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Known Calcium Channel a1 Subunits Can Form
Low Threshold Small Conductance Channels
with Similarities to Native T-Type Channels

more slowly inactivating subtypes (Chen and Hess, 1990;
Huguenard and Prince, 1992; Tarasenko et al., 1997).

The a1E clone has been put forward as a possible
candidate for T-type currentbecause it possesses some
of the salient features, including low activation voltage,
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rapid inactivation, and similar or greater whole-cell cur-
rent amplitude in Ca21 compared to Ba21 (Soong et al.,
1993). Nevertheless, major discrepancies exist, the mainSummary
one being that the single channel conductance reported
for a1E channels is 12–14 pS (Schneider et al., 1994;Native T-type voltage-dependent calcium channels
Wakamori et al., 1994). Furthermore, although activationare low voltage–activated and have a small single
and steady-state inactivation of expressed a1E currentchannel conductance of 5–8 pS, which distinguishes
occur at lower voltages than for some other clonedthem from any known cloned calcium channels whose
VDCCs (Soong et al., 1993; Stephens et al., 1997), theirconductances are 12–25 pS. Here, we show that when
thresholds are not as low as for native T-type current.a1B, a1E, or a1C are expressed in COS7 cells, which

We have expressed a1B, a1C, and a1E VDCCs in COS7contain no endogenous calcium channel subunits or
cells, which contain no endogenous mRNA or protein forcalcium channels, they each exhibit a 4–7 pS channel
VDCC a1 or accessory subunits or endogenous calciumas well as a large conductance channel. At low depo-
channel currents (Berrow et al., 1997; Brice et al., 1997;larizations, or when the a1 subunit is expressed in
Stephens et al., 1997). This system is therefore advanta-the absence of auxiliary a2-d or b subunits, the small
geous for the present study compared to several otherconductance channels are seen alone, and their bio-
expression systems, including Xenopus oocytes, whichphysical properties, including voltage dependence
possess endogenous b and a2-d subunits and endoge-and kinetics of activation and inactivation, are very
nous calcium currents (Singer-Lahat et al., 1992; Tareilussimilar to native T-type calcium channels.
et al., 1997), or HEK293 cells, which also have endoge-
nous calcium currents (Berjukow et al., 1996). For all
three a1 subunits, in addition to large conductance chan-

Introduction nels we have also observed low threshold small conduc-
tance single calcium channels, which have properties

Voltage-dependent calcium channels (VDCCs) in neu- very similar to the native T-type channels that we have
rons and other cells have been divided into high and examined for comparison in undifferentiated NG108–15
low voltage–activated (HVA and LVA or T-type) classes cells.
(Carbone and Lux, 1984; Bean, 1985; Nilius et al., 1985).
Although a number of VDCCs have been cloned and

Resultsidentified with their native counterparts, the molecular
nature of T-type VDCCs has so far eluded investigation

a1 Subunits Can Form Small As Well As(reviewed by Erteland Ertel, 1997). However, their impor-
Large Conductance Channelstance in the physiological and pathophysiological func-
The calcium channel a1 subunits a1B, a1E, or a1C weretioning of excitable cells makes this a problem of partic-
transiently coexpressed in COS7 cells with a2-d and b2aular interest (Huguenard, 1996; Ertel and Ertel, 1997).
or b3 subunits, and single calcium channel activity wasKnown cloned VDCCs consist of a pore-forming a1 sub-
recorded in the cell-attached mode. From a holding po-unit, of which six subtypes have been identified at the
tential of 290 or 2115 mV, at low depolarizations wemolecular level (A, B, C, D, E, and S), and an auxiliary
observed small conductance calcium channels with am-transmembrane a2-d and intracellular b subunit (re-
plitudes at 225 mV in 100 mM Ba21 of 20.43 6 0.05 pAviewed by Tsien et al., 1995). T-type VDCCs have a
for a1B/a2-d/b2a (n 5 5; Figure 1a), 20.29 6 0.02 pA forsmall single channel conductance of 5–8 pS, usually
a1E/a2-d/b2a (n 5 5; Figure 1b), and 20.25 6 0.03 pA formeasured in 90–110 mM Ba21 (Carbone and Lux, 1987a;
a1C/a2-d/b2a (n 5 5; Figure 1c). The single channel slopeFox et al., 1987a), which distinguishes them from any
conductance of the small channels was similar for all a1of the known cloned VDCCs, whose reported conduc-
subunits in this combination, being between 5 and 7 pStances range from 12–25 pS (Schneider et al., 1994;
(Figure 1d). In each case, a larger conductance channelWakamori et al., 1994; Bourinet et al., 1996). T-type
was also observed, particularly at more depolarized po-VDCCs characteristically begin to activate at about 270
tentials (Figures 1a, 1b, and 1c), with characteristicsmV under physiological conditions, producing a maxi-
very similar to those previously reported for a1B, a1E, andmum current at between 240 and 220 mV (Carbone
a1C subunits in other systems (Schneider et al., 1994;and Lux, 1987b; Fox et al., 1987b; Huguenard, 1996).
Wakamori et al., 1994; Bourinet et al., 1996). The corre-The current waveform is transient (Carbone and Lux,
sponding amplitudes were 21.18 6 0.02 pA (n 5 5),1987b; Fox et al., 1987b) with a division into rapidly and
20.62 6 0.03 pA (n 5 5), and 21.46 6 0.02 pA (n 5 3),
respectively. For a1B/a2-d/b2a in 100 mM Ba21, the small
conductance channels were first observed at 245 mV,*To whom correspondence should be addressed.
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Figure 1. Expression of a1B, a1E, or a1C VDCC in COS7 Cells Yields Both Small and Large Conductance Channels

(a–c) Calcium channels were recorded from cells transfected with a1B (a), a1E (b), and a1C cDNA (c) together with a2-d and b2a. Both small and
large channels are observed in these patches. The solid horizontal lines on the current traces indicate the zero current level, the dotted lines
indicate examples of the amplitude of the small channels, and the broken lines indicate the amplitude of the large channels. At the top of
each column, the voltage protocol is indicated; for (a) and (b), the holding potential is 290 mV, both before and after the test pulse, and the
voltage steps are indicated to the left of the traces. For (c), the holding potential is 2115 mV before the pulse and 260 mV after it ends, and
the voltage steps are indicated to the right of the current traces. The first three traces in (c) were recorded in the absence of S(2)-BayK8644.
BayK8644 (10 mM) was then added to the bath, under conditions of dimmed lighting, and the lowest trace is an example at 5 mV in its
presence. The asterisks indicate a prolonged tail current attributable to the large a1C channel. All traces are leak subtracted.
(d) I–V relationships for the small channel expressed by the three a1 subunits: a1B (open squares), 5.5 6 0.4 pS (n 5 5); a1E (open circles), 6.2 6

1.4 pS (n 5 5); and a1C (including experiments both in the presence and absence of BayK8644; open triangles), 5.2 6 0.8 pS (n 5 5).
(e) I–V relationships for the large conductance channels expressed by all three a1 subunits: a1B (closed squares), 19.7 6 2.8 pS (n 5 5); a1E

(closed circles), 14.8 6 1.9 pS (n 5 5); and a1C (with BayK8644; closed triangles), 22.7 6 0.8 pS (n 5 3). The fits in (d) and (e) only included
data below 0 mV (d) or 5 mV (e), to avoid the nonlinear region of the relationship at more positive potentials.
(f) Representative leak-subtracted episodes at the indicated voltages (left) with no activity, obtained from cells transfected with a2-d and b2a

without any a1 subunit (representing 15 patches).

whereas the large conductance channels were first ob- BayK8644 and in its presence (Figure 1c). In this experi-
ment, brief openings of the large conductance channelsserved at 235 mV (Table 1), and the small and large

channels had single channel conductances of 5.5 6 0.4 were observed in the absence of BayK8644. These
openings were prolonged as expected in its presence,and 19.7 6 2.8 pS, respectively (n 5 5; Figures 1d and

1e). For a1E, the two conductance levels were 6.2 6 1.4 and long tail currents were observed (Figure 1c [**]),
whereas the openings of the small conductance channeland 14.8 6 1.9 pS (n 5 5; Figures 1d and 1e). Both small

and large conductance a1E channels were seen at signifi- were not affected (Figure 1c, lowest trace). The small
a1C channels were first observed at 245 mV and thecantly lower depolarizations than for a1B (Table 1). How-

ever, at higher depolarizations, the small conductance large a1C channels at 225 mV (Table 1). In the absence
of BayK8644, the large conductance a1C channel was notchannel was often difficult to distinguish because all of

the a1E patches contained multiple channels (e.g., Figure observed in every patch containing a small conductance
channel. From 23 patches, 6 of 12 patches with channel1b, step to 220 mV).

For expression of a1C/a2-d/b2a, similar results were ob- activity apparently contained only a small conductance
channel (see also Figure 5c). However, in the presencetained. Figure 1c illustrates an experiment in which 10 mM

of the L-type calcium channel agonist S(2)-BayK8644 of BayK8644, the large channel was observed in every
patch that contained a small conductance channel (4 ofwas applied during the recording. The small conduc-

tance channels were observed both in the absence of 6 total patches). Thus, in the absence of the L-type
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Table 1. Distribution of Voltages at which Small and Large Conductance Channels Were First Observed

Voltage Step a1E a1E a1B a1B a1C a1C

mV small large small large small large
265 2 2 2 2 2 2

255 5 (29%) 4 (25%) 2 2 2 2

245 8 (47%) 9 (56%) 1 (5%) 2 1 (9%) 2

235 4 (24%) 2 (13%) 7 (35%) 4 (24%) 7 (64%) 2

225 2 1 (6%) 10 (50%) 7 (41%) 2 (18%) 1 (17%)
215 2 2 2 (10%) 6 (35%) 1 (9%) 3 (50%)
25 2 2 2 2 2 2 (33%)

Number of Experiments 17 16 20 17 11 6
Statistical significance p , 0.01 versus NS versus p , 0.01 p , 0.001 versus

a1B and a1E versus a1B a1C small
a1C small small small

Recordings were made from cell-attached patches from cells transfected with a1E, a1B, or a1C together with a2-d and b2a, using 100 mM Ba21.
For each experiment, the depolarization at which the small and large conductance channels were first observed was determined as the voltage
at which at least 5 openings were present in 20-50 100 ms episodes of a single experiment. The significance of the differences between the
distributions was determined by x2 test. NS, not significant.

channel agonist, it is possible that the openings of the by the asymmetric peak at 235 mV, but this has not
been analyzed further here.large conductance channels were too short to be ob-

served. The conductances of the small and large a1C Evidence for similar divalent cation permeability of
the small and large conductance channels was obtainedchannels were 5.2 6 0.8 pS (n 5 5) and 22.7 6 0.8 pS

(n 5 3), respectively, in 100 mM Ba21 (Figures 1d and 1e). by comparing their conductance in two different Ba21

concentrations. The conductance of the large a1B chan-The small conductance calcium channel is not endog-
enous to COS7 cells; as in all experiments in which a1B nel was reduced by 14.2% from 19.7 pS in 100 mM Ba21

to 16.9 6 2.7 pS (n 5 4; Figure 2e) in 10 mM Ba21,and a1E were expressed with accessory subunits, the
small conductance channel was only observed in patches whereas the small channel conductance was reduced

by 29.1%, from 5.5 pS to 3.9 6 0.8 pS (n 5 4; Figurethat also contained a large conductance channel (39 of
151 total patches for a1B/a2-d/b2a or b3 and 19 of 38 2e). Preliminary data (not shown) also indicate that the

small a1B channels exhibit similar amplitudes at 5 mV infor a1E/a2-d/b2a). Furthermore, no inward currents were
observed in cells transfected with only a2-d/b2a (Figure 100 mM Ba21 (20.21 pA, n 5 2) and 100 mM Ca21

(20.17 6 0.03 pA, n 5 3). For the small a1E channels,1f; n 5 15 patches) or in cells transfected with green
fluorescent protein (GFP) alone (13 patches). This agrees the amplitudes of the elementary currents measured at

215 mV were identical in 100 mM Ba21 and 100 mMwith the lack of whole-cell Ba21 currents in COS7 cells
transfected with GFP alone (Berrow et al., 1997; Brice Ca21, being 20.23 pA (n 5 2) and 20.23 6 0.03 pA (n 5

3), respectively.et al., 1997; Stephens et al., 1997).
For a1B, the properties of the small channels were In contrast to the data for b2a, no clear temporal sepa-

ration between the small and large conductance chan-analyzed in more detail because patches without multi-
ple channel openings were more often obtained than nels was seen for the a1B/a2-d/b3 combination, where

the large conductance channel openings were also clus-for a1E (see Figure 1b, 220 mV trace), and therefore the
openings of the small and large conductance channels tered near the start of sweeps (n 5 9; data not shown).

This is in agreement with the opposite effects of thesecould be distinguished more easily. The small a1B chan-
nel openings tended to cluster at the beginning of two b subunits on macroscopic calcium channel cur-

rents, b2a slowing and b3 enhancing the kinetics of inacti-sweeps, particularly at higher depolarizations. This sep-
aration was particularly noticeable in some patches from vation of currents resulting from expressed a1 subunits

(Olcese et al., 1994; De Waard and Campbell, 1995).a1B/a2-d/b2a transfected cells, where a clear temporal
difference between the openings of the small and large
conductance channels was seen (Figure 2a; 10 mM Properties of the Small Conductance Channels

When a1B Subunits Are Expressed AloneBa21). The ensemble-averaged current at 225 mV (Fig-
ure 2b) shows the rapidly activating and inactivating In cells transfected with a1B in the absence of a2-d or b

subunits, the small channel was observed in 14 of 42nature of the small conductance channels. The small
channels consistently showed more rapid activation (in cell-attached patches. In 5 of 14 of the patches con-

taining channel activity, the small channel was seen interms of latency to first opening) than the large channels,
particularly at low depolarizations, and the first latency the absence of the large conductance channel (Figures

3a–3e; 100 mM Ba21), and its properties could be exam-had a strong voltage dependence (Figure 2c). Further-
more, the all-points histogram profiles (Figure 2d) dem- ined in isolation. The small channels usually inactivated

during a 100 ms pulse, particularly at higher depolariza-onstrate the dominance of the small channels at low
depolarizations and the activation of the large channels tions (Figure 3a), as also seen in the ensemble-averaged

current at 5 mV (Figure 3b). The timeconstant of inactiva-at greater depolarizations. The possibility of a subcon-
ductance state for the small a1B channel is suggested tion (tinact) was 39.2 6 8.0 ms at this potential (n 5 3;
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Figure 2. The Small Conductance a1B Channel Is Lower Voltage Activated Than the Large Conductance Channel and Is Similarly Ba21 Permeable

Recordings were performed from cells transfected with the a1B/a2-d/b2a combination.
(a) Individual current responses to different depolarization steps from a holding potential of 2115 mV with 10 mM Ba21 in the patch pipette.
The small channel opens at the beginning of the voltage step and inactivates during the 400 ms pulse. Both short (235 mV trace) and longer
openings (225 mV trace) are seen in this patch. At higher depolarizations, the larger channel is activated (traces to 215 and 25 mV).
(b) An ensemble-averaged current response for the 400 ms step to 225 mV (an average of 10 single episodes). The ensemble current inactivates
with an exponential decay (solid line), with tinact equal to 39.0 ms; the late inward deflections are single events of the large a1B channel.
(c) Latency to first opening as a function of the test voltage, measured separately for the small (open squares) and large (closed squares) a1B/
a2-d/b2a channels in 10 mM Ba21 (mean 6 SEM; n 5 6). The latency was determined as the mean time to first opening for both current levels.
(d) All-point histograms from the same experiment shown in (a). These were constructed from 10 episodes of 400 ms duration at each voltage,
filtered at 500 Hz. The bin width was 6.25 3 1023 pA. The closed level peak was truncated to better visualize the open level peak of the small
conductance channel.
(e) An I–V plot of the small and large channels with 10 mM Ba21 as the charge carrier. The small (open squares) and large (closed squares)
single channel conductances are 3.9 6 0.8 pS (n 5 4) and 16.9 6 2.7 pS (n 5 4), respectively. The dotted and broken lines represent the data
for the respective a1B channels in 100 mM Ba21, from Figures 1d and 1e.

Figure 3b). The single channel conductance of the small Comparison of Native T-Type Channels with Small
Conductance Channels Resulting froma1B channels in patches where they were observed in

isolation was 4.2 6 0.3 pS, and the amplitude at 225 Expressed a1 Subunits
To determine whether the properties of the small con-mV was 20.27 6 0.02 pA (n 5 5; Figure 3c). Steady-

state inactivation is demonstrated in Figure 3d, where ductance single channels observed here are similar to
endogenous T-type calcium channels, we examined,the small channel was completely inactivated when the

holding potential was depolarized to 255 mV. Although under the same conditions, T-type single channel cur-
rents in undifferentiated NG108–15 cells (a hybridomamany of theopenings of the small conductance a1B chan-

nel were brief, long openings were also observed (e.g., cell line of a mouse neuroblastoma and a rat glioma).The
single T-type channels in cell-attached patches were ofFigures 2a and 3a). The long openings gave rise to a

slowly deactivating tail current (Figures 3a [*] and 3e). similar amplitude (20.21 6 0.02 pA at 225 mV in 100
mM Ba21, n 5 3) to the small a1B, a1E, and a1C channelsIn ensemble-averaged currents, the tail current decayed

with a time constant (tdeact) of 12.8 6 5.1 ms at 260 observed here (Figure 4a). A preliminary comparison of
permeability at 5 mV in 100 mM Ba21 and 100 mM Ca21mV (n 5 3; Figure 3e). Slowly deactivating tail currents

associated with the small channels were also seen in gave identical elementary current amplitudes (20.19 6

0.02 pA [n 5 3] and 20.19 pA [n 5 2], respectively; datapatches containing both large and small channels (e.g.,
Figure 1a [*]). not shown). From the ensemble-averaged currents at 5
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Figure 3. Properties of the Small Conduc-
tance a1B Channels When a1B Is Expressed
Alone

Cell-attached patches were recorded with
100 mM Ba21 from cells transfected with a1B

alone.
(a) Individual current responses to the depo-
larization steps shown (215 to 5 mV) from
a holding potential of 2115 mV in a patch
containing only the small conductance chan-
nel; the asterisk indicates tail current.
(b) Ensemble-averaged current of 39 epi-
sodes in response to a voltage step to 5 mV
as in (a). The current inactivates following a
single exponential decay (solid curve) with a
tinact of 42.7 ms.
(c) I–V relationship for the small channel when
expressed alone (conductance, 4.2 6 0.3 pS;
n 5 5). The fit only included data below 0 mV,
to avoid the nonlinear region of the relation-
ship at more positive potentials.
(d) Steady-state inactivation of the small a1B

channel. In the left column, theholding poten-
tial is 2115 mV, and the three upper single
responses are examples of the activity of the
small channel at a test potential of 25 mV. In
the right column are three examples of re-
sponses of the same patch to the same test
potential, 30 s after the holding potential was
changed to 255 mV . The lowest traces in
both columns are the ensemble averages of
30 episodes in each condition.
(e) Tail currents at 260 mV of the small con-
ductance channel. The prepulse holding po-
tential was 2115 mV; the activating pulse of
20 ms was to 15 mV. The two upper traces are
single responses, showing that the channel
remains open after the repolarization (see
also Figure 1a and upper trace of [a] in this
Figure). The lowest trace is an ensemble of
30 such responses from the same patch. The
tail current deactivation was best fitted with
one exponent (solid curve), with a time con-
stant (tdeact) of 14.3 ms.

mV, the native T-type channels showed slightly faster patches with channel activity no large conductance
channels were observed (Figure 5c). The ensemble-inactivation kinetics than the small conductance a1B

channels (Figure 4b; tinact 5 21.7 6 2.5 ms, n 5 3). The averaged current at 215 mV inactivated with a tinact of
38.0 ms (Figure 5d). At 5 mV, the current inactivatedsingle channel conductance was also similar to that of

the small conductance a1 channels (4.5 6 0.8 pS, n 5 more rapidly, and tinact was 17.7 6 9.7 ms (n 5 3).
Another important similarity with native T-type chan-3; Figure 4c), and as expected the T-type channels also

showed complete steady-state inactivation at 255 mV nels is that the small conductance channels survive in
excised inside-out patches. When a patch containing(Figure 4d). The tail current deactivation of the T-type

channels studied here was similar to the small conduc- both small and large conductance a1C channels, in the
presence of BayK8644, was excised into the bath solu-tance a1B channels (Figure 4e; tdeact 5 8.3 6 1.5 ms at

260 mV, n 5 8). tion (Figure 5e [left]), the large conductance a1C channel
was rapidly lost, whereas thesmall channel was retainedIn COS7 cells transfected with a1E alone, large as well

as small conductance channels were almost always ob- (Figure 5e [right]).
served (in 11 of 49 total patches), and it was therefore
difficult to compare their properties to those of native
T-type channels. However, in one patch the small a1E Discussion
channel was observed alone (Figure 5a). The ensemble-
averaged current at 215 mV decayed with a tinact of 15.1 In several previous studies, we have not found COS7

cells to contain endogenous calcium channel subunitms (Figure 5b). The slope conductance of this channel
was 5.2 pS. It was also possible to examine the proper- mRNA or protein, from evidence obtained by RT-PCR,

immunocytochemistry, and whole-cell electrophysio-ties of the small conductance a1C channel in isolation in
patches from cells transfected with a1C/a2-d/b2a, re- logical recording (Berrow et al., 1997; Brice et al., 1997;

Stephens et al., 1997). This, together with the lack ofcorded in the absence of BayK8644, where in 6 of 12
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Figure 4. Native T-Type Channels in Undif-
ferentiated NG108–15CellsPossessProperties
Similar to the Expressed a1 Small Channels

(a) Individual current responses to the depo-
larization steps stated at the left of each trace
(215 to 5 mV) from a holding potential of 2115
mV in a patch containing T-type channels
(100 mM Ba21).
(b) Ensemble-averaged current of 44 epi-
sodes in response to a voltage step to 5 mV.
Inactivation follows a single exponential de-
cay (solid curve) with a tinact of 22.3 ms.
(c) I–V relationship for T-type channels (con-
ductance, 4.5 6 0.8 pS; n 5 3). The fit only
included data below 0 mV, to avoid the non-
linear region of the relationship at more posi-
tive potentials.
(d) Steady-state inactivation of T-type single
channel currents. In the left column, the hold-
ing potential is 2115 mV, and the three upper
single responses are examples of the activity
of the channel at a test potential of 245 mV.
In the right column are three examples of re-
sponses of the same patch to the same test
potential, 30 s after the holding potential was
changed to 255mV. The lowest traces inboth
columns are the ensemble-averaged currents
for 25 episodes in each condition.
(e) Tail currents for T-type channels at 260
mV. The prepulse holding potential was 2115
mV, the activating pulse of 25 ms was to 25
mV. The two upper traces are single re-
sponses, showing that the channel remains
open after the repolarization. The lowest
trace is an ensemble of 70 such responses
from the same patch. The deactivation was
best fitted with one exponent (solid curve),
with a time constant (tdeact) of 7.5 ms.

any single calcium channel activity recorded from cell- a1E, and a1C have properties verysimilar to those of native
T-type channels in other systems. These similarities in-attached patches in COS7 cells in the absence of

transfected a1 subunits, provides strong evidence that clude: (1) the small single channel conductance in 100
mM Ba21 (Carbone and Lux, 1987a; Fox et al., 1987a);the small conductance channels observed here are not

endogenous to this cell type. The present results are (2) low voltage of activation (Carbone and Lux, 1987a;
Fox et al., 1987a); (3) complete steady-state inactivationconsistent with the hypothesis that small conductance

LVA channels may be formed by a1B, a1E, and a1C VDCCs, at a depolarized holding potential such as 255 mV (Car-
bone and Lux, 1987a; Fox et al., 1987a); (4) rapid inacti-which can exist in a small conductance mode. This is

supported by the finding that small conductance chan- vation during voltage steps (Carbone and Lux, 1987a);
(5) strongly voltage-dependent first latency (Droogmansnels are observed in every patch in which a large con-

ductance channel is present, and that the different a1 and Nilius, 1989); (6) single channel activity that is re-
tained in excised patches (Carbone and Lux, 1987a); (7)asubunits produce small channels with significantly dif-

ferent voltage-dependent properties (Table 1). These slow component of tail current deactivation (Armstrong
and Matteson, 1985); (8) the presence of both brief andobservations also provide evidence that the behaviors

of the small and large conductance channels are not prolonged openings (Carbone and Lux, 1987a; Fox et
al., 1987a); (9) a high probability of observing episodesindependent of each other, unlike the behaviors ex-

pected if the small channels described here were endog- with no channel activity (see data in the Figure 6 legend)
(Droogmans and Nilius, 1989); and (10) similar currentenous T-type channels indirectly induced by the heterol-

ogous expression of the calcium channel a1 subunits. amplitude with Ba21 and Ca21 as charge carriers.
By RT-PCR, using primers that recognize both ratThe small channels were not observed in patches from

which the large channels were absent, except in some and mouse sequences, we have found undifferentiated
NG108–15 cells to contain transcripts for a1A, a1B, a1C,patches in which a1C channels were recorded in the

absence of BayK8644, when openings of the large a1C and a1E, as well as for a2-d and b1–b4 (C. N. Wyatt, K. M.
Page, N. L. Brice, N. S. Berrow, and A. C. D., unpublishedchannels may have been too short to be observed, and

in some patches from cells transfected with a1B or a1E data), and theNG108–15 T-type channels could possibly
be formed from any or all of these a1 subunits. If, asin the absence of accessory subunits.

The small conductance LVA channels formed by a1B, suggested by the present findings, more than one type
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Figure 5. T-Type Properties of the Small a1E

and a1C Channels

(a) A patch recorded from a cell transfected
with a1E alone, which possessed only the
small channel, showing individual leak-sub-
tracted current responses to different depo-
larization steps from a holding potential of
2115 mV (100 mM Ba21). The test potential
(225 to 25 mV) is indicated on the left.
(b) An ensemble-averaged current of 20 epi-
sodes in response to a voltage step to 215
mV from the same patch as (a). It inactivates
incompletely following a single exponential
decay (solid curve) with a tinact of 15.1 ms.
(c) A patch from a cell transfected with a1C/
a2-d/b2a, in which only the small channel was
observed, showing individual leak-subtracted
current responses to the same depolarization
steps shown in (a) from a holding potential of
2115 mV (100 mM Ba21).
(d) An ensemble average (20 episodes) of a1C

currents at 215 mV from the same patch as
in (c). It inactivates following a single expo-
nential decay (solid curve) with a time con-
stant of 38.0 ms.
(e) On the left are three traces showing the
presence of both a large and a small channel,
from a cell-attached patch from an a1C/a2-d/
b2a transfected cell (holding potential, 2115
mV; test potential, 25 mV) in 10 mM BayK8644;
on the right are three traces at the same po-
tential following excision to form an inside-
out patch (the asterisk indicates tail current
of small channel).

of a1 subunit may be involved in the expression of native conductance a1 subunits will show similar pharmacol-
ogy to the cognate large conductance channels, but thisT-type calcium channels, this would offer an explanation

for the range of activation voltages and inactivation ki- is not necessarily the case, as accessory subunits—
particularly a2-d—have a marked effect on the pharma-netics of these currents observed in different cell types

(Akaike et al., 1989; Chen and Hess, 1990; Huguenard cology of expressed calcium currents (Brust et al., 1993;
Gurnett et al., 1997). A pharmacological examination ofand Prince, 1992; Kobrinsky et al.,1994; Tarasenko et al.,

1997). It would also explain the diverse and inconsistent the properties of the small conductance calcium chan-
nels formed from expressed a1 subunits is currently inpharmacology of T-type channels, with sensitivity to 1,4-

dihydropyridine antagonists but not agonists (Akaike et progress.
The molecular composition of these small conduc-al., 1989; Tarasenko et al., 1997), similar to a1E (Stephens

et al., 1997), and rapidly reversible block by v-conotoxin tance a1 subunit channels cannot be unequivocally iden-
tified from the present results. The predominance ofGVIA (McCleskey et al., 1987; Kobrinsky et al., 1994)

and v-agatoxin IVA (Kobrinsky et al., 1994) having been small conductance channels obtained with a1B (and, in
one instance, a1E) in the absence of expressed a2-d andobserved in some cell types but not others. It is of rele-

vance here that expression in HEK293 cells of a1B in b subunits suggests that the small conductance mode
is favored when the a1 subunit is not under the influencethe absence of accessory subunits produced a rapidly

inactivating whole-cell current that was blocked revers- of one or both of these accessory subunits. However,
it is clear from the present results that a1 subunits, ex-ibly by v-conotoxin GVIA (Williams et al., 1992). Further-

more, similar permeability to Ca21 and Ba21 (a hallmark pressed alone, may form large as well as small conduc-
tance channels; and conversely, small conductanceof a1E channels) is often observed for T-type current,

but in thalamic reticular neurons the T-type currents channels are still observed in the presence of the acces-
sory subunits. Although it has been shown that there isare more permeable to Ba21 than Ca21 (Huguenard and

Prince, 1992). Our preliminary finding is that the small a reversible association between a1 and accessory a2-d

subunits (Liu et al., 1995), it is not clear whether thisa1E channels show the same amplitude in Ca21 as in
Ba21, whereas the small a1B channels show a slightly occurs under physiological conditions. Similarly, al-

though the interaction between a1 and b subunits is oflower amplitude in Ca21. It is possible that the small
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high affinity in vitro (De Waard et al., 1995), the associa- channels is usually lower, and the ensemble-averaged
I–V relationships do not have a pronounced LVA compo-tion may be voltage-dependent and favored at depolar-

ized potentials (see Dolphin, 1996, for a discussion of nent, being similar to those observed in whole-cell ex-
periments (Page et al., 1997; Stephens et al., 1997).this point). Thus, it is possible that native T-type currents

may consist of a1 subunits not associated with either T-type calcium current is often observed in neurons
and in other cell types early in development (Beam andan a2-d subunit, a b subunit, or both. There is some

evidence from an antisense study for the lack of associa- Knudson, 1988; Barish, 1991) or in undifferentiated cells
(Chen and Hess, 1990), and it is possible that particulartion of T-type currents with a b subunit (Lambert et al.,

1997). In agreement with this, b2a had no apparent effect VDCC a1 subunits are selectively expressed under these
conditions, before the appearance of accessory sub-on the small conductance channels, since the inactiva-

tion rate of the small channels was similarly rapid in the units. However, from our results, the absence of acces-
sory subunits does not result exclusively in small con-presence of b2a or in the absence of a b subunit (compare

Figures 2b and 3b). However, the lack of involvement ductance channels, and we can therefore put forward
several possibilities for the composition of native T-typeof either a2-d or b in the formation of the small a1 chan-

nels will require further experimentation with specific channels. It is feasible either that the a1 subunits interact
with an unknown associated protein that maintains thecombinations of subunits and more detailed analysis.

Several a1 subunits exhibit activation in the range of channels formed from these a1 subunits in the LVA small
conductance mode, or that there may be a lack of asso-240 to 220 mV in physiological divalent cations (Soong

et al., 1993; De Waard and Campbell, 1995), and their ciation with a subunit or associated protein whose pres-
ence normally promotes the expression of the large con-activation often shows two components of voltage de-

pendence (Olcese et al., 1996). It has been suggested ductance mode. An alternative possibility is that channel
oligomerization occurs, as previously suggested fromthat, of the known cloned calcium channels, a1E is the

best candidate for the molecular counterpart of LVA experiments on reconstituted native calcium channels
(Hymel et al., 1988). It is also feasible that there is post-calcium channels (Soong et al., 1993), and we have

found that a1E expressed in COS7 cells in the absence translational modification of the a1 subunit, but we have
no direct evidence for this. In conclusion, the resultsof accessory subunits forms a whole-cell current with

some similarities to T-type current (Stephens et al., described here suggest that VDCC a1 subunits can form,
as well as larger conductance channels, small channels1997). Our present results would agree with this, as the

small conductance a1E channels were first observed at with marked similarities to native T-type channels.
255 mV in 100 mM Ba21 (which produces a shift due to

Experimental Procedurescharge screening of about 25 mV, compared to physio-
logical saline [Elmslie, 1997]). Nevertheless, the small

Materialsa1B and a1C channels were also first observed at hyperpo-
The followingcDNAs were used: rat a1E (GenBank accession number

larized potentials (245 mV in 100 mM Ba21). Further- L15453; Soong et al., 1993); rat brain a1C-II (M67515; Tomlinson et al.,
more, for both a1B and a1C, the small conductance chan- 1993) from Dr. T. Snutch (University of British Columbia, Vancouver,
nels were seen at significantly lower depolarizations Canada); rabbit a1B (D14157; Fujita et al., 1993) from Dr. Y. Mori

(Seiriken, Okazaki, Japan); rat b2a (M80545; Perez-Reyes et al., 1992)than their respective large conductance channels (Table
and b3 (M88751; Castellano et al., 1993) from Dr. E. Perez-Reyes1). Therefore, the small a1B and a1C channels also have
(Loyola University, Chicago); and the full-length rat a2-d (neuronalthe requisite biophysical properties to contribute to na-
splice variant, M86621; Kim et al., 1992) from Dr. H. Chin (National

tive T-type channels. Institutes of Health, Bethesda, MD). The S65T mutant of green fluo-
Since all of the a1 subunits examined in the present rescent protein (GFP) was provided by Dr. S. Moss (University Col-

study are able to form large as well as small conductance lege London), and the mut-3 GFP mutant was provided by Dr. T.
Hughes (Yale University, New Haven, CT). All cDNAs were sub-channels, it is likely that this is the reason no distinct
cloned, using standard techniques, into the pMT2 expression vectorlow threshold component was observed previously in
(Genetics Institute, Cambridge, MA) for transient expressionin COS7whole-cell current recordings in COS7 cells (Berrow et
cells. S(2)-BayK8644 was obtained from RBI (Natick, MA).al., 1997; Brice et al., 1997; Page et al., 1997; Stephens

et al., 1997). This point is also well illustrated from a Transfection of COS7 Cells
comparison of ensemble averages of an a1B/a2-d/b2a COS7 cells were cultured and transfected by electroporation, essen-
patch in which multiple openings (including more than tially as described previously (Campbell et al., 1995). The a1, a2-d,

b, and either S65T or mut-3 GFP cDNAs were used for transfectionone small conductance channel) were present (Figures
at 15 (or 20 when a2-d and b were absent), 10, 5, and 1 mg, respec-6a and 6b), an a1B small conductance channel alone
tively. When all subunits were not included, the total amount of(Figure 6c) and a native NG108–15 T-type channel (Fig-
plasmid used for transfection was retained at 31 mg by the addition

ure 6d). The component of ensemble-averaged current of empty pMT2 vector. Cells were maintained at 378C and then
in Figure 6a that results from the openings of the small replated using a nonenzymatic cell dissociation medium (Sigma)and
conductance channels is only distinguishable in this kept at 258C prior to electrophysiological recording. Successfully

transfected cells were identified by expression of GFP. Maximumcase because of the high ratio of small to large channels
GFP fluorescence and Ca21 channel expression were observed be-apparent in the patch (Figure 6b). The activation phase
tween 2 and 4 days posttransfection (Brice et al., 1997).of the current–voltage (I–V) relationship from data in

Figure 6a can only be well fitted by a double Boltzmann
Electrophysiological Recording

relationship (Figure 6e, see legend). The LVA component All recordings were performed on GFP-positive cells at room tem-
activates in a similar range to the small conductance perature (208C–238C). Recording pipettes were pulled from borosili-
channels shown in Figures 6c and 6d. In most patches, cate tubes (World Precision Instruments, Sarasota, FL), coated with

Sylgard (Sylgard 184, Dow Corning, Wiesbaden, Germany), and firethe apparent proportion of small to large conductance
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Figure 6. A Comparison of Ensemble-Averaged Currents from Patches Containing Both Large and Small a1B Channels, the a1B Small Channel
Alone, or a Native T-Type Channel

(a) Ensemble-averaged currents (35 consecutive episodes each) at 225, 215, 25, and 5 mV for an experiment in which both small and large
a1B channels were recorded from a cell transfected with a1B/a2-d/b2a (100 mM Ba21). The number of blank episodes (containing no channel
activity) at each potential were 25, 6, 7, and 4, respectively. The ensemble traces at 225 and 215 mV are constructed from openings of only
the small channel, as it is below the threshold for the large channel. The slow tail currents are due to the slowly deactivating small channels
(see 215 mV trace in [b]).
(b) Examples of single channel recordings from the same patch and at the same potentials as in (a). This patch is atypical in that it appeared
to have an equivalent number of apparent small and large channels (three to four).
(c) Ensemble-averaged currents at 225 (25 consecutive episodes, including 13 blanks), 215 (29 episodes, 10 blanks), 25 (37 consecutive
episodes, 11 blanks), and 5 mV (30 episodes, 7 blanks) for an experiment in which only a small a1B channel was recorded from a cell transfected
with a1B alone (100 mM Ba21).
(d) Examples of ensemble-averaged currents at 225 (25 episodes, 19 blanks), 215 (30 episodes, 11 blanks), 25 (25 episodes, 7 blanks), and
5 mV (30 episodes, 8 blanks) for an experiment in which a native T-type channel was recorded from NG108–15 cells (100 mM Ba21).
(d) I–V relationship for the ensemble-averaged currents from the patch shown in (a); the peak current was measured for each trace. The I–V
relationship (open squares) was fitted with a double Boltzmann function (solid line).
I 5 [Gmax1(V 2 Vrev1)/(1 1 exp[(Vh1 2 V)/k1])] 1 [Gmax2(V 2 Vrev2)/(1 1 exp[(Vh2 2 V)/k2])], where Gmax is maximum conductance, Vh is the voltage at
which 50% of the current is activated, Vrev is the null potential, and k is the slope factor. The values for the parameters are: Gmax1, 4.7 pS; Gmax2,
19.8 pS; Vrev1, 48.7 mV; Vrev2, 63 mV; Vh1, 214.4 mV; Vh2, 14.2 mV; k1, 5.4 mV; and k2, 5.1 mV. Vrev1 was constrained to the reversal potential
obtained for a ramp I–V for the patch shown in (d), and Vrev2 was constrained to the value obtained for a ramp I–V for the patch shown in (a).
The two components 1 (LVA, dotted line) and 2 (HVA, broken line) of this function are also plotted individually using the parameters above.
The I–V relationship for the NG108–15 T-type current (from [d]) is also plotted (open circles) and fitted with a single Boltzmann function (bold
broken line). Gmax, 1.42 pS; Vrev, 48.7 mV; Vh, 212.7 mV; and k, 8.5 mV. Vrev was constrained to the same value as Vrev1 above. For comparison,
the I–V relationship for the data from (c) for a1B alone is also plotted (closed triangles).

polished to form high resistance pipettes (z10 MV with 100 mM Seals were usually .20 GV. The data were recorded with an
Axopatch 200A amplifier (Axon Instruments) and stored on line onBaCl2). The composition of the bath solution, designed to zero the

resting membrane potential and kept constant throughout this a pentium (90 MHz) computer, via a Digidata 1200 interface (Axon
Instruments). Data were sampled every 100 ms, or every 20 ms instudy, was (in mM): 135 K aspartate, 1 MgCl2, 5 EGTA, and 10 HEPES

(titrated with KOH [pH 7.3]) adjusted to an osmolarity of 320 mOsm tail current experiments, and filtered online at 1–2 kHz. All voltages
were corrected offline for liquid junction potential (Neher, 1995),with sucrose. The membrane potential in this external solution was

20.1 6 0.9 mV (n 5 4), recorded with 3M KCl-filled sharp microelec- measured to be 215 mV in these solutions. The holding potential
was between 290 and 2115 mV unless otherwise noted (in steady-trodes. Patch pipettes were filled with a solution of three different

compositions (in mM): 100 BaCl2 or CaCl2, 10 TEACl, 10 HEPES, state inactivation experiments), and voltage steps to different depo-
larizing potentials with different durations were delivered usingand 200 nM TTX; or 10 BaCl2, 130 TEACl, 10 HEPES, and 200 nM

TTX. All pipette solutions were titrated with TEAOH to pH 7.4 and pClamp6 software (Axon Instruments). Every patch was examined
with 10 ramps (300 ms) from 2115 (or 290) to 65 mV, followed byadjusted to an osmolarity of 320 mOsm with sucrose.
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at least 10 episodes (100–400 ms long) at each depolarizing voltage Ellis, S.B. (1993). Human neuronal voltage-dependent calcium chan-
nels: studies on subunit structure and role in channel assembly.step between 235 and 5 mV, in 5 or 10 mV intervals.

Leak subtraction was performed by averaging segments of traces Neuropharmacology 32, 1089–1102.
with no activity from the same voltage protocol in the same experi- Campbell, V., Berrow, N., Brickley, K., Page, K., Wade, R., and Dol-
ment, and subtracting this average from each episode using phin, A.C. (1995). Voltage-dependent calcium channel b-subunits in
pClamp6. Single channels were analyzed with pClamp6, and usually combination with a1 subunits have a GTPase activating effect to
no extra filtering was added, but in long episodes (i.e., 400 ms) the promote hydrolysis of GTP by G ao in rat frontal cortex. FEBS Lett.
data were further Gaussian filtered at 500–1000 Hz. Single channel 370, 135–140.
amplitudes were measured by the pClamp6 software, setting a Carbone, E., and Lux, H.D. (1984). A low voltage–activated fully
threshold of 50%, manually examining each opening, and accepting inactivating Ca channel in vertebrate sensory neurones. Nature 310,
the measured amplitude only of fully resolved openings (.1 ms). 501–502.
Mean open channel amplitudes were determined from amplitude

Carbone, E., and Lux, H.D. (1987a). Single low voltage–activatedhistograms of these single open events. I–V relationships were ob-
calcium channels in chick and rat sensory neurones. J. Physiol.tained by plotting the mean current amplitudes determined from
(Lond.) 386, 571–601.each experiment. For calculation of single channel conductances,
Carbone, E., and Lux, H.D. (1987b). Kinetics and selectivity of a lowa linear regression was performed to all points of the I–V relationship
voltage–activated calcium current in chick and rat sensory neu-below 0 mV for the small channels and below 5 mV for the large
rones. J. Physiol. (Lond.) 386, 547–570.channels. For the small conductance channels, openings to an ap-

parent subconductance level were occasionally observed and are Castellano, A., Wei, X., Birnbaumer, L., and Perez-Reyes, E. (1993).
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