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Previous studies have demonstrated
multiple components
of whole-cell
calcium currents in hypoglossal
motoneurons
(HMs); HMs possess a low-voltage-activated
(LVA) current
and three types of high-voltage-activated
(HVA) calcium
currents
based on sensitivity
to w-Aga IVA, w-Conotoxin
GVIA (w-CgTx) and dihydropyridine
analogs (DHPs). In the
present study, we recorded
single-calcium
channel activities from HMs using a cell-attached
patch-clamp
method
and found four types of channels
that could be discriminated based on kinetics, voltage dependency,
DHP sensitivity, and single-channel
conductances.
The average single-channel
conductances
with 110 mM barium as a charge
carrier were 7, 14, 20, and 28 pS. T-type channels
had a
single-channel
conductance
of 7 pS, activated at the most
negative potentials
for the calcium channels and inactivated during depolarization.
L-type channels
(DHP-sensitive
channels)
did not inactivate
during depolarization
and had
a 28-pS single-channel
conductance.
Based on kinetics
and sensitivity to holding potential, it is likely that the channels with conductances
of 14 pS and 20 pS represent
N-type and P-type channels, respectively.
The N-type channel (14 pS) was sensitive to holding potential, showed modal gating, and inactivated
during
maintained
depolarizations, whereas
the P-type channel
(20 pS) was rather insensitive to holding potential and did not inactivate
during
depolarization.
[Key words: hypoglossal
motoneuron,
Bay K 8644, nifedipine,
T-type calcium channel,
N-type calcium
channel,
L-type calcium channel, P-type calcium channel]

Evidence from electrophysiological, pharmacological,and molecular studiesindicatesthat neuronsin the CNS expressmultiple types of voltage-activated calcium channels(Bean, 1989;
Tsienet al., 1991; Llinas et al., 1992; Mintz et al., 1992; Snutch
and Reiner, 1992; Viana et al., 1993; Umemiya and Berger,
1994).Calcium influx through thesecalcium channelsinfluences
many aspectsof neuronal function, including excitability, transmitter release,geneexpression,etc. It is possiblethat eachtype
of calcium channelhasa specific role in cellular function. Thus,
it is important to determine the characteristicsand behavior of
single calcium channelsin different neurons.
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Early studiesin various neuronaltissuesidentified three types
of calcium channels,T-, N-, and L-type calcium channels,that
were identified by distinctive single-channelproperties (Fox et
al., 1987; Plummeret al., 1989; Artalejo et al., 1991;Mogul and
Fox, 1991). A fourth type of calcium channel, the P-type calcium channel, was described in cerebellar Purkinje cells, and
this type of channel contributes to the majority of voltage-activated calcium current in Purkinje cells (Llinas et al., 1992). The
P-type channel in Purkinje cells is sensitiveto o-Aga IVA, relatively insensitive to holding potential, and does not inactivate
during depolarization (Regan, 1991; Mintz et al., 1992). At the
single-channellevel, P-type channelsin Purkinje cells have multiple subconductancelevels within the range of conductancesof
other high-voltage-activated (HVA) calcium channels(Usowicz
et al., 1992). On the other hand, little is known about the singlechannelpropertiesof P-type channelsin other neurons.Although
whole-cell calcium current recordings in hippocampalneurons
have revealed three componentsof HVA calcium current, including the P-type channel (Mogul and Fox, 1991; Mintz et al.,
1992), only L-type and N-type calcium channelswere identified
at the single-channellevel (Mogul and Fox, 1991; O’Dell and
Alger, 1991). It is possiblethat the density of P-type channels
was too low to detect in cell-attached recordings from somata
of hippocampalneurons.
To date there are no publishedreports in which single-channel
properties of calcium channelsin motoneuronshave been characterized. Hypoglossal motoneurons (HMs) in newborn rats
have both low-voltage-activated (LVA) and HVA calcium currents (Viana et al., 1993). On the basisof sensitivity to o-Aga
IVA, P-type channelsare responsiblefor approximately half of
HVA calcium current (Umemiya and Berger, 1994). HMs also
have smaller componentsof HVA current that are sensitive to
o-CgTx (N-type) (35%) and DHPs (L-type) (10%). As these
neuronshave at leastfour componentsof calcium current, it may
be possibleto identify in HMs four types of calcium channels
showing distinct single-channelproperties. To characterize single-channelbehavior of calcium channelsin HMs, we recorded
single-channelactivities of calcium channelsin an on-cell configuration. In the presentstudy, we found four types of calcium
channelsbasedon kinetics, voltage dependency,DHP sensitivity, and single-channelconductance.
Materials and Methods
Preparation.
Procedures for preparation of the thin slices were essentially identical to those described previously (Edwards et al., 1989; Takahashi, 1992; Viana et al., 1993; Umemiya and Berger, 1994). Briefly,
Sprague-Dawley rats (2 to 6 d old) were anesthetized by hypothermia
and rapidly decapitated. The brainstem was isolated and cut in 120 to
130 pm transverse sections. The slices were incubated at 37°C for at
least 1 hr and then maintained at room temperature (23-25°C).
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Recording. Brainstem slices were viewed with Nomarski optics and
HMs were identified visually by their location within the hypoglossal
nucleus and by their size and shape. The surface of an identified HM
was cleaned with a saline jet stream. Patch electrodes were pulled from
glass capillaries (LC-16, Dagan) to a DC resistance of 6 to 10 MR. In

A

1995,

75(3)

2219

Figure I. The 7 pS calcium channel.
A, Channel activities at different test
potentials are shown. The channel was
activated with 200 msec depolarizing
steps every 4 sec. This patch had at
least three T-type channels and one
L-type channel, but the L-type channel
was rarely activated at potentials negative to 0 mV (see Fig. 7B). To record
activity from a single channel, the
membrane potential was held at -60
mV to partially inactivate the T-type
channels. B, Ensemble average of this
channel at -20 mV test potential derived from 43 sweeps. The time constant of inactivation during depolarization was 20 msec. C, Current-voltage
relationship of this channel between
-30 and - 10 mV gave a single-channel conductance of 7 pS.
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C
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most experiments we used high-resistance electrodes (- 10 MR) to limit
the number of channels in a patch. Patch-clamp recordings were made
at room temperature with an EPC-7 amplifier (List, Darmstadt, Germany). Seal resistance was usually more than 10 GR. Stable recordings
were maintained in patches for up to 45 min, but stability was compro-
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Figure 2. The 14 pS channel. A, Sample records of the 14 pS channel are shown. The holding potential was -80 mV and the channel was
activated with 200 msec depolarizing steps to 0 mV every 4 sec. As almost no channel activity was observed from a holding potential of -40 mV
(see Fig. 3), the channels in this patch did not have other types of HVA calcium channels. Bottom trace shows the ensemble average of channel
activity derived from 33 sweeps. The time constant of the inactivation during depolarization was 58 msec. B, Amplitude histogram of this channel
at 0 mV test potential from a holding potential of -80 mV. The distribution was fitted to the sum of two Gaussian functions. The open level is
-0.59 pA. Single-channel conductance of this channel is 14.4 pS between -20 and 20 mV (see Fig. 7A). C, Open time distribution of this channel
at 0 mV from a holding potential of -80 mV. Open time distribution was fitted to the sum of two exponential functions with fractional contributions
of 0.84 and 0.16 for TV and r2, respectively, and each time constant is shown.
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Solutions. The ionic composition of the solution used for preparation
of slices was (in mM) NaCc 130; NaHCO,, 26; NaHPO,, l.iS;-KCl, 3;
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Results
Single-channelrecordingsof voltage-activated calcium channels
were made from cell-attached patches in HMs using the thinslice preparation of the brainstem.The membranepotential was
nullified using potassiumaspartate(130 mM) in the external solution, and barium (110 mM) wasusedasa chargecarrier.Thirty
of 79 patches showedchannel activities (-38%). As described
below, thesewere discriminatedinto four classesby their singlechannel conductance, kinetics, voltage dependency, and DHP
sensitivity. Of these, the most predominanttype was the 28 pS
channel (n = 13), and the numbersof each channel type were,
10, 8, and 5, for the 20 pS, 7 pS, and 14 pS channels,respectively.

-80

1500

Time (s)
3. Steady-state inactivation of 14 pS channel. The records were
from the same patch shown in Figure 2. The relationships
between
holding potential and open probability (A) and mean open time (B) are
shown. The calcium channel was activated by depolarizing steps to 0
mV for 200msecevery4 sec.Theordinatein A is the openprobability
(NPo) averaged from 64 sweeps of each holding potential. The ordinate
in B is mean open time for all openings from each holding potential.
C, Channel activity (NPo) of each sweep is plotted against recording
time. Numbers
in this figure indicate holding potentials during each
period.
Figure

mised when patches were held at potentials more negative than -90
mV. Currents elicited by depolarizing pulses, applied every 4 set, were
filtered at 1 kHz with a four-pole, low-pass Bessel filter (Cornerstone,
Dagan) and digitized at 5 kHz or 10 kHz using the pCLAMP system
(Axon Instruments).
Data analysis. Linear leak currents and capacitive currents were subtracted digitally using the average of sweeps containing no channel
activity. Events were detected using a criterion based on a 50% crossing
method between open and closed levels. A transition between levels
was accepted if the level changed for two or more sample data points
(>0.3 msec). Open probability (NPo) was calculated from the sum of
open times for each sweep divided by sweep duration. For exponential
fitting of open time distributions, we used the pCLAMP system, with
a nonlinear least-squares curve-fitting method. Current amplitudes for
the smallest calcium channels, 7 pS, were determined using manual onscreen cursors because of their low signal-to-noise ratios. For largeconductance calcium channels, 14, 20, and 28 pS, amplitude histograms
were constructed from current amplitudes measured during 1 msec periods prior to and during channel openings to reduce event numbers of
the baseline amplitude (Artalejo et al., 1991). For these channels, the
opening events were marked manually. Amplitude histograms were fitted to Gaussian distributions by the SigmaPlot software (Jandel) using
the Levenberg-Marquardt algorithm with a convergence criterion of 2.5
X lo-‘. In cases where a discrepancy between the data and fitted open
level appeared significant, we fitted the baseline and open level separately with individual Gaussian distributions. We used Excel (Microsoft)

andSigmaPlotfor linearregression
of the slopeconductance
andto fit
decaysof the ensemble
currentaveragesto exponentialfunctionsand
activation curves to Boltzman functions.

Drugs.
S(-)-Bay K 8644 and nifedipine (Research Biochemicals,
Inc.) were dissolved in DMSO and stored at -20°C. The final concen-

trationof DMSO was0.01%.The sameconcentration
of DMSO alone
hadno effect on calciumchannels.

k
500

plucose.10: CaCl,. 1: M&J,. 5. The solutionusedto maintainslices
Las similarin compoiiti& t&t CaCl, wasraisedto 2 mM,MgCl, reducedto 2 mu, andlactic acid(4 mM)wasadded.The solutionswere
bubbledwith 95% 0, and 5% CO,. During recording,membrane
potentialwasnullifiedby bathingin an externalsolutioncontainingK-aspartate,130;HEPES,10;EGTA, 10; MgCl,, 5; glucose,10(pH = 7.3,
adjustedby KOH) andthe pipettesolutioncontainedBaCI,, 110;HEPES,10 (pH = 7.3, adjustedby TEAOH).

7-pS Calcium channels
The smallestchannelshad a single-channelconductanceof 7.4
+- 0.2 pS (mean + SE, range = 7.0 to 8.0 pS, n = 8). Figure
1A showssampleactivities of this channel at three test potentials. This channel showedactivation at -30 mV, the most negative activation potential for any of the calcium channel types
in HMs. The ensembleaverage at a test potential of -20 mV
shows complete inactivation during depolarizations (Fig. IB).
These channelsappearedin clusters,since more than one channel was presentin many of the patches.It was difficult to analyze this type of channel in detail becauseof its small conductance and the limited resolution of our recordings.Nevertheless,
thesecharacteristicsare similar to those of T-type channelsrecorded in peripheral and CNS neurons(Fox et al., 1987; Mogul
and Fox, 1991; O’Dell and Alger, 1991). Further, we showed
previously that HMs have LVA calcium currents (Viana et al.,
1993; Umemiya and Berger, 1994).
14-pS Calcium channels
A secondchanneltype, with a single-channelconductanceof 14
pS, is shown in Figure 2A. The meancurrent amplitude of these
channelswas -0.73 2 0.06 pA (n = 4) at a test potential of 0
mV (Fig. 2B) and the meanslope conductancewas 14.1 ? 0.3
pS (range = 13.0 to 14.6 pS, n = 5) (see Fig. 7A). Similar to
the 7 pS channel, the ensembleaverage of this channel showed
inactivation during depolarization, but the inactivation was
slower than that of the 7 pS channel (compare Figs. l& 2A).
The open time distribution at 0 mV was fitted to a sum of two
exponential functions with fast and slow time constantsof 0.54
msecand 4.2 msec,respectively (Fig. 2C).
This channel was also sensitive to holding potential (Fig. 3).
Very few openingswere observed when steppingto 0 mV from
holding potentials positive to -60 mV; frequency of openings
increasedas holding potential was more negative than -60 mV
(Fig. 3A,C). All the 14 pS channelstested showedsimilar volt-
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4. Single-channel
activity of the 28 pS channel.A, Samplerecordsof the channel.The holdingpotentialwas -40 mV, andtb: channel
wasactivatedby depolarizingstepsto 0 mV for 160msecevery 4 sec. The bottom truce is the ensemble
averageof this channelat the same
potentialsderivedfrom 27 sweeps.B, Amplitudehistogramof this channelat 0 mV from a holdingpotentialof -40 mV. The distributionwas
fitted to the sumof two Gaussian
functionsshownin the fiaure.The openlevel is - 1.57pA. The single-channel
conductance
of this channel
between-40 mV and20 mV was28.0pS (seeFig. 7A).
Figure

age dependencyand steady-stateinactivation (n = 3). Also, in
two of three cells tested, the mean open time of thesechannels
dependedon holding potential (Fig. 3B). From holding potentials positive to -60 mV, the openingswere short and the open
time distribution was well fitted to a single exponential function
(time constant = 0.5 msec).In contrast, from negative holding
potentials, long openingsappearedand the open time distribution was no longer well fitted to a single exponential function
(Figs. 2C, 3B). This open time distribution was better fitted to
double exponential functions with time constantsof 0.54 msec
and 4.2 msec (Fig. 2C). Such open time distributions indicate
that these channelshave two gating modes. From depolarized
potentials, this channel opened for a brief duration with lowprobability’openings. From more hyperpolarized potentials, the
channel opened for longer duration with higher probability. It
hasbeen reported that N-channelsin sympatheticneuronshave
multiple modes of gating. In the high open-probability mode,
the mean open time is longer than in other modes(Lipscombe
et al., 1989; Plummer and Hess, 1991; Delcour et al., 1993). On
the basisof single-channelconductanceand kinetics, it is likely
that the 14 pS channelin HMs correspondsto the N-type channel seenin other neurons (Fox et al., 1987; Mogul and Fox,
1991).
28 pS Calcium

channels

The largestcalcium channel in HMs had a mean current amplitude of - 1.51 + 0.05 pA (n = 9) at 0 mV (Fig. 4B) and a
single-channelconductanceaveraging 28.3 f 0.3 pS (range =
26.5 to 29.7 pS, IZ = 13) (see Fig. 7A). The ensembleaverage
of this channel showsthat the channel did not inactivate during
depolarization (Fig. 4A). This channeldid not show steady-state
inactivation at depolarized holding potentials, such as -40 mV.
The kinetics and the weak dependencyon holding potential of
this channel are similar to those of L-channelsin other neurons

(Fox et al., 1987). Accordingly, we found that this channel was
sensitiveto DHP analogs.A DHP agonist, Bay K 8644 (2 FM),
facilitated channel activity (n = 3) (Fig. 5A,C). At the same
time, Bay K 8644 shifted open time distributions of the channel
toward long-duration openings(n = 3) (Fig. 5B), characteristic
of DHP agonist effects on L-type channels (Nowycky et al.,
1985). Furthermore, a DHP antagonist, nifedipine (2 PM),
blocked channel activity (n = 4). Single-channelconductance,
kinetics, voltage dependency, and sensitivity to DHP analogs
indicate that this is an L-type channel (Fox et al., 1987).
20 pS Calcium

channels

A fourth type of calcium channel had a 20 pS single-channel
conductance.Figure 6A shows samplerecords of this channel
and Figure 6B shows an amplitude histogram of the channel.
The amplitude distribution of the channel opening was skewed
toward the baseline.As the channel openings were short and
clustered (Fig. 6A), the skew may have resulted from filtering
of short openingsand closures.However, it is also possiblethat
this channel showed subconductanceopenings, like the P-type
channelin Purkinje cells (Usowicz et al., 1992). The meancurrent amplitude of this channel was - 1.03 + 0.03 pA (n = 7)
at 0 mV (Fig. 6B), with a mean slope conductanceof 19.2 f
0.2 pS (range = 18.5 to 22.1 pS, n = 10) (Fig. 7A). Unlike the
14 pS channel, the 20 pS channel activated slowly and did not
inactivate during depolarization (Fig. 6A). In addition, this channel was lesssensitiveto holding potential than the 14 pS channel. Also, unlike the 14 and 28 pS channels,the open time distribution at 0 mV from a holding potential of -40 mV was well
fitted to a single exponential function, with a time constant of
1.2 msec (Fig. 6C). This time constant was not dependenton
holding potential. For example, the time constantwas similar to
that at 0 mV from a holding potential of -60 mV (1.13 msec).
Similarly, the meanopen time was 1.6 msecfrom both holding
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calcium currentsin HMs is the P-type, we suggestthat this channel is the P-type channel (Umemiya and Berger, 1994).
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Voltage dependencyof HVA calcium channels
Figure 7 showsunitary conductanceand voltage-dependentactivation of three types of HVA calcium channels.The activation
thresholdsfor all three types of channelswere positive to -20
mV, indicating that they are subtypesof HVA calcium channels
(Fig. 7B). The half activation potential of the 28 pS channel (6.9
mV) was intermediatebetweenthat of the 20 pS channel(-7.2
mV) and the 14 pS channel(about 25.0 mV). The half-activation
potential of the 14 pS channelwas the most positive of the HVA
channels.For the 14 pS channel,the limit of recording resolution
did not allow us to test for its maximum activation ,at potentials
positive to 20 mV (Fig. 7B). This positive half-activation potential may reflect the facilitation of the N-type channel by large
depolarizations(Ikeda, 1991; Kuo and Bean, 1993). Thesedifferencesin the voltage dependencyof activation betweenthe 14
and 20 pS channelsfurther support our hypothesis that these
channelswere distinct types.

Discussion
C
BayK
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0.2

0

0

250

500

Time (s)
Figure 5. The effect of S(-)-Bay K 8644 (2 FM) on a 28 pS channel.
A, Typical traces of channel activity before and during bath application
of Bay K 8644. Holding potential was -40 mV and the calcium channel
was activated by a depolarizing step to 0 mV for 160 ms every 4 sec.
B, Open time distribution of the channel during control and in the presence of Bay K 8644 are shown. In control, the open time distribution
of the channel is fitted to the sum of two exponential functions with
fractional contributions of 0.68 and 0.32 for 7, and TV, respectively. In
the presence of Bay K 8644 the distribution is fitted to a single exponential function. Each time constant is shown in the figure. C, Channel
activities (NPo) in each sweep are plotted against recording time. Mean
open probabilities are 0.023 and 0.067 before and during application of
Bay K 8644, respectively.

of -40 mV and -60 mV. This channel was not a
subclassof the L-type channel, as bath application of Bay K
8644 (2 pM) was without effect (n = 3) when the channel was
activated at 0 mV from a holding potential of -40 mV (data
not shown). This potential is positive to the threshold potential
of the L-type channel. We chosethis test potential becauseBay
K 8644 shifts the activation potential of L-type channelstoward
negative potentials (Hess et al., 1984; Fox et al., 1987). The
single-channelproperties of the 20 pS channel were distinct
potentials

from those of both the 14 pS (N-type)

and 28 pS (L-type)

chan-

nels, indicating that it correspondsto a different classof HVA
channel. Given our previous finding that a major component of

This study provides the first description of single-channelproperties in a mammalianmotoneuron.We found that HMs have at
leastfour types of calcium channelsbasedon their single-channel conductance. Mean single-channel conductancesof each
channel type were 7, 14, 20, and 28 pS using 110 mM barium
as a charge carrier. Whole-cell calcium currents in HMs have
been reported to have four components;a LVA calcium current
and N-, P-, and L-type componentsof HVA currents (Viana et
al., 1993; Umemiya and Berger, 1994).Thesefour channeltypes
may underlie the four componentsof whole-cell calcium currents, respectively.
The smallestchannel (7 pS) began to activate at more negative potentials than the other three types of channelsand was
sensitive to holding potential. Further, this channel inactivated
during depolarized potentials. The inactivation time course of
the ensembleaverage during depolarization was similar to that
of whole-cell LVA calcium currents, suggestingthat this type of
channel is responsiblefor LVA calcium current (Umemiya and
Berger, 1994). As thesepropertiesare similar to T-type channels
in other neurons,it is likely that this is a T-type channel (Fox
et al., 1987).
Three HVA calcium-channelsubtypesin HMs were identified
by their single-channelconductances.Single-channel conductanceswere similar to thosereported for HVA channelsin chromaffin cells, where 14 pS (N-type), 19 pS, and 28 pS (L-type)
channels have been isolated (Artalejo et al., 1991, 1992). We
concluded that the 28 pS channel is an L-type channel, as the
channelwas sensitiveto Bay K-8644 and nifedipine. DHPs were
effective even applied outside of the patch, probably because
they are lipid solubleand accumulatein the cell membrane(Mason et al., 1991). The 28 pS channel in HMs did not inactivate
during depolarization and was insensitive to holding potential.
These characteristicsare similar to those of L-type channelsin
other neurons (Fox et al., 1987; Forti and Pietrobon, 1993).
Whereas L-type channels were the most commonly observed
channel type in our recordings from HM somata,the contribution of the L-type channel to whole-cell calcium current was
small in HMs (Umemiya and Berger, 1994). Using an immunohistochemicalmethod, Westenbroeket al. (1990) showedthat
the spatial distribution of calcium channelsis uneven, and that
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L-type channels are located predominantly
at somata. Comparing the minor contribution
of L-type channels to the whole-cell
calcium current and the relatively high frequency of single
L-type channels, it is of interest whether or not this difference
results from a differential
spatial distribution
of the channel
(dendritic vs somatic).
In these experiments the identification
of the 14 and 20 pS
calcium channels could not be undertaken using pharmacological methods. On the basis of kinetics, voltage dependency and
single-channel
conductance, the 14 pS channels in HMs had
similar characteristics to the N-type channels in other neurons
(Fox et al., 1987). The conductance of this channel is similar to
that of N-type channels in sympathetic neurons that do not express the P-type channel (Lipscombe et al., 1989; Mintz et al.,
1992). Also, this conductance is similar to that of expressed
class-B calcium channels that correspond to the N-type channel
A
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Figure 7. Voltage dependency of HVA calcium channels. A, Currentvoltage relationships of the HVA channels. The data were from the
same patches as shown in Figures 2, 4, and 6. B, Voltage-dependent
activation of the HVA calcium channels. Each point shows the average
open probability that was derived from 64 sweeps and was normalized
to the maximum open probabilities calculated from fitting to a single
Boltzman function. The data are from different patches than those illustrated in A. The half-activation potentials and the slope factors are
about 25.0 mV and about 8.5 mV for the 14 pS channel, -7.2 mV and
2.7 mV for the 20 pS channel, and 6.7 mV and 2.8 mV for the 28 pS
channel, respectively.
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Figure 6. The 20 pS channel. A,
Channel activity at 0 mV test potential
from a holding potential of -40 mV is
shown. The channel was activated with
200 msec depolarizing steps to 0 mV
every 4 sec. The bottom traces is the
ensemble average of channel activities
obtained from 37 sweeps. B, All-points
amplitude histogram at 0 mV test potential from a holding potential of -40
mV. The histogram was constructed
from all points of the traces shown in
A except for long closures in third and
fifth traces. The smooth line shows a
sum of two Gaussian functions that
were calculated separately from the
baseline distribution and the distribution of points more negative than
-0.75 pA. The open level is -0.99 pA.
The unitary conductance of this channel between -10 and 30 mV is 20.6
pS (see Fig. 7A). The histogram peak
of the baseline is truncated. C, Opentime distribution of this channel at 0
mV. Open-time distribution was fitted
to a single exponential function and the
time constant is shown.

(Fujita et al., 1993). Unlike its counterpart in chromaffin cells,
but similar to the class-B calcium channel and N-type channels
in peripheral and central neurons, this channel was sensitive to
holding potential and inactivated during depolarization
(Fox et
al., 1987; Plummer et al., 1989; Artalejo et al., 1991; Mogul and
Fox, 1991; Fujita et al., 1993). Also, similar to N-type channels
in sensory and sympathetic neurons, the 14 pS channel in HMs
showed modal gating (Plummer and Hess, 1991; Delcour et al.,
1993; Delcour and Tsien, 1993). Thus, it is likely that 14 pS
channels in HMs are N-type calcium channels. On the other
hand, the 20 pS channels in HMs did not inactivate during depolarizing
potentials and were rather insensitive to holding potential. In sympathetic neurons, single-channel
conductance of
the N-type channel was 20 pS, but the N-type channel, in contrast to the 20 pS channels in HMs, showed inactivation and was
sensitive to the holding potential (Plummer et al., 1989; Rittenhouse and Hess, 1994). We did not test the effect of o-CgTx
because o-CgTx is not effective in high-divalent
cation concentrations (McCleskey et al., 1987) and because the frequency of
recording this channel was low (<7%), it would be inefficient
to eliminate it by the antagonist pretreatment. However, given
the different properties of 14 and 20 pS channels, we conclude
that these channels are distinct, with the 14 pS channel being
N-type.
The kinetics and voltage dependence of 20 pS channel in HMs
are similar to those of L- and the P-type channels in the CNS
(Mogul and Fox, 1991; Regan et al., 1991; Usowicz et al., 1992;
Forti and Pietrobon, 1993). In cerebellar granule cells, multiple
subconductances
of L-type channels were reported (Forti and
Pietrobon,
1993). In HMs, we could find no evidence of subconductance openings of the L-type channel, such as direct transitions between different levels, and in only one of 23 patches
did both the 20 and 28 pS channel exist in the same patch. Also,
the open time distribution
of 20 pS was different from that of
28 pS channels. Finally, the lack of the effect of Bay K 8644
on the 20 pS channel indicates that this channel does not represent a subconductance
state of the L-type channel, but is a
unique channel type.
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P-type channels in Purkinje cells, where this type of channel
is responsible for most of the HVA calcium current, have multiple subconductance levels (Usowicz et al., 1992). The largest
conductance level in Purkinje cells is approximately 20 pS, the
same as that of the 20 pS channel in HMs. The skew in the
amplitude distribution of the 20 pS channel openings may indicate subconductance openings of the channel. The P-type
channels in Purkinje cells are noninactivating during depolarization, similar to the 20 pS channel in HMs (Usowicz et al., 1992).
Also, noninactivating kinetics and weak sensitivity to holding
potential are similar to that of w-Aga IVA-sensitive calcium currents in Purkinje cells and HMs (Regan, 1991; Umemiya and
Berger, 1994). The 20 pS channel activated at lower potentials
than the 14 pS channel and did not show clear modal gating.
Aside from testing the DHP sensitivity, no other pharmacological characterization of this channel type was attempted. The
specific peptide antagonist for P-type channels, o-Aga IVA, is
not effective when applied from outside the recording pipette
(Adams and Olivera, 1994). Since the frequency of recording
this type of channel was low (< 14%), we did not try to eliminate
it by the pretreatment with w-Aga IVA. Nevertheless, as the 20
pS channel has characteristics distinct from those of channels
identified as T-, N-, and L-types, it is likely that this channel
accounts for the P-type current that we previously identified in
whole-cell recordings from HMs (Umemiya and Berger, 1994).
In the mammalianCNS, multiple types of the a-subunit of
voltage-dependentcalcium channelshave beencloned, and more
than four types of calcium

channels

are expressed in CNS neu-

rons (Snutch and Reiner, 1992; Sather et al., 1993). Our results
show that there are at leastfour calcium channeltypes expressed
in mammalianmotoneuronsand that eachchannel type has distinct single-channel

properties.
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