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Phenotype-specific expression of T-type calcium channels in
neurons of the major pelvic ganglion of the adult male rat

Yu Zhu, Elizabeth L. Zboran and Stephen R. Ikeda *

Department of Pharmacology and Toxicology, Medical College of Georgia, Augusta,
GA 30912-2300, USA

1. Neurons from the major pelvic ganglia (MPG) of adult male rats were enzymatically
dissociated and the neurochemical phenotype and Ca2+ current properties examined.

2. Neurons were divided into two subpopulations based on the presence or absence of low
threshold T-type Ca2+ channels. The subpopulation of neurons expressing T-type Ca2+
channels was characterized by a mean diameter of 34 ,m, a mean membrane capacitance
(Cm) of 72 pF, tyrosine hydroxylase immunoreactivity (TH-IR), a lack of NADPH
diaphorase (NADPHd) reactivity and a high degree of ax-adrenoceptor-mediated Ca2P
current inhibition (60 %).

3. The subpopulation of neurons without overt T-type Ca2+ channels had a mean diameter of
23 ,um, a mean Cm of 30 pF, a lack of TH-IR and a moderate degree of a2-adrenoceptor-
mediated Ca2P current inhibition (27 %). About 50% of this subpopulation stained
positively for NADPHd.

4. The contribution of high threshold N-type Ca2P channels (60-70%), as determined from
w-conotoxin GVIA inhibition, and L-type Ca2P channels (< 10%), as determined from
nifedipine inhibition, to the whole-cell Ca2P current was similar for both subpopulations of
neurons.

5. These data indicate that the MPG contain at least two subpopulations of postganglionic
neurons, i.e. adrenergic and non-adrenergic, with distinct electrophysiological and
neurochemical properties. Furthermore, we propose that the presence or absence of T-type
Ca2+ channels provides an electrophysiological means of identifying adrenergic and
non-adrenergic phenotype, respectively, in neurons of the male rat MPG.

Neurons of the rat major pelvic ganglia (MPG) provide
innervation to the pelvic viscera and external genitalia
(Langworthy, 1965; Dail, Evan & Eason, 1975).
Anatomically, the MPG are unique amongst autonomic
ganglia in that a mixture of both sympathetic and
parasympathetic postganglionic neurons reside within the
same ganglion capsule (Dail, 1992). Functionally, neurons
of the MPG of male rats are involved in physiologically
complex processes such as micturation (de Groat, Booth &
Yoshimura, 1992) and penile erection (de Groat & Booth,
1992). During pathological processes involving these
functions, alterations in MPG neuron structure and
function have been observed. For example, bladder outlet
obstruction produces a marked hypertrophy of MPG
neurons innervating the bladder (de Groat et al. 1992), and
decreased testosterone levels have been documented to
produce erectile dysfunction (Mills, Wiedmeier & Stopper,

1992), possibly resulting from functional alterations in
MPG neurons (Giuliano, Rampin, Schirar, Jardin &
Rousseau, 1993). Thus, the rat MPG provides a useful
model system for studying the autonomic control of pelvic
organs during normal and pathological conditions.

Since it is established that Ca2+ entry via voltage-gated
Ca2P channels plays an important role in control of neuro-
transmitter release from autonomic neurons (Hirning et al.
1988; Toth, Bindokas, Bleakman, Colmers & Miller, 1993),
information about Ca2+ channels and their modulation in
pelvic ganglion neurons might help us to understand the
regulation of neuroeffector transmission in these neurons
better. However, to our knowledge, there have been no
studies which examine voltage-activated Ca2+ currents in
male rat MPG neurons. Thus, the present study was under-
taken to characterize the Ca2+ currents in MPG neurons of
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adult male rats and to correlate the electrophysiological
data with the neurochemical phenotype as determined with
histochemical and immuno-histochemical methods. Our
data indicate that principal postganglionic autonomic
neurons in the MPG of male rats contain at least two
distinct subpopulations of neurons, i.e. adrenergic and non-
adrenergic, which differ in morphology, Ca2+ channel
expression and neurotransmitter modulation of Ca2+
channels.

METHODS
Neuron isolation
Single neurons of the major pelvic ganglia from male adult rats
were enzymatically dispersed using a modification of the method
previously described for rat superior cervical ganglion (Zhu &
Ikeda, 1993). The rats were killed by decapitation with a
laboratory guillotine and the major pelvic ganglia, located on the
lateral surfaces of the prostate gland (Langworthy, 1965), were
dissected out and placed in cold Hanks' balanced salt solution. The
ganglia were then desheathed, cut into small pieces and incubated
with 1 0 mg ml- collagenase type D (Boehringer Mannheim,
Indianapolis, IN, USA), 0-1 mg ml-' trypsin (Worthington,
Freehold, NJ, USA), and 0 1 mg ml-' DNAase Type I (Sigma
Chemical Co., St Louis, MO, USA) in 10 ml of Earle's balanced salt
solution at 35 °C for 1 h in a shaking water bath. After incubation,
the ganglia were dissociated into single neurons by vigorous
shaking of the flask containing the ganglia. The dispersed neurons
were lightly pelleted by centrifugation at 50 g and then
resuspended in Minimum Essential Medium (MEM) supplemented
with 10% fetal calf serum, 1% glutamine and 1 % penicillin-
streptomycin solution (all from Life Technologies, Grand Island,
NY, USA). The neurons were subsequently plated into 35 mm
tissue culture dishes coated with poly-L-lysine and incubated in a
humidified atmosphere containing 5% CO2 in air at 37 'C.
Neurons were used within 3-24 h of plating. Recordings were
comparable during this time period.

Neuron staining
NADPH diaphorase (NADPHd) histochemical methods (Thomas &
Pearse, 1964) were adapted from those previously described (Hope,
Michael, Knigge & Vincent, 1991). Neurons were allowed to attach
firmly to the culture substrate (>2 h) and were then fixed with
phosphate buffer (01 M, pH 7 4) containing 2% paraformaldehyde
at room temperature (21-24 °C) for 30 min. Following fixation,
the neurons were rinsed several times with Tris buffer (6-5 g l1,
pH adjusted to 7-4 with HCl) and then incubated with Tris buffer
containing 1 mg ml-' Nitroblue Tetrazolium (Aldrich, Milwaukee,
WI, USA), 0 4 mg ml- bNADPH (Sigma) and 0 3% Triton X-100
(Sigma) at 37 'C for 20-30 min. Subsequently, the reaction solution
was replaced with Tris buffer and the neurons visualized with
bright-field microscopy. NADPHd-positive neurons were stained
an intense dark blue-purple colour. If ,B-NADPH was omitted
from the reaction mixture, darkly stained neurons were absent.

TH-IR was detected immunohistochemically using a mouse
(IgG2a) anti-TH monoclonal antibody (clone 2/40/15; Boehringer
Mannheim) and a secondary antibody kit (Vectastain Elite ABC
kit, Vector Laboratories, Burlingame, CA, USA) based on an
avidin-biotin horseradish peroxidase complex (ABC). Briefly,
plated neurons were fixed with 4% paraformaldehyde in sodium

with phosphate-buffered saline (PBS) and incubated with blocking
serum (horse serum, 15 1 ml-' in PBS) for 15 min. Following
overnight incubation at 4 °C with the primary antibody (4 ng ,&I-
anti-TH antibody, 01% Tween 20 in PBS), the neurons were
washed three times with PBS and processed according to the kit
manufacturer's instructions. Neurons were incubated with
secondary antibody and ABC reagent for 15 min, respectively.
Following treatment with a diaminobenzidine-NiCl2 (DAB
substrate kit, Vector Laboratories), neurons were examined with
bright-field microscopy for the dark gray-black peroxidase
reaction product. Neurons treated identically except for omission
of the primary antibody incubation step displayed no overt
reaction product.
A computer-assisted video system was used to measure the
diameter of stained and unstained neurons. For these studies,
neurons were plated onto glass coverslips with individually
labelled grids (Bellco, Vineland, NJ, USA) and visualized with
bright-field microscopy using an inverted microscope. A field of
dissociated neurons was first 'captured' (digitized) from a video
image generated by a remote-head CCD camera with an 8-bit
frame grabber card (QuickCapture, Data Translation, Marlboro,
MA, USA) installed in a Macintosh II computer. An image
analysis program (Image 1-44, Wayne Rasbund, NIH, Bethesda,
MD, USA) was then used to determine the major and minor
diameter of the neurons. The gridded coverslips allowed for the
systematic scanning of the coverslip, thus avoiding the analysis of
duplicate fields. Illumination was adjusted such that the dark
precipitation products of the NADPHd and horseradish
peroxidase (for TH-IR) reactions resulted in a modal pixel density
near 255 (black). Neurons were considered stained in later analyses
if the modal pixel density was 240 or greater. In practice, this
analysis was equivalent to 'visual' determination of staining but
was much more efficient, thus allowing greater numbers of neurons
to be analysed. Generation and fitting (Gaussian functions) of
mean cell diameter histograms was performed with the Macintosh
program Igor (WaveMetrics, Lake Oswego, OR, USA). Objects
smaller than 10 ,um were excluded from all data sets in an attempt
to restrict the analyses to principal postganglionic neurons (i.e. to
exclude SIF cells and cellular debris).
Electrophysiology
The method for voltage clamping of single neurons using the
whole-cell variant of patch-clamp technique (Hamill, Marty,
Neher, Sakmann & Sigworth, 1981) has been described previously
(Ikeda, 1991; Zhu & Ikeda, 1993). Patch electrodes were made
from a borosilicate glass capillary (Corning 7052, Garner Glass Co.,
Claremont, CA, USA), coated with Sylgard 184 (Dow Corning,
Midland, MI, USA), fire polished, and had resistances of
0-5-2 MQl when filled with the solutions described below. The cell
membrane capacitance and series resistance were determined with
a small depolarizing pulse and then electronically compensated for
(typically >80%) using the Axopatch-IC patch-clamp amplifier
(Axon Instruments, Foster City, CA, USA). Voltage-clamp
protocols were generated by a Macintosh IIci computer using
custom software. Traces were digitized at 200 ,us per point and
filtered at 2-5 kHz using the 4-pole Bessel filter in the clamp
amplifier. All experiments were performed at room temperature
(21-24 °C). Some neurons, after whole-cell recording, were

subsequently examined for NADPHd reactivity or TH-IR. In
these experiments, patch pipettes with a smaller opening
(resistance of 2-4 MQl) were used. Following recording (which was

kept as brief as possible), the pipette was gently withdrawn fromphosphate buffer (pH 7 2) for 15 min, washed three times (5 min)
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the neuron and the location of the neuron marked by placing a
scratch on the bottom of culture dish in the vicinity of the neuron.

Current traces were normally stored in the hard drive of the
computer and later analysed using Igor. Current traces and
current-voltage (I- V) relationships were corrected for linear
leakage current as determined from hyperpolarizing pulses. Least
squares non-linear regression estimate of Hill coefficients were
performed with Igor curve-fitting functions. Results are presented
as means + S.E.M. unless otherwise stated. Student's paired or
unpaired t tests were applied, as appropriate, to determine the
statistical significance. The differences were considered significant
ifP< 005.

Solutions and drugs
For Ca2+ current recordings, the pipette solution contained (mM):
120 N-methyl-D-glucamine methanesulphonate (CH3SO3), 20 tetra-
ethylammonium (TEA)-CH3SO3, 20 HCl, 11 ethyleneglycol-bis-(fi-
aminoethyl ether)N,N,N',N'-tetraacetic acid (EGTA), 1 CaCl2,
10 Hepes, 4 Mg-ATP, 0'3 Na2-GTP, 14 creatine phosphate (Tris
salt); pH 7-2 and 305 mosmol kg-'. The external solution consisted
of (mM): 145 TEA-CH3SO3, 10 Hepes, 10 CaCl2, 15 glucose,
0 0005 TTX; pH 7-4 and 325 mosmol kg-'. UK 14304 5-bromo-N-
(4,5-dihydro-lH-imidazol-2-yl)-6-quinoxalinamine (Research Bio-
chemicals Inc., Natick, MA, USA) a specific a2-adrenergic agonist,
was prepared from a 50 mm stock solution in 0 1 M HCl.
eo-Conotoxin GVIA (w-CgTX) was from Peninsula Labs (Belmont,
CA, USA) and wo-agatoxin IVA (wo-Aga-IVA) was from Peptides
International (Louisville, KY, USA). Drugs were applied to the
neuron under study by rapidly lowering a large-bore (ca 10-15 #4m
tip diameter) micropipette (type N51A glass, Garner Glass Co.)
containing the test solutions to within 10-20 /tsm of the cell. Drug
application was terminated by lifting the pipette from the bathing
medium.

RESULTS
Neurochemical phenotype ofMPG neurons correlates
with cell size
The major pelvic ganglion (MPG) of the male rat deviates
from the general anatomical layout of the autonomic
nervous system in that both parasympathetic and
sympathetic postganglionic neuronal somata are situated
within the same ganglion capsule (Dail, 1992). Results of
previous studies (Dail et al. 1975; Keast & de Groat, 1989)
have suggested that the neurochemical phenotype of MPG
neurons (e.g. acetylcholinesterase-positive or TH-IR), as
determined from tissue sections, correlates with neuron
size. However, similar studies have not been conducted on
enzymatically isolated neurons. Thus, experiments were
undertaken to determine whether neurochemical phenotype,
as determined from histochemical (NADPHd) and immuno-
histochemical (TH) methods, correlated with the size (mean
somal diameter) of the dispersed MPG neurons.

A representative bright-field photomicrograph of dissociated
MPG neurons stained for NADPHd, a marker (Dawson,
Bredt, Fotuhi, Hwang & Snyder, 1991; Hope et al. 1991)
for nitric oxide synthase (NOS), is shown in Fig. 1A. It is
apparent that the dense formazan reaction product appears

diameter neurons. Computer-assisted morphometric analysis
of five separate neuron preparations (the number of neurons
analysed per preparation ranged from 512 to 2426)
confirmed that the somal diameter of NADPHd-positive
neurons (22 + 2 #sm), which comprised 43 + 3% of the
neurons analysed, was significantly smaller (P < 0-01;
Student's paired t test) than those of NADPHd-negative
neurons (29 + 2 sm). Somal diameters were determined
from the arithmetic mean of the major and minor axis.
Figure 1Bdepicts a histogram of NADPHd-positive neuron

somal diameters from a single neuron preparation. The
histogram was adequately described by a single Gaussian
function (continuous line) with a mean of 18 ,um. In contrast,
a histogram of NADPHd-negative neurons (Fig. 1 C)
revealed a broad distribution of somal diameters with a

sizeable fraction (ca 50%) of the subpopulation comprising
large neurons (> 30 #sm). The histogram was adequately
described (continuous line enclosing data) by a double
Gaussian function with means of 22 and 34 /sm.

A representative bright-field photomicrograph of dis-
sociated MPG neurons stained for TH-IR is shown in
Fig. 1D. When compared with Fig. 1A, it is apparent that
neurons containing TH-IR comprise a subpopulation with
larger somal diameters. Analysis of four separate neuron

preparations (the number of neurons analysed per

preparation ranged from 703 to 1376) revealed that the
somal diameter of neurons with TH-IR (30 + 1 #sm), which
comprised 42 + 2% of the neurons analysed, was

significantly (P < 0-01; Student's paired t test) larger than
those neurons without TH-IR (22 + 1 #sm). Histograms of
neurons with (Fig. 1E) and without (Fig. IF) TH-IR were

fit to single Gaussian function (continuous line) with means

of 31 and 21 ,um, respectively.

Ca2+ currents in MPG neurons

Ca2+ currents of single dissociated neurons from the rat
MPG were recorded using the whole-cell variant of the
patch-clamp technique in solutions designed to isolate Ca2+
currents. Preliminary studies revealed that low threshold
T-type Ca2+ channels were present in some MPG neurons

and appeared to be consistently present in the largest
neurons in the preparation. As the morphometric data
(Fig. 1) supported a correlation between neurochemical
phenotype and neuron size, experiments were carried out
to substantiate the relationship between expression of
T-type Ca2+ channels and neuron size, and to explore
whether the presence of T-type Ca2+ channels was

restricted to a particular neurochemical phenotype.

The top and bottom panels of Fig. 2A depict superimposed
currents traces from a representative large neuron (89 pF)
displaying a T-type Ca2+ current component. Ca2+ currents
were evoked from a holding potential of -90 mV with
70 ms depolarizing steps to various test pulse potentials.
Between test pulse potentials of -50 and -20 mV, the step
current inactivated relatively quickly (i.e. was transient)to be produced mainly in a subpopulation of smaller
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and, following repolarization to the holding potential, a
slowly decaying tail current resulting from Ca2+ channel
deactivation was observed. Conversely, Ca2+ currents
evoked from a holding potential of -60 mV inactivated
very little during the 70 ms pulse and displayed a rapidly
decaying tail current upon repolarization (Fig. 2B).
Figure 2C illustrates current-voltage (I- V) relationships of
Ca2P currents recorded at holding potentials of -90 (0) and
-60 mV (0), respectively. At the holding potential of
-60 mV, the low threshold component of the Ca2+ current,
evident in the inflection or 'hump' in the I-V relationship,
was greatly attenuated and the maximal current amplitude
was reduced. Figure 2D depicts the reversible block of the
transient component of low threshold Ca2+ current by
500 /AM amiloride, a relatively selective blocker of T-type
Ca2+ channels (Tang, Presser & Morad, 1988). Mean
inhibition by 500 /M amiloride in neurons expressing low
threshold Ca2+ currents was 63-2 + 5*3% (n= 4;
determined at -40 mV). In neurons without overt T-type
Ca2+ channels, 500 /M amiloride produced negligible block
of the high threshold Ca2P current (mean inhibition at 0 mV
of -3 7 + 2 7 %, n =4, data not shown). The mean
Tinactivation of the transient current component, as

determined at -40 mV by fitting the decay phase to a
single exponential plus a constant (i.e. a sustained
component), was 45 8 + 3 ms (n = 3). The sustained
current component comprised about 25-33% of the total
current at this voltage. The low threshold for activation,
transient step current kinetics, retarded deactivation
kinetics, attenuation by moderately depolarized (e.g.
-60 mV) holding potentials and block by amiloride are
consistent with previous descriptions of currents arising
from T-type Ca2P channels (Nowycky, Fox & Tsien, 1985;
Matteson & Armstrong, 1986; Fox, Nowycky & Tsien,
1987; Tang et al. 1988).

Ca2+ currents from a representative medium-sized neuron
(37 pF) in which no T-type Ca2P channel component was
observed is shown in Fig. 3. Superimposed families of
current traces evoked from a holding potential of -90 mV
are illustrated in Fig. 3A. No overt inward current was
detected at test pulse potentials more hyperpolarized than
-25 mV. Ca2+ currents evoked between -25 and -10 mV
showed little inactivation during the 70 ms test pulse and
tail currents decayed rapidly upon repolarization to holding
potential. At a holding potential of -60 mV, the Ca2P
currents were nearly identical to those recorded at -90 mV
except that the current amplitude was slightly decreased
(Fig. 3B and C), possibly due to voltage-dependent
inactivation.

As noted earlier, it was felt that larger neurons tended to
possess a T-type Ca2P current component more frequently
than smaller neurons. To substantiate this impression, the
neuron diameter, determined with a graduated reticule in
the microscope eyepiece, and the membrane capacitance, a
measure of cell surface area, were compared in neurons
with and without and an overt T-type Ca2+ current
component. As shown in Fig. 4A, most neurons without
T-type Ca2+ channels were medium to small in size with a
mean capacitance of 30 + 2 pF (range, 10-52 pF; n = 38)
and mean diameter of 23 + 1 ,sm (n = 32). In contrast,
neurons expressing T-type Ca2P channels had a significantly
greater (P < 0 02) mean capacitance (72 + 8 pF; range,
27-127; n = 33) and diameter (34 + 1 /tm; n = 31) although
the distribution of the two types of neurons overlapped
considerably. Interestingly, the mean current density, as
measured from the maximal current of the I-V curves, in
neurons expressing T-type channels (40 + 4 pA pF-1;
n = 38) was significantly less than that of neurons in which
T-type channels were absent (78 + 8 pA pF-1, n = 33;
P< 0-01).

Figure 1. NADPH diaphorase (NADPHd) histochemistry and tyrosine hydroxylase (TH)
immunohistochemistry of dissociated major pelvic ganglion (MPG) neurons
A, bright-field photomicrograph of enzymatically dissociated MPG neurons following fixation and
staining for NADPHd. Note that the NADPHd-positive cells (darker) are generally of smaller diameter
when compared to unreactive neurons. Calibration bar represents 50 ,um. B, histogram of somal diameters
from 298 NADPHd-positive neurons. The solid line represents the best fit to a Gaussian function with
mean and standard deviation (S.D.) of 18-0 and 5-9 ,sm, respectively. C, histogram of somal diameters from
460 NADPHd-negative neurons. The continuous line represents the best fit to a double Gaussian function
with means of 22-2 and 33-7 ,ctm and S.D. values of 7-2 and 7-3 /sm, respectively. The dashed line
represents the fit of the histogram depicted in B superimposed for comparison. Neurons in B and C are
from the same preparation. NADPHd-positive neurons comprised 39% (298 out of 758) of the total
population in this preparation. D, bright-field photomicrograph of MPG neurons following fixation and
staining for TH-IR. Note that the cells displaying TH-IR (darker) were generally of larger diameter when
compared to unreactive neurons. Calibration bar represents 50 #m. E, histogram of somal diameters from
574 neurons with TH-IR. The continuous line represents the best fit of a Gaussian function to the data
with mean and S.D. of 30 7 and 9.7 /tm, respectively. F, histogram of somal diameters from 802 neurons
without TH-IR. The continuous line represents the best fit to a Gaussian function with a mean and S.D. of
20 8 and 5 7 sum, respectively. The dashed line represents the fit of the histogram depicted in D
superimposed for comparison. Neurons in D and E are from the same preparation. Neurons with TH-IR
comprised 42% (573 out of 1376) of the total population in this preparation.
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Neurochemical phenotype ofMPG neurons
expressing T-type Ca2+ channels
As both the neurochemical phenotype and presence of
T-type Ca2+ channels correlated with neuron size, it was
hypothesized that neurochemical phenotype might be
associated with the presence or absence of T-type Ca2+
channels. To test this hypothesis, Ca2+ currents were
recorded from neurons which were subsequently marked

n and S. R. Ikeda J Physiol.489.2

(by scratching the dish in the vicinity of the neuron) for
later identification and processed for NADPHd activity or
TH-IR as described above (Fig. 1). As illustrated in Fig. 4B,
none of the neurons (O out of 7) displaying T-type Ca2+
channels were NADPHd-positive whereas about 57% of the
neurons (4 out of 7) without overt T-type Ca2+ channels
stained positively for NADPHd. Conversely, 100% of the
neurons (13 out of 13) without overt T-type Ca2+ channels
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Figure 2. Whole-cell Ca2+ currents in neurons expressing both low and high threshold Ca2+ channels
A, Cae' channel currents evoked by 70 ms pulses from a holding potential of -90 mV to various test
potentials (up to +80 mV). The top and bottom set of superimposed traces depict currents resulting from
depolarizations to potentials between -50 and 0 mV, and +10 and +60 mV, respectively, in 10 mV
increments. Note the transient step currents between -40 and -20 mV and the slowly decaying tail
currents. B, superimposed current traces, from the same neuron shown in A, evoked from a holding
potential of -60 mV. Calibration applies to traces in both A and B. C, the current-voltage (I-V)
relationship of Ca2+ currents recorded at holding potentials of -90 mV (0) and -60 mV (0). The current
amplitudes were determined isochronally 10 ms after each test pulse from the traces shown in A and B.
D, superimposed current traces evoked by a step to -40 mV from a holding potential of -90 mV in a

different neuron from that shown in A-C. Traces obtained in the absence, presence and during washout of
500 /SM amiloride.
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isplayed no TH-IR whereas 100% of the neurons (15 out of
15) expressing T-type Ca2P channels contained TH-IR
(Fig. 4C). One neuron (68 pF) expressed an atypical Ca2+
current component which could not be positively attributed
to T-type Ca2+ channels, i.e. the step current was not
transient but a slow tail current was observed upon
repolarization. This neuron did not contain TH-IR and was
not included in Fig. 4C. These data show that (1) all neurons
expressing T-type Ca2+ channels contain TH-IR, and are
thus adrenergic and presumably sympathetic, (2) all
neurons expressing T-type Ca2+ channels were NADPHd-
negative, (3) all neurons without T-type Ca2+ currents were
non-adrenergic (i.e. lacked TH-IR) and (4) about half of the
neurons without overt T-type Ca2+ channels were
NADPHd-positive.

Contribution of high threshold L-, N- or P-type Ca2+
channels
At least four different Ca2P channels (T-, L-, N- and
P-types) have been identified in neurons based on electro-
physiological and pharmacological criteria (Nowycky et al.

A
Vh = -90 mV

-25 mV

1985; Fox et al. 1987; Mintz, Venema, Swiderek, Lee,
Bean & Adams, 1992). The contribution of high threshold
Ca2+ channel types to the whole-cell currents was
investigated using nifedipine, a dihydropyridine (DHP)
L-type channel blocker, w-CgTX, an N-type channel blocker,
and w-Aga-IVA, a P-type channel blocker. Figure 5A
illustrates the protocol used to determine the relative
inhibition of whole-cell Ca2+ current by these three blockers.
In a neuron held at -60 mV to inactivate T-type Ca2+
currents, the majority of whole-cell Ca2P current arose from
N-type Ca2+ currents as 10 uM w-CgTX inhibited the Ca2+
current by about 60% (Fig. 5A and B). No contribution of P-
type Ca2+ channels was detected based on the minimal effect
of 0-2 FM w-Aga-IVA application. A small contribution
from the L-type Ca2+ channels was demonstrated by an
11% inhibition induced by 10 uM nifedipine (Fig. 5A and
B). About 30% of the total current was not sensitive to any
of these blockers and represents an as yet undefined Ca2+
current component. The existence of L-type Ca2+ channels
in MPG neurons was further substantiated by application
of (+)202-791 (2 FM), a DHP Ca2P channel 'agonist' (data

B
Vh = -60 mV

-25 mV

C

c

C3

0-0
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-1*0
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-80 -40 0 40 80
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Figure 3. Whole-cell Ca2O currents in a neuron expressing only high threshold C&2+ channels
A, superimposed Ca2' current traces evoked from a holding potential of -90 mV by a series of 70 ms test
pulse to potentials between -25 and +5 mV (5 mV increments). Note the absence of a slow tail current
component (cf. Fig. 2A) B, superimposed current traces recorded as in A but from a holding potential of
-60 mV. C, I-V relationships of Ca2+ currents recorded from holding potentials of -90 mV (O) and
-60 mV (0). Data shown in A-C were from the same neuron.
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not shown). In the presence of (+)202-791, the voltage at
which maximal current amplitude was attained was shifted
about 10 mV hyperpolarized, maximal current amplitude
was increased by about 23% and a slowly decaying tail
current was observed (Plummer, Logothetis & Hess, 1989;
Ikeda, 1991).

Figure 5C summarizes the mean inhibition of whole-cell
Ca2+ currents by various agents in neurons with (filled bar)
or without (open bar) T-type Ca2+ channels. These data
demonstrate that (1) N-type Ca2+ channels accounted for
the majority of the whole-cell currents (62-69%), (2) the
contribution from P-type channels was negligible, (3) a
small contribution arising from DHP-sensitive L-type Ca2+
channels was detectable and (4) no significant differences in
the relative contribution of N- or L-type Ca2+ channels to
the total Ca2+ current was observed when the neurons were
subdivided based on presence or absence of T-type Ca2+
channels.

Calcium channel modulation by a2-adrenoreceptors
Ca2+ channels in sympathetic (Hille, 1994) and para-
sympathetic (Xu & Adams, 1993) neurons are highly
modulated by various neurotransmitters and neuro-
modulators. Experiments were carried out to determine

A B

whether Ca2' channels were differentially modulated by
a2-adrenoceptors in MPG neurons with and without
T-type Ca2+ channels. Figure 6A shows the Ca2+ current
inhibition induced by sequential application of increasing
concentrations (0 1-50 #M) of UK 14304, a specific
a2-adrenoceptor agonist, to a neuron expressing T-type
current. UK 14304 applications induced a concentration-
dependent inhibition (Fig. 6A) and changed the step current
kinetics to a slowly rising trajectory (Fig. 6B). The slow tail
current, representing primarily the T-type Ca2+ channel
deactivation, was not significantly affected by application of
1 uM UK 14304 (Fig. 6B). In contrast, similar applications
of UK 14304 to a neuron displaying no overt T-type Ca2+
channels produced a relatively weak Ca2+ current inhibition
(Fig. 6C and D). Figure 6E summarizes the concentration-
response relationships for mean Ca2+ current inhibition
produced by UK 14304. For neurons expressing T-type
Ca2+ channels, UK 14304 produced a maximal inhibition of
60 + 1 % (n = 6) and a half-maximal block at 0 1 SM, as
determined from fits of the data to a single-site binding
isotherm. In contrast, for neurons without overt T-type
Ca2+ channels, UK 14304 produced a maximal inhibition of
only 27 + 4% (n = 6) and a half-maximal block at 0-6 /uM.
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DISCUSSION
Adrenergic and non-adrenergic neurons in the rat
MPG
The morphometric data on dispersed MPG neurons (Fig. 1)
showed that at least two discrete subpopulations of MPG
neurons reside within the MPG as determined from
neurochemical phenotype. If TH-IR is accepted as a
marker for adrenergic (and hence sympathetic) neurons,
then about 40% of the total neurons isolated were
adrenergic neurons. Adrenergic neurons had a larger mean
diameter, about 30 ,sm, when compared with non-
adrenergic neurons (about 20 jum). Because of the overlap
in subpopulations (Fig. 1F), somal diameter would be a
poor predictor of adrenergic versus non-adrenergic
phenotype unless the extremes of the two subpopulations
were used. Thus, neurons greater than 30-35 ,um in
diameter are likely (>90%) to be adrenergic while those
less than 18-20 ,um are likely to be non-adrenergic. The
data obtained from dispersed neurons compares favourably

A
0o0 -

-0-2 -

-0-4-

-0-6 -

c

C

03

with previous studies of tissue sections which show that
neurons with TH-IR comprise (1) 40-60% of the neurons
in male rat MPG (Karhula, Soinila & Happ6la, 1993), and
(2) a subpopulation of larger neurons (Dail, Minorsky,
Moll & Manzanares, 1986; Keast & de Groat, 1989) as
determined from mean somal diameter (34-2 ,um) or surface
area (1015 ,um2). In addition, MPG neurons of male rats
which stain positively for acetylcholinesterase (AChE; Dail
et al. 1975), VIP (Keast & de Groat, 1989) or NADPHd
(Keast, 1992) markers for non-adrenergic (possibly
parasympathetic) neurons, have mean somal diameters of
about 20-25 /sm, consistent with the non-adrenergic
subpopulation of neurons reported here. The question then
arises as to what proportion of non-adrenergic neurons are
cholinergic. Unfortunately, most antibodies against choline
acetyltransferase (ChAT), a marker for cholinergic neuronal
systems, do not stain postganglionic parasympathetic
neurons (Dail & Hamill, 1989). Thus, the resolution of this
question awaits the availability of antibodies which readily
recognize the ChAT isoform found in parasympathetic
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A, time course of current amplitudes determined from Ca2+ currents evoked every 20 s by a depolarizing
test pulse to +10 mV from a holding potential of -60 mV. The current amplitudes were determined
isochronally 10 ms after the start of the test pulse. Sequential application of test solutions containing
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neurons. Finally, non-adrenergic neurons in pelvic ganglion
of female rats appear to be relatively large (Kanerva,
Lietzen & Teravainen, 1972) when compared to adrenergic
neurons and thus size relationships cannot be extrapolated
to a homologous ganglion, even within a single species.

NADPHd activity, a marker for NOS (but see below), was

found in a subpopulation of smaller MPG neurons with a

similar mean diameter and distribution as the non-

adrenergic neurons (cf Fig. 1B and F). These data are

consistent with studies which demonstrate that MPG
neurons innervating penile erectile tissue (as determined
from retrograde labelling) comprise a relatively homogenous
subpopulation of small (15-20 /sm) neurons which stain
positively for AChE, NADPHd and VIP-IR, and negatively
for TH-IR (Dail et al. 1986; Keast & de Groat, 1989; Keast,
1992; Vizzard, Erdman, Forstermann & de Groat, 1994).
Thus, most, if not all, NADPHd-positive neurons are non-

adrenergic. However, it is likely that NADPHd-positive
neurons are a subset of non-adrenergic neurons as

suggested by the broad distribution of NADPHd-negative
neurons (cf. Fig. 1C and F). It should be noted that
NADPHd staining and NOS-IR in rat MPG neurons may

not identify an identical subpopulation of neurons (Vizzard
et al. 1994). Thus, whether NADPHd activity is a reliable
marker for NOS in MPG neurons, as it appears to be for
most neurons (Dawson et al. 1991; Hope et al. 1991),
remains to be determined.

T-type Ca2+ channels as a marker for adrenergic
neurons in the MPG
The presence of low threshold T-type Ca2+ channels in a

subpopulation of neurons from the male rat MPG was

unexpected as most studies of rat autonomic neurons report
that the whole-cell Ca2P current arises exclusively from high
threshold Ca2P channels. Whole-cell recordings of Ca2+
currents from neurons of rat paravertebral (Marrion,
Smart & Brown, 1987; Schofield & Ikeda, 1988; Plummer,
Logothetis & Hess, 1989; Chen & Schofield, 1993) and
prevertebral (Carrier & Ikeda, 1992) sympathetic neurons,

as well as parasympathetic neurons (Aibara, Ebihara &
Akaike, 1992; Xu & Adams, 1992), fail to reveal a low
threshold Ca2P current component. However, in rabbit vesical
parasympathetic ganglia 36% of the neurons display
T-type Ca2+ channels (Akasu, Tsurusaki & Tokimasa,
1990), suggesting that this phenomenon may be peculiar to
autonomic neurons innervating pelvic structures.

Interestingly, our data revealed that the expression of
T-type Ca2P channels was restricted solely to adrenergic
neurons. This relationship was first suspected from the
perceived association of T-type Ca2+ channels with large
capacitance neurons (Fig. 4A) and confirmed by performing
voltage-clamp recordings and TH immunohistochemistry
on the same neurons (Fig. 4C). Similar experiments showed
that neurons expressing T-type Ca2+ channels were

NADPHd negative. About half of the neurons without
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overt T-type Ca2+ channels were NADPHd positive,
corroborating the interpretation that NADPHd-positive
neurons comprise a subset of non-adrenergic neurons in rat
MPG. Taken together, these data indicate that the presence

or absence of T-type Ca2+ channels is a reliable
electrophysiological marker for neurons with adrenergic
and non-adrenergic phenotype, respectively. As T-type
Ca2P channels are readily identified without the use of
pharmacological agents from their unique biophysical
properties, namely low threshold for activation, transient
step current kinetics, relatively hyperpolarized half-
inactivation voltage and slow tail current kinetics
(Nowycky et al. 1985; Matteson & Armstrong, 1986; Fox et
al. 1987), the use of this criteria for discriminating
adrenergic from non-adrenergic neurons in the rat MPG
should provide a rapid and convenient method for studying
phenotype-specific Ca2+ channel properties (see below) of
male rat MPG neurons.

Although the physiological role subserved by T-type Ca2+
channels in rat MPG ganglion neurons is unknown, the
presence of these channels in adrenergic neurons may be a

clue that these neurons possess unique properties. In this
regard, the adrenergic neurons in pelvic ganglia have been
reported to differ from other sympathetic neurons in that
the target organs innervated lie in close proximity to the
postganglionic neurons. Moreover, these 'short' adrenergic
neurons exhibit a number of physiological and pharma-
cological properties which differentiate them from
conventional 'long' adrenergic neurons. For example, 'short'
adrenergic neurons are reported to be more resistant to the
noradrenaline-depleting properties of reserpine when
compared with neurons of paravertebral ganglia (Owman,
Alm & Sjoberg, 1983).

High threshold Ca?' channels and modulation
By dividing neurons into subpopulations with and without
T-type Ca2+ channels, it was possible to compare, using
pharmacological agents, the contribution of different Ca2P
channel subtypes contributed to the high threshold Ca2P
current in adrenergic and non-adrenergic neurons. Based
on Ca2P current inhibition produced by application of
w-CgTX-GVIA, o-Aga-IVA and nifedipine, it was

concluded that N-type Ca2P channels underlie the majority
(60-70%) of high threshold Ca2P current in both type of
neurons while P- and L-type Ca2P channels contribute less
than 10% of the current. Approximately 20-25% of the
high threshold Ca2P current was not blocked by any of these
agents. The profile of high threshold Ca2P channel subtypes
present in adrenergic and non-adrenergic neurons appeared
to be similar (Fig. 5C).

In contrast, modulation of high threshold Ca2P channels
by x2-adrenoreceptor stimulation with UK 14304 was

markedly different in adrenergic and non-adrenergic
neurons (based on presence or absence of T-type Ca2+
channels). Maximal inhibition of high threshold Ca2+
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current was much greater in adrenergic neurons and
reminiscent of the block of N-type Ca2+ channels produced
by a number neurotransmitters in rat superior cervical
ganglion neurons (Ikeda & Schofield, 1989; Ikeda, 1992;
Zhu & Ikeda, 1993). T-type Ca2P channels did not appear to
be modulated by a2 -adrenoreceptors based on the lack of
effect of UK 14304 on the slow tail current component
(Fig. 6B). The efficacy of high threshold Ca2+ channel
modulation by a2 -adrenoreceptor in adrenergic MPG
neurons is consonant with the idea that autoreceptors play
an important role in regulating neurotransmitter release
from sympathetic nerve terminals (Hirning et al. 1988; Toth
et al. 1993). Conversely, Ca2+ channels of non-adrenergic
neurons in the rat MPG were less sensitive to inhibition
mediated by a2-adrenoceptors. The relatively weak
response to UK 14304 in the present study may result
from a low density of ac2-adrenoreceptors, G-proteins, or
poor coupling between receptors and effectors. Regardless
of the mechanism, these results suggest that the factors
controlling neurotransmitter phenotype influence both
Ca2+ channel subtype expression and modulation.

Conclusions
In conclusion, our data indicate that principal post-
ganglionic autonomic neurons in the MPG of male rats
contain at least two distinct subpopulations of neurons.
Neurons with an adrenergic phenotype (based on TH-IR),
and thus presumably sympathetic, were larger, expressed
T-type Ca2+ channels and were highly modulated by a2-
adrenoceptors. Conversely, neurons with a non-adrenergic
phenotype, and thus possibly parasympathetic, were
smaller, displayed no overt T-type Ca2+ channel component
and were weakly modulated by a2-adrenoceptors. We
propose that the presence or absence of T-type Ca2+
channels provides a rapid and convenient predictor of
adrenergic or non-adrenergic phenotypes, respectively, in
MPG neurons.
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