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The diversity of Ca2+ channel types in rat cerebellar
granule
neurons was investigated
with whole-cell
recordings
(5 mu
external Ba*+). Contributions
of five different high-voltageactivated
Ca2+ channel
current
components
were distinguished
pharmacologically.
Nimodipine-sensitive
L-type
current and w-CTx-GVIA-sensitive
N-type current contributed 15 and 20% of the total current, respectively.
The bulk
of the remaining
current (46%) was inhibited by w-Aga-IVA.
The current blocked by this toxin was further subdivided
into two components,
P-type and Q-type, on the basis of
differences
in their inactivation
kinetics and sensitivity
to
w-Aga-IVA.
P-Type current was noninactivating
during 0.1
set depolarizations,
half-blocked
at about l-3 nu w-AgaIVA, and contributed
-11% of the total current; Q-type current was prominently
inactivating,
half-blocked
at -90 nu
w-Aga-IVA,
and comprised
35% of the total current. Both
P- and Q-type currents were potently inhibited
by the Conus magus toxin w-CTx-MVIIC.
A current component
resistant to all of the aforementioned
blockers
(R-type) displayed more rapid inactivation
than the other components
and constituted
19% of the total current. The Q-type current, the largest of the current components
in the granule
neurons, resembles
currents that can be generated
in Xenopus oocytes by expression
of cloned 01,~ subunits.
[Key words: calcium channel, calcium current, cerebellum, granule neuron, m-conotoxin-GVIA,
w-Aga-WA]

The diversity of Ca2+channelsin vertebrate neuronsis of fundamental interest because voltage-gated Ca2+ entry through
these channelscontrols a wide variety of physiological functions, encompassingneurotransmitterrelease,membraneexcitability, neurite outgrowth, bioenergetics,and gene expression
(Reuter, 1983; Hille, 1992). The existenceof more than one type
of voltage-gatedcalcium channelin vertebrate neuronshasbeen
appreciatedfor sometime (Carboneand Lux, 1984; Armstrong
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and Matteson, 1985; Fedulova et al., 1985; Nowycky et al.,
1985). Biophysical and pharmacologicalanalysishas led to the
description of several classesof Ca2+channels,usually referred
to as L-, N-, T-, and P-type (Nowycky et al., 1985; Fox et al.,
1987a,b; Bean 1989; Llinas et al., 1989; Hess, 1990). These
channeltypes differ considerablyin their responsiveness
to neuromodulators(Tsien et al., 1988; Bean, 1989) their distribution
amongvarious types of neurons(Miller and Fox, 1990; Tsien et
al., 1991; Mintz et al., 1992b; Snutch and Reiner, 1992), and
their localization in different regions within individual neurons
(Westenbroeket al., 1992). The variety of Ca*+ channel types
allows many possibilities for multiplicity of function (Hille,
1992).
The full extent of CaZ+channel diversity remainsincompletely understood. On one hand, molecular cloning uncovers an
ever-increasingnumber of Ca*+ channel subunits with a wide
distribution in the CNS (Perez-Reyeset al., 1990; Tsien et al.,
1991; Snutch andReiner, 1992; Miller, 1993).On the other hand,
pharmacologicalevidence points to the possibleexistenceof additional types of Ca2+channelsoutside of the T, N, L, and P
classification(Reganet al., 1991; Artelejo et al., 1992; Mintz et
al., 199213,Swartz et al., 1993; Forti et al., 1994). While both
lines of investigation suggestadditional complexity, the matchup betweenthe cloned subunitsand CaZ+channelsin neuronsis
incomplete. SomeCa2+channel01,subunitsappearin good correspondencewith establishedchannel types. For example neuronal L-type channel currents are generatedby classC and D
CK,subunits (Mikami et al., 1989; Williams et al., 1992a) and
N-type Ca2+channelsarisefrom the classB (Y, (Williams et al.,
1992b). Other CX,S,however, are more difficult to identify as
known calcium channeltypes in nerve cells. A leading example
is the classA (Y, subunit (also known as brain-I or BI), the first
o(, subunit to be isolatedfrom nervous tissue(Mori et al., 1991;
Starr et al., 1991). Transcriptsfor oIA aboundin the mammalian
brain, particularly in cerebellarPurkinje and granulecells (Mori
et al., 1991, Fujita et al., 1993). This hasled to the presumption
that this subunit is equivalent to the P-type channel, the dominant Ca2+conductancein the Purkinje neurons(Snutch and Reiner, 1992; but seeTsien et al., 1991). However, the expression
of oIA in oocytes (Sather et al., 1993; Stea et al., 1994) or in a
mammaliancell line (Niidome et al., 1994) producesa phenotype different from the P-type current, suggestingthat (Y,, can
also generatea novel non-P-type Ca2+channel.
We have undertakena study of the classesof Ca*+channelin
rat cerebellar granule cells, the most abundant neuron in the
mammalianCNS (Ramony Cajal, 1904).Granule cells give rise
to parallel fiber synapsesonto the dendrites of Purkinje neurons,
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synapses whose strength undergoes modification during longterm depression and other forms of synaptic plasticity (see Ito,
1989, for review). Granule cells are electrically compact (Silver
et al.; 1992, Randall and Tsien 1993), express a range of different cx, subunits, and survive well in tissue culture. All of these
traits proved favorable for the analysis of Ca2+ channels in our
experiments. Using a series of potent channel inhibitors, we have
defined five readily distinguishable components of Ca*+ channel
current, including L-, N-, and P-type Ca*+ channels with conventional properties, as well as additional components, Q-type
and R-type. Together, Q-type and R-type currents constitute half
of the peak inward Ca2+ channel current. The Q-type current is
the largest component in the granule cells and displays electrophysiological and pharmacological properties that match up
closely with the qA subunit expressed in oocytes.
Some of the results have been presented in abstract form
(Randall et al., 1993a).
Materials

and Methods

Cell preparation and culture. Cerebellar neurons were prepared using
minor modifications of a procedure for preparation of hippocampal cultures (Malgaroli and Tsien, 1992). Cerebella were removed from the
brains of decapitated 2-5-d-old
rat pups of either sex. Following removal of the dura, the cerebellum was cut into small (-1 mm3) pieces
and digested with trypsin (type XI, Sigma, 10 mg/ml) for 4 min at 24°C
in a Ca2+- and Mg2+ -containing, HEPES-buffered salt solution supplemented with 0.5 mg/ml DNAase (type IV Sigma). This treatment was
followed by trituration with fire-polished Pasteur pipettes in a high
Mg*+, 0 Ca2+, bicarbonate-buffered saline. Following three centrifugation/resuspension steps, the cells were plated on square No. 1 coverslips
(VWR), previously coated with Matrigel (Collaborative Research Inc.).
The cells were maintained in culture under 5% CO, at 37°C in minimal
essential medium (5.3 mM K+, GIBCO), supplemented with glucose 5
gm/liter, transferrin 100 mg/liter, insulin 25 mg/liter, glutamine 300 mg/
liter, cytosine arabinoside 2-5 FM, and 10% fetal calf serum (Hyclone).
Cultures were fed after 2 d by replacement of 50-70% of the culture
medium and sometimes were fed a second time after 5-6 d in vitro.
Electrophysiology. Prior to recording, dishes containing a single coverslip were removed from the incubator, the culture medium being replaced with Tyrode solution containing (mu) NaCl 119, KC1 5, CaCl,
2, MgCl, 1, glucose 30, HEPES-NaOH 25 (pH 7.3), 313 mOsm. The
coverslip was broken into numerous pieces and a single shard placed
in the recording chamber, while the remaining shards were kept in Tyrode at room temperature until used or discarded. In control experiments
we were unable to detect any change in the size or properties of the
Ba*+ currents from cells that were maintained in Tyrode at room temperature for < 10 min or more than 5 hr. Standard patch clamp recordings (Hamill et al., 1981) (Axopatch 1D amplifier, Axon Instruments)
were made with fire-polished patch-clamp pipettes, fabricated from 1.2
mm diameter, thick-walled borosilicate glass (Clark Electromedical)
with a horizontal electrode puller (Sutter Instruments). The pipettes
were filled with CsMeSO, 108, M&l, 4.5, EGTA 9, ATP 4, GTP 0.3,
HEPES 24 (pH 7.3 with CsOH), 292 mOsm, and showed resistances
of 2-8 Mfl (tvoicallv 5 Ma). For recordings of Ba*+ currents. the
external solution coniained TEA-Cl 160, BaCl, 5, HEPES-CsOH 10
(pH 7.3), 313 mOsm. Gigaseals (> 5 GR) were formed by gentle mouth
suction, following which fast capacitance transients were neutralized.
The whole-cell configuration was achieved using a combination of further suction and application of 200 psec, 2 V DC pulses. Series resistances were < 20 FM (typically 8-10 Ma) and were typically not
compensated. In control experiments, the recorded currents were essentially the same with and without series resistance compensation, presumably because the cell capacitance and total current magnitudes were
relatively small.
For the analysis of toxin actions on voltage-activated Ba*+ currents,
we adopted a standard protocol of applying a 105 msec duration step
to a test potential of 0 mV every 10 set, the standard holding potential
being -80 mV. Each test pulse was preceded by a +lO mV pulse of
identical length that was used to monitor series resistance, capacitance,
and input (leak) resistance, and to allow subsequent leak subtraction. In
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the solutions used to acquire Ba*+ currents, the leak resistance varied
between 6 and 20 Gfl
Data storage and analysis. Occasionally, current and voltage signals
were recorded on digital tape and digitized following appropriate filtering off line. Usually, however, data were directly filtered (1.5 to 8 kHz,
S-pole Bessel filter, Frequency Devices) and digitized (3.33 to 25 kHz)
within the PCLAMP acquisition environment (Axon Instruments). Leak
subtraction and analysis were performed by custom-written programs
(AXOBASIC),
used in conjunction with a spreadsheet program (QUATTRO
PRO, Borland). All data are presented as mean ? 1 SEM.
Rundown correction. Corrections for rundown of non-L-, non-N-type
Ba2+ current were based on direct observations of time-dependent
changes in the amplitude of this current, which decreased from normalized values of 1.0 to 0.907 over a 5 min period under our wholecell recording conditions (see Fig. 5A), with no detectable change in
waveform. A straight line provided a very close fit to the rundown data
(while of no theoretical significance), and was used to correct data
points at various times to what would have been expected if rundown
had not occurred (see Fig. 5B). Thus, with rundown correction. the
magnitude of a drug-sensitive current at 5 min would be estimated as
[(2,,,,/0.907) - Z,,.,,,,].This kind of correction was extended to estimates
of the waveform of drug-sensitive currents, making the assumption that
various components of the non-L-, non-N-type current undergo rundown at the same rate. This was supported empirically by the finding
that the time course of the non-L-, non-N-type current did not change
with rundown. Stated in another way, the experimentally determined
rundown correction factor was the same at all points during a depolarizing test pulse.
Drug application. Drug-containing solutions were delivered by gravity feed from a linear array of glass capillaries, positioned near the
recorded cell. In addition, the recording chamber was continuously perfused at -1 ml/min, with a peristaltic pump connected to a small antechamber. Bath solution was removed by continuous suction. The efficiency of the cell superfusion was verified by comparison of the
blockade of Ba*+ current produced by 1 FM Cd*+, applied either via
the glass capillaries, or by slow bath perfusion. All drugs were stored
as 100-5000X stock solutions at -20°C. Cytochrome c (0.1 mg/ml)
was included in all recording solutions to block nonspecific peptide
binding sites; in control experiments, this agent was shown to have no
effect on Ba*+ currents (n = 6).
Toxin preincubation experiments. The preincubation experiments (see
Fig. 7) were carried out by incubating granule cells for the prescribed
period in Tyrode solution at 24°C in the presence of cytochrome c and
the relevant toxin. Sham-preincubated cells were subjected to the same
procedure in the absence of toxin, but in the presence of cytochrome c.
For any particular experiment, the sham- and toxin-preincubated cells
were obtained from the same cell culture, and all recordings were made
on the same day. To avoid any possibility of reversal of the effects of
the toxin preincubation, the preincubating concentration of toxin was
included in the recording solutions at all times.
In a similar fashion to toxin preincubation experiments, tests of effects of elevation of intracellular cyclic AMP (CAMP) were performed
on two groups of cells. For the treated group, preincubation time was
> 30 min in Tyrode solution supplemented with 1 mM 8-Br-CAMP and
10 PM forskolin, and the recording solution contained 0.1 mu 8-BrCAMP and 2 FM forskolin. The control group were preincubated in
Tyrode solution without additions.
Fine chemicals. Nimodipine was provided by Dr. A. Scriabine (Miles
Pharmaceuticals, West Haven, CT),-FPL 64176 by Dr. A. J. G. Baxter
(Fisons PLC, Loughborough, UK), o-CTx-MVIIC
by George Miljanich
(Neurex Corp, Menlo Park, CA). Purified w-Aga-IVA was a generous
gift from Dr. M. E. Adams (UC Riverside). Synthetic o-Aga-IVA was
obtained from Peotides International (Louisville. KY). w-CTx-GVIA
was obtained from Peninsula Laboratories (Belmont, CA) or as a gift
from Neurex Corporation. 8-Br-CAMP was obtained from Boehringer
USA and forskolin from Research Biochemicals Inc. (Natick, MA).

Results
Whole-cell recordingswere madefrom more than 1000cultured
rat cerebellargranulecells maintainedfor l-l 1 d in vitro (DIV).
The cell bodies of granule cells were identified by their round
or oval shapeand their small size (4-6 pm) and low capacitance
(5.26

5 0.08 pE mean ? SEM).

Cells with this morphology

comprise-90% of the neuronsin our cerebellarcultures.
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In recordingsfrom cells bathed in Tyrode solution with 2 mM
Ca2+(data not shown), a depolarizing step from -80 mV to 0
mV evoked a rapidly activating and inactivating TTX-sensitive
Na+ current (102.7 ? 9.9 pA/pF), followed by a moreprolonged
Cd2+-sensitiveCa*+ current (7.0 + 2.2 pA/pF). Upon replacement of Tyrode solution with a sodium-freeextracellular solution containing 5 mu Ba2+and 1 pM TTX, the Na+ current was
blocked, leaving an inward BaZ+current with the characteristics
illustrated in Figure 1. The Ba2+current was entirely high-voltage activated (HVA), significant inward current not being observed until the depolarizing stepreached -40 mV (Fig. lA,B).
The onset of the inward current becameconsiderably faster as
the depolarization was increased.Maximal inward current was
observed at a test potential (V,) of 0 mV. The Z/V relationship
(Fig. lB, data pooled from six cells) showsa decreasein peak
current with further depolarization. As expected for HVA channels, 20 FM Cdl+ reversibly blocked -95% of the Ba*+ current.
Evidence for low-voltage activated (LVA) Ba2+current such as
that carried by T-type channels(Carboneand Lux, 1984; Now-

9

10

Figure 1. Properties of global BaZ+
currents in cerebellar granule cells. A,
Activation of Ba*+ currents with increasingly large depolarizing steps (V,
= 40 mV to 0 mV, V,, = -80 mV). B,
Peak Ba2+ current plotted against test
potential (V, = -80 mV). Peak current
values were normalized by maximal
peak current (I,,,, almost always at V,
= 0 mV) for each cell. Data pooled
from six cells. C, Dependence of Ba*+
current on holding potential. Holding
potential (V,) varied from - 100 mV to
-20 mV in 10 mV increments, and
was maintained for 10 set before the
test pulse (V, = 0 mV). Note that currents are larger and exhibit increasinalv
prominent decav at more negat&
holding potentials. D, Steady-state inactivation data oooled from four cells.
Peak currents dere normalized by the
largest current observed in the holding
potential range -100 to 20 mV. Stardard errors smaller than the symbols
are not shown. Smooth curve is a
Boltzmann function, h, = [ 1 + exp (( V
- V,,&}]-‘,
with V,,, = -52.4 mV, k
= 13.8 mV. E, Development of Ba*+
current amplitude with increasing periods in vitro. Mean amplitude of peak
Ba*+ current recorded in the absence of
any Ca2+ channel inhibitors (open symbols). Number of cells used for Dooled
data varied from 6 (8 DIV) to-35 (6
DIV). Also shown are mean values of
total cell capacitance @filled symbols).
Numbers of cells varied from 8 (4
DIV) to 132 (6 DIV). Some of the capacitance determinations were carried
out in the presence of Ca*+ channel inhibitors.

ycky et al., 1985; Bean, 1989; Hess, 1990) was found in < 1%
of the cells studied.
The inactivation propertiesof the Ba2+current were complex,
aspreviously reported in mousecerebellargranuleneurons(Slesinger and Lansman,1991a,b).The waveform of the Ba*+ current displayed considerably less decay during the test pulse as
the holding potential (V,,) was varied from - 100 mV towards 0
mV (Fig. 1C). The steady-statevoltage dependenceof inactivation (Fig. 10) showedsome deviation from a simple Boltzmann relationship (smoothcurve). These findings might be explained if the total Ba2+ current were comprised of multiple
components(but seealso Slesingerand Lansman,1991b).
The electrophysiological properties of the cells undergo developmental changeswith the number of days in vitro. The inward Ba*+ current evoked by a step from -80 mV to 0 mV
increasedrapidly over the first 5 DIV while the total cell capacitance remainedlargely unchanged(Fig. 1E). A similar increase
in the size of the sodium current was also found (data not
shown). In the experimentsdescribedbelow we have focused
on cells > 5 DIV.
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Figure 2. Effects of L- and N-type
channel inhibitors on granule cell Ba*+
current. A, Plot of peak BaZ+current
versus time for an experiment in which
10 pM nimodipine, 1 PM w-CTxGVIA, and 10 PM Cd2+ were sequentially applied to a 5 DIV granule neuron. B, Examples of Ba*+currents
(averages of three successive sweeps)
taken from the same experiment.
Sweets taken at times indicated bv ad in A. C, Subtractive determinafions
of the nimodipine-sensitive
(L-type)
and w-CTx-GVIA-sensitive
(N-type)
current waveforms.
Pharmacologically
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dejined

200 pA
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components
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In order to determine the calcium current complementof these
cells, we carried out a pharmacologicaldissectionof the global
Ba2+current with agentsknown to block L- and N-type channels
(Fig. 2). We first applied the dihydropyridine (DHP) compound
nimodipine (10 pM) a selective blocker of the L-type calcium
channels(Bean, 1989; Hess,1990; Reganet al., 1991;McCarthy
and TanPiengco,1992). This compoundpromptly decreasedthe
Ba2+current by 10.1 2 1.OpAlpF or about 18%. This blockade
could be rapidly reversed upon removal of the drug (data not
shown). Next, in the continued presenceof nimodipine, N-type
channelswere inhibited by meansof o-CTx-GVIA, a cone snail
toxin with considerableselectivity for N-type channelsin other
neurons(Aosaki and Kasai, 1987; Plummeret al., 1989; Regan
et al., 1991; Boland et al., 1994). Application of I FM o-CTxGVIA rapidly and irreversibly blocked an additional fraction of
Ba2+ current, typically 20-25%. The remainder of the current
(average, 60.8 + 3.2%) was reversibly inhibited by application
of 10 FM Cd2+,a generally effective blocker of HVA Ca*+channels.
Tests of the effectiveness of channel

blockade

Since more than half of the total Ba*+ current remainsunblocked
in the combined presenceof nimodipine and o-CTx-GVIA, it
appearsthat channelsother than L- or N-type make a substantial
contribution to the global Ba*+ current in cerebellargranuleneurons, as has been demonstratedin other neurons(Regan et al.,
1991). However, the validity of this conclusion dependson the
completenessof the pharmacologicalblockade by the various
inhibitors. This was tested by experimentslike those illustrated
in Figure 3. The effectivenessof the blockadeof L-type channels
by 10 PM nimodipine was assessed
by meansof FPL 64176, a

60 pA

--J
50 ms

powerful agoniston L-type channels(McKechnie et al., 1989),
that acts at a locus independentof the DHP binding site (Zheng
et al., 1991). As expected from its known actions in other systems(Zheng et al., 1991; Satheret al., 1993),FPL 64176 strongly affected Ca2+channel currents in the granule neurons (Fig.
3A), greatly increasingthe total current during the depolarization
and prolonging the tail current upon membranerepolarization
(trace b, right). The stimulatory actionsof FPL 64176were completely abolishedby 10 p,M nimodipine (Fig. 3A, bottom) (n =
6). This indicates that nimodipine has completely blocked the
L-type current.
The effectivenessof 1 pM o-CTx-GVIA in achieving a complete blockade of N-type channelswas testedby comparing effects of this compoundapplied successivelyat 1 and 3 pM (Fig.
3B). The Ba2+ current in 3 pM w-CTx-GVIA (c) showed no
greater degree of block than that in 1 PM toxin (b) relative to
the control record in the absenceof toxin (a). As illustrated in
Figure 3B (right), this was a consistentfinding (n = 6 cells). In
comparisonto the averageof currents sensitiveto 1 FM w-CTxGVIA (a, b), the average of the additional toxin-sensitive current, blocked at the higher dose(b-c) wasessentiallyzero. Thus,
1 pM o-CTx-GVIA appearssufficient to yield a saturatingblock
of current carried by N-type channels.This point was confirmed
in another seriesof experimentsthat demonstratedthat the rate
of block but not its magnitude was increasedas the w-CTxGVIA concentration was increasedfrom 0.3 to 1 to 3 pM (data
not shown).We concludethat block of L- and N-type Ca2+channels is virtually complete under the experimental conditions of
Figure 2. This brings to the fore the questionof what type(s) of
channel(s)carry the remaining current.
Non-L-, non-N-type current can be divided
sensitive and -insensitive components

into o-Aga-IVA-

The large current (46.8 ? 1.61 pA/pF) that remainsin the presence of nimodipine and o-CTx-GVIA (Fig. 28) is high-voltage
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activated, completely and reversibly blocked by Cd2+, and decays by 34.8 ? 0.8% during a 105 msec depolarization (data
from 202 typical cells). These properties are reminiscent of the
current supported by class A 01, subunits expressed in Xenopus
oocytes (Mori et al., 1991; Sather et al., 1993). While the olA
current is not reduced by DHPs or w-CTx-GVIA
(Mori et al.,
1991), it can be blocked by the funnel web spider toxin w-AgaIVA and the cone snail toxin w-CTx-MVIIC
(Sather et al.,
1993). w-Aga-IVA is a well-known and very potent blocker (Kd
- 1 nM ) of P-type channels in cerebellar Purkinje cells (Mintz
et al., 1992a,b; Mintz and Bean, 1993; but cf. Sutton et al.,
1994). Figure 4A illustrates the action of 1 pM w-Aga-IVA, applied in the presence of nimodipine and w-CTx-GVIA.
The spider toxin produced a promptly developing decrease in the nonL-type, non-N-type current. When analyzed by subtraction, as
demonstrated in Figure 4C, the waveform of the current blocked
by this dose of w-Aga-IVA (b-c) was invariably decaying in
nature.
The current remaining in the presence of micromolar doses
of nimodipine, w-CTx-GVIA
and o-Aga-IVA (Fig. 4B, trace c)
has been designated as R-type (Ellinor et al., 1993; Zhang et al.,
1993). This terminology carries no presumption that R-type current is generated by a single class of channels; this remains to
be determined. As described previously, this residual component
is also resistant to the cone snail toxin w-CTx-MVIIC
(see also
p. 21). R-type current (c) decays more rapidly and more completely than the current blocked by w-Aga-IVA (b-c). Further
consideration of the characteristics of R-type current will be
taken up below.
Concentration-dependent kinetics of o-Aga-IVA action
The doseand time dependenceof w-Aga-IVA block were characterized in an extensive seriesof experiments(Fig. 5). Nimodipine (10 FM) and w-CTx-GVIA (1 FM) were presentthroughout the recordings.Measurementsof the peak current amplitude
from individual cells were normalized to their value before exposure to w-Aga-IVA, time aligned, and averaged. Figure 5A
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Figure 3. L- and N-type channels are
completely blocked by nimodipine and
o-CTx-GVIA. A, Application of FPL
64176, a potent stimulator of L-type
channels, as a test of the effectiveness
of 10 FM nimodipine in blocking
L-type channels. FPL 64176 enhancement of BaZ+current amplitude (upper
graph) is completely prevented in the
presence of 10 p,M nimodipine (lower
,5yuph). Right, representative traces
(averages of three sweeps), taken at the
noints indicated on the grauhs. FPL
64176 greatly prolongs ta?l &rent in
the absence of nimodipine but has no
effect in its presence. B, Effects of successive applications of 1 pM and 3 pM
o-CTx-GVIA. Nimodipine (10 PM)
present throughout. Right, average current blocked by 1 FM w-CTx-GVIA
(a-b), compared with the current further blocked by 3 pM o-CTx-GVIA
(b-c). Data pooled from six cells. Note
that scatter in a and b largely reflects
cell-to-cell variations in magnitude of
o-Aga-IVA-sensitive current (see Fig.
10 for indication of consistency in the
degree of inactivation).

comparesthe time-dependentdecreasein Ba*+ current amplitude
in cells exposedto 1.5 nM o-Aga-IVA and in a control group
subjectedto a shamsolution changebut no agatoxin. The toxin
block is smallbut significantly greaterthan rundown in the control group. Figure 5B shows the block at 1.5 nM toxin after
correction for rundown as estimatedfrom the control group (see
Materials and Methods for details). Raisingthe toxin concentration over the range between 1.5 nM and 3 PM greatly increased
the rapidity and extent of block (Fig. 5B). At 3 pM o-Aga-IVA,
block reached a steady state within 30 sec. A similar dose dependenceof the rate of blockade was observedwhen individual
cells were subjectedto two successiveapplicationsof w-AgaIVA, at concentrationsof 15 nM and then 1 p,M (n = 6, data
not shown). The dosedependenceof the rate and completeness
of o-Aga-IVA-induced block was not detectably different when
shorter test pulseswere applied at a higher frequency (0.4 or 2
Hz, e.g., Fig. 8A). Furthermore, the inhibitory effect of 300 nM
w-Aga-IVA we observedin the absenceof any test pulseswas
indistinguishablefrom that seen with frequent test pulses to
monitor the time courseof the onset of block (n = 5, data not
shown).
Figure 5C showsthe maximal degreeof block plotted against
toxin concentration (filled symbols). Also included are data for
the actions of 100 nM purified w-Aga-IVA (open diamond) and
for the toxin preincubation experiments describedlater in the
paper (cross, open circle). A saturating degree of block is
achieved at the highest agatoxin concentrations(1, 2, or 3 pM
w-Aga-IVA), with an unblocked fraction of 0.234, which consists of R-type current (Fig. 4B). Allowing for this residuum,
the dosedependenceof the agatoxin block could be fitted reasonably well with a one-to-one binding relationship (dashed
curve) with an IC,, of 28 nM. This value is considerablyhigher
than the -1 nM IC,, of P-type current in Purkinje neurons,but
somewhatlower than the - 100 nM IC,, reported for currents
generatedby (Y,~subunitexpressionin Xenopusoocytes (Sather
et al., 1993).
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followinginhibitionof L- andN-type currentwith 10 PM nimodipine
and 1 pM o-CTx-GVIA. B, Averagesof threetracesobtainedat the
timesshown(u-c) in A. C, Subtractivedetermination
of the waveform
of the w-Aga-IVA-sensitivecurrentfrom the sweepsshownin B.
Concentration dependenceof the waveform of the w-Aga-IVAsensitivecurrent
The characteristicsof the o-Aga-IVA-sensitive current in cerebellar granule neuronswere examined in greater detail in order
to see if componentswith properties more reminiscentof the
o-Aga-IVA-sensitive currents previously describedin Purkinje
neuronsand oocytes could be identified. These previously described currents differ markedly in their time course of inactivation during a depolarizing step. P-Type current in Purkinje
neuronsshowsvirtually no decay during depolarizationslasting
up to several seconds(Regan, 1991; Llimis et al., 1992; Mintz
et al., 1992a,b;Usowicz et al., 1993). In contrast, expressionof
the (Y,~subunit in Xenopus oocytes can generatea current that
inactivates substantially during the first 0.1 set of a test depolarization (Sather et al., 1993).
Indeed, we found that a small fraction of the total o-AgaIVA-sensitive current in the granuleneuronsexhibited the nondecaying waveform of P-type current. As illustrated in Figure
6A, the waveform of the current blocked by w-Aga-IVA dependedcritically on the dose of toxin. This is shown for data
setscorrected for rundown, but it was also true if the rundown
correction were omitted. As illustrated in the left-most record,
the toxin-sensitive current derived by subtractingcurrentsbefore
and after a 5 min exposureto 1.5 nM o-Aga-IVA was essentially
nondecaying.The degreeof decay markedly increased,however,
as the toxin concentration was elevated into the micromolar
range. This trend is documented quantitatively in Figure 6B,
which showspooled resultsfor the degreeof decay during the

Neurons

105 msecdepolarization. The fractional decay showsa graded
increaseover the range between 1.5 nM and 3 p,M, reaching a
saturating level of about 30%. These resultsare not consistent
with all-or-nothing block of either a singlecomponentof current,
or of two componentswith different waveforms but equal toxin
sensitivity. In either case, the fractional decay should be the
sameat all toxin doses.The observationsare also inconsistent
with what would be expected if w-Aga-IVA were to act as an
open channelblocker (e.g., like D600 on L-type Ca2+channels).
If this were the case,the degreeof block would deependuring
the test pulse, and the waveform of the toxin-sensitive current
would show a time-dependentincreaserather than a sustained
or decaying time courseas actually found.
Subdivision of the w-Aga-IVA-sensitive current into two
components
The data in Figure 6B wascomparedto a theoreticalrelationship
basedon the premisethat the total w-Aga-IVA-sensitive current
is comprisedof two components:one that is nondecaying and
highly toxin sensitive(possibly like P-type current in cerebellar
Purkinje cells), and another component, henceforth designated
as “Q-type,” that is decaying and less susceptibleto toxin
blockade (perhaps like currents that can be generatedby 01,~
subunitsin oocytes). Let us assumethat the nondecayingP-type
current contributes a fraction P, while the remainder(1 - P) of
the total o-Aga-IVA-sensitive current is Q-type, and that
o-Aga-IVA blocks eachof the componentsin a one-to-onemanner (Mintz and Bean, 1993), without changing their individual
time courseof decay (Mintz et al., 1992a,b;Sather et al., 1993).
Then the percentageof decay of the overall o-Aga-IVA difference current will show the following dosedependence:
% decay = f/[ 1 + P(T + K,)l( 1 - P)(T + Kp)]
(1)
wheref is the fractional decay of the Q-type current during the
105 msectest pulse, T is the toxin concentration,Kp is the dissociation constant of the P-type current, and KQ is the dissociation constant of the Q-type current (see figure legend for details). ‘The solid curve in Figure 6B is Equation 1 with f =
35.2%, P = 0.244, Kp = 1 nM, and KQ = 89.1 nM. The theoretical curve provides a good fit. Thus, the data appearsconsistent with expectationsif the w-Aga-IVA-sensitive current were
approximately one-fourth P-type and three-fourths Q-type.
The predicted toxin dependenceof the percentagedecay is
strongly influencedby f, P, and K,. It is consistentwith a range
of values for K,, ranging between about 1 and 3 nM. The theoretical relationshipfor Kp = 5 nM (dashedcurve, Fig. 6B) predicts somewhat more decay than that observed at the lowest
toxin concentrations.
The predictionsof the two-componenthypothesiscan be compared with the dose-responserelationship in Figure 5C. The
solid curve, generatedwith the sameset of parametervalues as
for the solid curve in Figure 6B, provides a good fit to the pooled
data for the o-Aga-IVA-sensitive current. The data points for
block by 1.5 and 5 nM w-Aga-IVA lie somewhatabove the curve
as would be expected if toxin block at theselow concentrations
had not achieved steady state at 5 min. Thus, the set of data in
Figure 5C is consistentwith the two componenthypothesis(Fig.
6), although it is not sufficient by itself to exclude a one-component scheme.
Recoveryfrom w-Aga-IVA-induced block
Following removal of w-Aga-IVA, block of P-type current in
cerebellarPurkinje cells is slowly reversed,with a time constant
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Figure 5. Dose dependence of the kinetics and magnitude of w-Aga-IVA-induced
block. A, Effect of application of 1.5 nM o-Aga-IVA (filled
triangles, n = 8 cells), compared with rundown determined in the absence of o-Aga-IVA (open circles, n = 8). Nimodipine (10 pM) and 1 pM
o-CTx-GVIA
were present throughout, and solution changes were made at t = 0 (switch to o-Aga-WA-containing
solution or sham solution
change). Data from individual cells were normalized to the period -40 to 0 set and averaged. Error bars are not shown when smaller than symbol.
The solid line represents the best straight line fit to the open symbols and provides an empirical measure of rundown. B, Dose-dependent blockade
of non-L-, non-N-type Ca*+ channel currents by o-Aga-IVA. The graph illustrates the time course of the actions of synthetic o-Aga-IVA in the
dose range 1.5 nM (least block, slowest rate) to 3000 nM (most block, fastest rate). The curves represent data (acquired at 0.1 Hz) from between 8
and 29 cells. Data from each cell was normalized to the pre-Aga-IVA current level (t = -40 to 0 set) before averaging. Pooled data at each
o-Aga-IVA concentration terminates at the conclusion of the w-Aga-IVA application and has been corrected for the amount rundown demonstrated
by the control cells shown in A (see Materials and Methods for details). Data for 100 nM o-Aga-IVA was recorded from a particular batch of
neurons several months after the results for all other doses had been obtained and is somewhat out of line with other data sets. This was due to a
paucity in R-type current (current resistant to nimodipine, o-CTx-GVIA,
and o-Aga-IVA), as verified by direct application of 600 nM toxin to the
same batch of cells (data not shown). In a similar vein, small variations in the density and degree of decay of non-L-, non-N-type current were
observed in comparisons between cell preparations separated by periods of several months. C, Dose-response relationship for o-Aga-IVA block.
Abscissa plots current remaining after exposure to o-Aga-IVA. Synthetic o-Aga-IVA unless otherwise stated. Filled circles represent isochronal
data (t = 5 min) for applications of w-Aga-IVA in the range between 1.5 and 15 nM, and steady-state data for o-Aga-IVA applications in the range
between 30 and 3000 nM. The cross shows the result of a preincubation experiment with 5 nM w-Aga-IVA (Fig. 9A). The open circle depicts the
result of a preincubation experiment with 100 nM o-Aga-IVA (Fig. 9&C). The open diamond is the average amount of block seen at steady state
with 100 nM purified o-Aga-IVA (n = 8). The data represented by the jlled symbols are fit with two curves. The dashed line is a one-to-one
binding curve with a Kd of 28 nM and a saturating level of block at 0.234. The residual toxin-insensitive component represents R-type current (Fig.
4A, trace c). The solid line represents the sum of two one-to-one binding curves, combining to give a saturating level of block at 0.235. The Kd
and amplitude of the two binding sites are 1.0 nM and 19.5%, and 89.1 nM and 57.0%, respectively.
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Figure 6. Dose dependence of the decay of currents sensitive to w-Aga-IVA. A, Average waveforms of currents sensitive to o-Aga-IVA over a
range of concentrations. Each trace represents averages of normalized o-Aga-IVA-sensitive
currents evoked by 105 msec steps from -80 to 0 mV.
Individual o-Aga-IVA-sensitive
currents were determined by subtracting the pre-Aga-IVA current from the (rundown-corrected) current in the
presence of w-Aga-IVA (see Materials and Methods). Shown are waveforms at 1.5 nM (8 cells), 15 nM (11 cells), 100 nM (28 cells), or 1000 nM
(15 cells). Error bars shown at occasional points represent the standard error of the mean. B, The degree of decay of the drug-sensitive current
(inset) plotted against the o-Aga-IVA concentration. The data is fit with two curves of the form % decay = fl( 1 + P([w-Aga-IVA]
+ &J/(1 P)([w-Aga-IVA]
+ &)). Variables defined in text. The only fixed parameter in the fits was Kp, which was set equal to 1 nM (solid line) or 5 nM
(dashed line). The parameters for the solid line are K,, = 1 nM, K, = 89.1 nM, P = 0.244, f = 35.2%, and for the dashed line are, Kp = 5 nM,
K0 = 122 ntvr,P = 0.256, f = 36.3%.

of -50 min (Mintz and Bean, 1993). The slownessof the offrate is consistentwith a binding site with very high affinity for
toxin. In contrast, a more rapid recovery from w-Aga-IVA block
(7 - 4-8 min) was observed for olA expressedin Xenopus oocytes (Sather et al., 1993). In the cerebellargranule neurons,a
considerableportion of the toxin-sensitive current was restored
over the course of a -7 min recovery period (Fig. 7A). This
was corroborated in an extensive seriesof experimentscharacterizing the removal of the toxin effect following application of
0.1, 1;or 3 p,M u-Aga-IVA. In all cases,a partial recovery of
inward BaZ+ current was seenupon withdrawal of toxin. Representativedata are illustrated in Figure 7 for 1 pM w-Aga-IVA.
The recovery proceededalong a roughly exponential trajectory
with a time constant of -4 min and an estimatedmaximal amplitude of about 23% of the current originally blocked by o-AgaIVA. The time constant and amplitude of the recovery did not
vary in any obvious way with the preceding level of w-AgaIVA. Pooling results obtained from fits to the average of each
of the three groupsgave a meantime constantof 439 ? 67 set
and a level of recovery of 29.2 ? 5.5% of the current originally
blocked by o-Aga-IVA. If recovery data from each group was
rundown corrected before fitting (data not shown),the time con-

stant increasedto 688 + 201 set (IZ = 3), and the magnitude
of recovery rose to 56.7 ? 10.6% (n = 3). In a subsetof cells
(n = 2, opencircles), a secondapplicationof w-Aga-IVA caused
a redevelopmentof block with a very similar time courseto that
observed during the original initial toxin exposure. This confirmed that someof the channelsinitially blocked by o-AgaIVA had recovered from inhibition during washout.
We examined the averaged waveforms of the recovered
w-Aga-IVA-sensitive current to find out if they were decaying
or nondecaying (Fig. 7B). The toxin-sensitive current in an individual cell was obtained by subtracting the current signal recorded just before the removal of toxin from the current at the
end of recovery period. In comparisonto current blocked by the
original toxin application (block), which decayed by 19.5 +
1.4%, the recovered current (wash)decayed by 26.5 + 4.5%, a
significantly greater degree0, < 0.01). Furthermore,the waveform of the current blocked by a secondtoxin application (reblock) alsodeclined to a larger extent than the current originally
blocked in the samecells (Fig. 7C, n = 2). Taken together,these
results support the idea that the recovery from block and subsequentreblock involve the decaying Q-type current to a greater
extent than the nondecayingP-type current.
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Figure 7. Characterization of the reversal of o-Aga-IVA-induced
block. A, Reversal of 1 FM o-Aga-IVA-induced
block following removal of
w-Aga-IVA (10 FM nimodipine and 1 p,~ w-CTx-GVIA present throughout). Filled symbols represent pooled data from seven cells. The data from
individual cells were resynchronized 20 set prior to toxin removal (gaps between groups of data points are due to slight differences in the time of
toxin exposure among the individual cells). Data has not been corrected for rundown to avoid any possible overemphasis of recovery. open symbols
represent data from two cells in which toxin was reapplied following washout. The data from these cells was renormalized (right ordinate)
and
shown on a scale to match up with the average Ba2+ current in the larger population of cells at the time immediately before the second application
of o-Aga-IVA. B, A comparison of the waveform of the current blocked by the initial o-Aga-IVA application (u-b) with that recovered by prolonged
toxin washout (d-c). Averaged waveforms from the cells represented by jilled symbols in A. C, A comparison of the waveforms of the currents
blocked by initial toxin exposure and by toxin reapplication (e-f). Data for the two cells depicted with open symbols in A.
Recovery from w-Aga-IVA-induced
strong depolarizing
pulses

block is hastened by

The application of a series of strong depolarizing
pulses speeds
recovery from w-Aga-IVA
block, both for P-type current in cerebellar Purkinje cells (Mintz et al., 1992a,b) and currents supported by (Y,~ expressed in Xenopus oocytes (Sather et al., 1993).
This was also found for the o-Aga-IVA-sensitive
currents described here. Pooled results from 53 experiments showed a resorigtitution of 58.1 ? 2.8% (range 21 to 105%) of the current
nM),
following
a
inally blocked by o-Aga-IVA
(100-3000
combination
of toxin washout and strong depolarizing
pulses.
The percentage recovery of current showed little dependence on
the previous dose of toxin or on the magnitude of the toxinsensitive or -insensitive current (data not shown). In the absence
of w-Aga-IVA,
application of strong pulses did not appreciably
alter the nimodipineand o-CTx-GVIA-insensitive
current (n =
5, data not shown).
Toxin block could be largely reversed even in the maintained
presence of o-Aga-IVA
by application of a series of very strong
depolarizing
pulses (Fig. 8A). The time course of the subsequent
redevelopment
of the inhibitory effect of toxin agrees very well
with original onset of block. Figure 8B illustrates the recovery
from block after toxin has been removed. The effects of separate
groups of depolarizing
pulses are cumulative and greatly accelerate the recovery relative to that observed later in the same cell
in the absence of strong depolarizing
pulses. Even after recovery
reaches a near steady state following removal of toxin, a delayed
application of strong depolarizations
promotes further reversal
of toxin blockade (Fig. 8C). The waveform of the component
that is restored by strong depolarizations
(knockoff) is clearly

decaying, like the current recovered during the previous washoff
period (washoff). Thus, Q-type current seems to contribute to
both of these difference currents.
Preincubation

experiments

with w-Aga-IVA

The results up to this point suggest that the bulk of the current
blocked by o-Aga-IVA
in rat cerebellar granule neurons is significantly different in waveform and o-Aga-IVA
sensitivity from
the P-type current as originally defined in rat cerebellar Purkinje
neurons (Mintz et al., 1992a,b; Mintz and Bean, 1993). We have
called this Q-type current. However, a smaller fraction (-25%)
of the overall w-Aga-IVA-blocked
current appears to be nondecaying in waveform and quite sensitive to w-Aga-IVA,
like
the P-type current of Purkinje neurons. It is reasonable to ask if
the apparent difference between the magnitudes of Q-type and
P-type currents is genuine, and not simply due to incomplete
equilibration
at low toxin concentrations
over the span of a typical experiment. Accordingly,
we performed additional experiments to test for o-Aga-IVA
block during preincubation
periods
lasting > 1 hr prior to the initiation of whole-cell
recording.
Figure 9A compares the pooled behavior of two groups of
granule neurons, one subjected to sham incubation (cytochrome
c but no w-Aga-IVA,
the other incubated with 5 nM o-Aga-IVA,
a concentration
well above the IC,, for blockade of P-type current in Purkinje neurons (-1 nM). Recording was carried out in
standard solutions containing
10 pM nimodipine
and 1 pM
w-CTx-GVIA,
with o-Aga-IVA
absent or present just as in the
respective preincubation
solutions. There was no significant difference in the current magnitudes among the control and toxinpreincubated groups (p > 0.1). Thus, no evidence was obtained
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Figure 8. Relief of w-Aga-IVA block by large depolarizations. A,
Temporary relief of w-Aga-IVA block of Ca2+ channel current induced
by a train of strong depolarizations (vertical lines), applied in the maintained presence of the toxin. Ba*+ current was assayed every 500 msec
with 11.2 msec test pulses to 0 mV, and relief of toxin block was
achieved by application at 1 Hz of 30 pulses of 50 msec duration to
+ 150 mV. B, Use of strong depolarizing pulses to greatly accelerate the
recovery from block following o-Aga-IVA removal. Voltage-dependent
relief of toxin block was followed by a reapplication of o-Aga-IVA and
a prolonged washout. In this experiment, test pulses were of the standard frequency (0.1 Hz), amplitude (to 0 mV), and duration (105 msec)
described in Materials and Methods. Knockoff was achieved using five
cycles of a standard protocol (arrows). Each m-row represents a train
of 20 pulses (+lOO mV for 50 msec) at 1 Hz); recovery was assessed
with a solitary test pulse, applied 10 set following each train. C, Relief
of toxin block with strong depolarizing pulses following partial recovery from toxin block due to toxin washout. Standard test pulse protocol
(0.1 Hz, 105 msec duration, 0 mV) was used to monitor partial recovery; strong pulse protocol identical to that in B. D, Averages of normalized waveforms of difference currents in experiments like that illustrated in C. The upper truce (‘wash off’) represents the average of
the currents recovered during wash off of l-3 FM o-Aga-IVA (b-u).
The lower truce (‘knock off’) represents the waveform of the current
subsequently recovered by the application of strong depolarizing pulses
(c-b) to a subset of these cells (n = 10).

for any major contribution
of a current component with the nanomolar sensitivity of previously defined P-type channels. Presumably, the variability in current density from one cell to the
next was too large to allow detection of a small degree of block
like that seen with acute application of 5 nM toxin to individual
cells (Fig. 5A).
Additional
experiments were undertaken to test the effects of
preincubation
with 100 nM o-Aga-IVA
(Fig. 9B-D). The nonL-, non-N-type current averaged 66.5 2 11.2 pA/pF in the con-
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Figure 9. Preincubation experiments as a test for steady-state block
by w-Aga-IVA. A, Comparison of the magnitudes of non-L-type, nonN-type current in cells preincubated for l-5 hr in Tyrode containing
cytochrome c and 5 nM o-Aga-IVA or in sham-preincubated cells (Tyrode plus cytochrome c). The symbols indicate data from individual
cells contributing to the group mean and standard error as illustrated.
B, Effect of a 0.5 to 2.2 hr preincubation with 100 nM w-Aga-IVA on
the magnitude of subsequently recorded BaZ+ currents. Pooled results
for amplitudes of non-L-, non-N-type current (left), current blocked by
acute application of 3 FM o-Aga-IVA (center), and current spared by
acute toxin application (right). C, Time course of the block of non-L-,
non-N-type current induced by acute application of 3 PM w-Aga-IVA.
Cells were either sham preincubated (squares) or preincubated and
maintained in 100 nM w-Aga-IVA (circles). D, Averages of normalized
waveforms of currents blocked by 3 FM w-Aga-IVA in the two groups
shown in C.

trol group of mock preincubated
cells, and 28.4 ? 1.8 pA/pF
in the neurons that had been preincubated for 0.5-2.2 hr with
a significant difference (p < 0.004) (Fig.
100 nM w-Aga-IVA,
9B). Both groups of cells were subsequently exposed to 3 pM
w-Aga-IVA
to determine how much w-Aga-IVA-sensitive
current had been left unblocked by the prior preincubation.
The
acute reduction in current averaged 52.1 pA/pF in the control
group and 16.4 pA/pF in the toxin-preincubated
cells (p < 0.01;
Fig. 9B) and proceeded with a similar time course in both cases
(Fig. 9C). This confirms that the preincubation
with toxin was
effective in strongly reducing the o-Aga-IVA-sensitive
current,
while leaving a substantial fraction unblocked
(16.4/52.1 or
-31%).
Following
the acute application of 3 FM w-Aga-IVA,
the residual currents are not detectably different (p > 0.35), as
expected with only R-type current left unblocked.
Relative contributions
of the Ca2+ channel components
Figure 10 shows the contributions
of the various Ca*+ channel
components to the total whole-cell CaZ+ channel current, based
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acrossthe population of cells. The relative magnitudesof the
components(B) were obtained by dividing the peak drug-sensitive current amplitude by cell capacitance before averaging
acrossdifferent cells. The average time course was scaled by
the mean current density (B) to produce each of the current
waveforms in (A).
As defined by 10 FM nimodipine, L-type current averaged
10.1 t 1.0 pA/pF (n = 27) and showeda nondecaying time
course as expected from recordings in other systems. The
o-CTx-GVIA-sensitive N-type current displayeda meanamplitude of 13.8 + 1.2 pA/pF (n = 50). The partially decaying
waveform (decreaseof 30.3 f 3.1% from peak in 105 msec)is
typical of N-type currents in other neurons(Kongsamut et al.,
1989; Plummer et al., 1989; Regan et al., 1991). The o-AgaIVA-sensitive current averaged 32.5 + 3.0 pA/pE or 46% of
the total current. This was further subdivided into noninactivating P-type current and inactivating Q-type current in a -1:3
ratio, as determinedby the analysisin Figure 6. The contribution
of P-type current is indicated in Figure 10 by the asterisk (A)
and the shadedbar (B). According to this analysis,P-type current was 8 pA/pF, or 11% of the total current, while the Q-type
current was 24 pA/pF in amplitude or 35% of total current. The
R-type current, the remaining component,accountsfor 13.1 f
1.0 pA/pF or about 19% of the total Ba*+ current.
Because P-type current appears to be essentially
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nondecaying,

its relative contribution to the total current will increaseprogressively during a sustaineddepolarization. Currents recorded
in the presenceof nimodipine and o-CTx-GVIA decayedto 16.9
& 1.6% of their peak value at the end of a 2.1 set pulse to 0
mV. This residual current is comparable in magnitude to the
P-type current, which comprisesabout 17% of the total non-L-,
non-N-type current.
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Figure IO. Comparison of pharmacologically dissected current components. A, Pharmacologically defined current components from individual cells were normalized to peak current, averaged, then scaled by
their mean peak current density. Error bars are shown for individual
time points. L-Type currents dissected with 10 FM nimodipine (n =
23); N-type currents determined with 1 PM w-CTx-GVIA
(n = 25);
P-type + Q-type current (n = 64) obtained with l-3 FM o-Aga-IVA
following blockade of N- and L-type currents. R-Type current (n = 26)
is estimated as the current that remains unblocked in the combined
presence of 10 FM nimodipine, 1 PM o-CTx-GVIA, 3 PM o-Aga-IVA.
B, Pooled results for mean current density of the four current components shown in A. The number above each bar denotes the percentage
contribution that the current makes to the global BaZ+ current. The bar
denoting o-Aga-IVA sensitivity is divided into fractions corresponding
to the amount of P-type (shaded)
and Q-type (unshaded)
current as
determined by the analysis illustrated in Figure 6. The asteriskin A
marks the time course and estimated magnitude of the corresponding
P-type current (waveform determined by application of 1.5 nM w-AgaIVA in Figure 6A, smoothed by Hanning filter).

on pooled data from a large number of cerebellargranule neurons. Individual componentsof Ba2+current were definedby the
pharmacologicalproceduresdescribedin the precedingsections.
The mean time course of each component during a 105 msec
depolarization was determined by normalizing the individual
drug-sensitivecurrent components(illustrated for individual examplesin Figs. 2, 4) to an amplitudeof unity before averaging

Pharmacologicalanalysis with w-CTx-MVIIC
The cone snail toxin w-CTx-MVIIC provides another pharmacological tool for separationof Caz+ channel currents. It has
beenshownto block nondecayingP-type channelcurrent in cerebellar Purkinje cells (Hillyard et al., 1992), and decaying currents supportedby class A (Y, subunitsexpressedin Xenopus
oocytes (Sather et al., 1993). N-Type current is also susceptible
to block by w-CTx-MVIIC (Swartz et al., 1993; Grantham et
al., 1994;J.-E Zhang, P T. Ellinor, and R. W. Tsien, unpublished
observations), although this is of no consequenceif o-CTxGVIA is already present. Figure 11A illustrates the actions of
w-CTx-MVIIC on non-L-, non-N-type Ba2+current in a typical
cerebellargranulecell. Almost 70% of the Ca*+channelcurrent
remained in the presence of 10 pM nimodipine and 1 pM
w-CTx-GVIA. Application of o-CTx-MVIIC (5 FM) causeda
further slow reduction of this current (7 = 55 set), leaving a
residualcurrent amountingto lessthan one-fifth of the original
current in the absenceof inhibitors. On average,o-CTx-MVIIC
blocked 71 + 3% (n = 13) of the nimodipine and o-CTxGVIA-insensitive Ba*+ current. The waveform of the o-CTxMVIIC-sensitive current (Fig. 11B) was very similar to that of
the current sensitiveto high dosesof o-Aga-IVA (that is, P-type
+ Q-type). Likewise, the waveform of the nimodipine and
w-CTx-GVIA-insensitive current remaining in the presenceof
w-CTx-MVIIC was very similar to that remaining after l-3 FM
o-Aga-IVA. Furthermore, pooled resultsfor the magnitudesof
the o-CTx-MVIIC-sensitive and -insensitive components(Fig.
11C) were in excellent agreementwith the w-Aga-IVA-sensitive
and -insensitive componentsin Figure 10. Thus, both pharma-
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Figure II. Block of non-L-, non-N-typecurrentby w-CTx-MVIIC.
A, Effect of 5 pM o-CTx-MVIIC after prior block of L- and N-type
currentsby nimodipineand o-CTx-GVIA. The current sparedby
o-CTx-MVIIC wasreversiblyinhibitedby applicationof 100pM Ni*+.
B, Averagesof normalizedwaveformsof currentsblocked(n = 13)
andspared(n = 22), by applicationof 5 p.~ w-CTx-MVIIC. Current
waveformswerescaledto meanpeakcurrentdensity(seeC). All results
obtainedin the continuouspresence
of nimodipineandw-CTx-GVIA.
C, Meanpeakcurrentdensityof w-CTx-MVIIC-sensitive(P + Q-type)
andw-CTx-MVIIC-insensitive(R-type)currents.
cological proceduresare equivalent to the extent of isolating the
R-type current.
Long applications of low dosesof w-CTX-MVIIC block the
Q-type current
The c1,, subunit expressedin Xenopusoocytes is rather sensitive
to w-CTx-MVIIC (IC,, < 150 nM), although the block is relatively slow (t,,, -40 min at 150 nM) (Sather et al., 1993). This
raisesthe questionof whether w-CTx-MVIIC-mediated block of
Q-type current is comparably potent. Slowly developing effects
of toxin would be difficult to examine in granule cells because
Ca*+ channel activity runs down during continuous whole-cell
recording (e.g., Fig. SA). We circumvented this problem by
preincubatingneuronswith a lower concentrationof toxin before
commencementof whole-cell recording. The pharmacology of
granule cells preincubatedwith 0.5 p,M w-CTx-MVIIC for 24
hr was comparedwith the behavior of cells subjectedto a sham
preincubation. Figure 12 illustrates the impact of the preincubation on the total Ba*+ current and the componentblocked by
acutely applied 5 pM o-CTx-MVIIC. Representativerecords
from individual cells (A) and pooled data from many cells (B)
are shown.Preincubationwith 0.5 FM w-CTx-MVIIC lowers the
total Ba*+ current to slightly more than half its control value.
The block of Ba*+ current by acute application of 5 PM o-CTxMVIIC, prominent in the sham-incubatedcell (left traces), is
almost entirely occluded by the toxin preincubation (right traces). This is a very consistentfinding, as indicated by the pooled
data. In six cells, the acutely o-CTx-MVIIC-sensitive current

10

-

0
Sham
preinc

MVIIC
0.5 VM

Sham
preinc

MVIIC
0.5 pM

Figure12. Block of P- andQ-typecurrentsby preincubation
with low
dosesof o-CTx-MVIIC. A, Current traces from exemplar cells showing
effect of 2-4 hr preincubation with 500 nM o-CTx-MVIIC
on Ba*+
current in subsequent whole-cell recordings and its response to acute
application of 5 PM o-CTx-MVIIC.
While o-CTx-MVIIC
produced a
typical inhibition (30 pA/pF) in a sham preincubated cell (left), it was
almost ineffective at reducing Ba*+ current following preincubation with
500 nM w-CTx-MVIIC
(n’ght). B, Pooled data comparing eight sham
preincubated cells and six cells preincubated with 500 nM w-CTxMVIIC. Lej?, The magnitude of global Ba2+ current following sham
preincubation (open bar) or o-CTx-MVIIC
preincubation (shaded bar).
Right,The mean reduction of inward current produced by acute application of 5 PM o-CTx-MVIIC
in the same cells. Note that nimodipine
and o-CTx-GVIA were not present.

was 29.3 ? 3.8 pA/pF in sham-treatedcells, and only 3.0 &
0.5 pA/pF in the cells preincubatedwith toxin. Thus, preincubation with 0.5 FM w-CTx-MVIIC effectively occludesthe effect of the IO-fold higher toxin concentration.Indeed, the waveform of the extra current blocked by the higher dose of
o-CTx-MVIIC was sustainedrather than decaying, consistent
with the idea that it arosefrom blockade of P-type channelsthat
were sparedby the toxin preincubation (Hillyard et al., 1992).
Comparisonof fast gating characteristicsof various current
types
There are appreciabledifferences between P-, Q-, and R-type
currentswith respectto their ratesof inactivation during a maintained depolarization, while Q- and N-type channelsare similar.
This leadsto the questionof whether the various channeltypes
also differ with regard to activation and deactivation kinetics.
We approachedthis questionby characterizing the rapid gating
properties of toxin-sensitive components,evoked by brief depolarizing test pulsesand studied on a fast time scale. Depicted
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Figure 13. Activation and deactivation kinetics of drug-sensitive currents. Examples of drug-sensitive current components recorded at high
time resolution. Representative records illustrating 1 FM o-CTx-GVIAsensitive current recorded in the continuous presence of nimodipine
(left); current sensitive to 2 pM o-Aga-IVA, recorded in the presence
of nimodipine and w-CTx-GVIA (center); current sensitive to 50 FM
Cd2+, recorded in the presence of nimodipine and o-CTx-GVIA
(right).
Each trace shows the difference between an average of six to eight
predrug sweeps and an average of six to eight sweeps at steady-state
block in an individual experiment. The current amplitudes at 0 mV
ranged from 120 to 240 pA but are shown normalized to allow comparison of kinetics. Data points were acquired every 40 set, but for
clarity, only every other point (open circles) is shown. The smooth
curves are single exponential fits of the rising phase and tail current
with time constants as indicated. Fits to the rising phase were made to
a set of data points of greater magnitude than that indicated by the
UYYOW.All data points in the tail current were used to fit the exponential
decay corresponding to current deactivation.

in Figure 13 are examples of (A) the o-CTx-GVIA-sensitive
current (N-type), (B) the w-Aga-IVA-sensitive
current (P-type
+ Q-type), and (C) the nimodipineand o-CTx-GVIA-insensitive, Cdz+-sensitive current (P-, Q-, + R-type). The mean values obtained from a number of different cells for the exponential
time constants for activation at 0 mV were 0.93 * 0.09 msec
(N), 1.15 2 0.05 msec (PSQ),
and 1.22 ? 0.06 msec
(P+Q+R).
The time constants of deactivation at -80 mV, obtained by fitting the tail current decay to a single exponential,
were 259 + 40 (*.sec (N), 229 ? 11 psec (P+Q), and 240 +21 psec (PSQSR).
In no case was there an additional
slow
exponential component of significance, consistent with the absence of T-type current, which is known to deactivate much
more slowly than HVA currents (Armstrong
and Matteson,
1985). The values for onset and decay time constants are very
similar to those reported for L-type, N-type, and non-L-, nonN-type currents in a variety of central neurons lacking T-type
currents (Regan et al., 1992; Brown et al., 1993). Taken together,
these results suggest that Q-type and R-type channels are similar
to N-type channels with regard to activation-deactivation
kinetics. This is not surprising, in light of the overall structural homology among non-L-type channels in regions of the (Y, subunit
known to underlie voltage-dependent
gating (Tsien et al., 1991),
but it discourages the use of tail current analysis as a means of
component dissection.

Testsof effects of elevation of intracellular cyclic AMP
Additional
experiments were undertaken to determine if the relative magnitudes of Q-type and P-type currents were subject to
modulatory
control. In the extreme case, one might imagine
some sort of reciprocal interconversion
between these compo-

.
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ti
:ontrol t CAMP
Figure 14. Maneuvers that raise intracellular CAMP levels fail to alter
inactivation kinetics. A, Examples of currents from control (left) or forskolin and 8-bromo-CAMP-treated
cells (right) (see Materials and
Methods). In each case, the larger current (a,~) is the global Ca*+ channel current during a 10.5 msec test depolarization to 0 mV. The smaller
currents (b,d) were recorded following application of 10 PM nimodipine
and 1 U,M o-CTx-GVIA. B. Pooled data from control cells (filled circles, n’ = 14) and forskolin and 8-bromo-CAMP-treated
c&s (jilled
squares, n = 15). Global current density (left), density of nimodipine
and o-CTx-GVIA-insensitive
current (center), and the degree of decay
of the nimodipine and w-CTx-GVIA-insensitive
current (n’ght). The
symbols represent data from individual neurons yielding the values for
mean and standard error indicated for each group.

nents. This question was prompted by consideration
of the experiments of Fournier et al. (1993). They described Ba*+ currents
in Xenopus oocytes injected with mRNA prepared from rat cerebellum that strongly resemble the w-Aga-IVA-sensitive
current
we observed in granule cells. Their current was promptly activated at strong depolarizations
and displayed -40% decay during a 400 msec pulse to + 10 mV. It was not enhanced by Bay
K 8644 or reduced by w-CTx-GVIA,
but it was strongly inhibited by crude venom from Agenolopsis aperta, the source of
w-Aga-IVA
and FIX. The resemblance to currents in granule
neurons is not surprising, given the great abundance of these
cells in the cerebellum. Fournier et al. (1993) found that elevation of cyclic AMP increased the expressed currents by nearly
twofold in amplitude, and caused a marked slowing of their
inactivation (possible changes in the sensitivity to A. aperta venom were not reported). These observations led us to ask if similar changes occurred in the granule neurons and if they might
represent a conversion of decaying Q-type current to nondecaying P-type current. Accordingly,
we compared the behavior of
groups of granule cells subjected to sham treatment or exposed
to 8-bromo-cyclic
AMP plus forskolin (Fig. 14). If anything,
under conditions of elevated cyclic AMP the global current was
marginally smaller 0, > 0.03), and slightly less current remained
after exposure to nimodipine
and w-CTx-GVIA
0, > 0.02).
Most importantly, the percentage decay during the 105 msec test
depolarization
was not different in control and under conditions
that raise cyclic AMP (35% vs. 36%, p > 0.6). Thus, we failed
to see any hint of an interconversion
between Q-type and P-type
channels under the conditions of these experiments.

3008

Randall

and Tsien - Five Components

of Ca 2+ Channel

Current

in Granule

Discussion
Five distinguishable components of Ca2+ channel current
This article presents evidence that Ca2+ channel currents in cerebellar granule neurons are comprised of at least five components, referred to as L-, N-, P-, Q-, and R-type currents. The
individual components were distinguished on the basis of their
pharmacological properties and, to some extent, their voltagedependent gating. Kinetics were studied with Ba2+ as the charge
carrier to avoid secondary complications due to Ca2+-induced
current changes. Each of the five currents may be categorized
as high voltage-activated (HVA); there was little or no lowvoltage activated current such as that carried by T-type Ca2+
channels (Fig. 1). This array of currents is more diverse than
previously reported at the whole-cell level for cerebellar granule
neurons or any other mammalian neuron described thus far.
However, the diversity is not totally unexpected, given the multiplicity of Ca2+ channel 01, subunits. Indeed, as we discuss below, the individual components correspond well with Ca2+ channel currents derived from the expression of various (Y, subunits.
Together, L- and N-type currents accounted for about onethird of the total Caz+ channel current (Figs. 2, 4). Their contributions were assessed by use of nimodipine (10 PM) and w-CTxGVIA (l-3 FM), respectively. Control experiments indicated
that the blockade was complete in both cases, as expected from
results in other systems (Fig. 3). Thus, the remaining two-thirds
of the total current must be attributed to other types of Ca2+
channels. After elimination of L- and N-type currents, application of micromolar concentrations of o-Aga-IVA blocked almost
half of the overall Ca*+ channel current (Fig. 4). The o-AgaIVA-sensitive current was of particular interest because it differed significantly from classical P-type current. As originally
defined in cerebellar Purkinje cells (Llinas et al., 1989; Regan,
1991; Llinas et al., 1992), P-type current is virtually noninactivating with 1 set depolarizations (Usowicz et al., 1992) and
half-blocked at - 1 nM w-Aga-IVA (Mintz et al., 1992a,b; Mintz
and Bean, 1993). In contrast, in granule neurons, the current
inhibited by w-Aga-IVA was prominently inactivating (Figs. 4,
6) and was 50% blocked at a dose around 30 nM. These conclusions were based on extensive analysis of the time and dose
dependence of o-Aga-IVA block over a wide range of toxin
concentrations (Fig. 5); 100 nM w-Aga-IVA failed to block completely, even with toxin exposures lasting for > 1 hr (Fig. 9).
At the very least, this indicates the diversity of currents that can
be targeted by w-Aga-IVA in various neurons.
P- and Q-type currents: two components of w-Aga-IVAsensitive current
One of the main points of this study was the subdivision of the
o-Aga-IVA-sensitive
current in granule neurons into two distinct components. The key observation was that the waveform
of the w-Aga-IVA difference current was strongly dose dependent (Fig. 6). This finding runs contrary to expectations for a
single class of channels whose contribution is simply scaled
down by toxin block, as previously found for o-Aga-IVA-sensitive currents (Mintz et al., 1992a,b; Mintz and Bean, 1993;
Sather et al., 1993; Niidome et al., 1994). More detailed analysis
revealed that a fraction of the total w-Aga-IVA-sensitive
current
is a component with classical P-type properties, while the bulk
of it arises from a novel current that we have called Q-type. The
distinction between P-type and Q-type was based on differences
in the waveforms of these components and their sensitivities to

Neurons

w-Aga-IVA (Fig. 6). The P-type component showed no decay
during 0.1 set depolarizing pulses and was potently blocked by
w-Aga-IVA, with an IC,, in the low nanomolar range (Fig. 6).
It recovered very slowly from w-Aga-IVA block, as might be
expected for a high affinity interaction (Fig. 7). In contrast, the
Q-type current showed -35% inactivation during 0.1 set depolarizations, and was less sensitive to w-Aga-IVA, with an IC,,
of -90 nM (Fig. 6). Q-Type current displayed a relatively rapid,
albeit partial, recovery upon removal of the o-Aga-IVA, with a
time constant of -5 min (Fig. 7). In certain other respects, the
P-type and Q-type currents were quite similar. For example, in
both cases o-Aga-IVA block could be reversed by application
of very strong depolarizations (Fig. 8). Both currents were completely blocked by o-CTx-MVIIC
at concentrations no more
than 0.5 FM (Figs. 11, 12).
As described in this study, the P-type current in granule neurons exhibits properties very similar to those of the P-type current as originally defined in cerebellar Purkinje cells (Llinas et
al., 1989, 1992; Mintz et al., 1992a,b; Usowicz et al., 1992).
Likewise, the Q-type current in granule neurons strongly resembles currents that can be generated by expression of the (Y,*
subunit in Xenopus oocytes (Sather et al., 1993; Stea et al., 1994)
or in stably transfected baby hamster kidney cells (Niidome et
al., 1994).
These results have relevance to the functional contribution of
oIA subunits in neurons. Given the close resemblance between
currents generated by oIA in oocytes and Q-type current in cerebellar granule neurons, it seems likely that oIA underlies the
Q-type current. It is also possible that oIA can generate P-type
channels as well (Sather et al., 1993; Stea et al., 1994). Indeed,
differences in gating kinetics between P- and Q-type might arise
from alternative splicing or variability in the identity of the B
subunit (Stea et al., 1994). In combination, Q-type and P-type
currents are considerably larger than other types of Caz+ currents
in granule neurons. Since these neurons greatly outnumber all
other neurons in the cerebellum (Ramon y Cajal, 1904), it is to
be expected that oIA transcripts should be so abundant in the
cerebellum (Snutch et al., 1989).
The finding that Q-type and P-type channels can coexist in a
single cell largely excludes the possibility that these distinct
channel phenotypes arise solely from general differences in
membrane or cellular environment. It will be interesting to learn
more about the regulatory mechanisms that give the P-type current such prominence in cerebellar Purkinje cells while allowing
Q-type current to outweigh the P-type current by a 3:l ratio in
cerebellar granule neurons. So far, we have found that the balance between these currents is not significantly affected by
acutely raising intracellular cyclic AMP (Fig. 13).
R-type current
R-Type current contributed 15-20% of the total current in the
granule neurons. It was isolated as the current remaining in the
presence of nimodipine, o-CTx-GVIA,
and either or both
w-Aga-IVA and o-CTx-MVIIC
(Figs. 4, 10, 11; Ellinor et al.,
1993; Zhang et al., 1993). The robustness of the pharmacological distinction between Q-type current and R-type current is
supported by various findings. First, prolonged preincubation
with 0.5 PM w-CTx-MVIIC
occludes the effects of an acute
application of 5 PM toxin (Fig. 12A), consistent with a saturating
effect of the toxin, and presumably, complete inhibition of
Q-type current. Second, close agreement exists between R-type
currents determined with w-Aga-IVA (Fig. 4) or o-CTx-MVIIC
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(Fig. 11). Third, the magnitudesof nimodipine-, w-CTx-GVIAand o-CTx-MVIIC-insensitive currents were not significantly
different in the absenceor presenceof w-Aga-IVA (100 nM),
further indicating that w-Aga-IVA fails to block R-type current.
Fourth, the propertiesof the pharmacologicallydissectedR-type
current were quite distinct from L-, N-, P-, or Q-type channels
with regard to rapidity of inactivation and sensitivity to block
by Ni*+ (Figs. 10, 11; Zhang et al., 1993). Currents with R-type
propertieshave alsobeenfound in AtT20 cells and both cultured
and acutely dissociatedhippocampalneurons (A. Randall, unpublished observations).In all of these systems,studieswould
greatly benefit from the availability of a selective blocker for
R-type current. Since the R-type current has been isolated thus
far by exclusion of other currents, one mustbe particularly alert
to the possibility that it may be generatedby morethan one type
of channel.
The R-type current sharesa numberof characteristicswith the
current generatedby (Y,~subunitsexpressedin Xenopusoocytes
or HEK293 cells (Soong et al., 1993; Williams et al., 1994),
which also lacks responsivenessto DHPs and w-CTx-GVIA,
while displaying sensitivity to both Ni*+ and Cd*+. There is a
particularly striking resemblancewith cxIEin HEK293 cells (Williams et al., 1994) with respectto voltage dependence,speedof
activation and inactivation, and the relative sizesof currentscarried by Ba2+ and Ca*+. In light of the overall similarities, and
the presenceof (Y,~transcriptsin rat cerebellar granule neurons
(Soong et al., 1993), it seemsreasonableto attribute the R-type
current to (Y,,.
Assessmentof the validity of the pharmacological analysis
Table 1 provides an overview of the known pharmacological
effects of nimodipine, w-CTx-GVIA, o-Aga-IVA, and w-CTxMVIIC. Basedon work in other neuronsand in expressionsystems for Ca2+channel IX, subunits, as well as our own experiments,theseagentscan be usedto block sometype or types of
channel completely, while fully sparing others. Insofar as possible, we performed control experimentsto check that this was
the case(e.g., Fig. 3). As a further precaution, we arrangedthe
order of application of inhibitors so as to apply the most thoroughly characterized and possibly most selective agentsfirst.

Nimodipine wasusedto pharmacologicallydissectthe L-type
current with the expectation that it would exert a negligible effect on N-, P-, Q-, and R-type channels.At 10 FM, nimodipine
appearedto block L-type channels completely (- 15% of the
global CaZ+ channel current); this was verified by use of the
L-type stimulatorFPL 64176 (Fig. 3A). Previous work hasdemonstrated the effectiveness of nimodipine in blocking neuronal
L-type channels(Reganet al., 1991; McCarthy and TanPiengco,
1992), and at 5 10 FM nimodipineor nifedipine, the absenceof
block of N-type channels(Aosaki and Kasai, 1987; Plummeret
al., 1988; Regan et al., 1989; Brown et al., 1994), P-type channels (Mintz et al., 1992a,b;Usowicz et al., 1992), or channels
derived from (Y,* (Mori et al., 1991; Sather et al., 1993) or IX,,
(Ellinor et al., 1993; Soong et al., 1993; Zhang et al., 1993).
The possibility of nonselective nimodipine effects on P- or
Q-type channels was not supported by preincubation experiments.Theseshowedthat prior blockadeof P- and Q-type channels wjth o-CTx-MVIIC failed to decreasethe current subsequently inhibited by nimodipine (data not shown). The
ineffectiveness of nimodipine in blocking channelsother than
L-type is further supportedby the time courseof the nimodipinesensitivecurrent, which showsslower activation than the other
currents (Fig. lo), as expected from comparisonsbetween the
behavior of aIc and other subunitsin oocytes (e.g., Sather et al.,
1993). Furthermore, the nimodipine-sensitivecurrent contained
no hint of the decaying waveforms of N-, Q-, and R-type channels. While we feel satisfied that nimodipine was effective in
targeting L-type current, we cannot exclude the possibility that
the L-type current may be further subdividedby more detailed
analysis(seeForti and Pietrobon, 1993; Bossuet al., 1994).
w-CTx-GVIA was used to block the N-type current (-20%
of the total Ca2+channelcurrent). o-CTx-GVIA producedmaximal block of N-type current at l-3 ~J,M (Fig. 3B), and we have
no reasonto think that it affected the other components.This
toxin acts as an essentiallyirreversible inhibitor of N-type channels in other neurons(e.g., Aosaki and Kasai, 1987; Fox et al.,
1987; Bean, 1989; Jonesand Marks, 1989; Kongsamut et al.,
1989; Plummeret al., 1989), and CK,,subunitsexpressedin human embryonic

kidney cells (Williams

et al., 1992b; Grantham

et al., 1994). Previous studiesin oocytes indicate that this toxin
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lacks effectiveness in blocking P-type channels in Purkinje neurons (Mintz et al., 1992b) and currents derived from (Y, subunits
other than (Y,~, including IX,* (Mori et al., 1991; Stea et al., 1994)
and oIE (Soong et al., 1993; Williams et al., 1994).
In general, w-Aga-IVA and o-CTx-MVIIC
were applied after
L-and N-type currents had already been blocked. Our experiments support the idea that both of these agents exert effects on
more than one type of channel (Table 1). w-Aga-IVA block of
Q-type as well as P-type current must be considered, particularly
at o-Aga-IVA concentrations 2 20 nM (Figs. 5, 6; Sather et al.,
1993). o-CTx-MVIIC
is actually a relatively nonselective agent,
capable of blocking N-type channels in central neurons (Swartz
et al., 1993) ollB channels expressed in HEK cells (Grantham et
al., 1994), or Xenopus oocytes (Zhang, Ellinor, and Tsien, unpublished observations), P-type channels (Hillyard et al., 1992),
as well as Q-type channels (Zhang et al., 1993; this paper).
While o-CTx-MVIIC
cannot be used as a selective inhibitor of
Q-type channels, it can be used in combination with nimodipine
for isolation of R-type current (Fig. 11).
Comparisons with other studies in cerebellar granule neurons
Single channel recordings in rat cerebellar granule cells have
revealed three novel classes of Ca2+ channels (Gl , G2, G3) that
are different in pharmacological or biophysical properties from
T-, L-, N-, or P-type channels (Forti et al., 1994). This provides
an independent indication of the degree of Ca*+ channel diversity in these neurons. It seems likely that at least some of the
single channel activity is related to Q-type and R-type currents,
but further work will be needed to establish their exact relationship (see also Bossu et al., 1994).
Q- and R-type currents have not been reported in earlier
whole-cell recordings from granule cells. While early studies
found little or no Ca2+ channel current (Hirano et al, 1986;
Hockberger et al., 1987; Cull-Candy et al., 1989), more recent
work points to a dominance of L-type currents (Huston et al.,
1990; De Waard et al., 1991; Marchetti et al., 1991; Slesinger
and Lansman, 199la,b; Haws et al., 1993). Current sensitive to
o-CTx-GVIA
has also been reported (De Waard et al., 1991;
Haws et al., 1993; Sutton et al., 1994). There are various explanations for why Q- and R-type currents may not have been detected previously. The recent availability of potent toxins has
certainly been helpful in bringing their contributions into focus.
Furthermore, the expression of Q-type current in granule cells
may vary with culture conditions. The extracellular K+ concentration may be an important factor. In previous electrophysiological studies, culture media containing elevated K+ (usually
25 ITIM, Gallo et al., 1987) were used to enhance survival of
granule cells, while in our experiments, the granule neurons
were maintained in media containing 5 mM extracellular K+.
While this did decrease long-term neuronal survival (Randall et
al., 1993b), it also greatly enhanced the degree of synaptic connectivity, in line with previous comparisons between granule
cells grown in high and low K+ with respect to levels of enzymes, neurotransmitter receptors, neurotransmitter release and,
most importantly, depolarization-induced Ca*+ entry (Moran and
Pate1 1989; Peng et al., 1991; Pearson et al., 1992; Zhoa and
Peng, 1993). It is also noteworthy that sympathetic neurons cultured in elevated K+ have been found deficient in their expression of non-L-type channels (Murrell and Tolkovsky, 1993). An
intriguing implication of these results is that the expression of
Q-type (and possibly N-type) channels might go hand in hand
with the formation of functional synapses.
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Possible function of Q-type current
The Q-type current was the largest single component in the granule neurons, raising questions about its possible functional role.
R. D. Randall et al. (1994) have studied transmission between
granule neurons and large Purkinje-like neurons in cerebellar
cultures, and have found that a combination of nickel, nifedipine
and w-CTx-GVIA
failed to abolish evoked EPSCs. At 100 nM,
u-Aga-IVA largely blocked transmission. This would be consistent with participation of P-type channels, or with involvement
of Q-type channels, given the steep power-law dependence of
neurosecretion on Ca*+ entry (Wheeler et al., 1994; Wu and
Saggau, 1994). As additional information, we have found that
w-CTx-MVIIC
greatly depresses action potential-dependent synaptic transmission in granule cell cultures (Randall et al., 1993).
Further studies with lower doses of o-Aga-IVA would be helpful.
Acutely dissociated hippocampal neurons from area CA3 display a substantial amount of nimodipine-, o-CTx-GVIA-,
and
o-Aga-IVA-resistant
current with the waveform and o-CTxMVIIC sensitivity expected for Q-type current (Swartz et al.,
1993; A. Randall and R. W. Tsien, unpublished observations).
Furthermore, glutamatergic synaptic transmission between CA3
and CA1 neurons is dominated by a Ca2+ entry pathway whose
pharmacology matches that of the Q-type current (Wheeler et
al.,l994). The Q-type current of hippocampal neurons and cerebellar granule cells is modulated by activation of certain neurotransmitter receptors, including GABA, and metabotropic glutamate receptors (Randall et al., 1993~). Thus, modulation of
Q-type channels may contribute to the overall regulation of synaptic strength produced by activation of presynaptic signaling
systems (Wheeler et al., 1994).
The Q-type current also appears to be present in non-neuronal
excitable cells. AtT20 cells, a cell line derived from mouse anterior pituitary, display a current component with a time course
and pharmacological profile similar to Q-type current in granule
neurons (Randall and Tsien, 1994). In all of these systems, newfound knowledge of the diversity of Ca*+ channel subtypes leads
immediately to questions about their function and regulation. It
will be interesting to find out to what extent the various subtypes
may be differentially modulated (see Wu and Saggau, 1994).
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