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Histological and Electrical Properties of Rat Dorsal Root
Ganglion Neurons Innervating the Lower Urinary Tract
Naoki Yoshimura,1,2 Satoshi Seki,2 Kristin A. Erickson,1 Vickie L. Erickson,1 Michael B. Chancellor,1 and
William C. de Groat2
Departments of 1Urology and 2Pharmacology, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania 15213

We investigated whether primary afferent neurons innervating different regions of the lower urinary tract have different histochemical
and electrophysiological properties. Neurons in rat L6 –S1 DRG were identified by axonal transport of a fluorescent dye. Neurofilamentnegative C-fiber cells comprise ⬃70% of bladder and proximal urethral afferent neurons that send axons through the pelvic nerves, but
comprise a smaller proportion (51%) of distal urethral neurons that send axons through the pudendal nerves. Isolectin-B4 (IB4) binding
was detected in a higher percentage (49%) of C-fiber neurons innervating the distal urethra than in those innervating the bladder or
proximal urethra (18 –22%). Neurofilament-positive A-fiber neurons innervating the distal urethra had a larger average somal size than
neurons innervating the bladder or proximal urethra. In patch-clamp recordings, the majority (70%) of bladder and proximal urethral
neurons were sensitive to capsaicin and exhibited TTX-resistant, high-threshold action potentials, whereas a smaller proportion (53%) of
distal urethral neurons exhibited TTX-resistant spikes. T-type Ca 2⫹ currents were observed in 47% of distal urethral neurons with
TTX-sensitive spikes, but not in TTX-sensitive bladder or proximal urethral neurons. In summary, afferent neurons innervating bladder
or proximal urethra differ from those innervating distal urethra. The latter, which more closely resemble cutaneous afferent neurons,
consist of a smaller number of C-fiber neurons containing a higher percentage of IB4-positive cells and a more diverse population of
A-fiber neurons, some of which exhibit T-type Ca 2⫹ channels. These differences may be related to different functions of respective target
organs in the lower urinary tract.
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Introduction
The afferent innervation of the lower urinary tract arises in the
lumbosacral DRG and is carried in three sets of nerves: (1) pelvic
and (2) hypogastric nerves, which innervate the urinary bladder
and proximal urethra, and (3) the pudendal nerves, which innervate the mid-distal urethra and the external urethral sphincter
(EUS). These afferent pathways consist of myelinated (A␤-fiber
and A␦-fiber) and unmyelinated (C-fiber) axons that exhibit a
wide range of properties (Bradley et al., 1973; Perl, 1992). Some
bladder C-fiber afferents in the pelvic nerves are mechanoinsensitive and only respond to chemical–nociceptive stimuli (Janig
and Morrison, 1986; Habler et al., 1990; Dmitrieva and McMahon, 1996), whereas A␦-fiber and some C-fiber bladder afferents that are mechanosensitive respond to slow bladder filling
and provide information about bladder wall tension and/or bladder volume (Habler et al., 1993; Sengupta and Gebhart, 1994;
Shea et al., 2000; Morrison et al., 2002). In contrast, myelinated
urethral afferents in the pelvic and pudendal nerves are sensitive
to urine flow (Talaat, 1937; Todd, 1964; Bahns et al., 1986) or
contractions of the striated muscle of the urethral sphincter (de
Groat et al., 2001). Thus, it seems likely that mechanosensitive
afferent neurons innervating the bladder and distal urethra have
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different properties. The mechanisms that might contribute to
these differences were studied in the present experiments.
Information about the properties of afferent neurons innervating the lower urinary tract is important for understanding not
only visceral nociception but also excretory mechanisms. Afferent input from the lower urinary tract to the lumbosacral spinal
cord has an essential role in the initiation of urine storage and
voiding reflexes (de Groat et al., 1981; Mallory et al., 1989). Low
levels of afferent activity induced by bladder distension can trigger reflex contractions of the urethral outlet and promote continence, whereas high levels of activity can induce bladder contractions and voiding. Afferent input from the proximal urethra and
EUS can also modulate bladder activity (Barrington 1931, 1941;
Jung et al., 1999). Urethral-to-bladder reflexes activated by mechanical stimulation in the urethra can facilitate the micturition
reflex and promote complete bladder emptying. However, contractions of striated muscles of the distal urethra can activate
somatic afferents in the pudendal nerves that inhibit voiding (de
Groat et al., 2001).
In the present study, we used patch-clamp and immunocytochemical techniques to investigate whether the electrophysiological, morphological, and chemical properties of afferent neurons
innervating the distal urethra are different from those of the bladder and proximal urethra. A major focus of the study was to
distinguish between neurons with myelinated and unmyelinated
axons using neurofilament staining and the shape of the action
potential (Lawson et al., 1993) and then to identify different types
of C-fiber afferent neurons on the basis of the binding of
isolectin-B4 (IB4), which identifies nonpeptidergic neurons
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Table 1. Histological properties of DRG neurons
NF-negative C-fiber neurons
IB4 (⫹)
IB4 (⫺)
NF-positive A-fiber neurons
IB4 (⫹)
IB4 (⫺)

Bladder (n ⫽ 460 cells)

Proximal urethra (n ⫽ 364 cells)

Distal urethra (n ⫽ 320 cells)

321 cells (70%) (24.1 ⫾ 1.5 m)
58/321 (18%)
263/321 (82%)
139 cells (30%) (32.1 ⫾ 1.8 m)
4/137 (3%)
133/137 (97%)

247 cells (68%) (24.5 ⫾ 1.4 m)
55/247 (22%)
192/247 (78%)
117 cells (32%) (33.3 ⫾ 1.8 m)
6/117 (5%)
111/117 (95%)

163 cells (51%a) (23.5 ⫾ 1.5 m)
80/163 (49%a)
83/163 (51%a)
157 cells (49%a) (36.8 ⫾ 2.0 m)b
5/157 (3%)
152/157 (97%)

Data were obtained from four animals (six to seven DRG sections per each animal). NF, Neurofilament.
a
p ⬍ 0.05 compared with the percentage of bladder or proximal urethral neurons (2 test).
b
p ⬍ 0.05 compared with the diameter of bladder or proximal urethral neurons (t test).

(Snider and McMahon, 1998). A preliminary report of these results has been published previously in abstract form (Yoshimura
et al., 2001a).

Materials and Methods
Animal preparation. Experiments were performed on adult female
Sprague Dawley rats (150 –250 gm). Care and handling of animals were
in accordance with institutional guidelines and were approved by the
University of Pittsburgh Institutional Animal Care and Use Committee.
The subpopulations of DRG neurons, which innervate the urinary
bladder, proximal urethra, or distal urethra, including the surrounding
EUS, were labeled by retrograde axonal transport of a fluorescent dye,
Fast Blue (FB; 4% w/v; Polyloy, Gross Umstadt, Germany), which was
injected into each organ according to procedures described previously
for bladder injection (Yoshimura et al., 1994, 1998). To label neurons
supplying the bladder, the bladder was exposed by a midline lower abdominal incision, and the dye was injected with a 29 gauge needle at four
to six sites (total volume, 20 –30 l) on the dorsal surface of the bladder
under halothane anesthesia (n ⫽ 12 rats). In other animals (n ⫽ 11), to
label neurons supplying the proximal urethra, dye was injected on both
sides of the proximal urethral wall, starting 2 mm from the base of the
bladder neck to the level of the pubic bone (total volume, 6 – 8 l in four
injections). To label neurons supplying the distal urethra, a part of the
pubic symphysis was removed and then dye was injected bilaterally into
the distal urethra (total volume, 6 – 8 l in four injections) at the site at
which the EUS forms a ring of muscles surrounding the urethra under the
pubic ramus (n ⫽ 12 rats). At each injection site, the needle was kept in
place for 20 –30 sec, and any leakage of dye was removed by application of
a cotton swab. The injection site was then rinsed with saline, and the
incision was closed.

Immunohistochemistry. Seven days after dye injection, animals were
deeply anesthetized with pentobarbital (80 mg/kg, i.p.) and perfused
through the left ventricle with 200 ml of cold oxygenated Krebs-Ringer’s
solution, followed by a fixative consisting of 4% paraformaldehyde in
0.1 M PBS. After the perfusion, L6 and S1 DRGs were removed bilaterally
and then postfixed for 4 hr in the same fixative solution. The tissues were
placed in PBS containing increasing concentrations of sucrose (10, 20,
and 30%) at 4°C for cryoprotection, frozen in mounting medium, and
sectioned at 28 m on a cryostat. After mounting on gelatin-coated
slides, the sections were washed and incubated with IB4 conjugated with
FITC (10 g/ml; Sigma, St. Louis, MO) for 24 hr. Sections were then
washed and incubated with a monoclonal antibody to the 200 kDa neurofilament polypeptide (clone RT97; Chemicon, Temecula, CA; dilutions, 1:2000) for 48 hr, followed by visualization with anti-mouse antibody conjugated to Cy3 applied at dilutions of 1:600 for 2 hr. The
sections were coverslipped in glycerin solution.
Histological analysis. Sections were viewed under a fluorescent microscope (Olympus Optical, Tokyo, Japan). Each neuron was first checked
for FB labeling with the UV filter to identify cells innervating respective
FB-injected organs: bladder, proximal urethra, and distal urethra. Histological analyses of all FB-labeled neurons were performed on every third
section to avoid duplicate analysis of cells. The somal size of FB-labeled
afferent neuronal profiles, expressed as the average diameter calculated
from the longest and shortest axes of the cells, was measured on all
FB-labeled afferent neuronal profiles in which nuclei were identified.
Cross-sectional areas for outlined cell profiles of FB-labeled neurons
were also measured using Scion Image software (Scion Corp., Frederick,
MD). After completion of cell size measurements, the distribution of
RT97 neurofilament immunoreactivity and FITC staining for IB4 binding in FB-labeled afferent neuronal profiles was analyzed under fluores-

Figure 1. Photomicrographs of DRG sections showing neurofilament immunoreactivity and IB4 staining in FB-labeled neurons innervating the proximal urethra. A, Fluorescence photomicrograph for FB in a section of L6 DRG. B, Fluorescence photomicrograph for Cy3 of the same DRG section as in A showing neurofilament immunoreactivity C, Fluorescence photomicrograph showing FITC
for IB4 staining in the same DRG section as in A. Arrows indicated by a and b show examples of neurofilament-negative ( B) and IB4-positive (C) urethral afferent neurons labeled by FB ( A). Arrows
indicated with 1–3 show the examples of neurofilament-positive ( B) and IB4-negative (C) urethral afferent neurons labeled by FB ( A). Scale bar, 50 m.
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Figure 2. Histograms of cross-sectional somal areas of L6 and S1 DRG cell profiles innervating the proximal urethra ( A) and distal urethra ( B). Abscissa indicate a size distribution (crosssectional somal area) with a bin width of 50 m 2. Ordinate indicates the fraction of total cell
population. Open and filled bars represent the fraction of neurofilament-negative and
neurofilament-positive cell profiles, respectively.

cence illumination with the Cy3 filters and FITC filters, respectively. The
intensity of RT97 neurofilament immunoreactivity and IB4 staining was
rated on a four point scale, from completely negative (grade 0) to intense
staining (grade 3). The neurons that exhibited grades 0 or 1 for RT97
immunoreactivity were considered to be neurofilament-negative C-fiber
cells, whereas those with grades 2 or 3 were regarded as neurofilamentpositive A-fiber cells, as reported previously (Yoshimura et al., 1998).
Similarly, the neuronal profiles that exhibited grades 0 or 1 for IB4 staining intensity were considered to be IB4-negative cells, whereas those with
grades 2 or 3 were regarded as IB4-positive cells.
Cell preparation for patch-clamp recordings. Isolated neurons were dissociated from the DRG with enzymatic and mechanical methods, as
described previously (Yoshimura et al., 1994, 1996). Briefly, L6 and S1
DRGs were dissected and incubated in a bath for 25 min at 35°C with 5 ml
of DMEM (Sigma) containing 0.3 mg/ml trypsin (type 3; Sigma), 1
mg/ml collagenase (type 1; Sigma), and 0.1 mg/ml DNase (type 4; Sigma). Trypsin inhibitor (type 2a; Sigma) was then added to neutralize the
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activity of trypsin. Individual DRG cell bodies were isolated by trituration and then plated on poly-L-lysine-coated 35 mm Petri dishes. Dyelabeled primary afferent neurons that innervate the urinary bladder,
proximal urethra, and distal urethra were identified using an inverted
phase contrast microscope (Nikon, Tokyo, Japan) with fluorescent attachments (UV-1A filter; excitation wave length, 365 nm). G⍀-seal
whole-cell recordings were performed at room temperature (20 –22°C)
on each freshly dissociated, labeled neuron in a culture dish that usually
contained two to five labeled cells among a few hundred unlabeled neurons. The internal solution used during current-clamp recordings of
action potentials contained (in mM) 140 KCl, 1 CaCl2, 2 MgCl2, 9 EGTA,
10 HEPES, 4 Mg-ATP, and 0.3 GTP (Tris salt), adjusted to pH 7.4 with
KOH (310 mOsm). Patch electrodes had resistances of 1– 4 M⍀ when
filled with the internal solution. Neurons were superfused at a flow rate of
1.5 ml/min with an external solution containing (in mM) 150 NaCl,
5 KCl, 2.5 CaCl2, 1 MgCl2, 10 HEPES, and 10 D-glucose, adjusted to pH
7.4 with NaOH (340 mOsm). All recordings were made with an
Axopatch-1D patch-clamp amplifier (Axon Instruments, Foster City,
CA), and data were acquired and analyzed by pClamp software (Axon
Instruments). Cell membrane capacitances were obtained by reading the
value for whole-cell input capacitance neutralization directly from
the amplifier. The duration of action potentials was measured at 50%
of the spike amplitude. Thresholds for action potential activation
were determined by injection of depolarizing current pulses in 10 pA
steps. In current-clamp recordings, data are presented from neurons
that exhibited resting membrane potentials more negative than ⫺40
mV and action potentials that overshot 0 mV.
After current-clamp recordings, Ca 2⫹ channel currents conducted by
Ba 2⫹ ions were isolated by switching to an external solution containing
(in mM): 5 BaCl2, 155 TEA-Cl, 5 4-aminopyridine, and 10 HEPES, adjusted to pH 7.4 with TEA-OH (340 mOsm). Using this external solution, inward currents (mean peak amplitude, 3.1 ⫾ 0.3 nA; n ⫽ 40 cells)
elicited by depolarizing pulses to 0 mV from a holding potential of ⫺90
mV were almost completely suppressed by 400 M CdCl2 with a residual
outward current of 21.6 ⫾ 3.9 pA (n ⫽ 11), indicating that contamination by K ⫹ currents was minimal under this condition (Yoshimura et al.,
2001b). Cells in which excessive rundown was observed in a control
period ranging up to 5 min were excluded from the experiments. In
voltage-clamp recordings, the filter was set to ⫺3 dB at 2000 Hz. Leak
currents were subtracted by P/4 pulse protocol, and the series resistance
was compensated by 60 – 80%. All recordings were performed within 12
hr after dissociation.
TTX was applied to neurons by superfusion in the external solution.
Capsaicin (1 M) was directly applied to the cells by pressure ejection
(Picosplitzer; General Valve, Fairfield, NJ) through a glass pipette (10 –20
m tip diameter; 500 msec at 5–10 psi). An inward shift of holding
currents in voltage-clamp recordings was observed in capsaicin-sensitive
cells. Capsaicin (Sigma) was dissolved in the normal external solution
containing 10% alcohol and 10% Tween 80 at a concentration of 5 mM
and then diluted in the external solution before experiments. No effects
were detected by application of alcohol and Tween 80 in concentrations
as high as 0.2%.
All data are expressed as mean ⫾ SE. The data were analyzed by unpaired t test or  2 test. Welch’s correction was made when equal variances of data were not demonstrated by the F test. A level of p ⬍ 0.05 was
considered to be statistically significant.

Results
Histological analyses of DRG sections
The numbers of FB-labeled afferent neurons innervating the
bladder, proximal urethra, and distal urethra, respectively, averaged 18.9 ⫾ 1.8, 14.9 ⫾ 1.4, and 12.1 ⫾ 1.2 cell profiles per
28-m-thick section (n ⫽ 4) in the L6 DRG and 5.4 ⫾ 0.4, 4.3 ⫾
0.4, and 4.1 ⫾ 0.3 cell profiles per section (n ⫽ 4) in S1 DRG. No
FB-labeled cells were found in the L4 DRG, indicating that the
tracer had not spread systemically to label afferent neurons non-
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specifically. We also confirmed that afferent neurons in L6 –S1 DRG were predominantly labeled by dye transport through
the pelvic nerve after bladder (n ⫽ 2) or
proximal urethral (n ⫽ 2) FB injection and
through the pudendal nerve after FB injection to the distal urethra (n ⫽ 2), by
transecting respective nerves after dye injection into the corresponding organs
(data not shown).
The sizes of DRG neurons innervating
the proximal urethra and the bladder were
similar (Table 1). In bladder and proximal
urethral afferent neurons, neurofilamentnegative cells (i.e., grades 0 and 1 staining
for neurofilament immunoreactivity)
were more numerous (70 and 68%, respectively) and smaller in size than
neurofilament-positive neurons (i.e.,
grades 2 and 3 staining), which comprised
30 and 32% of total neurons (Fig. 1, Table
1). However, in distal urethral afferent
neurons, the numbers of neurofilamentpositive cells and neurofilament-negative
cells were almost equal (51% and
49%,respectively). The average size of
neurofilament-positive A-fiber neurons
was significantly ( p ⬍ 0.05) larger than the Figure 3. Characteristics of proximal urethral afferent neurons exhibiting TTX-resistant action potentials (24 m diameter; A)
average size of neurofilament-positive A- and TTX-sensitive action potentials (33 m diameter; B). The left panels are voltage responses and action potentials evoked by 30
fiber neurons innervating the bladder or msec depolarizing current pulses injected through the patch pipette under current-clamp conditions. A pound sign followed by a
proximal urethra, whereas neurofilament- dotted line indicates the thresholds for spike activation (⫺20 mV in A and ⫺29 mV in B). The middle panels show the effects of
negative C-fiber distal urethral neurons TTX application (1 M) on action potentials. The right panels show the responses to extracellular application of capsaicin (1 M)
were similar in size to the bladder or prox- under voltage-clamp conditions. Note that the TTX-resistant urethral afferent neuron ( A) exhibited an inward current in response
imal urethral C-fiber afferent neurons to capsaicin, whereas the TTX-sensitive afferent neuron showed no response to capsaicin.
(Table 1). As shown in Figure 2, histoTTX and capsaicin sensitivity of DRG neurons
grams of size distributions of proximal urethral and distal urethral afferent neurons clearly show a smaller number of neuroBladder neurons
filament-negative C-fiber cells and broader size distribution of
Approximately 71% of bladder afferent neurons exhibited longneurofilament-positive A-fiber cells among the distal urethral
duration (7.9 ⫾ 0.7 msec) action potentials that were resistant to
neuron population compared with the proximal urethral neuron
TTX, whereas the remaining 17 bladder afferent neurons exhibpopulation.
ited short-duration (5.4 ⫾ 0.5 msec) action potentials that were
IB4-positive staining detected by FITC fluorescence was prereversibly blocked by 1 M TTX (Fig. 3, Table 2). The mean
threshold of TTX-resistant spikes was ⫺20.4 ⫾ 1.1 mV, and the
dominantly found in neurofilament-negative C-fiber afferent neuaverage size was 25.3 ⫾ 1.6 m in diameter. In bladder afferent
rons in all three populations of neurons (Fig. 1, Table 1). However,
neurons with TTX-resistant action potentials, 93% of neurons
the IB4-positive cells represented a significantly lower percentage of
exhibited inward currents in response to capsaicin application.
bladder (18%) and proximal urethral neurofilament-negative
Bladder afferent neurons that exhibited TTX-sensitive action poC-fiber afferent neurons (22%) than neurofilament-negative distal
tentials were significantly larger in size and had shorter-duration
urethral afferent neurons (49%) (Table 1).

Table 2. Electrical properties of DRG neurons
TTX-resistant neurons
Spike duration
Spike threshold
Capsaicin sensitivity
TTX-sensitive neurons
Spike duration
Spike threshold
Capsaicin sensitivity

Bladder (n ⫽ 59 cells)

Proximal urethra (n ⫽ 48 cells)

Distal urethra (n ⫽ 45 cells)

42 cells (71%) (25.3 ⫾ 1.6 m)
7.9 ⫾ 0.7 msec
⫺20.4 ⫾ 1.1 mV
28/30 cells (93%)
17 cells (29%) (33.1 ⫾ 2.1 m)
5.4 ⫾ 0.5 msec
⫺29.1 ⫾ 1.6 mV
1/14 cells (7%)

35 cells (73%) (27.2 ⫾ 1.4 m)
8.1 ⫾ 1.1 msec
⫺22.4 ⫾ 2.1 mV
20/22 cells (91%)
13 cells (27%) (32.2 ⫾ 1.9 m)
4.9 ⫾ 0.8 msec
⫺31.2 ⫾ 1.9 mV
1/10 cells (10%)

24 cells (53%a) (26.2 ⫾ 1.3 m)
7.6 ⫾ 0.9 msec
⫺21.6 ⫾ 1.6 mV
16/17 cells (94%)
21 cells (47%a) (37.8 ⫾ 1.9 m)b
4.4 ⫾ 0.6 msec
⫺30.5 ⫾ 2.1 mV
1/15 cells (7%)

Data were obtained from eight (bladder), seven (proximal urethra), and eight (distal urethra) rats.
a
p ⬍ 0.05 compared with the percentage of bladder or proximal urethral neurons (2 test).
b
p ⬍ 0.05 compared with the diameter of bladder or proximal urethral neurons (t test).
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Ca 2ⴙ channel currents
After examining action potential properties, Ca 2⫹ channel currents carried by
Ba 2⫹ ions were evaluated in voltage-clamp
recordings by switching to an external solution (described in Materials and Methods) that suppressed Na ⫹ and K ⫹ currents. Different command protocols were
used to identify the expression of highvoltage-activated (HVA) and T-type, lowvoltage-activated (LVA) Ca 2⫹ channel
currents. Because it has been reported that
T-type channels are almost completely inactivated at a holding potential of ⫺60 mV
and can be activated by membrane depolarization above ⫺50 mV from hyperpolarized holding potentials (Carbone and
Lux, 1987; Scroggs and Fox, 1992), we first
examined HVA Ca 2⫹ channel currents induced by membrane depolarization to 0
mV from the holding potential at ⫺40
mV. HVA Ca 2⫹ channel currents (range
of peak current size, 0.8 –2.8 nA), which
were only slowly inactivated during 100
msec membrane depolarization, were
found in both TTX-resistant and TTXFigure 4. Ca 2⫹ channel currents in afferent neurons innervating the proximal urethra ( A) and distal urethra ( B) with TTX- sensitive populations of proximal urethral
sensitive action potentials. HVA Ca 2⫹ channel currents were induced by depolarizing pulses to 0 mV from the holding potential of and distal urethral afferent neurons (Fig.
⫺40 mV (left panels). LVA, T-type Ca 2⫹ channel currents were induced by depolarizing pulses to ⫺40 mV from the hyperpo- 4). Thereafter, when the holding memlarized holding potential of ⫺90 mV (right panels). Note that the fast-inactivating T-type Ca 2⫹ channel current was found in the brane potential was shifted to ⫺90 mV and
distal urethral neuron but not in the proximal urethral neuron.
then depolarized to ⫺40 mV, approximately one-half of TTX-sensitive distal
(5.4 ⫾ 0.5 msec) action potentials that were activated at signifiurethral afferent neurons (7 of 15 neurons, 47%) exhibited
cantly lower thresholds (⫺29.1 ⫾ 1.6 mV) than TTX-resistant
T-type Ca 2⫹ channel currents (range, 1.5–3.1 nA) that were alneurons. Only one of these neurons was sensitive to capsaicin.
most completely inactivated during 120 msec depolarizing
pulses. However, T-type LVA Ca 2⫹ channel currents exceeding
Proximal urethral neurons
0.2 nA were not detected in any TTX-resistant afferent neurons
Proximal urethral afferent neurons could be divided into two
innervating the three organs tested (n ⫽ 20, 18, and 21, respecpopulations according to the TTX (1 M) sensitivity of their actively) or in TTX-sensitive neurons innervating the bladder (n ⫽
tion potentials. Approximately 73% of the neurons exhibited
11) or proximal urethra (n ⫽ 12) (Fig. 4).
TTX-resistant long-duration (8.1 ⫾ 1.1 msec) action potentials
activated at high thresholds (⫺22.4 ⫾ 2.1 mV) (Table 2). The
Discussion
remaining 13 neurons had TTX-sensitive short-duration (4.9 ⫾
The results of the present study indicate that: (1) the properties of
0.8 msec) action potentials activated at low thresholds (⫺31.2 ⫾
pelvic nerve afferent neurons innervating the proximal urethra
1.9 mV). The somal size of the neurons with TTX-resistant spikes
are similar to those of bladder afferent neurons; (2) pudendal
was significantly smaller than that of TTX-sensitive neurons (Tanerve afferent neurons innervating the distal urethra including
ble 2). Approximately 91% of neurons with TTX-resistant spikes
the EUS consist of a smaller number of C-fiber neurons and a
were sensitive to capsaicin, whereas only 1 of 10 neurons with
more diverse population of A-fiber neurons, some of which exTTX-sensitive spikes was sensitive to capsaicin (Table 2). The size
hibit T-type Ca 2⫹ channels; and (3) the proportion of IB4of TTX-resistant or TTX-sensitive proximal urethral neurons did
positive, presumed nonpeptidergic cells among C-fiber afferent
not differ from those of bladder afferent neurons (Table 2).
neurons is greater in the afferent population innervating the distal urethra than in those innervating the bladder and proximal
Distal urethral neurons
Neurons with TTX-sensitive spikes comprised almost half (47%)
urethra.
of the distal urethral afferent neuron population but a signifiThese differences in the afferent innervation of the proximal
cantly smaller percentage (27–29%) of bladder or proximal
and distal parts of the lower urinary tract are consistent with the
urethral afferent neurons (Table 2). Although the size of TTXdifferences in the function of the two regions. The bladder and
resistant distal urethral neurons did not differ from those of TTXproximal urethra are composed of smooth muscles that exhibit
resistant proximal urethral neurons, the size of TTX-sensitive
slow distension and/or contraction (Morrison et al., 2002),
distal urethral neurons was significantly larger (by 17%) than that
whereas the distal urethra is composed in part of striated muscles
of TTX-sensitive neurons innervating the proximal urethra.
that exhibit high-frequency rapid oscillations (bursting) during
Neurons with TTX-resistant spikes were predominantly capsavoiding (Maggi et al., 1986; de Groat et al., 2001). Smallicin sensitive (94%), whereas only 1 of 15 neurons with TTXdiameter, slow-conducting neural pathways and large-diameter,
sensitive spikes was sensitive to capsaicin (Table 2).
fast-conducting pathways with T-type Ca 2⫹ channels that are
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known to be involved in bursting-type activity (White et al., 1989;
Huguenard, 1998) seem appropriate for the afferent innervation
of these two regions of the lower urinary tract.
It has been reported that myelinated afferents innervating the
urethra can contribute to bladder emptying during the voiding
phase. Barrington (1931, 1941) has identified two components of
this facilitatory urethra-to-bladder reflex. One component was
activated by a somatic afferent pathway in the pudendal nerve
and produced facilitation by a supraspinal mechanism involving
the pontine micturition center (Barrington, 1931). The other
component was activated by a visceral afferent pathway in the
pelvic nerve and produced facilitation by a spinal reflex mechanism (Barrington, 1941). Talaat (1937) reported that during saline flow through the urethra in dogs, pudendal nerve afferents
were activated at a much lower pressure compared with pelvic
nerve afferent firing, which was induced by high-pressure flow
that caused a distension of the urethra. High thresholds (⬎60 cm
of water) for activation of urethral afferents in the pelvic nerves
were also identified recently in rats (Le Feber et al., 1998). It has
also been documented that conduction velocities of cat pudendal
nerve afferent fibers responding to electrical stimulation of the
urethra are approximately twice as fast (45 m/sec) as pelvic nerve
afferent fibers responding to the same stimulation (20 m/sec)
(Bradley et al., 1973). In addition, it has been demonstrated that
urethral afferents in the pudendal and pelvic nerves of the cat
have different receptor properties. Pudendal nerve afferents responding to urine flow, some of which may be connected to
Pacinian corpuscle-like structures in the muscle layers and the
deeper parts of urethral mucosa, exhibited a slowly adapting firing pattern (Todd, 1964), whereas myelinated urethral afferents
in the pelvic nerve are reportedly connected to rapidly adapting
receptors (Bahns et al., 1986). Overall, the existence of lowthreshold, fast-conducting A-fibers in pudendal nerve afferents
innervating the distal urethra is in accordance with the findings in
the present study that myelinated pudendal nerve afferent neurons consist of more diverse populations of cells with larger somal size than myelinated A-fiber pelvic nerve afferents innervating the urethra. The existence of low-threshold, fast conducting
A-fibers in pudendal nerve afferent pathways to the distal urethra
is in accordance with the findings in the present study that distal
urethral myelinated afferent neurons that travel in the pudendal
nerve consist of a more diverse population of cells with larger
somal size than myelinated A-fiber pelvic nerve afferents innervating the bladder and urethra. These results raise the possibility
that the large-sized A-fiber population of distal urethral afferent
neurons contains A␣/␤-fiber cells, because myelinated A␣/␤fiber neurons are usually larger in size than A␦-fiber or C-fiber
cells (Lawson et al., 1993) that innervate the bladder (de Groat et
al., 1981; Mallory et al., 1989).
Approximately one-half of TTX-sensitive A-fiber distal urethral afferent neurons exhibited transient, T-type Ca 2⫹ channel
currents that were not observed in TTX-sensitive A-fiber afferent
neurons innervating the bladder and proximal urethra. These
results are in line with previous findings that T-type Ca 2⫹ channel currents are expressed in a population of unidentified
medium-sized A␦-fiber DRG neurons that exhibited TTXsensitive sodium currents and capsaicin insensitivity (Cardenas
et al., 1995, Villiere and McLachlan, 1996). Because it has been
reported that T-type Ca 2⫹ channel currents are involved in burst
firing in thalamic and DRG neurons (White et al., 1989; Huguenard, 1998), it is tempting to speculate that A-fiber pudendal
nerve afferent neurons exhibiting T-type Ca 2⫹ channels may
contribute to sustained firing patterns in pudendal nerve affer-

ents that respond to urine flow (Todd, 1964) and to the bursting
activity of striated urethral sphincter muscles during voiding
(Maggi et al., 1986; de Groat et al., 2001).
Previous studies demonstrated that C-fiber afferent fibers
identified by immunohistochemical staining for calcitonin generelated peptide or substance P were present in the subepithelium,
the submucosa, and the muscular layer in all portions of the
urethra (Hokfelt et al., 1978; Warburton and Santer, 1994).
Moreover, the activation of these urethral C-fibers by capsaicin
application elicited nociceptive behavioral responses, which disappeared after pudendal nerve transection (Lecci et al., 1994), as
well as increased EMG activity of pelvic floor striated muscle,
including the EUS (Conte et al., 1993; Thor and Muhlhauser,
1999). C-fiber afferents innervating the lower urinary tract seem
to be subdivided into two populations on the basis of IB4 binding, as noted in the general population of DRG cells (i.e., IB4negative peptidergic and IB4-positive nonpeptidergic subpopulations) (Snider and McMahon, 1998). The present study showed
that 49% of C-fiber distal urethral afferent neurons were IB4
positive, whereas only 18 –22% of C-fiber bladder or proximal
urethral afferent neurons were stained with IB4, indicating that
pelvic nerve afferents innervating the proximal part of the lower
urinary tract contain a larger population of peptidergic cells than
pudendal nerve afferents innervating the distal urethra (Keast
and de Groat, 1992). Somatic afferent neurons innervating the
skin also have a larger percentage of IB4-positive cells than afferent neurons innervating the bladder (Bennett et al., 1996).
In conclusion, the present results suggest that there is a considerable variation in the properties of afferent neurons innervating different regions of the lower urinary tract. It seems likely that
this heterogeneity is related to the different functions of the respective target organs.
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