG neurons

Neurons were dissociated from L6-S1 DRG by enzymatic and mechanical methods as 

previously described[5, 15]. Briefly, freshly removed ganglia were digested at 37°C for 15 

minutes in DMEM containing 2mg/ml of type 4 collagenase (Sigma C-9891, MO, USA) 

and 2 mg/ml Trypsin (Sigma T-8253, MO, USA). Trypsin inhibitor (Sigma T-9128, MO, 

USA) was then added for 5 minutes. The digested ganglia were then dispersed mechanically 

by pipettes. The cell suspensions were centrifuged at 1000rpm at room temperature for 

5 minutes. Cell pellets were re-suspended in DMEM and centrifuged at 1000rpm for 5 

minutes. After removing the supernatant, the pellet containing neurons was re-suspended in 

DMEM. DRG neurons were isolated by trituration, plated on Poly-D-Lysine-coated culture 

dishes and were kept in a 5% CO2 incubator at 37°C. The patch-clamp recordings were 

performed within 24 hours after cell dissociation.

Whole-cell patch-clamp recordings

FG-labelled bladder afferent neurons were identified using an inverted phase contrast 

microscope (Nikon, Tokyo, Japan) with a UV-specific filter. Whole-cell recordings were 

performed with an Axopatch 200A patch-clamp amplifier (Molecular Devices, Union City, 

CA, USA), and the data were acquired and analysed with pCLAMP software (Molecular 

Devices). Previous studies demonstrated that DO after SCI was induced by hyperexcitability 
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of C-fiber bladder afferent pathways[16] and that anti-NGF antibody treatment reduced 

hyperexcitability of C-fiber bladder afferent neurons, which were sensitive to capsaicin 

application[5]. Thus, in this study, we selected small-size bladder afferent neurons with their 

diameter less than 30μm and 35μm in SI and SCI mice, respectively, because the latter study 

in mice showed that capsaicin-sensitive C-fiber bladder afferent neurons, which underwent 

cell hypertrophy after SCI, were mostly within these cell diameter ranges[5].

Action potentials (AP) were recorded in the current clamp mode. The internal solution 

contained (in mM): 140 KCl, 1 CaCl2, 2 MgCl2, 11 EGTA, and 10 HEPES, adjusted to pH 

7.4 with CsOH (310 mOsm). The external solutions contained (in mM): 150 NaCl, 5 KCl, 

2.5 CaCl2, 1 MgCl2, 10 D-Glucose, and 10 HEPES, adjusted to pH 7.4 with NaOH (340 

mOsm). After AP characteristics were evaluated, the effect of TTX on neuronal firing was 

examined by adding 1μM TTX into the external solution. To evaluate AP firing properties, 

spike thresholds, at which the initial rise of APs was observed, were measured.

For isolating Na+ currents in the voltage-clamp mode, the external solution contained (in 

mM): 85 TEA-Cl, 10 MgCl2, 5 4-AP, 50 NaCl, 10 D-Glucose, and 10 HEPES, adjusted to 

pH 7.2 with TEA-OH (340 mOsm). The internal solution contained (in mM): 10 NaCl, 125 

CsF, 2 MgCl2, 10 EGTA, 10 HEPES, 4 ATP-Mg, and 0.4 GTP (Tris salt), adjusted to pH 

7.4 with CsOH (310 mOsm). Na+ current–voltage (I-V) relationships were evaluated using 

a depolarizing pulse protocol (10 mV increments of 100 ms duration) from −90 mV to +30 

mV at the holding potential of −100 mV, at which voltage-dependent inactivation of Na+ 

currents was reportedly minimal in bladder afferent neurons[17]. Thereafter, TTX (1μM) 

was applied to the bath solution to suppress TTX-sensitive Na+ currents, and the proportion 

of TTX-sensitive Na+ currents in the total currents was evaluated by off-line subtraction of 

the remaining TTX-resistant Na+ currents from the total Na+ currents.

Immunofluorescence staining

Mice (n=4 in each group) were transcardially perfused with 4% paraformaldehyde 

in 0.1 M phosphate buffer. L6-S1 DRG were isolated and post-fixed in the same 

fixative for additional 4 hours prior to overnight cryopreservation in 20% sucrose. 

Tissues were mounted in OCT compound, and cryo-sectioned at 20 μm thickness. For 

immunofluorescence staining, sections were incubated for 1 hours at room temperature 

in blocking solution, which contained 0.3% Triton X-100, 5% BSA, and 5% goat 

serum in 1×PBS. Primary antibodies were applied overnight at 4°C, and secondary 

antibody was thereafter applied for 2 hours at room temperature. Antibodies used 

for immunohistochemistry include Rabbit Anti-Nav1.7 antibody (ASC-008, ALOMONE 

LABS, Israel), Rabbit Anti-Nav1.8 antibody (ASC-016, ALOMONE LABS, Israel), and 

Alexa Fluor 488-labeled Goat Anti-Rabbit IgG (Beyotime, China). Images of sections were 

obtained using a Leica fluorescence microscope. FG-labelled bladder afferent neurons that 

were positively stained for Nav1.7 or Nav1.8 were counted in five randomly selected 

sections per animal by a blinded observer. The staining intensity of Nav1.7 or Nav1.8 

immunoreactivity in FG-labelled bladder neurons was measured using ImageJ 1.46 software 

(NIH, USA).
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Statistical analysis

All data were expressed as mean ± SD. Statistical differences were determined using one-

way ANOVA, followed by LSD test using SPSS software. P-values less than 0.05 were 

considered statistically significant. Graphs were produced by GraphPad Prism Software.

Results

Effect of NGF-Ab treatment on excitability of small-sized bladder afferent neurons

The results of whole-cell patch clamp recordings are shown in Figure 2 and Table 1. In 

the current clamp mode, the resting and peak AP membrane potentials and the duration of 

APs did not differ among bladder afferent neurons of SI, SCI and SCI+NGF-Ab groups. 

However, the spike threshold was significantly decreased in bladder afferent neurons from 

SCI mice compared to those from SI mice (−30.5±5.1mV vs. −22.5±4.8mV, p < 0.05). 

Also, the number of action potentials during an 800ms membrane depolarization in bladder 

afferent neurons from SCI mice was significantly increased compared to SI mice (5.2±4.0 

spikes vs. 1.2±1.1 spikes, p < 0.05). These results demonstrate that the excitability of 

bladder afferent neurons was significantly increased in SCI mice as evidenced by lower 

thresholds of AP and repetitive firing pattern. Then, in the SCI+NGF-Ab group, these SCI-

induced changes in firing properties of bladder afferent neurons were significantly restored 

compared to the SCI group.

We also examined the TTX sensitivity of APs in small-sized bladder afferent neurons. In 

SI mice, TTX application partially inhibit APs whereas it almost completely inhibited APs 

in bladder afferent neurons from SCI mice. However, APs returned to the TTX- resistant 

type in the NGF-Ab group of SCI mice. These results indicate that APs of bladder afferent 

neurons underwent the NGF-dependent transition from a TTX-resistant subtype to a TTX-

sensitive subtype after SCI, which was prevented by NGF-Ab treatment.

Effect of NGF-Ab treatment on Na+ currents of small-sized bladder afferent neurons

Next, in bladder afferent neurons obtained from the separate groups of animals, we recorded 

Na+ currents under the voltage-clamp mode to evaluate their TTX sensitivity and calculate 

the proportions of TTX-sensitive and TTX-resistant components in the total Na+ currents 

(Figure 3 and Table 2). TTX application to the bath solution barely influenced Na+ currents 

evoked from the holding potential of −100mV in bladder afferent neurons from SI mice 

whereas Na+ currents in bladder afferent neurons from SCI mice were significant reduced 

after the TTX application. In I-V relationship curves of Na+ currents in each group (Figure 

3), total Na+ currents consisted of TTX-resistant and TTX-sensitive current components. 

The results showed that the total Na+ current density was significantly increased in bladder 

afferent neurons from SCI compared to those from SI mice and that the TTX-resistant 

current was predominant in bladder afferent neurons from SI mice whereas the TTX-

sensitive current was a major component of Na+ currents in bladder afferent neurons from 

SCI mice. However, these SCI-induced changes in TTX-sensitive and TTX-resistant Na+ 

current densities in bladder afferent neurons were significantly reversed by NGF-antibody 

treatment in SCI mice. (Table 2)
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Immunofluorescence staining

In L6-S1 DRG sections, bladder afferent neurons were identified as FG-labelled cells 

under a UV filter. Thereafter, the immunofluorescent filter was switched to detect green 

fluorescence to evaluate the immunostaining intensities of Nav1.7 or Nav1.8 channel 

subunits in bladder afferent neurons from each group of animals. The results showed 

that staining intensities of Nav1.7 and Nav1.8 were significantly increased and decreased, 

respectively, in bladder afferent neurons from SCI mice compared to those from SI mice. 

(Figure 4) However, these changes of Nav1.7 and Nav1.8 expressions in bladder afferent 

neurons were reversed by NGF-antibody treatment in SCI mice. In addition, we confirmed 

that there was no positive staining above background when primary antibody was omitted 

(data not shown).

Discussion

In the current study, we revealed that; (1) SCI can induce a transition of Na+ channels 

from TTX-resistant to TTX-sensitive subtypes, which is at least in part dependent on the 

increased level of NGF and can be restored by NGF neutralizing treatment, and (2) SCI 

can induce increased expression of the TTX-sensitive Nav1.7 and decreased expression of 

the TTX-resistant Nav1.8, which are also restored by NGF neutralizing treatment. Thus, 

it is assumed that the increased level of NGF after SCI are an important factor to induce 

Na+ channel plasticity, that is, a shift from the TTX-resistant subtype to the TTX-sensitive 

subtype, in bladder afferent neurons, leading to bladder afferent hyperexcitability and LUTD 

such as detrusor overactivity after SCI.

The bladder of various species including rodents and cats is innervated by two types 

of afferent nerves; Aδ-fiber and C‐ fiber afferents that have different functions. Normal 

micturition in SI animals is predominantly controlled by Aδ-fiber bladder afferent pathways 

whereas, in pathological conditions including SCI, increased excitability of bladder afferent 

pathways, especially the C-fiber population, contributes to the emergence of LUTD such 

as detrusor overactivity[18, 19]. Among multiple kinds of neurotrophic factors, NGF is 

widely distributed in the central and autonomic nervous systems[20], and has been reported 

to increase in bladder afferent pathways via axonal transport from target organs (i.e., 

bladder) and the spinal cord after SCI[21, 22]. Previous studies using SCI rats showed 

that immunoneutralization of NGF in the lumbosacral spinal cord reduced the NGF level in 

bladder afferent pathways and thus improved detrusor overactivity after SCI[22]. Similarly, 

we reported that, in the same mouse model of SCI as in this study, the similar anti-NGF 

antibody treatment normalized NGF overexpression in the bladder and the L6-S1 spinal 

cord, where the major afferent inputs from the bladder terminate, and reduced detrusor 

overactivity detected during awake cystometry[4, 5], indicating that NGF is a major 

mediator inducing detrusor overactivity due to afferent hyperexcitability following SCI. 

In addition, reduced activity of slowly-inactivating A-type K+ channels encoded by the 

Kv1.4 subunit has been implicated as one of the underlying mechanisms of bladder afferent 

sensitization after SCI in a rat model[6]. Our recent study further demonstrated that NGF 

overexpression is significantly involved in this plasticity of A-type K+ channels after SCI 
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because anti-NGF antibody treatment restored the A-type K+ channel function and reduced 

bladder afferent hyperexcitability in the same mouse model of SCI as used in this study[5].

Moreover, in addition to the changes in A-type K+ channel activity in bladder afferent 

pathways after SCI, it has also been reported that SCI can induce the plasticity of Na+ 

channels due to a shift from TTX-resistant to TTX-sensitive Na+ channel phenotypes in 

bladder afferent pathways after SCI[8] and that the reduction in TTX-resistant channel 

activity after SCI is associated with the decreased expression of Nav1.8, but not Nav1.9, in 

bladder afferent neurons using SCI rats[9]. However, the contribution of NGF to this Na+ 

channel plasticity in bladder afferent neurons after SCI has not been investigated previously. 

Thus, the present study for the first time provided the direct evidence showing that NGF 

is also a major mediator inducing the phenotypic changes in Na+ channels in bladder 

afferent neurons after SCI because NGF neutralization reversed SCI-induced changes in 

TTX-sensitive and TTX-resistant Na+ channel activity as well as Nav subunits expression in 

bladder afferent neurons. Taken together, it seems likely that NGF is an important mediator 

of both Na+ and K+ channel plasticity to induce bladder afferent hyperexcitability, leading 

to LUTD such as detrusor overactivity. Because TTX-sensitive Na+ channels are activated 

at lower membrane potentials than TTX-resistant Na+ channels in DRG afferent neurons 

including bladder-innervating cells[17], the increase of TTX-sensitive channel activity could 

directly contribute to the lower thresholds for AP activation in bladder afferent neurons from 

SCI mice compared to those from SI mice (Figure 3, Table 2).

Although this and our previous studies revealed the increased activity of TTX-sensitive 

Na+ channels in bladder afferent neurons after SCI in rodent models[8], it has not been 

previously clarified which Nav subunit is responsible for this SCI-induced phenotypic 

change in Na+ channel activity. The Nav channel family is consisted of 9 isoforms (Nav1.1-

Nav1.9) that are divided by their relative sensitivity to TTX as either TTX-sensitive (Nav1.1-

Nav1.4, Nav1.6, and Nav1.7) or TTX-resistant (Nav1.5, Nav1.8, and Nav1.9)[23]. A recent 

study by Grundy et al, demonstrated that, among these Nav isoforms, Nav1.7, 1.8 and 

Nav1.9 mRNA are abundantly expressed compared to other isoforms in lumbosacral DRG 

and that Nav1.7, 1.8 and 1.9 isoforms are co-expressed in all bladder afferent neurons 

in mice[7]. Also, our previous study demonstrated that the reduction of TTX-resistant 

Na+ currents in bladder afferent neurons was associated with the decreased expression of 

Nav1.8, but not Nav1.9[9]. Thus, in the present study, we focused on Nav1.7 and Nav1.8 

as Nav isoforms encoding TTX-sensitive and TTX-resistant Na+ channels, respectively, and 

found that NGF-dependent Nav1.7 upregulation was associated with increased activity of 

TTX-sensitive Na+ channels in bladder afferent neurons from SCI mice. Recent studies 

in an animal model of neuropathic pain and humans with neuropathy demonstrated that 

Nav1.7 upregulation in DRG neurons is involved in afferent hyperexcitability and enhanced 

pain sensation[24]. Moreover, it has been reported that NGF is a significant contributing 

factor to increased Nav1.7 expression in DRG neurons and enhanced afferent sensitivity 

in a mouse model of post-surgical pain[12]. Therefore, the present study further elucidated 

that NGF-dependent Nav1.7 upregulation leading to the increased activity of low-threshold 

TTX-sensitive channels is also involved in bladder afferent hyperexcitability underlying 

SCI-induced chronic LUTD (28 days after SCI). Furthermore, recent studies have shown 

that the treatment with Nav1.7 blocker, protoxin II, reduced burn injury-induced pain in 
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a rat model[25]. Thus, the results of this study suggest that blockade of the upregulated 

TTX-sensitive Nav1.7 subunit could have a potential for future clinical application as a new 

therapeutic modality for SCI-induced LUTD such as detrusor overactivity via modulation of 

bladder afferent activity.

There are some limitations in this study. First, we studied SCI-induced changes in only 

two Na+ channel subunits, Nav1.7 and Nav1.8, based on the findings in previous studies 

including ours. However, further studies are needed to examine the change of other Nav 

isoforms to fully investigate the NGF-mediated mechanism of Na+ channel plasticity after 

SCI. Second, the downstream molecular mechanisms underlying NGF-mediated changes 

in Nav expression in bladder afferent neurons were not examined in this study. We 

previously reported that the p38 MAP kinase pathway is involved in the emergence of 

SCI-induced detrusor overactivity in the same mouse model as used in this study [26]. 

Also, a recent study has shown that the NGF-dependent increase in Nav1.7 expression in 

DRG neurons is possibly mediated via a TrkA-SGK1-Nedd4-2 pathway, in a mouse model 

of post-surgical pain[12]. Thus, further studies are warranted to examine the downstream 

signalling pathways inducing Nav1.7 upregulation or Nav1.8 downregulation in bladder 

afferent pathways after SCI. Finally, we did not include another control group of spinal 

intact mice with NGF antibody treatment because the aim of this study was to identify the 

role of NGF overexpression in SCI-induced bladder afferent hyperexcitability, and reduced 

NGF expression below the control level reportedly induces opposite pathological conditions 

of afferent hypo-activity and bladder underactivity, as shown in our previous study using rats 

with diabetes mellitus [27]. Because the role of bladder NGF downregulation is out of focus 

of this study, we will plan to examine its effects on bladder function and afferent activity in 

future studies.

Conclusion

Our results indicate that SCI can induce the NGF-dependent voltage-gated Na+ channel 

plasticity, that is, a shift from a TTX-resistant subtype to a TTX-sensitive subtype, leading to 

bladder afferent hyperexcitability, which is likely to be an underlying mechanism of LUTD 

after SCI (Figure 5). Also, this SCI-induced Na+ channel plasticity was associated with 

TTX-resistant Nav1.8 downregulation and TTX-sensitive Nav1.7 upregulation in bladder 

afferent neurons, suggesting that these Na+ channel subunits could be potential therapeutic 

targets for the future development of new treatments SCI-induced LUTD.
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Figure 1. 
Study design. C57/BL6 mice were randomly divided into three groups: SI group, SCI 

group, and SCI+NGF Ab group. Two weeks after SCI, an osmotic pump was placed 

subcutaneously in the back to administer 10 μg/kg/h of anti-NGF antibody (Ab) in mice 

of SCI+NGF-Ab group. Three weeks after SCI, all mice received bladder injection of 

Fluoro-gold. Four weeks after SCI, final experiments were performed.
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Figure 2. 
Representative action potential (AP) recordings in bladder afferent neurons from mice. A, B: 

Excitability of bladder afferent neurons was significantly increased in SCI mice, evident as 

lower thresholds of APs(A) and multiple firing pattern(B). These SCI-induced changes were 

significantly reversed in the SCI+NGF-Ab group. C: Bath application of tetrodotoxin (TTX) 

partly inhibited the AP of bladder afferent neurons in SI mice whereas it almost completely 

inhibited the AP in SCI mice, but not in SCI+NGF-Ab mice.
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Figure 3. 
Representative Na+ current recordings with or without TTX application in bladder afferent 

neurons and I-V curves of total (TTX R+S), TTX-resistant (TTX R) sensitive and TTX-

sensitive (TTX S) currents in each of SI, SCI and SCI+ NGF-Ab groups (n=8 each group). 

A: Bath application of TTX reduced Na+ currents of bladder afferent neurons in SCI mice 

whereas it only slightly decreased Na+ currents in SI mice. However, this TTX effect on Na+ 

currents was restored by NGF-Ab treatment in the SCI+NGF-Ab group. B: Representative 

traces of total (TTX R+S), TTX-resistant (TTX R) sensitive and TTX-sensitive (TTX 

S) currents induced from the holding potential of −100mV shows reduced TTX R and 

increased TTX S currents in the SCI group vs. the SI group, which were restored in 

the SCI+NGF-Ab group. C: I-V relationship curves showed that the amplitudes of TTX-

sensitive and TTX-resistant Na+ currents were increased and decreased, respectively, after 

SCI; however, these changes were restored by NGF-Ab treatment. The depolarizing voltage 

pulse protocol was shown in an inset.
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Figure 4. 
Immunofluorescence (IF) of Nav1.7(A) and Nav1.8(B) subunits in L6-S1 DRG sections. 

Left panels show the immunoreactivity of Nav1.7 subtype or Nav1.8 subtype (green) in 

Figure A or B, respectively. Middle panels show Fluoro-gold (FG)-labelled bladder afferent 

neurons (blue). Right panels show the overlapped images in left and middle panels. IF 

staining showed that both Nav1.7 and Nav1.8 subunits existed in L6-S1 DRG neurons of 

SI and SCI mice. In SCI mice, Nav1.7 immunoreactivity was significantly increased and 

Nav1.8 was significantly decreased in FG-labelled bladder afferent neurons from SCI mice, 

compared to SI mice. These changes of Nav subunit expression after SCI was reversed by 

NGF-antibody treatment. Bar scale: 50μm.
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Figure 5. 
Schematic diagram of nerve growth factor (NGF)-mediated Na+ channel plasticity of 

bladder afferent neurons in mice with spinal cord injury.
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Table 1.

Parameters of Action potential of SI group, SCI group and SCI+NGF-Ab group.

SI (control) SCI SCI+NGF-Ab

Action potential number of cells/mice 11(8) 13(8) 12(8)

Diameter (μm) 25.1±4.8 29.2±3.7* 29.5±2.9

Input capacitance (pF) 26.1±28.5 36.9±10.5* 43.2±14.8
#

Resting membrane potentials (mV) −50±0.1 −49.7±0.2 −49.8±0.5

Spike threshold (mV) −22.5±4.8 −30.5±5.1* −24.5±6.3
#

Peak membrane potential (mV) 36.5±11.2 37.2±16.1 40.5±19.2

Spike duration (ms) 3.7±1.4 3.8±1.4 3.4±1.8

Number of spikes (800-ms depolarization) 1.2±1.1 5.2±4.0* 1.8±1.5
#

*
p<0.05 compared to SI group.

#
p<0.05 compared to SCI group.
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Table 2.

Peak amplitudes of total Na+ currents, TTX-resistant (TTX-R) Na+ currents and TTX-sensitive (TTX-S) Na+ 

currents evoked by depolarization pulses from −70mV to −20mV at the holding potential of −100mV.

SI (control) SCI SCI+NGF-Ab

number of cells/mice 10(8) 11(8) 12(8)

Total Na+ current density(pA/pF) −138.5±7.1 −241.5±23.5* −120.5±7.6
#

TTX-R Na+ current density(pA/pF) −102.2±6.4 −45.1±5.4* −62.6±6.9
#

TTX-S Na+ current density(pA/pF) −79.8±5.6 −210.4±18.8* −111.3±7.8
#

*
p<0.05 compared to SI group.

#
p<0.05 compared to SCI group.
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