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T-type calcium current and its contribution to electrical activity in
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First published December 3, 2003; 10.1152/ajpcell.00463.2003.—
Rabbit urethral smooth muscle cells were studied at 37°C by using the
amphotericin B perforated-patch configuration of the patch-clamp
technique, using Cs�-rich pipette solutions. Two components of
current, with electrophysiological and pharmacological properties
typical of T- and L-type Ca2� currents, were recorded. Fitting steady-
state inactivation curves for the L current with a Boltzmann equation
yielded a V1/2 of �41 � 3 mV. In contrast, the T current inactivated
with a V1/2 of �76 � 2 mV. The L currents were reduced by
nifedipine (IC50 � 225 � 84 nM), Ni2� (IC50 � 324 � 74 �M), and
mibefradil (IC50 � 2.6 � 1.1 �M) but were enhanced when external
Ca2� was substituted with Ba2�. The T current was little affected by
nifedipine at concentrations �300 nM but was increased in amplitude
when external Ca2� was substituted with Ba2�. Both Ni2� and
mibefradil reduced the T current with an IC50 � 7 � 1 �M and �40
nM, respectively. Spontaneous electrical activity recorded with intra-
cellular electrodes from strips of rabbit urethra consisted of complexes
comprising a series of spikes superimposed on a slow spontaneous
depolarization (SD). Inhibition of T current reduced the frequency of
these SDs but had no effect on either the number of spikes per
complex or the amplitude of the spikes. In contrast, application of
nifedipine failed to significantly alter the frequency of the SD but
reduced the number and amplitude of the spikes in each complex.

spontaneous activity; pacemaking; smooth muscle

URETHRAL MYOGENIC TONE has been demonstrated by a number
of studies (1, 3, 25) to be critically dependent on the influx of
Ca2� across the cell membrane, because inhibition of L-type
Ca2� channels or removal of external Ca2� reduces tone
significantly in rat, humans, and pig urethra in vitro. Recent
evidence suggests that influx through T-type Ca2� channels
may contribute to the maintenance of urinary continence given
that application of Ni2� can reduce urethral tone in the rat (25).
A previous study from our laboratory (10) demonstrated the
presence of two components of inward Ca2� current in human
proximal urethral myocytes that possessed electrophysiologi-
cal properties typical of T and L channels observed in a variety
of cell types (for reviews, see Refs. 15 and 22). Although the
biopsy samples used by Hollywood et al. (10) were sufficient
to allow the isolation of single cells, their small size precluded
the detailed examination of the contribution of T currents to
spontaneous electrical activity in the human urethra using
intracellular microelectrodes.

In this study, we first confirmed the presence of T-type Ca2�

currents in isolated rabbit urethral myocytes and characterized
its electrophysiological and pharmacological properties. Hav-
ing demonstrated that we could selectively block this current
with appropriate concentrations of mibefradil or Ni2�, we
assessed the contribution of T current to spontaneous electrical
activity of the rabbit urethra using intracellular microelec-
trodes. Preliminary accounts of this work have been reported to
the Physiological Society (2).

MATERIALS AND METHODS

Cell dispersal. Strips of tissue 0.5 cm in width were isolated from
male and female New Zealand White rabbits, cut into 1-mm3 pieces,
and stored in Ca2�-free Hanks’ solution (see Solutions) for 30 min
before cell dispersal. Occasionally, the tissue was stored overnight in
Ca2�-free Hanks’ at 4°C before cell dispersal. Tissue pieces were
incubated in dispersal medium containing (per 5 ml of Ca2�-free
Hanks’ solution) 15 mg of collagenase (type 1A, Sigma), 1 mg of
protease (type XXIV, Sigma), 10 mg of bovine serum albumin
(Sigma), and 10 mg of trypsin inhibitor (Sigma) for 10–15 min at
37°C. Tissue was then transferred to Ca2�-free Hanks’ solution and
stirred for a further 15–30 min to release single smooth muscle cells.
These cells were plated in petri dishes containing 100 �M Ca2�

Hanks’ solution and stored at 4°C for use within 8 h.
Perforated-patch recordings from single cells. Currents were re-

corded by using the perforated-patch configuration of the whole cell
patch-clamp technique (11). This circumvented the problem of current
rundown encountered when the conventional whole cell configuration
is used. The cell membrane was perforated by using the antibiotic
amphotericin B (600 �g/ml). Patch pipettes were initially frontfilled
by being dipped into pipette solution and then backfilled with the
amphotericin B-containing solution. Pipettes were pulled from boro-
silicate glass capillary tubing (1.5-mm outer diameter, 1.17-mm inner
diameter; Clark Medical Instruments) to a tip of diameter �1–1.5 �m
and a resistance of 2–4 M�.

Voltage-clamp commands were delivered via an Axopatch 1D
patch-clamp amplifier (Axon Instruments), and membrane currents
were recorded with the use of a 12-bit analog-to-digital/digital-to-
analog converter (Axodata 1200 or Labmaster-Scientific Solutions)
interfaced to an Intel computer running pCLAMP software. During
experiments, the dish containing the cells was continuously perfused
with Hanks’ solution at 36 � 1°C. Additionally, the cell under study
was continuously superfused by means of a custom-built close deliv-
ery system with a pipette of tip diameter 200 �m placed �300 �m
from the cell. The Hanks’ solution in the close delivery system could
be switched to a drug-containing solution with a dead space time of
�5 s. In all experiments n refers to the number of cells studied and
each experimental set usually contained samples from a minimum of
four animals. Summary data are presented as means � SE, and
statistical comparisons were made on raw data using Students’ paired
t-test, taking P � 0.05 as significant.
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Intracellular recording. The bladder and urethra were removed
from both male and female rabbits immediately after they had been
killed by lethal injection of pentobarbitone. The most proximal 3 cm
of the urethra were removed and placed in Krebs solution. This was
then opened up, the urothelium was removed, and the preparation was
pinned out on a silicon rubber base and superfused with Krebs
solution at 35–37°C. To prevent spontaneous contractions from dis-
lodging impalements, we incubated tissues with 5 �M wortmannin.
Smooth muscle cells were impaled with glass microelectrodes filled
with 3 M KCl and had a resistance of 80–120 M�. Transmembrane
potentials were recorded with a standard electrometer (IE 251; Warner
Instruments) and stored on a personal computer running Stratchclyde
Electrophysiology Software (WinEDR vers. 2.3.3). Drugs were su-
perfused through the bath and left for at least 10 min before washout.

Solutions. The composition of the solutions used was as follows (in
mM): 1) Hanks’ solution: 129.8 Na�, 5.8 K�, 135 Cl�, 4.17 HCO3

�,
0.34 HPO4

2�, 0.44 H2PO4
�, 1.8 Ca2�, 0.9 Mg2�, 0.4 SO4

2�, 10
glucose, 2.9 sucrose, and 10 HEPES, pH adjusted to 7.4 with NaOH;
2) Cs� perforated-patch pipette solution: 133 Cs�, 135 Cl�, 1.0
Mg2�

, 0.5 EGTA, and 10 HEPES, pH adjusted to 7.2 with CsOH; 3)
Ba2� substituted Hanks’ solution: 129.4 Na�, 5.4 K�, 135 Cl�, 4.17
HCO3

�, 1.8 Ba2�, 0.9 Mg2�, 10 glucose, 2.9 sucrose, and 10 HEPES,
pH adjusted to 7.4 with NaOH; and 4) Krebs solution: 146.2 Na�, 5.9
K�, 133.3 Cl�, 25 HCO3

�, 1.2 H2PO4
�, 2.5 Ca2�, 1.2 Mg2�, and 11

glucose, pH maintained at 7.4 by bubbling with 95% O2-5% CO2.
Drugs used. The following drugs were used: Amphotericin B

(Sigma), NiCl2 (Sigma), nifedipine (Tocris), mibefradil (a gift from
Roche), and wortmannin (Sigma). Stock solutions of NiCl2 (0.1 M)

were made up in H2O. Mibefradil and nifedipine (1 mM) were made
up in ethanol. All drugs were then diluted to their final concentrations
in Hanks’ solution. Drug vehicles had no effect on the currents
studied.

RESULTS

With the use of our dispersal procedure, both interstitial cells
and smooth muscle cells could be reliably isolated from the
rabbit urethra as described previously (24). In the present
study, we focused on studying the smooth muscle cells, which
were unbranched, spindle shaped, and contracted in response to
either depolarizing pulses or application of norepinephrine (10
�M) but did not show spontaneous electrical activity. Under
recording conditions identical to those used in previous studies
(21), 	70% of rabbit urethral myocytes possessed both low
voltage-activated (LVA) and high-voltage-activated (HVA)
Ca2� currents but rarely possessed Ca2�-activated Cl� cur-
rents (�5%). On the basis of the electrophysiological and
pharmacological data presented below, we henceforth refer to
the HVA current as L current and the LVA current as T
current. Interestingly, when cells were maintained at room
temperature (�22°C), only L currents were apparent (data not
shown). For this reason all experiments were carried out at
35–37°C. We observed considerable variation in the amplitude
of T current among cells. In 34 cells, a depolarizing step from

Fig. 1. Characteristics of T and L currents in human
urethral smooth muscle cells. A: families of currents
recorded from a cell at holding potentials (HP) of
�100 and �60 mV. Currents at right are difference
currents obtained by subtraction and demonstrate a
negatively activating inward current that peaks at
�30 mV. B: a current-voltage (I-Vm) plot taken
from the same cell in which the peak inward cur-
rents were plotted when cells were depolarized from
holding potentials of �100 and �60 mV. Differ-
ence currents were obtained by subtraction.
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�100 to �40 mV evoked a current that had a peak amplitude
of �57 � 6 pA (range: �10 to �149 pA).

Effect of altering holding potential on currents. Figure 1A
shows representative traces taken from an experiment in which
a cell was held at potentials of either �100 mV (left) or �60
mV (middle) and then depolarized from �70 mV through to 0
mV for 500 ms in 10-mV steps. When cells were held at �100
mV and then depolarized, inward currents activated at approx-
imately �60 mV. In contrast, when the same cell was held at
�60 mV and the voltage steps repeated, inward currents
activated at �40 mV. To isolate the currents unmasked by
holding the cell at �100 mV, we obtained difference currents
by subtracting the currents obtained at holding potentials of
�60 mV from those at �100 mV (Fig. 1A, right). These
difference currents activated at ��60 mV, were maximal at
�30 mV, and reversed at �20 mV. Figure 1B shows a
current-voltage (I-V) plot for the current obtained from this cell
at holding potentials of �100 and �60 mV as well as the
associated difference currents. A clear “shoulder” was apparent
at negative potentials on the I-V curve when the cell was held
at �100 mV. In contrast, when the cell was held at �60 mV,
the shoulder was absent. Subtraction of these two currents
unmasked an inward current that activated at �60 mV, peaked
at �30 mV, and reversed at �20 mV.

To compare the steady-state activation of both components
of current, we constructed activation curves from currents
evoked from cells held at �60 mV and difference currents
obtained by subtraction, as described above. Figure 2, B and D,
shows summary data points, obtained from the I-V relation-
ships in seven cells, that were used to construct steady-state
activation curves for L and T current, respectively. When these
data were fitted with a Boltzmann equation of the form

I/Imax � 1/{1 � exp[�K
V � V1/2)]}

where K is the slope factor and V1/2 is the voltage at which
there is half-maximal activation. This yielded a V1/2 of �19 �
1 mV for L current compared with �34 � 3 mV for T current.
These data are consistent with the idea that two components of
inward current were present in rabbit urethral myocytes.

Voltage dependence of inactivation. To assess the voltage
dependence of inactivation of both currents, we employed a
standard double-pulse protocol. Figure 2A shows a typical
experiment in which a cell was held at conditioning potentials
ranging from �110 to 0 mV for 2 s before stepping to the test
potential of 0 mV for 500 ms to evoke the peak L current. Most
inactivation of this current occurred over the potential range of
�60 to �30 mV. The inactivation data were fitted with a
Boltzmann equation, described above, where V1/2 is the voltage

Fig. 2. Voltage-dependent inactivation of L and
T currents in human urethral smooth muscle
cells. A: a typical family of currents obtained by
stepping to 0 mV for 200 ms after application of
a series of 2-s conditioning potentials from
�110 to �10 mV. B: summary data demonstrat-
ing the voltage dependence of inactivation (E)
and activation (F) curves of the L current. Con-
tinuous lines represent Boltzmann fits to the
data. C: a typical inactivation profile for T cur-
rent obtained by stepping to �40 mV for 200 ms
after application of a series of 2-s conditioning
potentials from �110 to �10 mV. D: summary
data demonstrating the voltage dependence of
inactivation (�) and activation (■ ) curves of the
T current. Continuous solid lines represent
Boltzmann fits to the data; continuous shaded
lines show the fits obtained for L current from
the data in B for comparison.
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at which there is half-maximal inactivation. The L current
inactivated with a V1/2 of �41 � 3 mV.

We next examined the inactivation of the T current by
applying the same conditioning potentials as above but step-
ping to �40 mV to elicit T current with minimal activation of
L current. Figure 2C shows a typical example of voltage-
dependent inactivation obtained by using the protocol shown.
In contrast to the L current, the T current was almost com-
pletely inactivated when conditioning potentials were more
positive than �40 mV. Figure 2D shows summary data ob-
tained from five cells. When these data were fitted with the
Boltzmann equation, a V1/2 of �76 � 2 mV was obtained
(solid lines). The shaded lines in Fig. 2D show the Boltzmann
fits to the activation/inactivation curves for the L current for
comparison.

Pharmacology of inward currents. Having demonstrated
that two components of inward current could be isolated on the
basis of their voltage dependence of activation and inactiva-
tion, we next wanted to test whether each of these currents
possessed a different pharmacological profile. We first wanted
to exclude the possibility that the negatively activating current
was similar to the novel, Ba2�-sensitive, voltage-dependent
cation current described previously (14). Figure 3A, inset,
shows the protocol used to evoke both components of inward
current. Cells were held at �100 mV and stepped to �40 mV
for 250 ms to evoke T current and then depolarized to �50 mV
for 500 ms to inactivate most of the remaining T current. The
cell was further depolarized to 0 mV for 250 ms to evoke peak
L-type Ca2� current. When Ca2� was substituted with equimo-
lar (1.8 mM) Ba2�, the amplitude of the T current was

increased slightly but the rate of inactivation was little affected.
In contrast, the L current was increased in amplitude and its
time-dependent inactivation was slowed. Figure 3, B and C,
shows summary bar charts for six cells in which the amplitude
and time constant (�) of inactivation, respectively, of the T and
L currents were recorded before and during substitution of
external Ca2� with equimolar Ba2�. Under control conditions,
the T current recorded at �40 mV was �37 � 10 pA, and this
was significantly increased to �59 � 16 pA in the presence of
1.8 mM Ba2� (P � 0.05). Although the amplitude of the T
current was enhanced by Ba2�, the time constant of inactiva-
tion was little affected (� � 19 � 2 ms in Ca2� compared with
16 � 2 ms in Ba2�; not significant). In contrast, the time
constant of inactivation of the peak L current was increased
from 24 � 3 to 68 � 7 ms (P � 0.05) in the presence of Ba2�,
and the amplitude increased from �265 � 69 pA in 1.8 mM
Ca2� to �386 � 77 pA in 1.8 mM Ba2� (P � 0.05).

Effect of nifedipine. We examined the effect of the L-type
Ca2� channel antagonist nifedipine on both components of
inward current. Figure 4A, inset, shows the protocol used to
evoke both T and L current. Figure 4A shows currents obtained
before and during application of increasing concentrations of
nifedipine. Application of nifedipine at concentrations up to
300 nM decreased the amplitude of the L current by � 90%,
whereas the T current was only reduced by �10%. The ability
of nifedipine to discriminate between both components of
inward current is reflected in the summary data shown in Fig.
4B. The concentration-effect curves illustrating the effects of
nifedipine on T and L current were constructed from data

Fig. 3. Effects of Ba2� on T and L currents. A: peak T and L
currents were evoked by a step from �100 to �40 mV for 250
ms. A step to �50 mV for 500 ms was applied to inactivate T
current, followed by a further step to 0 mV to evoke peak L
current in the same cell. Substitution of external Ca2� with
equimolar Ba2� increased the amplitude and slowed the decay
of the current evoked by a step from �50 to 0 mV but had little
effect on the amplitude of the current evoked by a depolariza-
tion to �40 mV from a holding potential of �100 mV. B: a
summary bar graph for 6 cells in which the peak amplitude of
the T and L current was plotted before (open bars) and during
(filled bars) equimolar substitution of external Ca2� with Ba2�.
C: a summary bar graph in which the time-dependent inactiva-
tion (�) of the T and L currents was plotted before (open bars)
and during (filled bars) equimolar substitution of external Ca2�

with Ba2�.
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obtained from five cells. Fitting the data for the L current with
a Langmuir equation of the form

Idrug/Icontrol � 1/[1 � ([drug]/IC50)]

where IC50 is the half-maximal effective dose, yielded an IC50

of 225 � 84 nM. In contrast, the data obtained from steps to
�40 mV could not be easily fitted with a Langmuir equation.
For example, whereas 3 nM nifedipine reduced the T current
by �10%, the next three concentrations had little further effect.
This reduction by 30 nM nifedipine presumably reflects its
effect on a small component of L current present at �40 mV.

Effect of Ni2�. To test the possibility that the currents
activated at negative potentials were carried through T-type
Ca2� channels, we next examined the effects of a variety of
concentrations of Ni2� on both components of current. Figure
5A, inset, shows the typical double-pulse protocol used to
activate T and L current at �40 and 0 mV, respectively. Figure
5A shows the effects of increasing concentrations of Ni2� on
both currents. Although Ni2� reduced both currents in a
concentration-dependent manner, the T current was more sen-
sitive to Ni2� and was reduced by 80% in the presence 30 �M
Ni2�. In contrast, the same concentration of Ni2� only reduced
the L current by �25%. Figure 5B shows summary concen-

tration-effect curves for the effect of Ni2� on T and L current
in five cells. Fitting the data with the Langmuir equation
yielded an IC50 for the T current of 7 � 2 �M compared with
324 � 74 �M for the L current.

Effect of mibefradil. We next assessed the effects of mibe-
fradil on both currents to find a concentration that could
selectively inhibit the T current. Figure 6A shows the typical
effects of 0.1 and 0.3 �M mibefradil on T and L currents.
Although 0.1 �M mibefradil reduced the T current by �80%,
it had no effect on L current. Even when the concentration of
mibefradil was increased to 0.3 �M, the L current was reduced
by only 20% but the T current was abolished. Figure 6B shows
summary concentration-effect curves, which illustrate the se-
lective blockade of T current by mibefradil at concentrations
�0.3 �M. Fitting the data for the L current with the Langmuir
equation yielded an IC50 of 2.6 � 1.1 �M. Although the T
current data could be fitted with a Langmuir to yield an IC50

of � 40 nM, the absence of data at concentrations below 0.1
�M made it difficult to accurately determine the IC50. How-
ever, it is clear from these data that the IC50 for mibefradil of
the T current is approximately three orders of magnitude less
than that of the L current.

Having established that 0.1 �M mibefradil could selectively
block the T current at �40 mV without any effect on the L
current, we examined its effects on the I-V relationships from
cells held at �100 mV. Figure 7A shows currents elicited by a
series of depolarizing steps from �70 mV through to 0 mV
before (left) and during (middle) application of mibefradil.
Figure 7A, right, shows the mibefradil-sensitive current, which
activated at �50 mV, inactivated rapidly, and peaked at �20
mV. Figure 7B shows a summary of six similar experiments in
which the mean currents before and during mibefradil appli-
cation are plotted. Difference currents were obtained by sub-
traction of the currents before and during mibefradil applica-
tion. The mibefradil-sensitive current possessed characteristics
typical of T current, because it activated at �50 mV and
peaked at �20 mV.

Intracellular recording. To assess the contributions of both
currents to spontaneous electrical activity in the urethra, we
examined the effects of Ni2�, mibefradil, and nifedipine on
strips of rabbit urethra impaled with intracellular microelec-
trodes. The mean resting membrane potential was �50 � 0.5
mV (n � 185 cells from 86 animals), which was close to the
peak T window current (see Fig. 2). We found considerable
variation in the resting membrane potential and type of elec-
trical activity recorded between successive impalements, even
in the same tissue. These observations are consistent with the
idea that the urethra possesses a heterogeneous population of
cells that may contribute to electrical activity (24). The first
type of activity that was observed in �16% of impalements
consisted of single rapid spikes that were followed by large
afterhyperpolarizations. The second type of activity was ob-
served in �10% of impalements and consisted of slow waves
similar to those recorded by Hashitani et al. (9). In �74% of
impalements, we observed spontaneous activity that consisted
of spike complexes and is illustrated in Figs. 8 and 9. These
complexes were composed of a series of spikes superimposed
on a spontaneous depolarization (SD). The complexes occurred
at a mean frequency of 5 � 0.4 min�1 (range: 2–12 min�1) and
had on average 5 � 0.3 spikes per complex (range: 2–16 spikes

Fig. 4. Effect of nifedipine on T and L currents. A: traces demonstrating the
effect of increasing concentrations of nifedipine on the peak T and L current.
Note that 300 nM nifedipine practically abolished L current evoked by a step
from �50 to 0 mV but had less effect on the peak T current evoked by a step
from �100 to �40 mV. B: a summary of effects of a variety of nifedipine
concentrations on the peak T and L currents. Fitting the L current data with a
Langmuir equation (continuous line; see text) yielded an IC50 of 225 � 84 nM.
The T current data were not easily fitted with a Langmuir equation.
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per complex). The mean amplitude of the SD observed in spike
complexes was 10 � 0.5 mV (range: 3–27 mV), and the
duration of the complex was 2.1 � 0.1 s (range: 0.1–7.4 s).
Cells that showed this type of activity had a mean resting
membrane potential of �51 � 0.6 mV (n � 137; range: �34
to �70 mV). Because the majority of impalements demon-
strated the latter type of activity, we concentrated our efforts on
examining the effects of L and T channel blockers on cells that
showed spike complex activity. To quantify the effects of
drugs on this activity, we measured four parameters: the
number of SDs, the number of spikes during each SD, the
maximum amplitude of the spikes, and the resting membrane
potential.

Effect of Ni2� on spontaneous activity. Figure 8, A and B,
shows typical examples of the effects of Ni2� on spontaneous
activity. In these examples the SD fired at a frequency of 3
min�1. Application of 30 �M Ni2� (Fig. 8B) decreased the
frequency of SD to �2 min�1 but failed to affect either resting
membrane potential, the amplitude of the spikes within the
complex, or the number of spikes per SD (compare Fig. 8, A
and B, insets). Figure 8, C–E, summarizes SD frequency, spike
amplitude, and the number of spikes per SD recorded in eight
cells before and during application of 30 �M Ni2�. These data
confirm that neither spike amplitude nor the number of spikes
per SD were significantly altered. Although application of
Ni2� had no effect on resting membrane potential (�54 � 2
mV before compared with �54 � 2 mV during Ni2�), the SD
frequency was significantly reduced from 5.2 � 1.4 to 3.6 �
0.8 min�1 (P � 0.05).

Effect of mibefradil on spontaneous activity. Having dem-
onstrated that 100 nM mibefradil could selectively block T
current, we examined its effects on SDs. Figure 9A shows a
recording of spontaneous activity before application of mibe-
fradil. Figure 9A, inset, shows a typical SD on an expanded
time scale. In this example, SDs occurred at a frequency of 5
min�1. In the presence of mibefradil (Fig. 9B), the frequency
of SDs was reduced to 3 min�1, but there was no significant
change in spike amplitude, resting membrane potential, or the
number of spikes per SD (compare Fig. 9, A and B, insets).
Figure 9, C–E, summarizes the mean frequency of SDs, spike
amplitude, and number of spikes per SD in six cells before and
during application of 100 nM mibefradil. Although the fre-
quency of SDs was significantly reduced from 3.8 � 0.8 to
2.8 � 1 min�1 (P � 0.05), none of the other parameters was
significantly altered. Similarly, resting membrane potential was
unchanged by mibefradil (�53 � 1 mV before compared with
�52 � 1 mV during mibefradil).

Effect of nifedipine on spontaneous activity. To assess the
contribution of L current to spontaneous electrical activity, we
examined the effects of 100 nM nifedipine on spike complexes.
Even though this concentration would only be expected to
block �40% of the L current, it was chosen because it should
have little effect on T current (see Fig. 4). In contrast to the
effects of T current blockade, application of nifedipine had no
significant effect on the frequency of SDs (7.4 � 1.7 min�1

before compared with 7.0 � 2 min�1 during nifedipine, n � 8).
However, application of nifedipine significantly reduced both
the amplitude and frequency of the spikes. In eight experiments

Fig. 5. Effects of Ni2� on T and L currents. A: peak T and L
currents were evoked using the protocol described in Fig. 3A.
Application of 10 �M Ni2� reduced the amplitude of the T
current by �60% but reduced the L current by only 15%. B:
summary concentration-effect curves obtained from 5 cells.
Fitting the data obtained for T and L current with the Langmuir
equation (continuous lines) yielded IC50 values of 7 � 2 and
324 � 74 �M, respectively.
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the amplitude of the spikes was reduced from 44 � 4 mV
before to 16 � 6 mV (P � 0.05) during application of
nifedipine, and the number of spikes per SD was reduced from
4.2 � 1 to 0.7 � 0.3 spikes per complex during nifedipine
(P � 0.05).

DISCUSSION

The results of this study demonstrate the presence of two
components of Ca2� current with characteristics typical of T
and L currents found in a variety of lower urinary tract smooth
muscles, including human bladder, guinea pig bladder, and
human urethra (5, 10, 27). Perez-Reyes (22) has recently
provided a review on T currents and demonstrated that they,
like the currents described in the present study, could be
readily discriminated from L currents on the basis of their
activation at relatively low voltages (between �80 and �60
mV), inactivation over negative voltage ranges (V1/2 between
�90 and �70 mV), equal permeability to Ca2� and Ba2�,
relative insensitivity to dihydropyridines, and sensitivity to
mibefradil and Ni2�.

The electrophysiological characteristics of both T and L
currents in rabbit urethra were remarkably similar to those
found in the human urethra (10). Thus the T currents in both
cell types could be evoked at potentials positive to �70 mV

and inactivated with a V1/2 of �76 mV (rabbit) compared with
�80 mV (human urethral myocytes; Ref. 10). In both rabbit
and human myocytes, the L currents activated at ��40 mV,
inactivated more slowly than the T currents, and had a V1/2 of
inactivation of �41 and �45 mV, respectively. Similarly, the
reversal potential of the T current in both cell types was �20
mV, whereas the L currents reversed at �45 mV. Differences
between T and L current reversal potentials have been noted in
other studies (26) and are presumably due to the fact that T
channels pass significant outward currents at potentials positive
to �20 mV in the presence of normal external Ca2� (8).

It is interesting to note that although the sensitivity of the L
currents to nifedipine in rabbit and human urethra myocytes
was similar (IC50 of 159 and 225 nM, respectively), there was
a significant difference in sensitivity to Ni2�. The L current in
human urethral myocytes was approximately fivefold more
sensitive to Ni2� [IC50 � 65 nM (10) compared with IC50 �
324 nM in rabbit]. These data suggest that there may be subtle
differences in the molecular species encoding the L channels in
both cell types, although this would require confirmation.

Although both human and rabbit urethral myocytes possess
T current, some studies have failed to demonstrate T current in
smooth muscle cells isolated from the urethra of different
species (28). Whether this reflects species variation or perhaps
differences in recording conditions is unclear at present. How-
ever, it is interesting to note that T current amplitude is
significantly influenced by temperature (20–22). In the present
study we found that reducing the bath temperature from 35 to
�22°C practically abolished the T current evoked by a step
from �100 to �40 mV and reduced the L current evoked from
a holding potential of �50 to 0 mV by �50% (n � 3; data not
shown). Given the temperature sensitivity of the T current, it is
essential that studies are carried out at body temperature before
the presence of T current can be excluded.

Substitution of external Ca2� with Ba2� greatly enhanced
the amplitude and slowed the inactivation of the current evoked
by a step from �50 to 0 mV. Interestingly, the amplitude of the
current evoked by a step from �100 to �40 mV was also
increased in Ba2�, unlike the novel, voltage-dependent, non-
selective cation current demonstrated in murine colonic myo-
cytes (14). This effect on T current could be due to contami-
nating L current; however, because the time constant of inac-
tivation of the T current was little affected, this seems unlikely.
These data suggest that Ba2� may permeate T channels in
urethral myocytes more easily than Ca2�, as has been demon-
strated in both native T channels (12) and reexpressed �1H-
subunits (18).

The sensitivity of the rabbit urethral T current to Ni2� (IC50

�7 �M) was also similar to that described in human urethral
myocytes (10). The low concentration of Ni2� required to
block the T currents in urethral myocytes suggests that the
pore-forming subunit in these myocytes may be �1H, because
these have been shown to be �10-fold more sensitive to Ni2�

than the �1G- and �1I-subunits recently cloned (13, 17). We
also examined the effects of the T channel blocker mibefradil
(19) and found that it could dramatically reduce the T current
at concentrations as low as 100 nM while having little effect on
L current. Although we did not use low enough concentrations
of mibefradil to produce a full concentration-effect curve for its
effects on T current, it is clear from the data presented that the

Fig. 6. Effects of mibefradil on T and L currents. A: peak T and L currents were
evoked using the protocol described in Fig. 3A. Application of 100 nM mibefradil
reduced the amplitude of the T current by �75% but had no measurable effect on
the L current. When the concentration of mibefradil was increased to 300 nM, the
T current was abolished but the L current was reduced by only 20%. B: summary
concentration-effect curves obtained from 6 cells. Fitting the data obtained for T
and L current with the Langmuir equation (continuous lines) yielded IC50 values
of �40 nM and 2.6 � 1.1 �M, respectively.
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IC50 is �100 nM, which is in agreement with that reported for
T channels recorded in Ca2�-containing solutions (22).

The pattern of electrical activity recorded with intracellular
microelectrodes from the whole rabbit urethra was complex,
consisting of three main patterns of phasic activity: spike
activity, slow waves, and spike complexes. The heterogeneity
of electrical activity observed in the present study was not
unexpected given that recordings were made from the whole
urethra, which consists of circular and longitudinal smooth
muscle layers in which both interstitial cells of Cajal (ICC) and
smooth muscle cells are present. At present we do not know
whether the different types of activity observed reflect different
properties or populations of cells within the smooth muscle
layers. However, given the similarities between the electrical
activity recorded with intracellular electrodes and that ob-
served in isolated urethral cells, it is tempting to speculate that
the slow waves, spikes, and spike complexes represent record-
ings from distinct cell populations. The first type of activity
resembled the single fast spikes recorded from strips of urethra
previously (4) and were similar to the single action potentials
that can be evoked from rabbit urethral myocytes with brief
depolarizations (24). The slow wave activity recorded in the
minority of impalements bore a striking resemblance to the
spontaneous activity observed in isolated rabbit urethra ICC
under current clamp (24) and to the intracellular recordings

from circular muscle by Hashitani et al. (9). This suggests that
slow wave activity is from urethral ICC or cells that are well
coupled to these. The third type of activity, which was recorded
in �74% of impalements from the urethra, resembled neither
the rapid fast spikes nor the slow waves recorded from isolated
smooth muscle cells and ICC, respectively. These spike com-
plexes comprised a series of rapid action potentials, superim-
posed on a SD. We believe that this type of activity represents
the electrical activity recorded from “follower” smooth muscle
cells that are located “downstream” to the pacemaker cells, as
is the case in the gastrointestinal tract (6, 7). However, until we
can confirm that the different patterns of electrical activity
represent recordings from different populations of cells within
the urethra, these ideas remain speculative. Future experiments
must be directed toward repeating the elegant experiments of
Dickens et al. (7) on the urethra, to address these issues.

The range of membrane potentials recorded by using intra-
cellular microelectrodes was also quite variable (from �34 to
�70 mV) even in different impalements of the same tissue. It
is unlikely that any T current would be available in cells that
had membrane potentials of �34 mV, but, as Fig. 2D suggests,
significant T current would be available at more hyperpolarized
membrane potentials. Given that the peak of the T window
current was close to the mean resting membrane potential
recorded with intracellular microelectrodes (approximately

Fig. 7. Application of 100 nM mibefradil blocks T
current selectively. A: currents obtained by depolar-
izing from �70 mV through to 0 mV from a holding
potential of �100 mV under control conditions
(left) and during application of mibefradil (middle).
Mibefradil-sensitive current (right) was obtained by
subtraction. B: a summary I-Vm plot for 6 cells
obtained before (control) and during application of
100 nM mibefradil. Mibefradil-sensitive (differ-
ence) current was obtained by subtraction. This
difference current activated at approximately �50
mV and peaked at �20 mV, whereas the mibefradil-
resistant current activated at approximately �40
mV and peaked at 0 mV.
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�50 mV), it is possible that sufficient T current would be
present to contribute to electrical activity.

The ability of both mibefradil and Ni2� to alter spontaneous
activity in strips of urethra suggests that sufficient T current
was available to contribute to electrical activity even at mem-
brane potentials of approximately �50 mV. When we selec-
tively blocked the T current, it was clear that neither the
amplitude of the spikes nor the number of spikes per SD were
altered. However, both drugs significantly reduced the fre-
quency of SDs. These data suggest that the T current in the
urethra contributes to the modulation of SD frequency but
contributes little to spike generation. However, we cannot
discount the possibility that these effects are due to blockade of
ionic conductances other than T current, because mibefradil
has been shown to block K�, Na�, and Cl� channels (22).
However, the concentrations of Ni2� and mibefradil used in
the present study are thought to be relatively specific for T
current (22).

Another alternative explanation is that mibefradil and Ni2�

mediate their effects by altering the pacemaking mechanisms

in urethral interstitial cells. However, one might expect that if
the pacemaker mechanism depended on T current, then ure-
thral interstitial cell slow wave frequency should show some
voltage dependence. However, as Sergeant et al. (23) demon-
strated, the frequency of slow waves in urethral interstitial cells
was little affected by voltage. Another possible explanation of
our results is that the T current may contribute to the propa-
gation of the pacemaking depolarizations throughout the ure-
thra. A number of studies on the gastrointestinal tract have
demonstrated that conductances with properties similar to T
currents are present in ICC (16) and that these currents con-
tribute to the propagation of the pacemaking signal throughout
the bulk smooth muscle via the ICC (29). At present, we cannot
exclude the possibility that urethral interstitial cells express T
currents or that they are essential for the propagation of the
pacemaking depolarizations in the urethra. However, the pres-
ence of T current in urethral smooth muscle suggests that it
could facilitate the propagation of the pacemaking depolariza-
tions. Given that the T current activates at negative membrane
potentials, relatively small depolarizations (presumably sup-

Fig. 8. Nickel slows spontaneous depolariza-
tion (SD) frequency. A: an example of spon-
taneous electrical activity recorded from the
urethra. Inset: a single complex on an ex-
panded time scale. The complexes consisted of
an SD upon which a number of spikes were
superimposed. B: the reduction in frequency of
SD in the presence of Ni2� (30 �M). As the
inset suggests, Ni2� application had no effect
on the number of spikes during the SD. Bar
graphs summarize 8 experiments in which the
effects of Ni2� were assessed on SD frequency
(C), the peak amplitude of the spikes (D), and
the number of spikes per SD (E). *P � 0.05
vs. control.
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plied by urethral interstitial cells) would be required to elevate
the membrane potential sufficiently to activate T currents,
bring the membrane potential into the threshold range for L
current activation, and thus set off a series of spike complexes.
Such a mechanism could contribute to the modulation of the
electrical activity in the urethra and thus alter tone.
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