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Abstract

Pelvic nerve (PN) bladder primary afferent neurons were retrogradely labeled by intraparenchymal 

(IPar) microinjection of fluorescent tracer or intravesical (IVes) infusion of tracer into the bladder 

lumen. IPar and IVes techniques labeled two distinct populations of PN bladder neurons 

differentiated on the basis of dorsal root ganglion (DRG) soma labeling, dye distribution within 

the bladder, and intrinsic electrophysiological properties. IPar (Fast blue)- and IVes (DiI)-labeled 

neurons accounted for 91.5% (378.3 ± 32.3) and 8% (33.0 ± 26.0) of all labeled neurons, 

respectively (p<0.01), with only 2.0 ± 1.2 neurons labeled by both techniques. When dyes were 

switched, IPar (DiI)- and IVes (Fast blue) labeled neurons accounted for 77.6% (103.0 ± 25.8) and 

22.4% (29.8 ± 10.5), respectively (P<0.05), with 6.0 ± 1.5 double-labeled neurons. Following IPar 

labeling, DiI was distributed throughout non-urothelial layers of the bladder. In contrast, dye was 

contained within the urothelium and occasionally the submucosa after IVes labeling. 

Electrophysiological properties of DiI-labeled IPar and IVes DRG neurons were characterized by 

whole-mount, in situ patch-clamp recordings. IPar- and IVes-labeled neurons differed significantly 

with respect to rheobase, input resistance, membrane capacitance, amplitude of inactivating and 

sustained K+ currents, and rebound action potential firing, suggesting that the IVes population is 

more excitable. This study is the first to demonstrate that IVes labeling is a minimally invasive 

approach for retrograde labeling of PN bladder afferent neurons, to selectively identify urothelial 

versus non-urothelial bladder DRG neurons, and to elucidate electrophysiological properties of 

urothelial and non-urothelial afferents in an intact DRG soma preparation.
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1. Introduction

The urinary bladder stores and evacuates urine via complex reflexes involving coordination 

between the efferent and afferent branches of the peripheral nervous system. Intravesical 

pressure during bladder filling is encoded by in-series, low threshold mechanosensitive 

bladder afferents with receptive fields in the bladder wall that convey information along the 

pelvic nerve (PN) [1]. Sensitization of these afferents, along with activity in and/or 

acquisition of mechanosensitivity by other types of afferents, is thought to contribute to 

bladder hypersensitivity associated with various pathological conditions (e.g., overactive 

bladder, interstitial cystitis/painful bladder syndrome; see [2]).

Four functionally distinct classes of mechanosensitive PN bladder afferents have been 

characterized in mouse based upon extracellular recordings of compound action potential 

firing patterns in response to mechanical stimuli applied to the bladder [3]. All PN bladder 

afferents responded to blunt probing of their receptive field and were distinguished by their 

sensitivity to fine urothelial stroking and stretch. Functional classes were described in terms 

of their putative terminal ending distribution pattern as muscular, urothelial, muscular/

mucosal, and serosal [3, 4]. Muscular afferents responded to stretch, urothelial afferents 

responded to fine stroking, muscular/urothelial fibers responded to both urothelial stroking 

and graded intensities of bladder stretch, and serosal afferents responded only to probing of 

their receptive field. Although mechanical stimuli were directed at specific tissue layers, the 

actual location within the bladder wall of the afferent endings in each class was not 

determined. Furthermore, extracellular recordings provide little information on the ion 

channel basis that regulates the intrinsic membrane excitability of afferent neurons. Such 

mechanisms have been the focus of various other studies that used whole cell patch-clamp 

recordings of bladder afferent neurons from rat and mouse following acute dissociation or 

growth in culture conditions [5-19]. A disadvantage of these techniques is that the 

electrophysiological properties of many neurons may be significantly altered by 

dissociation, or may vary based on culture medium. The electrophysiological properties of 

intact bladder afferent neurons have not been reported, presumably because of the technical 

difficulty associated with performing patch-clamp recordings in intact DRG soma 

preparation.

To begin to address some of the aforementioned issues, the present study utilized two 

strategies to retrogradely label bladder primary afferent neurons within lumbosacral dorsal 

root ganglia (DRG), where the cell bodies of PN afferents are located. Bladder neurons were 

labeled either by intraparynchemal (IPar) injection or intravesical (IVes) infusion of 

fluorescent dye into the bladder, and were anatomically differentiated on the basis of dye 

distribution in the bladder wall and neuron soma labeling in the DRG. For simplicity, we 

will refer to neurons labeled by IPar injection as “non-urothelial” and the periurothelial 

afferents labeled by IVes infusion as “urothelial.” In situ patch-clamp recordings from non-

urothelial and urothelial bladder afferent neurons were performed using a whole-mount 

DRG preparation that more closely approximates the in vivo condition than previously used 

methods. The results of these studies indicate that non-urothelial and urothelial 

subpopulations of bladder-innervating neurons exhibit differences in electrophysiological 

characteristics that reflect neuronal excitability.
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2. Results

2.1 Anatomical properties of urothelial and non-urothelial bladder afferents

In two groups of mice, we determined the number of bladder primary afferent DRG neurons 

that were retrogradely labeled by IPar injection and IVes infusion of dye (Figure 1). There 

was a profound effect of the route of dye administration on the number of labeled neurons 

(P<0.0001). When Fast blue (FB) was delivered IPar and 1,1'-dioctadecyl-3,3,3',3'-

tetramethylindocarbocyanine perchlorate (DiI) was delivered IVes (Figure 1A-C), FB-

positive neurons accounted for 91.5% (378.3 ± 32.3 neurons per mouse) of labeled L6 

neurons, whereas DiI-positive neurons accounted for only 8% (33.0 ± 26.0 neurons per 

mouse) of labeled L6 neurons (P<0.01, n=3; Figure 1D,E). The degree of overlap between 

subsets of labeled neurons was virtually nonexistent, with only 2.0 ± 1.2 neurons per mouse 

expressing both FB and DiI, corresponding to 6.06% of DiI-positive co-labeled with FB and 

0.53% of FB-positive co-labeled with DiI. A similar pattern of labeling was observed with 

IPar DiI and IVes FB, although the relative proportions of IVes- and double-labeled afferents 

were greater, and the proportion of IPar-labeled neurons smaller (n=2; Figure 1F). Parallel 

experiments in a third group of mice were done in which IVes DiI was combined with 

injection of FB into the urethra to determine whether labeling of somatic urethral neurons 

may have occurred during transurethral delivery of dye for intravesical labeling of bladder 

neurons. >99% of FB-positive urethral neurons were DiI-negative (n=4).

In all cases, labeled neuron counts were based on a 4 h intravesical dwell time of dye, 

although a subsequent parametric analysis showed that a 2 h dwell time was as effective 

(Figure 2).

To examine how fluorescent dye was distributed within bladder tissue following dye 

administration by IPar and IVes techniques, we harvested bladder tissue 1 h, 24 h, or 1 wk 

following IVes infusion of DiI into the bladder lumen, and 1 wk following IPar 

microinjection of DiI into the bladder wall. Time- and technique-dependent patterns of DiI 

distribution were observed. IPar administration of DiI produced a uniform distribution of DiI 

throughout the bladder smooth muscle, with no spread into the urothelium (Figure 3A,B). In 

contrast, DiI was restricted to the periurothelial region 1 h following IVes infusion (Figure 
2D,E). Quantitative analysis of integrated density of bladder tissue from IPar- and IVes-

labeled mice revealed significant differences in urothelial and non-urothelial fluorescence 

that was dependent upon technique (Figure 2C). The integrated density in IPar-labeled 

bladder tissue was significantly higher in non-urothelial than in urothelial areas (P<0.05), 

and in IVes-labeled tissue was significantly higher in urothelial areas than non-urothelial 

areas (P<0.01). Within IPar-labeled tissue, non-urothelial labeling was significantly greater 

than urothelial labeling (P<0.05), and the opposite was true for IVes-labeled tissue (P<0.01). 

Anecdotally, diffusion of DiI into the submucosa was observed 24 h following IVes infusion 

(data not shown), but quantitative analysis of regions that were clearly urothelial versus non-

urothelial indicated no diffusion into non-urothelial tissue (Figure 3F).

Kanda et al. Page 3

Brain Res. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.2 Electrophysiological properties of urothelial and non-urothelial bladder afferents

A combination of differential interference contrast and epifluorescence illumination was 

used to identify retrogradely labeled neurons for patch-clamp recordings in whole-mount L6 

DRG (Figure 4A,B). The success rate in achieving a high quality seal between the recording 

electrode and membrane of targeted DRG neurons using this preparation is decreased due to 

the fact that electrodes must penetrate layers of cells, including satellite cells that enwrap the 

targeted neuron. Thus, to maintain accuracy of electrophysiological parameters, data was 

collected from neurons with baseline whole-cell currents of ≤50 pA (Vh = −73 mV) that 

included a total of 10 IPar- and 10 IVes-labeled DRG neurons (3 mice per group). The 

labeled IPar and IVes neurons had mean diameters of 21.3 ± 0.5 μm (n=10) and 20.7 ± 0.5 

μm (n=10), respectively (P=0.86). Figure 4C shows typical membrane responses to current 

injections via patch-clamp recording electrodes into an IPar and IVes neuron. Both types of 

neurons exhibited inflected somal spikes in the repolarization phase (Figure 4D). Neither 

type of neuron displayed spontaneous activity, nor did they differ in resting membrane 

potential (Figure 4E). However, the rheobase of IPar neurons was 301 ± 50 pA, about 3-fold 

that of IVes neurons (P<0.001; Figure 4F). There was no difference in AP threshold or 

width (Figures 4G,H), and 90% (9/10) of the neurons in each group fired single APs in 

response to suprathreshold current injection up to 3-10× rheobase (Figure 4I). However, 

70% (7/10) of IVes neurons, but none of the IPar neurons, exhibited hyperpolarization-

induced rebound APs (P<0.01, Figure 4J). This may be attributed, at least in part, to the 

more prominent hyperpolarization-activated “sag” potential in response to hyperpolarizing 

current injections in IVes neurons (Figures 4C,K). Input resistance in IPar neurons was 

332.1 ± 32.1 MΩ, ~30% lower than the input resistance of IVes neurons (P<0.05; Figure 
4L). Membrane capacitance (Figure 4M) was 24.5 ± 2.5 and 18.0 ± 1.6 pF in IPar- and 

IVes-labeled neurons, respectively (P<0.05).

Voltage-activated currents were examined under voltage-clamp configuration. Voltage-

activated currents were elicited by voltage steps ranging from −90 to +70 mV in increments 

of 10 mV and 250 ms duration. As shown in Figure 5A,B, two main currents were observed 

in response to the voltage steps. First, a transient inward current appeared at the beginning of 

the voltage steps that is primarily due to the activation of voltage-gated Na+ channels. 

Second, an outward current due to the activation of inactivating and non-inactivating 

voltage-gated K+ channels appeared. When inward currents were estimated with no attempt 

to isolate them from the sustained outward currents, there was no difference between IPar 

and IVes neurons (Figure 5B). In contrast, voltage-activated outward currents were 

significantly larger in IPar neurons than in IVes neurons. Specifically, in IPar neurons the 

peak amplitude of inactivating current was significantly greater in response to voltage steps 

from −30 to +70 mV (P<0.05; Figure 5C), and the amplitude of non-inactivating current, as 

measured at the end of each voltage step, was significantly greater at voltage steps of −10 to 

+70 (P<0.05; Figure 5D). In addition to the currents observed during voltage steps, both 

IPar and IVes bladder neurons exhibited M-type voltage-gated K+ currents (M-currents), 

measured by tail currents of total K+ current deactivation. Representative traces from IPar 

and IVes neurons during deactivation from −20 to −60 mV show similar magnitude of M-

currents with mean peak amplitudes of 182.8 ± 20.1 pA and 174.1 ± 19.4 pA, respectively 
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(n=10/group; Figures 6A,B). M-currents quantified over a range of voltage steps did not 

differ between neuron types (Figures 6C,D).

3. Discussion

Direct microinjection of tracer into the urinary bladder parenchyma (i.e., IPar) is the 

traditional method for retrogradely labeling the cell bodies of bladder-innervating primary 

afferent neurons. This study is the first to demonstrate that intravesical infusion of tracer into 

the bladder lumen (i.e., IVes) is another useful approach for retrogradely labeling bladder 

afferent DRG neurons. However, the most important finding of this study extends beyond 

proof-of-concept of an alternative labeling strategy; anatomical and electrophysiological 

data indicate that IVes-labeled neurons represent a subset of bladder afferents distinct from 

those traditionally labeled by IPar dye injection. We observed virtually no overlap in FB-

labeled IPar and DiI-labeled IVes neurons (6 out of 1240 labeled L6 neurons in 3 mice). 

Bladder histology suggests that DiI-positive, IVes-labeled neurons, which represent 8% of 

all labeled neurons, are those with peripheral terminal endings located in the urothelium 

[20-24]. This is supported by evidence from single fiber electrophysiological recordings 

showing that a comparable proportion (9%) of PN afferents exhibited ‘urothelial’ type 

mechanical response profiles [3]. The remaining 91% of functionally identified afferents, 

comprised of muscular (63%), muscular/mucosal (14%), and serosal (14%) subtypes, is 

equivalent in proportion to FB-positive, IPar-labeled neurons in the present study. The 

bladder wall contains low-threshold, in-series-coupled mechanosensitive afferents, high 

threshold mechanosensitive afferents, and mechanically insensitive afferents that acquire 

mechanosensitivity following sensitization [25-27]. It is possible that urothelial afferents 

identified via single fiber recordings that do not normally respond to bladder stretch 

comprise the latter group of ‘silent’ afferents, or a subset of this group. Regardless, those 

afferents with terminal endings in proximity to the urothelium express ligand-gated receptors 

for a variety of urothelial-derived mediators that increase afferent signaling [28]. 

Characterization of the somal properties of this newly identified, IVes-labeled group of 

afferents during/following organ injury or inflammation may yield new insights for 

understanding pathological changes in bladder sensation and function.

An important caveat in the present study is that the high degree of specificity of urothelial 

afferent labeling is dependent upon the use of IVes DiI, as IVes FB labeled a larger, less 

specific, proportion of afferents and yielded a greater degree of overlap between IPar- and 

IVes-labeled neurons. It has previously been reported that differences in uptake of FB and 

DiI administered in a similar fashion do not differentially label neuron populations [29], 

however we observed differences in distribution within the bladder with IVes FB (data not 

shown). DiI is a lipophilic dye that mainly acts via passive diffusion along membrane 

surfaces. In our study, DiI was dissolved in DMSO prior to dilution. Compounds with high 

lipophilicity, such as paclitaxel, have been shown to penetrate the urothelium to a greater 

degree than other drugs when used in the intravesical treatment of bladder cancer [30]. 

Further, DMSO has been shown to affect cellular phospholipid membranes by increasing 

lateral distance between lipid heads, facilitating the entrance of water [31]. In the current 

study, little to no DiI was detected below the urothelium when delivered intravesically. This 
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may be due to its drainage into capillaries as it diffuses toward the basal urothelium, as has 

been indicated for other lipophilic compounds [32].

Previous electrophysiological studies of bladder primary afferents have used dissociated 

DRG neurons following intraparynchmal retrograde labeling. To the authors’ knowledge, the 

present study is the first to perform patch-clamp recordings of bladder-innervating neurons 

in whole-mount DRG, a preparation that more closely resembles in vivo conditions. The 

most interesting conclusion from the current studies is drawn from observed differences in 

several electrophysiological characteristics between non-urothelial (IPar) and urothelial 

(IVes) bladder neurons that, taken together, indicate higher excitability of urothelial neurons. 

Urothelial neurons had a significantly lower rheobase relative to non-urothelial neurons, and 

were more likely to fire rebound action potentials induced by hyperpolarization. Urothelial 

and non-urothelial neurons also significantly differed with respect to their input resistance, 

which may partially account for the observed difference in rheobase. The input resistance of 

a cell is mainly regulated by two-pore-domain “leak” K+ channels including TREK-1, 

TREK-2, and TRAAK that are expressed in mouse bladder PN primary afferents [33]. 

Future experiments are required to determine the relative expression of these K+ channels in 

urothelial and non-urothelial neurons.

The electrophysiological profiles of urothelial and non-urothelial afferents also suggest 

differences in expression of voltage-gated K+ (Kv) channels. Significantly higher amplitudes 

of inactivating and non-inactivating K+ currents were observed in non-urothelial neurons. A-

type K+ currents profoundly regulate sensory neuron excitability [9, 11, 14], and may be 

mediated by Kv4.3 [34] or by Kv1.4, which is responsible for A-type currents in rat bladder 

neurons. Both urothelial and non-urothelial neurons exhibited substantial M-currents, 

mediated by the Kv7 family of channels encoded by KCNQ genes. Kv7 expression in 

primary afferents has been shown to contribute to neuronal excitability in trigeminal and 

DRG neurons, including those innervating the bladder [34-37]. Larger M-currents have been 

shown to be associated with single AP firing pattern in sensory neurons [38]. Consistently, 

90% of urothelial and non-urothelial neurons showed single AP firing pattern. It will be the 

task of future studies to determine whether downregulation of these voltage-gated K+ 

channels may account for heightened sensory neuron excitability seen under pathological 

conditions.

An important consideration is whether and/or how the current findings change the 

interpretation of multiple published studies that only used IPar labeling techniques, and in 

which urothelial afferent mechanisms may have been omitted by default. A gross 

comparison of whole-mount electrophysiological data with data from previously published 

studies [39] using dissociated, IPar-labeled PN bladder neurons suggests some important 

differences. In comparison to whole-mount IPar neurons, dissociated IPar bladder neurons 

had a lower rheobase and higher input resistance. These differences are independent of a 

difference in capacitance, which was similar between techniques and ranged from 20-45 pF 

[39]. Multiple recent studies in the somatosensory system have underscored the importance 

of chemical signaling from ‘non-neuronal’ cells (e.g., Merkel cells, keratinocytes) to 

primary afferent neurons [40-42]. Given that urothelial dysfunction appears to be a 

pathophysiological component of symptom development in interstitial cystitis/painful 
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bladder syndrome (IC/PBS), IVes or urothelial afferent mechanisms may be of particular 

importance for the translational relevance of previous labeled neuron studies. A separate 

technical consideration for future studies employing the IVes labeling technique is whether 

dissociated neuron cultures will prove to be useful. IVes-labeled neurons were readily 

identifiable using a whole mount DRG preparation despite constituting only 9% of the total 

labeled bladder neuron population. It is estimated <10% of spinal afferent DRG neurons 

innervate the viscera [1, 43-45], with approximately 6% innervating the bladder [46]. The 

vast majority of neurons comprising a ganglion are lost during dissociation procedures, and 

retention of such a small proportion of IVes-labeled neurons in a dissociated neuron culture 

may be challenging.

In summary, intravesical labeling is a novel technique with demonstrated utility for 

identifying presumed urothelial bladder afferent neurons with unique electrophysiological 

characteristics from non-urothelial (IPar) afferents. It is the goal of future studies to now 

determine the functional significance of these characteristics.

4. Experimental Procedure

4.1 Animals

Experiments were performed on female C57Bl/6 mice, 20-25 g in weight (Charles River). 

Only females were used due to the difficulty in transurethral bladder cannulation of male 

animals. Mice were housed in standard cages with ad libitum access to food and water in the 

University of Alabama at Birmingham (UAB) Animal Resources Program. All procedures 

were approved by the UAB Institutional Animal Care and Use Committee and met the 

standards for humane animal care and use set forth by the Animal Welfare Act and the NIH 

Guide for the Care and Use of Laboratory Animals.

4.2 Retrograde neuronal labeling

To label the soma of bladder-projecting primary afferent neurons, fluorescent dye was either 

injected into the bladder parenchyma (intraparynchmal; IPAR) or infused into the bladder 

lumen (intravesical; IVes) of isoflurane-anesthetized (5% in oxygen induction, 1-2% 

maintenance) mice. 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiI; 

Molecular Probes) was dissolved at 170 mg/mL in dimethylsulfoxide and diluted 1:10 in 

0.9% sterile saline. Fast blue (FB; Polysciences Inc.) was used as a 1% w/v solution in 

water. For IVes labeling, 60 μL of DiI was delivered via a transurethrally placed 24-gauge 

angiocatheter and left to dwell in the bladder for four h (except where noted for parametric 

studies). Bladders were drained and mice returned to their home cages. For IPAR labeling, a 

laparotomy was performed to expose the bladder and dye was injected via microsyringe 

(three injections, total volume 10 μL). Abdominal muscles and overlying skin were sutured 

separately. In one group of mice, IPAR FB labeling preceded IVes DiI labeling by 24 h to 

determine the degree of overlap between IPAR and IVes neurons.

4.3 Histology

Mice were deeply anesthetized with isoflurane and transcardially perfused with 4% 

paraformaldehyde. L6 DRG were dissected, post-fixed overnight, then cryoprotected in 30% 
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sucrose. Ganglia pairs were embedded together, sectioned via cryostat at 10 μm, slide 

mounted, washed (3 × 5 min in PBS), and coverslipped using 50% glycerol in PBS. Tissue 

sections were viewed on a Nikon TI80E microscope (Nikon Instruments, Inc.), and 

photomicrographs were made using NIS-Elements software and saved to computer. Peak 

excitation/emission for DiI and FB are 549/565 and 360/410, respectively. For double-

labeled DRG, photomicrographs were taken at 10× of every other tissue section throughout 

each ganglion. For parametric studies comparing intravesical DiI exposure times, slide-

mounted tissue sections were washed (5 min) in bisbenzimide (1 μl/ml of a 0.2% w/v 

solution) prior to being coverslipped. Photomicrographs of serial sections throughout each 

ganglion were taken at 10×, and labeled neurons with a visibly stained nucleus were 

counted. To determine the location and extent of tracer distribution in bladder tissue, 

bladders were harvested from a subset of mice following transcardial perfusion with 4% 

paraformaldehyde at 1 h, 24 h, or one wk following IVes DiI infusion or one wk following 

IPar DiI injection. Photomicrographs were taken at 10× for quantitative analysis. Using NIH 

ImageJ, a grid (7000 pixels^2 area per point) was overlaid on bright field images of three 

non-sequential tissue sections per mouse (n=3/group) in the one wk post-labeling groups 

using the Analyze plug-in. Five grid boxes of urothelial and five of non-urothelial tissue 

were chosen by an experimenter blinded to the dye administration condition. Then, the same 

grid boxes were identified on fluorescence images of the same tissue sections and contrast 

was adjusted (low end 34, high end 220) to remove background. Integrated density was 

measured and normalized to pixel area. Data are shown as mean integrated density / pixel 

area.

4.4 Patch-clamp recordings

One wk after IPar DiI injection or IVes DiI infusion, mice were deeply anesthetized with 

isoflurane and decapitated. Bilateral L6 DRG were rapidly dissected into cold Leibovitz-15 

medium (Mediatech, Inc.) and surface connective tissues were carefully removed. Whole 

DRG were anchored in a recording chamber mounted on the stage of an Olympus IX50 

microscope and submerged in a Krebs solution containing (in mM): 117 NaCl, 3.5 KCl, 2.5 

CaCl2, 1.2 MgCl2, 1.2 NaH2PO4, 25 NaHCO3, and 11 glucose, with pH 7.3 and 325 mOsm 

and saturated with 95% O2 and 5% CO2. DRG were exposed to 0.05% dispase II and 0.05% 

collagenase in the Krebs solution for 3-5 min prior to being washed off in enzyme-free 

Krebs solution, and then DRG were continuously perfused at 2 ml/min with Krebs solution 

at room temperature. Retrogradely labeled neurons were first identified under 

epifluorescence illumination and then viewed using an infrared differential intensity contrast 

optical system. Whole-cell patch-clamp recordings were performed on randomly selected 

labeled neurons. Electrodes for patch-clamp recordings were fabricated from thin-wall 

capillaries using a Flaming/Brown P-97 puller (Sutter Instrument Co.). Recording electrodes 

had resistances of 6 MΩ when filled with internal solution containing (in mM) 105 K-

Gluconate, 35 KCl, 2.4 MgCl2, 0.5 CaCl2, 5 EGTA, 10.0 HEPES, 5.0 Na2ATP, 0.33 GTP-

Tris salt; pH 7.35 (adjusted with Tris-base) and 320 mOsm (adjusted with sucrose). Signals 

were amplified using an Axopatch 200B amplifier (Axon Instruments) with a low-pass filter 

set at 2 kHz and digitized at 10 kHz. Data were acquired using pCLAMP10 software (Axon 

Instruments). Junction potential between bath and electrode solution was calculated to be 

−13 mV and was corrected for in the data analysis.
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After gaining whole-cell access and in voltage-clamp mode, membrane capacitance and 

input resistance were measured at the beginning of the recording using a seal test with 

voltage pulses of 5 mV. Unless otherwise indicated, neurons were held at −73 mV (voltage 

command at −60 mV). To determine voltage-activated currents, whole-cell currents were 

evoked by a series of voltage steps ranging from −103 to +57 mV in 10 mV increments of 

250 ms. Isolation of Na+ or K+ currents was not performed in this study. To examine M-

currents in bladder DRG neurons, deactivating tail currents were measured following the 

voltage step of −20 mV as described previously [35].

Resting membrane potential and spontaneous activity were determined upon switching to 

current-clamp mode. To determine membrane excitability, step current pulses from −100 to 

+900 pA (20 pA per step, 250 ms duration) were injected into cells through patch-clamp 

electrodes. Neuronal excitability was characterized by action potential (AP) threshold, 

rheobase, number of APs evoked in response to depolarizing current injection, and 

spontaneous activity [47]. Rheobase was defined as the least amount of current required to 

evoke an AP and AP threshold was defined as the greatest depolarization reached before AP 

generation. Other passive and active electrophysiological properties were assessed including 

cell capacitance, input resistance, and AP amplitude, width, and shape.

4.5 Data Analysis

Pooled data are presented as mean ± SEM. The number of IPAR- and IVes-labeled neurons 

was compared by one-way ANOVA and post-hoc t-tests with Welch's correction for unequal 

variances where necessary. Parametric analysis of the number of IVes-labeled neurons by 

dye infusions of varying duration was performed by one-way ANOVA and post-hoc 

Student's t-tests. Electrophysiological data from IPAR- and IVes-labeled neurons were 

analyzed using pCLAMP software and Clampfit 10 module (Molecular Devices) and were 

compared using Student's t-tests. P values <0.05 were considered significant.
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Highlights

• Two populations of pelvic nerve urinary bladder afferents were 

identified.

• DRG bladder neurons were labeled by intraparynchemal or intravesical 

dye administration.

• Urothelial and non-urothelial afferents exhibit intrinsic differences in 

excitability.
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Figure 1. IPar- and IVes-labeled neurons are anatomically distinct subsets of PN bladder 
afferents
Intraparynchemal (IPar) injection of FB and intravesical (IVes) infusion of DiI retrogradely 

labeled two subpopulations of bladder-innervating L6 DRG neurons (A-C). Arrowheads 

indicate IPar neurons labeled by FB and asterisks indicate a DiI-positive, IVes neuron. One 

wk after dye administration, the total number of L6 DRG neurons labeled by IPar FB was 

significantly higher than the number labeled by IVes DiI or by both FB and DiI (D). Of a 

total of 1234 labeled L6 DRG neurons, 91.5% were positive for FB, 8% were positive for 

DiI, and 0.5% were double-labeled (E). When dyes were reversed, 77.6% of IPar-labeled 

neurons were positive for DiI, 22.4% IVes-labeled neurons were positive for FB, and 4.5% 

were double-labeled out of a total of 531 labeled neurons (F). ** indicates P<0.01.
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Figure 2. IVes labeling is time-dependent
A parametric study revealed that the number of neurons labeled by a 2 h or 4 h IVes infusion 

of DiI did not differ, but both 2 and 4 h labeled significantly more neurons than a 1 h dwell 

time. ** indicates P<0.01.
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Figure 3. Fluorescent dye is differentially distributed in bladder tissue following IPar and IVes 
labeling
Technique-dependent patterns of DiI distribution within the bladder were observed following 

IPar DiI injection and IVes DiI infusion. As seen in (A) and (C), non-urothelial bladder 

tissue (indicated by Non-Uro) could be differentiated from the urothelium (indicated by Uro) 

using bright field (BF) microscopy at 10× and 20×, respectively. The distribution of DiI in 

the same tissue sections (B, D) was quantified by determining the integrated density in 

urothelial and non-urothelial regions. In IVes-labeled mice, urothelial labeling was 

significantly greater than non-urothelial labeling, and in IPar-labeled mice, the opposite was 

true (C). Further, urothelial labeling was greater in IVes- than in IPar-labeled tissue, and 

non-urothelial labeling was greater in IPar- versus IVes-labeled tissue. The distribution of 

DiI in the bladder following IVes labeling did not change over time (F). * indicates P<0.05, 

** indicates P<0.01.
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Figure 4. Urothelial and non-urothelial neurons exhibit different intrinsic electrophysiological 
properties
Differential interference contrast (DIC) and epifluorescence were used to identify DiI-

positive PN bladder neurons that were retrogradely labeled by the IPar (A) or IVes (B) 

method. Passive and active characteristics were determined, and a comparison between 

neuron types revealed several differences, as shown by representative traces in (C). Both 

non-urothelial (IPar-labeled) and urothelial (IVes-labeled) neurons exhibited an inflected 

somal spike pattern in the repolarization phase (D). Resting membrane potential was similar 

between groups (E), but rheobase was significantly lower in urothelial than in non-urothelial 

neurons (F). AP threshold (G) and AP width (H) did not differ and 90% (9/10) of the 

neurons in each grouped fired single APs (I), as shown by the red traces in (C). Urothelial 
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neurons, however, were more likely to fire rebound APs than non-urothelial neurons (J), as 

indicated by the arrow in the lower panel of (C). Rebound APs may be a result of 

significantly higher hyperpolarization-activated “sag” potential in urothelial versus non-

urothelial neurons (K), as shown by the blue traces in (C). Sag potential was measured as 

the difference in potentials between the black and white triangles (C). Finally, input 

resistance was lower (L) and cell capacitance higher (M) in non-urothelial neurons. N=10 

neurons obtained from 3 animals/group. * indicates P<0.05; ** indicates P<0.01; *** 

indicates P<0.001.

Kanda et al. Page 17

Brain Res. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Magnitude of outward currents differs between urothelial and non-urothelial PN 
bladder neurons
Representative traces of total currents evoked by voltage steps (shown below the traces) 

from a holding potential of −73 mV revealed an inactivating inward current, an inactivating 

outward current (white triangles), and a non-inactivating outward current (black triangles) 

(A). The inactivating outward currents measured in non-urothelial (IPar-labeled) neurons 

were significantly higher at voltage steps ranging from −43 to +57 mV than in urothelial 

(IVes-labeled) neurons (B,C). Similarly, the non-inactivating outward current measured in 

non-urothelial relative to urothelial neurons was significantly higher at voltage steps of −23 

to +57 mV (D). N=10 neurons obtained from 3 animals/group. * indicates P<0.05.
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Figure 6. PN bladder neurons exhibit robust M-currents
Representative traces in response to a voltage step from −73 to +7 mV show similar 

magnitude of peak M-currents between non-urothelial (IPAR-labeled) and urothelial (IVes-

labeled) neurons (A), and a quantitative comparison of peak M-currents showed no 

difference between groups (B). The box shown on the sample traces of M-currents obtained 

in response to a series of voltage steps ranging from −103 to +57 indicate the M-currents, 

measured by tail currents after each voltage step (C). I-V curves of tail currents from 

urothelial and non-urothelial bladder neurons did not differ in response to voltage steps 

ranging from −103 to +57 mV (D).
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