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Three Novel Types of Voltage-Dependent Calcium Channels in Rat 
Cerebellar Neurons 
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With the aim of characterizing the functional and pharma- 
cological properties of the different voltage-dependent Ca2+ 
channels expressed in a given type of CNS neuron, we ob- 
tained single Ca*+ channel recordings from rat cerebellar 
granule cells in primary culture. Our data show that three 
novel classes of voltage-dependent Ca*+ channels are coex- 
pressed in cerebellar granule cells. They are pharmacolog- 
ically distinct from dihydropyridine-sensitive L-type and 
a-conotoxin-sensitive N-type channels, and their functional 
properties are different from those of P- and T-type channels. 
The three novel 2 1 pS G I-, 15 pS G2-, and 20 pS G3-type 
Ca*+ channels have similar inactivation properties. They show 
complete steady-state inactivation at -40 mV and their sin- 
gle-channel average currents have both sustained and de- 
caying components. They differ in activation threshold (-40 
mV for G2, -30 mV for G3, and - 10 mV for Gl, with 90 my 
Baz+ as charge carrier), mean open time (1.2 msec for G2, 
1 msec for G3,O.E msec for Gl), and single-channel currents 
(at 0 mV: 0.5 pA for G2, 0.8 pA for G3, and 1.4 pA for Gl ). 
Together with the previously characterized multiple L-type 
Ca*+ channels (Forti and Pietrobon, 1993), Gl-, G2-, and G3- 
type channels constitute the large majority of Ca2+ channels 
of cerebellar granule cells in culture. The low activation 
threshold of GP-type channels and their inactivation prop- 
erties suggest that they might be native counterparts of the 
recently expressed rat brain clone rbE-II (Soong et al., 1993). 

[Key words: calcium channel, cerebellum, patch clamp, 
conotoxin, dihydropyridine, granule neuron] 

Voltage-dependent calcium channels mediate Ca2+ influx into 
neurons that is crucial for many processes in the brain including 
dendritic spiking, patterning of neuronal firing, neurotransmit- 
ter release, synaptic plasticity, gene expression, and cell death 
(Llinas, 1988; Sheng and Greenberg, 1990; Weiss et al., 1990; 
Hille, 1992; Johnston et al., 1992; Kullmann et al., 1992). Many 
types of calcium channels exist in mammalian brains, where 
they are probably selectively involved in different neuronal 
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functions. On the basis of the threshold voltage for activation, 
they have been divided in low-threshold-activated (LVA or 
T-type) Ca2+ channels and high-threshold-activated (HVA) Ca*+ 
channels (Bean, 1989; Hess, 1990; Swandulla et al., 199 1). Ac- 
cording to pharmacological criteria, HVA Ca*+ channels have 
been classified as L-type channels sensitive to dihydropyridines 
(DHPs), N-type channels irreversibly blocked by w-conotoxin 
GVIA (w-CgTx), and funnel toxin (FTX)-sensitive P-type chan- 
nels selectively blocked by w-Aga-IVA (Nowycky et al., 1985; 
Sher and Clementi, 199 1; Tsien et al., 199 1; Bertolino and Lli- 
nas, 1992; Mintz et al., 1992a,b; Usowicz et al., 1992). An 
additional component of HVA Ca*+ current, resistant to L-, N-, 
and P-type-specific inhibitors, has been detected in many CNS 
neurons (Mintz et al., 1992b). 

Although most brain Ca*+ channels have not been fully char- 
acterized biochemically in terms of their subunit composition, 
they are multisubunit structures composed of cy,, (~~6, /3, and 
perhaps additional subunits (Ahlijanian et al., 199 1; McEnery 
et al., 1991; Sakamoto and Campbell, 1991; Witcher et al., 
1993). Cloning studies have shown that in the brain at least five 
different genes encode different Ca2+ channel cy, subunits (q-A, 
-B, -C, -D, -E), and that further molecular diversity is created 
by the existence of multiple isoforms for each (Y, subunit (Snutch 
et al., 1990, 1991; Hui et al., 1991; Mori et al., 1991; Starr et 
al., 1991; Dubel et al., 1992; Niidome et al., 1992; Williams et 
al., 1992a,b; Soong et al., 1993). Heterologous expression stud- 
ies have shown that the (Y, subunits are the voltage-sensitive 
pore-forming components of the Ca2+ channel complexes re- 
sponsible for pharmacological sensitivity, and that both q-C 
and ol,-D encode L-type Ca2+ channels, while q-B encodes 
N-type channels (Mikami et al., 1989; Biel et al., 1990; Williams 
et al., 1992a,b; Fujita et al., 1993). While it has been established 
that 01, -A and a), -E encode Ca2+ channels resistant to both DHPs 
and w-CgTx (Mot-i et al., 199 1; Foumier et al., 1993; Sather et 
al., 1993; Soong et al., 1993) a more precise correlation with 
already characterized native Ca2+ channels remains uncertain. 
Although, given its high level of expression in cerebellum, cu,-A 
has been assumed to encode P-type channels, the channels pro- 
duced by ol,-A when expressed in oocytes have different func- 
tional properties and are far less sensitive to block by w-Aga- 
IVA than P-type channels of Purkinje cells (Mori et al., 1991; 
Sather et al., 1993; but cf. Foumier et al., 1993). Very recently, 
the Ca*+ current resistant to DHPs, w-CgTx-GVIA, and low 
concentrations of w-Aga-IVA of cerebellar granule cells has been 
pharmacologically separated into two components, one sensi- 
tive (Q type) and one insensitive (R type) to w-CTx-MVIIC 
(Hillyard et al., 1992) and it has been suggested that (Y,-A and 
cyI -E encode Q-type and R-type channels, respectively (Ellinor 
et al., 1993; Randall et al., 1993; Zhang et al., 1993). 
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Further molecular diversity of brain Ca*+ channels can be 
generated by different combinations of the various subunits that 
form the channel complex. At least four different genes (pro- 
ducing various isoforms) encode multiple p subunits, and dif- 
ferent p subunits have been shown to modulate differentially 
the kinetic properties of the Ca*+ current generated by a given 
o(, subunit (Singer et al., 199 1; Hullin et al., 1992; Perez-Reyes 
et al., 1992; Castellano et al., 1993; Ellinor et al., 1993; Sather 
et al., 1993). 

Considering the different genes for (Y, and p subunits, the 
different splice variants for each subunit, and the many possible 
subunit combinations, a functional diversity of brain Ca*+ chan- 
nels much wider than the established pharmacological diversity 
can be expected in native neuronal membranes. However, the 
functional consequences of the large molecular diversity of Ca2+ 
channels in CNS neurons remain largely unknown. N-type cur- 
rents with different (in particular, inactivation) properties have 
been reported in different mammalian neurons (Himing et al., 
1988; Plummer et al., 1989; Carbone et al., 1990; Regan et al., 
199 1; Kasai and Neher, 1992) and recent single-channel re- 
cordings have shown that L-type channels with very different 
voltage-dependent properties coexist in rat cerebellar granule 
cells (Forti and Pietrobon, 1993). On the other hand, the func- 
tional properties of P-type channels have been studied in detail 
only in cerebellar Purkinje cells (Regan, 1991; Usowicz et al., 
1992) and little is known on the voltage-dependent properties 
of the Ca*+ channels resistant to inhibitors of L-, N-, and P-type 
currents. 

With the aim of characterizing the functional and pharma- 
cological properties of all the different voltage-dependent Ca2+ 
channels expressed in a given type of CNS neuron, we obtained 
single Ca2+ channel recordings from rat cerebellar granule cells 
in primary culture. In this article we report the characterization 
of the elementary functional properties of three different types 
of voltage-dependent Ca2+ channels, all resistant to both DHPs 
and w-CgTx. Together with the previously characterized mul- 
tiple L-type channels (Forti and Pietrobon, 1993), they are the 
most abundant Ca2+ channels in cerebellar granule cell bodies. 
Ca2+ channels with similar functional and pharmacological 
properties have not been previously reported in native neuronal 
membranes. 

Materials and Methods 
Cell culture. Cerebellar granule cells were grown in primary culture after 
enzymatic and mechanical dissociation from 7-8-d-old Wistar rats ac- 
cording to the procedure of Levi et al. (1984). The cells were plated on 
poly-L-lysine-coated glass coverslips and kept in Basal Eagle’s medium 
supplemented with 10% fetal calf serum, 25 mM KCI, 2 mM glutamine, 
and 60 &ml gentamicin. Cytosine arabinoside (10 PM) was added to 
the culture 18 hr after plating to inhibit the proliferation of non-neuronal 
cells. Granule cells were the large majority of the cells in the cultures, 
and were morphologically identified by their oval or round cell body, 
small size, and bipolar neurites. Experiments were performed on granule 
cells grown from 2 to 11 d in vitro. 

Patch-clamp recordings and data analysis. Single-channel patch-clamp 
recordings followed standard techniques (Hamill et al., 198 1). All re- 
cordings were obtained in the cell-attached configuration. Single-chan- 
nel currents were recorded with a DAGAN 3900 patch-clamp amplifier, 
low-pass filtered at 1 kHz (-3 dB; 8-pole Bessel filter), sampled at 5 
kHz, and stored for later analysis on a PDP-I l/73 computer. Depolar- 
izing test pulses of 720 msec duration were delivered every 4 set, from 
variable holding potentials. 

Linear leak and capacitative currents were digitally subtracted from 
all records used for analysis. A channel opening or closure was detected 
when more than one sampling point crossed a discriminator line at 50% 
of the elementary current. Histograms of open and closed times were 

fitted with sums of decaying exponentials. The best fit was determined 
by maximum likelihood maximization (Colquhoun and Sigworth, 1983) 
and the best minimum number of exponential components was deter- 
mined by the maximum likelihood ratio test (Rao, 1973; Horn and 
Lange, 1983). Log binning and fitting of the binned distributions were 
done as described by McManus et al. (1987) and Sigworth and Sine 
(1987). In log-log plots of fitted open or closed time distributions, the 
presence of an exponential component is signaled by a bump in the 
distribution of data. The dark solid line in each log-log plot is the best- 
fitting sum of decaying exponential components. Each exponential com- 
ponent is shown as a dotted line fitting the corresponding bump. Average 
open time duration, t,, was calculated as the arithmetic average of all 
open times measured in each sweep at a given voltage. Current ampli- 
tude histograms were obtained from the data directly, with bin width 
equal to our maximal resolution (323.6 points/PA). For display, each 
histogram was normalized to the value of the zero current peak. Open 
probability, p,, was computed by measuring the average current (I) in 
a given single-channel current and dividing it by the unitary single- 
channel current i. To obtain activation curves, p, values were calculated 
by averaging the open probabilities measured in each sweep at a given 
voltage only in segments with single-channel activity. In this case the 
values of pO reflect the voltage-dependent equilibrium between short- 
lived open and closed states in the activation pathway, and therefore 
give an activation threshold that does not exactly match that obtainable 
from whole-cell recordings in which other voltage-dependent noncon- 
ducting states are important. Open-channel current amplitudes for i-V 
relations were measured by manually fitting cursors to well-resolved 
channel openings. Values at each voltage are averages of many mea- 
surements and standard errors are smaller than the symbol size. 

The pipette solution contained either BaCI,, 90 mM; TEA-Cl, 10 mM; 
CsCl, 15 mM; HEPES, 10 mM (pH 7.4 with TEA-OH); or sometimes 
CsCl was absent and the TEA-Cl concentration was changed to 30 mM. 
The bath solution was either K-aspartate, 140 mM; EGTA, 5 mM; L&I- 
case, 35 mM; HEPES, 10 mM (pH 7.4 with KOH); or K-aspartate was 
substituted with the same concentration of K-gluconate. The high-po- 
tassium bath solution was used to zero the membrane potential outside 
the patch. The DHP agonist (+)-o-202-79 1 (gift of Dr. Hof, Sandoz 
Co., Basel, Switzerland) was added during experiments by gravity per- 
fusion or added to the bath before recording. w-CgTx-GVIA (Peninsula 
Laboratories, Belmont, CA) was usually added to both the pipette so- 
lution and the divalent-free bath solution. Cells were always incubated 
for at least 10 min in the presence of toxin before recording. Stock 
solutions: 3 mM (+)-(q-202-79 1 in 95% ethanol and 128 PM w-CgTx 
in distilled water, both stored at -20°C. 

For whole-cell recordings cells were placed into a recording chamber 
with Tyrode’s solution. After attainment of the whole-cell configuration 
cells were perfused with the external recording solution containing 5 
mM BaCl,, 135 mM TEA-Cl, and 10 mM HEPES (adjusted to pH 7.4 
with TEA-OH). Internal solution contained 100 mM Cs-methanesul- 
fonate, 5 mM MgCl,, 30 mM HEPES, 10 mM EGTA, 4 mM ATP, 0.5 
mM GTP, and 1 mM CAMP (adjusted to pH 7.4 with CsOH). The 
perfusion system consisted of six microcapillary teflon tubes glued to- 
gether and placed inside a standard plastic pipette (Gilson) at about 12 
mm from the tip (about 1.2 mm diameter), which was cut to have a 
flute beak shape, and positioned close to the cell. The tubes were fed 
by gravity from reservoirs containing external solution with or without 
w-CgTx (and/or Cd2+ ). Switching between different solutions was con- 
trolled by solenoid valves. Delay time for complete solution change was 
less than 8 sec. Calcium currents were corrected for leak and capacitative 
currents by subtraction of an appropriately scaled current elicited by a 
10 mV hyperpolarization. Isolated cells with short processes were chosen 
for recording. The experiment was discarded if cells showed signs of 
inadequate space clamping such as notch-like current discontinuities or 
slow tails not fully inhibited by nimodipine (Pietrobon and Forti, 1993). 
Experiments were performed at room temperature (21-25°C). 

Results 
Cell-attached patch-clamp recordings from rat cerebellar gran- 
ule cells in primary culture show that, in addition to functionally 
different L-type channels (Forti and Pietrobon, 1993), cerebellar 
granule cells express many functionally different DHP-insen- 
sitive channels. Three types of DHP-insensitive channels were 
observed sufficiently often to allow a complete characterization 
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of their main biophysical properties. Since these three types of 
calcium channels turned out to be insensitive also to w-CgTx- 
GVIA (see Fig. 7) and to have functional properties different 
from those reported for P-type channels in Purkinje cells (Usow- 
icz et al., 1992), we have called them Gl , G2, and G3 (where 
G stands for granule cell, and 1, 2, and 3 refer to the order of 
frequency with which they were observed). 

GI-type calcium channels 

Figure 1 a shows the unitary activity of a single G 1 -type calcium 
channel in response to 720-msec-long test depolarizations to 0, 
10, and 20 mV, and the corresponding current amplitude his- 
tograms. The channel open probability, p,, increased eight times 
(from 0.027 to 0.218) when the membrane potential, I’, was 
changed from 0 to + 20 mV. The activation curve in Figure 1 b, 
obtained by averaging the open probability of single G 1 channels 
from several patches, shows that their threshold for activation 
is around - 10 mV, while their probability of opening ap- 
proaches its maximum value at +30 mV. Figure la and the 
corresponding open time distribution in Figure Id (see legend) 
show that Gl-type channels are characterized by very brief 
openings, most ofwhich were incompletely resolved at the band- 
width of our recording system, as shown by the poorly resolved 
open-channel peak in the amplitude histograms. We obtained 
average open time durations, t,, of 0.75 + 0.04 msec (+-SEM; 
n = 4) at + 10 mV, 0.78 + 0.02 msec (n = 7) at +20 mV, and 
0.84 it 0.03 msec (n = 4) at +30 mV. t, appeared to be not 
significantly voltage dependent in the range of O-30 mV. 

The unitary current-voltage relation in Figure lc, obtained 
by averaging the unitary current amplitudes of well-resolved 
openings of Gl-type channels from many patches, has a slope 
conductance of 20.1 pS. The average of the single-channel con- 
ductances obtained from any individual patch was 2 1.2 -t 0.3 
pS (n = 8, with a single-channel current, i = 1.37 f 0.03 pA at 
0 mV). 

Figure 2 shows the inactivation properties of G 1 -type calcium 
channels. The single-channel current traces at +20 mV and the 
ensemble average current in Figure 2a are from a patch con- 
taining a single G 1 -type channel (as judged by the lack of over- 
lapping events for the entire 29 min duration ofthe experiment). 
Figure 2a shows that, during 720-msec-long depolarizations to 
+20 mV, the same Gl channel can give rise to both inactivating 
and noninactivating behavior; as a result, the ensemble average 
of unitary currents had both a sustained and an inactivating 
component. The inactivating component amounted to 42% of 
the peak current and decayed with a time constant of 128 msec. 

Figure 2b shows that when the holding potential between 
successive depolarizations to +20 mV was changed from -80 
mV to -40 mV, the Gl-type calcium channel did not open 
upon depolarization. On the other hand, the overall open prob- 
ability of the channel increased only very little when the holding 
potential was changed from -80 to - 100 mV. Steady-state 
inactivation of Gl-type calcium channels then occurs at rela- 
tively negative voltages (over the range of -80 to -40 mV). 
Figure 26 shows that even at holding potentials of -80 to - 100 
mV there were periods in which the Gl-type calcium channel 
did not open upon depolarization. The average fraction of sweeps 
without activity (nulls) in six single-channel patches was 48 + 
4% (for test depolarizations from 0 to +20 mV and holding 
potentials from -80 to - 100 mV). 

G 1 -type calcium channels were observed in 32% of patches 
from neurons kept in culture for 6-l 1 d (37 of 116 patches), 

and only in 9.5% of patches (6 of 63 patches) from neurons kept 
in culture for l-5 d. Since all patches where identification of 
channel type was uncertain (i.e., almost all multichannel patch- 
es) were excluded from the statistics, while patches without 
activity were included, the calculated frequency of observation 
represents a lower estimate, especially in the case of 6-l l-d-old 
neurons. 

A minority of cerebellar calcium channels that we have clas- 
sified as Gl type had properties somehow different from those 
just described. 

Of a total of 43 patches with Gl -type channels, in five we 
observed calcium channels with inactivation properties like those 
in Figure 2 and threshold for activation around - 10 mV as in 
Figure 1 a, but with about 1.5 times higher p, at each V, higher 
mean open time (t, = 1.03 f 0.08 msec, n = 3, at +20 mV), 
and shorter closed times (time constants of the two exponential 
components best fitting the closed time distributions: 0.8 -t 0.11 
and 2.35 -t 0.62 msec at +20 mV; see Fig. ldlegend). Moreover, 
these G 1 -type channels had slightly but significantly higher sin- 
gle-channel conductance (g = 24.7 f 0.55 pS, n = 3) and unitary 
currents at each V(i = 1.52 f 0.05 pA, n = 4, at 0 mV]. 

In three patches in the presence of DHP agonist (+)-(s)-202- 
791 we observed calcium channels with activation properties 
and unitary currents like those in Figure 1, but with steady-state 
inactivation occurring’at more positive voltages than for typical 
Gl-type channels. In one case (cell C141) the single channel in 
the patch did not inactivate during 5 min of successive depo- 
larizations separated by 4 set at a holding potential of - 30 mV 
(not shown). The number of null sweeps were very few (only 
9%) at the holding potential of -90 mV; they increased to 43% 
when the holding potential was changed to -30 mV. 

The functional differences with respect to typical Gl-type 
CaZ+ channels, observed in the two different minorities of chan- 
nels just described, can originate either from structural diversity 
or from modulation of G 1 -type channels by unidentified cellular 
processes. Since our data do not allow a discrimination between 
the two alternative interpretations, the classification of these 
two minorities of CaZ+ channels into the category of Gl-type 
channels, although rather arbitrary, appears as the most con- 
servative choice for the time being. However, one should bear 
in mind that future experiments may show that these channels 
actually constitute two additional classes of Ca2+ channels dif- 
ferent from Gl type. 

G2-type calcium channels 

Figure 3a shows the unitary activity of a single G2-type calcium 
channel in response to 720-msec-long depolarizations to - 30, 
-20, and - 10 mV, and the corresponding current amplitude 
histograms. The channel open probability increased six times 
(from 0.056 to 0.34) when V was changed from -30 to - 10 
mV. The activation curve in Figure 3b, obtained by averaging 
p, of single G2-type channels from several patches, shows that 
their threshold for activation is around -40 mV, about 30 mV 
more negative than that of Gl-type calcium channels (dashed 
line). While for G 1 -type channels there was not much variability 
in the p, values calculated in individual successive depolariza- 
tions at any given V (except for very rare brief periods of much 
higher p,, not shown), a single G2-type channel usually showed 
some variability in open probability in different depolarizations 
at the same voltage (e.g., compare higher p, of the second trace 
with respect to the first trace at -20 and - 10 mV in Fig. 3a: 
p, = 0.25 and 0.48 with respect to 0.17 and 0.33, respectively). 
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Figure 1. Conductance and activation properties of G 1 -type Ca2+ channels in rat cerebellar granule cells. a, Cell-attached recordings with 90 mM 
Ba*+ as charge carrier from a patch containing a single G 1 -type channel. Three representative current traces at 0, 10, and 20 mV are shown together 
with the normalized current amplitude histograms from all traces with activity at each V. Depolarizations were 720 msec long and were delivered 
every 4 set from holding potentials of -80 mV. Records were sampled and filtered at 5 and 1 kHz, respectively. Cell N02B. b, Voltage dependence 
of the open probability, p,, of G 1 -type Ca 2+ channels. Open probability values are averages from different patches (n = 8 at + 10 and +20 mV, n 
= 4 at - 10, 0, and +30 mV). For each- patch, p, values at a given voltage were obtained by averaging the open probabilities measured in each 
sweep only in segments with activity. The data points are fitted by a Boltzmann distribution of the form p. = p,,,., x { 1 + exp[-( V - V,,,) x zFl 
R7J-l, with z = 4.17, V,,, = 10.5 mV, and p,,,,. = 0.258. The dashed and dotted curves are the Boltzmann distributions that fit the voltage 
dependence of the open probability of GZ-type and G3-type calcium channels, respectively. c, Unitary current-voltage relation of Cl-type calcium 
channels. Unitary current values are averages from eight different patches (SEs are smaller than the symbol size). For each patch, values of i at a 
given voltage are averages of many measurements on well-resolved openings. The &shed and dotted lines represent the i-V relations for G2- and 
G3-type Ca*+ channels. d, Log-log plots of the open and closed time distributions of a single Cl-type channel. V = +20 mV. The dark solid line 
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Very rarely, brief periods with much higher p, were observed 
(not shown). 

As evident from the representative traces at -20 and -30 
mV, in addition to a prevailing unitary current level, G2-type 
channels showed brief transitions to a slightly higher current 
level and also openings to a lower level (e.g., middle trace at 
- 20 mV). The i-V plot in Figure 3c, obtained by averaging the 
amplitudes of the prevailing unitary current level of G2-type 
channels from many patches, has a slope conductance of 15 pS. 
The average of the single-channel conductances obtained from 
any individual patch was 14.9 f  0.8 pS (n = 5, with a single- 
channel current i = 0.54 f  0.02 pA at 0 mV). 

As shown by Figure 3a and the corresponding open time 
distribution in Figure 3d (see legend), openings of G2-type chan- 
nels were longer and better resolved than those of Gl -type chan- 
nels. We obtained average open time durations, t,, of 1.27 f  
0.08 msec (n = 4) at -20 mV, 1.24 f  0.06 msec (n = 4) at - 10 
mV, and 1.08 f  0.08 msec (n = 4) at 0 mV. 

Figure 4 shows the inactivation properties of G2-type calcium 
channels. The single-channel current traces at - 10 mV and the 
corresponding ensemble average current in Figure 4a are from 
a patch containing a single G2-type channel (as judged by the 
lack of overlapping events for the entire 17 min duration of the 
experiment). Figure 4a shows that G2-type calcium channels, 
like Gl-type channels, can give rise both to inactivating and 
noninactivating behavior. Accordingly, the average current had 
both a sustained and an inactivating component. The inacti- 
vating component decayed with a time constant of 122 msec, 
similar to that obtained for Gl-type calcium channels. The in- 
activating component seemed to increase relative to the sus- 
tained component with increasing test pulse voltage (Fig. 4b, 
and see legend). 

t 

Figure 2. Inactivation properties of Cl-type Ca2+ channels. a, Cell- 
attached recordings with 90 mM Ba*+ as charge carrier from a patch 
containing a single Gl-type channel. Depolarizations were 720 msec 
long and were delivered every 4 set from holding potentials of -80 
mV. Records were sampled and filtered at 5 and 1 kHz, respectively. 
Five current traces (calibration: 1 pA, 80 msec) are shown together with 
the ensemble average current from all sweeps with activity at +20 mV 
(n = 52; calibration: 0.175 pA, 80 msec). The fraction of inactivating 
active sweeps was 42% (22 of 52). Cell N02B. The average fraction of 
inactivating sweeps of Gl-type channels in different patches was 34 + 
3% (n = 4) at + 10 mV and 50 & 6% (n = 4) at +20 mV. b, Holding 
potential dependence of the open probability of a single Gl-type chan- 
nel. Vertical bars in the p, versus time plot represent the channel open 
probability in successive depolarizations at +20 mV delivered every 4 
sec. During the experiment the holding potential was changed, as in- 
dicated below the horizontal bars. Over a total of 153 depolarizations 
at + 10 to +20 mV from holding potentials of -80 and - 100 mV, the 
number of null sweeps was 55, or 36%. Almost all sweeps were nulls 
from holding potentials of -40 mV. Cell N02B. Of a total of 43 patches 
with Gl-type channels, voltage protocols for establishing the holding 
potential dependence of channel activity were applied in 28 patches. 

t 

in each plot is the best-fitting sum of exponential components (minimum number of components indicated by the maximum likelihood ratio test; 
see Materials and Methods). Each exponential component is shown as a dotted line. Both distributions were best fitted by the sum of two exponential 
components with time constants of 0.3 and 0.62 msec for the open times and 1.34 and 3.6 msec for the closed times, and relative areas of 56 and 
44OYa for open times and 40 and 60% for closed times. The fastest time constant for the open times is poorly resolved. Cell N02B. Average time 
constants of the exponentials components best fitting open and closed time distributions at +20 mV from four patches with a single Gl-type 
channel were 0.31 f  0.03 and 0.77 + 0.06 msec (open times) and 1.01 ? 0.1 and 3.8 + 0.24 msec (closed times), with relative areas of 76 and 
24 & 6% and 40 and 60 + 4%, respectively. 
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Figure 3. Conductance and activation properties of G2-type Ca2+ channels in cerebellar granule cells. a, Cell-attached recordings with 90 mM 
Ba*+ as charge carrier from a patch containing a single G2-type channel. Three representative current traces at -30, -20, and - 10 mV are shown 
together with the normalized current amplitude histograms from all traces with activity at each V. Recording protocol as in Figure la, but holding 
potential = - 100 mV. Cell N02B. b, Voltage dependence of the open probability, p,, of GZ-type Cal+ channels. Open probability values are 
averages from different patches (n = 4 at -20, - 10, and 0 mV, n = 3 at -30 mV). For each patch, p, values were obtained as in Figure 1. The 
data points are fitted by a Boltzmann distribution with z = 4.35, V,,2 = -22.2 mV, and p,,,, = 0.305. The dashed and dotted curves are the 
Boltzmann distributions for Gl-type and G3-type calcium channels, respectively. c, Unitary current-voltage relation of GZ-type calcium channels. 
Unitary current values are averages from five different patches (SEs are smaller than the symbol size). For each patch, values of i at a given voltage 
are averages of many measurements on well-resolved openings at the prevailing current level. The dashed and dotted line represent the i-V relations 
for Gl- and G3-type Ca*+ channels, respectively. d, Log-log plots of the open and closed time distributions of a single GZ-type channel. V = - 10 
mV. Both distributions were best fitted by the sum of two exponential components with time constants of 0.29 and 1.26 msec for the open times 
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Figure 4. Inactivation properties of G2-type Ca*+ channels. a, Cell-attached recordings with 90 mM Ba*+ as charge carrier from a patch containing 
a single GZ-type channel. Depolarizations were 720 msec long and were delivered every 4 set from holding potentials of -90 mV. Records were 
sampled and filtered at 5 and 1 kHz, respectively. Five current traces (calibration: 1 pA, 80 msec) are shown together with the ensemble average 
current from all sweeps with activity at - 10 mV (n = 28; calibration: 0.125 pA, 80 msec). The fraction of inactivating active sweeps was 39% (11 
of 28). Cell Cl 2C. b, Ensemble averages of single-channel currents at different voltages. Test potentials, from top to bottom truce: -20, - 10, and 
+ 10 mV, respectively. Average currents at - 10 (n = 36) and + 10 mV (n = 17) are from the same patch, which contained two G2-type channels 
(cell N73B), while the average current at -20 mV (n = 77) is from a different patch with at least three G2-type channels (cell N03A). At each 
voltage, only sweeps with activity were averaged. The average fraction of inactivating active sweeps of GZtype channels in different patches was 
19 + 2% at -20 to -30 mV (n = 4), 32 + 2% at - 10 mV (n = 3), and 46 + 6% at O-10 mV (n = 3). c, Holding potential dependence of the 
open probability of a single GZ-type channel. Vertical bars in the p, versus time plot represent the channel open probability in successive 
depolarizations delivered every 4 sec. During the experiment the holding potential was changed as indicated below the horizontal bars. Test potential 
was most of the time at - 10 mV, in the remaining time it varied between -30 and + 10 mV. Over a total of 144 depolarizations from -90 mV, 
the number of null sweeps were 59, or 41%. The clustering in time of null sweeps was typical of GZ-type channels. Cell C12C. Of a total of 36 
patches with GZ-type channels, voltage protocols for establishing the holding potential dependence of channel activity were applied in 21 patches. 

Figure 4c shows that G2-type calcium channels, like Gl -type higher number of null sweeps (average, 66 f 6%; it = 6) with 
channels, were completely inactivated at a holding potential of respect to single G 1 -type channels. The clustering of null sweeps 
-40 mV. Actually steady-state inactivation of G2-type channels evident in Figure 4c, giving rise to long periods of channel 
seemed to occur at more negative voltages than for Gl-type inactivity even at negative holding potentials, was typical of 
channels, since it was almost complete already at holding po- G2-type channels. 
tentials of - 60 mV (not shown). Moreover, at holding potentials G2-type calcium channels were observed in 23% of patches 
of -90 to - 100 mV, single G2-type channels gave rise to a from neurons kept in culture for 6-l 1 d (28 of 121 patches), 

and 0.86 and 3.2 msec for the closed times, and relative areas of 46 and 54% for open times and 48 and 52% for closed times. Cell N02B. Average 
time constants of the exponentials components best fitting open and closed time distributions at - 10 mV from four patches with a single GZ-type 
channel were 0.5 & 0.09 and 1.28 * 0.06 msec (open times) and 1.02 + 0.22 and 4.03 & 0.48 msec (closed times), with relative areas of 61 and 
39 + 10% and 46 and 54 + 5%, respectively. 
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Figure 5. Conductance and activation properties of G3-type Ca*+ channels in cerebellar granule cells. a, Cell-attached recordings with 90 mM 
Ba*+ as charge carrier from a patch containing two G3-type channels. Three representative current traces at -20, - 10, and 0 mV are shown 
together with the normalized current amplitude histograms from all traces with activity at each ?‘. Recording protocol as in Figure la, but holding 
potential = -90 mV. Cell N46C. b, Voltage dependence of the open probability, p,, of G3-type Ca2+ channels. Open probability values are averages 
from different patches (n = 5 at -20 and - 10 mV, n = 4 at 0 and 10 mV). For each patch, p, values were obtained as in Figure 1. The data points 
are fitted by a Boltzmann distribution with z = 3.78, k’,,Z = -3.7 mV, andp,.,,, = 0.34. The dashed and dotted curves are the Boltzmann distributions 
for GZ-type and G 1 -type calcium channels, respectively. c, Unitary current-voltage relation of G3-type calcium channels. Unitary current values 
are averages from 13 different patches (SEs are smaller than the symbol size). For each patch, values of i at a given voltage are averages of many 
measurements on well-resolved openings at the prevailing current level. The dashed and dotted line represent the tV relations for G2- and Gl- 
type Ca*+ channels, respectively. d, Log-log plots of the open and closed time distributions of a single G3-type channel in the low p, mode. V = 
0 mV. The open time distribution was best fitted by a single exponential component with time constant of 0.69 msec. The closed time distribution 
was best fitted by the sum of two exponential components with time constants of 1.32 and 6.52 msec and relative areas of 42 and 58%. Cell COSD. 



and only in 13% of patches (8 of 6 1) from neurons kept in culture 
for l-5 d. In different granule cell preparations there appeared 
to be a large variability in the fraction of patches with G2-type 
channels. 

In two of a total of 36 patches with G2-type activity, we 
observed calcium channels with activation properties and uni- 
tary currents like those in Figure 3, but with steady-state in- 
activation occurring at more positive voltages than for typical 
G2-type channels, since they did not inactivate when the holding 
potential was changed to -40 mV. The same considerations 
made under the preceding heading for the minorities of Ca*+ 
channels that did not completely fit into the category of Gl- 
type channels also hold for the classification of these channels 
into the G2-type category. 

G3-type calcium channels 

Figure 5a shows the unitary activity of a G3-type calcium chan- 
nel in response to 720-msec-long test depolarizations to -20, 
- 10, and 0 mV, and the corresponding amplitude histograms. 
The channel open probability increased almost 10 times (from 
0.034 to 0.327) when the membrane potential was changed from 
-20 to 0 mV. Figure 5b shows that G3-type calcium channels 
start to activate around -30 mV, and reach 50% of maximal 
p, at a voltage (-4 mV) where activation is almost maximal 
for G2-type channels and is around threshold for Gl-type cal- 
cium channels. 

The representative traces in Figure 5a show that G3-type 
channels can exhibit two different modes of activity, a mode 
characterized by low p, and short mean open time (e.g., first 
trace at - 10 mV and third trace at 0 mV) and another mode 
characterized by higher p, and longer mean open time (e.g., 
second traces at - 10 and 0 mV). The variability in the relative 
frequency of appearance of the two modes in different patches 
accounts for the large scatter in average p, values at a given 
voltage in Figure 5b. Figure 5d (see legend) shows the open and 
closed time distributions of a G3-type channel that was con- 
stantly in the low p, mode. Average open time duration at 0 
mV obtained from three patches where the low p, mode largely 
prevailed was 0.99 f 0.01 msec, a value intermediate between 
the average open time durations of G I- and G2-type CaZ+ chan- 
nels. The average open time duration of the high p, mode in 
Figure 5a was 1.66 msec. 

The average single-channel conductance of G3-type calcium 
channels was 20.2 f 0.43 pS (n = 13, with a unitary single- 
channel current i = 0.84 * 0.01 at 0 mV). The i-l/plot in Figure 
5c, obtained by averaging unitary current amplitudes, has a slope 
conductance of 20.5 pS. Figure 5c shows that, although G3- and 
G 1 -type calcium channels have similar conductances, they can 
be easily distinguished on the basis of the large difference in 
unitary currents at any voltage. Different single-channel currents 
with similar slope conductance can be due to different selectiv- 
ities of G 1 - and G3-type channels for Ba*+ with respect to K+ 
and/or to different energy profiles for Ba2+ ions within the two 
pores. Given the limited range of voltages in which we could 
accurately measure the single-channel currents, our data do not 
allow an extrapolation of the reversal potential and therefore 

t 
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do not allow a discrimination between the different interpre- 
tations. Like G2-type channels (but less frequently), G3-type 
channels showed occasional openings to slightly lower (and also 
higher) current levels. 

Figure 6 shows the inactivation properties of G3-type chan- 
nels. Like Gl and G2 types, G3-type calcium channels were 
completely inactivated at a holding potential of -40 mV (Fig. 
6b). At holding potentials of -90 to - 100 mV, single G3-type 
channels, like G2-type channels, gave rise to a large number of 
null sweeps (average, 70 f 2%; it = 4), which were usually 
clustered together. 

G3-type calcium channels were observed in 14% of patches 
from neurons kept in culture for 6-l 1 d (18 of 126 patches) and 
only in 5% of patches (3 of 60) from neurons kept in culture for 
l-5 d. As for G2-type channels, in different granule cell prep- 
arations there appeared to be a large variability in the fraction 
of patches containing G3-type channels. 

Pharmacology of Gl-, G2-, and GS-type Caz+ channels 

Figure 7 shows that all three Gl-, G2-, and G3-type Ca2+ chan- 
nels were insensitive to the dihydropyridine agonist (+)-(s)- 
202-79 1 and were not blocked irreversibly by the toxin w-CgTx- 
GVIA. Since G-type channels run down in excised patches, 
establishing their individual sensitivity (in cell-attached patches) 
to the membrane-impermeable peptide w-CgTx-GVIA is not 
straightforward. As an additional problem, binding of w-CgTx- 
GVIA to N-type Ca*+ channels is known to be inhibited by high 
divalent ion concentrations (McCleskey et al., 1987). 

We have used human neuroblastoma IMR32 cells, which 
express predominantly w-CgTx-sensitive N-type Ca*+ channels 
(Carbone et al., 1990) to establish an experimental protocol 
effective in blocking single N-type Ca*+ channels in cell-attached 
patches. On IMR32 cells, kept in culture for 7-14 d after dif- 
ferentiation, we recorded single DHP-insensitive Ca2+ channels 
in 25% of patches (17 of 69 patches) in control conditions. The 
same channels were not observed in any of the 70 cell-attached 
patches obtained after incubation of the cells for at least 10 min 
with 2.3 PM w-CgTx-GVIA in the 140 mM potassium gluconate 
divalent-free bath recording solution. We concluded that, once 
bound, the rate of unbinding of w-CgTx-GVIA from N-type 
channels in IMR32 cells was sufficiently slow to allow detection 
of channel block in cell-attached recordings with 90 mM Ba2+ 
in the pipette. 

To establish the effect of w-CgTx-GVIA on the individual 
G-type channels of cerebellar granule cells, in addition to in- 
cubating the neurons with w-CgTx-GVIA in the recording di- 
valent-free bath solution, usually we also added 2.3 PM toxin 
to the pipette solution. As shown by the single-channel current 
amplitude histograms and traces in Figure 7, activity of all three 
Gl-, G2-, and G3-type Ca*+ channels was indistinguishable with 
or without w-CgTx-GVIA, and also with or without (+)-(S)- 
202-791. Also, the unitary activity of the three different types 
of Ca*+ channels that did not completely fit into any category, 
mentioned under the preceding headings, was unaffected by 
either w-CgTx-GVIA or (+)-(q-202-79 1. 

Judging from their frequency of observation in cell-attached 

Average time constants of the exponential components best fitting open and closed time distributions at 0 mV from three patches with a G3-type 
channel in the low p, mode were 0.63 + 0.06 msec (open times) and 1.5 -t 0.24 and 6.84 + 0.5 1 msec (closed times; relative areas: 48 and 52-k 
4%). In the patch in a the high p, mode was frequent, and accordingly two exponential components with time constants of 0.77 and 1.94 msec 
(relative amplitudes, 77Oh and 23%, respectively) were needed to best fit the open time distribution at 0 mV (not shown). 
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Figure 6. Inactivation properties of G3-type CaZ+ channels. a, Cell- 
attached recordings with 90 mM Ba2+ as charge carrier from a patch 
containing two G3-type channels. Depolarizations were 720 msec long 
and were delivered every 4 set from holding potentials of -90 mV. 
Five current traces (calibration: 1 pA, 80 msec) are shown together with 
the ensemble average current from all sweeps with activity at +20 mV 
(n = 36; calibration: 0.175 pA, 80 msec). The fraction of inactivating 
active sweeps was 26% (10 of 38). Cell N46C. b, Holding potential 
dependence of the open probability of G3-type channels. Vertical bars 
in the p, versus time plot represent the channel open probability in 
successive depolarizations at +20 mV delivered every 4 sec. During 

patches, Gl-, G2-, and G3-type channels, together with the 
previously characterized multiple L-type channels (Forti and 
Pietrobon, 1993) constitute the large majority of CaZ+ channels 
of cerebellar granule cell bodies in our cultures. This conclusion 
is consistent with our whole-cell Ca2+ current measurements, 
showing that 2.3 PM w-CgTx-GVIA inhibited only 15 + 3% (n 
= 7) of the Ca*+ current, elicited with depolarizations to - 10 
mV from holding potentials of - 100 mV in granule cells kept 
in culture for 6-8 d, and that such inhibition was fully reversible 
(see lower left panel in Fig. 7). 

Discussion 

Our data show that three novel types of voltage-dependent Ca*+ 
channels resistant to DHPs and w-CgTx (Gl, G2, and G3) are 
coexpressed in rat cerebellar granule cells in primary culture. 
These three classes of Ca*+ channels have different activation 
thresholds (-40 mV for G2, -30 mV for G3, and - 10 mV for 
G 1, with 90 mM Ba2+ as charge carrier), different mean open 
times (1.2 msec for G2, 1 msec for G3, and 0.8 msec for Gl), 
and different single-channel currents (average values at 0 mV: 
0.5 pA for G2,0.8 pA for G3, and 1.4 pA for Gl). Gl-type and 
G3-type channels have similar 20-21 pS unitary conductance, 
while G2-type channels have a lower conductance of 15 pS. 
G 1-, G2-, and G3-type Ca2+ channels have similar inactivation 
properties. Their steady-state inactivation occurs at relatively 
negative voltages (over the range of -80 to -40 mV for Gl 
and over an even more negative range for G2 and G3), and the 
three channels produce a high number of nulls even at very 
negative holding potentials. They show both inactivating and 
noninactivating behavior during long depolarizations, produc- 
ing ensemble average currents with both a sustained and a de- 
caying component. 

Many of the functional properties of Gl-, G2-, and G3-type 
channels are only subtly different from those of N-type channels 
described in different neuronal preparations (Nowycky et al., 
1985; Plummer et al., 1989; Williams et al., 1992b; Fujita et 
al., 1993). However, if we consider as a defining characteristic 
of N-type channels their high-affinity block by o-CgTx-GVIA, 
Gl-, G2-, and G3-type channels are not N-type channels, be- 
cause they are not inhibited irreversibly by w-CgTx. On the other 
hand, the functional properties of G 1-, G2-, and G3-type chan- 
nels are significantly different from those of P-type channels 
observed in cerebellar Purkinje cells. Steady-state inactivation 
of the three DHP- and w-CgTx-insensitive Ca2+ channels of 
cerebellar granule cells is complete at voltages (-40 to -60 
mV) where steady-state inactivation of P-type channels is neg- 
ligible (Regan, 1991; Usowicz et al., 1992). Moreover, P-type 
channels do not show a relatively fast inactivating component 
during long depolarizations (Regan, 199 1; Usowicz et al., 1992). 
Three different unitary conductances were observed also in Pur- 
kinje cells, where, however, it was not possible to establish 
whether they originated from different conductance states of the 
same channel or from different channel subtypes (Usowicz et 

t 

the experiment the holding potential was changed as indicated below 
the horizontal bars. The patch contained two G3-type channels but 
overlapping openings were seen in only one depolarization over a total 
of 97 depolarizations at + 10 to + 20 mV, 58% of which were nulls. Cell 
N46C. Of a total of 2 1 patches with G3-type channels, voltage protocols 
for establishing the holding potential dependence of channel activity 
were applied in 15 patches. 
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Figure 7. Pharmacology of Gl-, G2-, and G3-type Ca*+ channels, Shown are cell-attached recordings with 90 mM Ba2+ as charge carrier: 
representative current traces and normalized current amplitude histograms from all traces with activity of single Gl-type channels at +20 mV, 
GZ-type channels at -20 mV and G3-type channels at - 10 mV. Controls, Recording conditions and cells as in Figures 1, 3, and 5 for Gl-, G2-, 
and G3-type Ca2+ channels, respectively. In the case of G3-type channels the control amplitude histogram (cell N46C) was obtained only from 
traces with the channel in the low p, mode of activity, to allow a suitable comparison with the two patches in the presence of either (+)-(q-202- 
791 or w-CgTx shown in the figure (cells N56B and N85A), where the low p, mode of activity largely prevailed. (+)-(.S)-202-791, Recordings in 
the presence of 1 PM (+)-(s)-202-791 in the bath. Gl, cell C14A, G2, cell N57D, G3, cell N56B. In the presence of DHP agonist, Gl-type C!a*+ 
channels were observed in 10 of 29 patches, GZ-type channels in 5 of 29 patches, and G3-type channels in 4 of 30 patches (where identification 
was certain). w-CgTx, Recordings in the presence of 2.3 PM w-CgTx-GVIA both in the pipette and in the bath, after incubation of the granule cells 
with the toxin in the bath solution for at least 10 min. GI, cell N85B; G2, cell C12C, G3, cell N85A. In the presence of w-CgTx, Gl-type C&+ 
channels were observed in 13 of 44 patches, G2 type in 9 of 53 patches, and G3 type in 5 of 54 patches (with certain identification). Most likely, 
the large variability in the frequency of observation of G2- and G3-type channels in different granule cell preparations can account for the small 
reduction in the fraction of patches with G2- and G3-type channels observed in the presence of agonist or w-CgTx-GVIA with respect to controls. 
Whole cell, Whole-cell recordings with 5 mM Ba*+ as charge carrier. Representative current traces recorded before (control) and after (w-CgTx) 
perfusion with 2.3 PM w-CgTx-GVIA in the bath solution are shown together with a trace after reperfusion with control solution (wash). Cell C48D. 
Depolarizations were 160 msec long and were delivered every 8 set from holding potentials of - 100 mV. Records were sampled and filtered at 5 
and 1 kHz, respectively. Whole-cell CaZ+ current was completely inhibited by 20 PM Cd*+ (not shown). 
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al., 1992). The functional properties of the 19 pS conductance 
channel described in Purkinje cells are quite similar to those of 
the minority of channels in our cerebellar granule cells with G l- 
type activation properties, but with steady-state inactivation at 
much more positive voltages than that of typical Gl channels. 

For the time being, if we consider as a defining characteristic 
of P-type channels their specific block by w-Aga-IVA (Mintz et 
al., 1992a,b), it remains unknown if (and/or which ofl the DHP- 
and w-CgTx-insensitive channels of our cerebellar granule cells 
belong to the category of Ca 2+ channels resistant to all specific 
blockers of L-, N-, and P-type channels or if they are functionally 
different subtypes of w-Aga-IVA-sensitive P-type channels. The 
functional properties of G%-type Ca2+ channels, especially their 
low threshold for activation (-40 mV with 90 mM Ba*+) and 
their inactivation properties, appear quite similar to those of 
the channels with a pharmacological profile distinct from that 
of L-, N-, and P-type channels, which are produced in oocytes 
after nuclear injection of a,-E (Soong et al., 1993). Interestingly, 
a,-E appears to be expressed through the rat CNS and to be 
highly expressed in the granule layer of rat cerebellar cortex 
(Soong et al., 1993). A comparison between the properties of 
G 1 -type and G3-type channels with those of the channels pro- 
duced in oocytes by injection of (Y,-A leads to uncertain con- 
clusions, because there are contradictory reports on the func- 
tional properties of recombinant cu,-A (BI), especially its 
inactivation properties (Mori et al., 199 1; Ellinor et al., 1993; 
Sather et al., 1993) and the latter properties vary considerably 
depending on the type of @ subunit coexpressed with a), (Ellinor 
et al., 1993; Sather et al., 1993). We feel that at the moment it 
cannot be excluded that Gl- (and/or G3-) type channels are 
encoded by a class A gene. It will be interesting to establish the 
sensitivity of our channels to o-Aga-IVA and w-CTx-MVIIC, a 
new peptide toxin isolated from Conus magus, which has been 
shown to inhibit recombinant a,-A channels and also a com- 
ponent of Ca2+ current resistant to DHPs, w-CgTx-GVIA, and 
low concentrations of w-Aga-IVA in cerebellar granule cells and 
other CNS neurons (Hillyard et al., 1992; Randall et al., 1993; 
Sather et al., 1993; Swartz et al., 1993). 

It is important to note that on the basis of whole-cell mea- 
surements of macroscopic Ca2+ current it would be impossible 
to dissect Gl-, G2-, and G3-type channels, because they have 
similar inactivation properties and their threshold for activation 
varies gradually along the voltage axis. The threshold for acti- 
vation of G2-type channels is so low (taking into account the 
positive voltage shift probably induced by the high Ba2+ con- 
centration) that it becomes problematic to classify them as high- 
voltage-activated (HVA) Ca2+ channels. On the other hand, 
their functional properties are so different from those ofclassical 
T-type channels (Swandulla et al., 1991) that a classification 
into the category of low-voltage-activated (LVA) Ca2+ channels 
appears even more problematic. As suggested by our data, neu- 
ronal Ca2+ channels might best be regarded as a family of chan- 
nels with activation threshold and, more in general, voltage- 
dependent properties that range along a continuum. 

Judging from the frequency of their observation in cell-at- 
tached patches, G 1-, G2-, and G3-type channels, together with 
the previously characterized multiple L-type channels (Forti and 
Pietrobon, 1993) account for most of the Ca2+ channels of 
cerebellar granule cell bodies in our cultures. This conclusion 
is consistent with whole-cell Ca2+ current measurements show- 
ing that our cerebellar granule cells in primary culture for 6-8 
d lack a measurable N-type Ca*+ current component irreversibly 

blocked by w-CgTx. Previously, both complete insensitivity of 
cerebellar granule cell Ca2+ current to w-CgTx (Bertolino et al., 
1990) and various degrees of block by w-CgTx (De Waard et 
al., 1992; Marchetti et al., 1992; Haws et al., 1993; Pearson et 
al., 1993; Randall et al., 1993) have been reported. Different 
culture or recording conditions and/or age might account for 
these conflicting results (Pearson et al., 1993). Our data show 
clearly that expression of G 1-, G2-, and G3-type channels vary 
very markedly with time in culture. 

The fact that neurotransmission between cerebellar granule 
cells and Purkinje cells also appears to be not inhibited by either 
DHPs or w-CgTx (Randall and Raabe, 1992; Doroshenko et al., 
1993; Pocock et al., 1993; Sugimori et al., 1993) suggests that 
one or more of the novel voltage-dependent Ca2+ channels here 
described are probably critically involved in neurotransmitter 
release from granule cells. Moreover, a more general role of 
these novel channels in neurotransmitter release within the 
mammalian CNS seems likely, in view of the findings that only 
a small fraction of Ca*+ influx and glutamate release from rat 
brain synaptosomes is inhibited by w-CgTx and DHPs, and a 
large fraction, but not all, of the DHP- and w-CgTx-insensitive 
glutamate release is inhibited by w-Aga-IVA (Suszkiw et al., 
1989; Mintz et al., 1992a; Turner et al., 1992). More recently, 
it has been shown that Ca2+ channels resistant to DHPs and 
w-CgTx-GVIA play a major role in controlling neurotransmis- 
sion at a variety ofCNS synapses (Luebke et al., 1993; Takahashi 
and Momiyama, 1993). Cholinergic transmission in mouse neu- 
romuscular junction was found to be not affected by w-CgTx, 
but to be largely inhibited by FTX and w-CTx-MVIIC (Uchitel 
et al., 1992; Bowersox et al., 1993). 
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