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ABSTRACT Changes in intracellular Ca2� levels are an important signal underlying
neuron-glia cross-talk, but little is known about the possible role of voltage-gated Ca2�

channels (VGCCs) in controlling glial cell Ca2� influx. We investigated the pharmacological
and biophysical features of VGCCs in cultured rat cortical astrocytes. In whole-cell patch-
clamp experiments, L-channel blockade (5 �M nifedipine) reduced Ba2� current amplitude
by 28% of controls, and further decrease (32%) was produced by N-channel blockade (3 �M
�-conotoxin-GVIA). No significant additional changes were observed after P/Q channel
blockade (3 �M �-conotoxin-MVIIC). Residual current (36% of controls) amounted to
roughly the same percentage (34%) that was abolished by R-channel blockade (100 nM
SNX-482). Electrophysiological evidence of L-, N-, and R-channels was associated with
RT-PCR detection of mRNA transcripts for VGCC subunits �1C (L-type), �1B (N-type), and
�1E (R-type). In cell-attached recordings, single-channel properties (L-currents: amplitude,
�1.21 � 0.02 pA at 10 mV; slope conductance, 22.0 � 1.1 pS; mean open time, 5.95 � 0.24
ms; N-currents: amplitude, �1.09 � 0.02 pA at 10 mV; slope conductance, 18.0 � 1.1 pS;
mean open time, 1.14 � 0.02 ms; R-currents: amplitude, �0.81 � 0.01 pA at 20 mV; slope
conductance, 10.5 � 0.3 pS; mean open time, 0.88 � 0.02 ms) resembled those of corre-
sponding VGCCs in neurons. These novel findings indicate that VGCC expression by
cortical astrocytes may be more varied than previously thought, suggesting that these
channels may indeed play substantial roles in the regulation of astrocyte Ca2� influx, which
influences neuron-glia cross-talk and numerous other calcium-mediated glial-cell functions.
© 2003 Wiley-Liss, Inc.

INTRODUCTION

There is increasing evidence that astrocytes play a
fundamental role in brain function by signaling to neu-
rons and influencing their activity. These glial cells can
affect the development of synaptic contacts among neu-
rons as well as the latter’s ability to process informa-
tion (Araque et al., 1999; Parpura and Haydon, 2000;
Ullian et al., 2001). Synaptic efficiency is influenced by
glial-cell sequestration of neurotransmitters present in
the synaptic cleft and their subsequent liberation

through various mechanisms, including calcium-de-
pendent release (Attwell, 1994; Parpura et al., 1994;
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Pfrieger and Barres, 1997; Bezzi et al., 1998; Araque et
al., 2000). Changes in intracellular Ca2� concentra-
tions are in fact the key signal for cross-talk between
astrocytes and neurons (Haydon, 2001). Astrocyte Ca2�

concentrations are reportedly increased by glutamate
and a number of other neurotransmitters, including
ATP, GABA, noradrenaline, and acetylcholine (Cor-
nell-Bell et al., 1990; Verkhratsky et al., 1998; Haydon,
2001; Latour et al., 2001). They can also be modified by
the second messenger inositol-1,4,5-triphosphate (IP3),
which induces Ca2� release from intracellular stores
(Leybaert et al., 1998).

While the importance of these mechanisms to astro-
cyte Ca2� homeostasis is well established, less atten-
tion has been paid to the potential contribution of Ca2�

influx through voltage-gated Ca2� channels (VGCCs).
The electrophysiological characterization of VGCC cur-
rents in these cells is also far from complete. The few
studies conducted to date have demonstrated the pres-
ence of low-voltage-activated (T-type) channels and
high-voltage-activated (HVA) dihydropiridine-sensi-
tive (L-type) channels (MacVicar and Tse, 1988; Barres
et al., 1989), but much less is known about the other
types of HVA Ca2� channels. Moreover, the biophysical
properties of astrocyte VGCCs have never been studied
at the single-channel level.

In the present study, we used electrophysiological
recordings of macroscopic and unitary currents and
molecular assays for �1-subunit transcripts to identify
the types of functionally operative VGCCs present in
rat cortical astrocytes. In addition to occasional low-
voltage-activated (LVA) T-type currents, we recorded
currents flowing through HVA L-, N-, and R-type Ca2�

channels, but there was no evidence of significant P/Q
channel activity. At the molecular level, however, tran-
scripts were found for �1 subunits corresponding to all
four HVA channel types, including the P/Q type. The
single-channel properties of the Cav1 (L-type), Cav2.2
(N-type), and Cav2.3 (R-type) currents, which have
never been investigated in glial cells, resemble those of
the corresponding channels found in neurons. These
findings indicate that VGCCs may be expected to play
significant functional roles in the control of cortical
astrocyte Ca2� influx and, consequently, in the calci-
um-mediated glial cell functions.

MATERIALS AND METHODS
Cell Cultures

Primary cultures of rat cortical astrocytes were pre-
pared according to the procedures reported by Mc-
Carthy and De Vellis (1980) with minor modifications,
as previously described (Vairano et al., 2002). Briefly,
1- to 2-day-old Wistar rats were decapitated, and their
brains were rapidly removed under aseptic conditions
and placed in phosphate-buffered saline (PBS) with
Ca2� and Mg2� containing 100 IU/ml penicillin and
100 �g/ml streptomycin (Sigma Chemical, St. Louis,
MO). The cortex was dissected, cut into small frag-

ments, and digested with 0.125% trypsin (Biochrom,
Berlin, Germany) in 10 ml PBS without Ca2� and Mg2�

(PBS-wo) for 25 min at 37°C. Single cells were then
obtained by mechanical dissociation in Dulbecco’s
MEM with glutamax-I (DMEM; Gibco, Life Technolo-
gies, Paisley, U.K.) containing 10% heat-inactivated
endotoxin-free fetal calf serum (FCS; Gibco). The same
batch of FCS was used for all the astrocyte cultures
used in the present study. Cells were seeded at a den-
sity of 1.0–1.5 � 107 cells/10 ml in 75 cm2 flasks and
incubated at 37°C in a humidified atmosphere contain-
ing 5% CO2. The culture medium was changed within
24 h of seeding and twice a week thereafter. When the
astrocytes had formed a monolayer firmly attached to
the bottom of the flask (8–9 days after dissection), the
culture medium was replaced with PBS-wo, and the
flasks were vigorously shaken to remove the oligoden-
drocytes and microglia growing as nonadherent cells on
the astrocyte monolayer. Astrocytes were then de-
tached from the flask by a 5-min 0.05% trypsin-EDTA
treatment (Euroclone) and subcultured twice at inter-
vals of 7–9 days, i.e., the average time needed for cells
to reach confluence. The second subculture was grown
in the 35 mm Petri dishes used for patch-clamp exper-
iments. The average total time from dissection to ex-
periments was 28 days. The purity of the astrocyte
culture was assessed by flow cytometry as previously
reported (Vairano et al., 2002), and it was never lower
than 95%. The absence of neuronal contamination was
further confirmed by RT-PCR analysis with primers for
the astrocyte marker, glial fribillary acidic protein
(GFAP), and the neuron-specific SNAP-25 gene.

Macroscopic Current Recordings

Macroscopic Ba2� currents were recorded using the
patch-clamp technique in whole-cell or perforated-
patch configurations (Hamill et al., 1981) with an Axo-
patch 200B amplifier (Axon Instruments, Union City,
CA). Electrodes were fabricated from thin-wall borosili-
cate glass capillaries (Clark Electromedical Instru-
ments, Pangbourne Reading, U.K.) using a model P-97
Flaming-Brown micropipette puller (Sutter Instru-
ment, Novato, CA) and fire-polished on a microforge
(Narishige Scientific Instrument, Tokyo, Japan). The
final resistance of the electrode filled with the standard
internal solution described below was 3–5 M�. Stimu-
lation and data acquisition were performed with the
Digidata 1200 series interface and pCLAMP 6.0.3 soft-
ware (Axon Instruments). Currents were filtered at 5
kHz with an eight-pole low-pass filter. Capacitative
transient and leakage currents were compensated online
using the clamp-amplifier settings and offline by subtrac-
tion of Cd2�-insensitive (200 �M Cd2�) currents.

Before electrophysiological recordings, the culture
medium was removed and replaced with Tyrode’s solu-
tion containing (in mM) 150 NaCl, 4 KCl, 2 MgCl2, 2
CaCl2, 10 glucose, and 10 4-(2-hydroxyethyl)-pipera-
zineethanesulphonic acid (HEPES); pH was adjusted
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to 7.4 with NaOH. The external solution was (in mM)
125 NaCl, 10 BaCl2, 1 MgCl2, 10 HEPES, and 0.0001
tetrodotoxin (TTX) to block Na� currents; pH was ad-
justed to 7.3 with NaOH. The standard internal solu-
tion for whole-cell recordings contained (in mM) 110
CsCl, 10 tetraethylammonium chloride (TEA-Cl), 2
MgCl2, 10 ethylenebis(oxonitrilo)tetraacetate (EGTA),
8 glucose, 10 HEPES, and, to minimize current run-
down during experiments, 4.0 adenosine 5	-triphos-
phate (ATP) magnesium salt, 0.25 adenosine 3	,5	-cy-
clic monophosphate (cAMP) sodium salt, and 4.0
phosphocreatine disodium salt; pH was adjusted to 7.3
with CsOH.

For perforated-patch recordings, the pipette tip was
filled with internal solution containing (in mM) 135
CsMeSO3, 8 NaCl, 2 MgCl2, and 20 HEPES (pH 7.3
with CsOH). The electrode was then back-filled with
the same solution with the addition of 50–100 �g/ml
amphotericin B from stock aliquots (50 mg/ml in di-
methyl sulfoxide) stored at �20°C. Current recording
was started when the access resistance decreased be-
low 15 M�, which usually occurred within 10 min of
sealing (Rae et al., 1991).

Solutions containing the different test agents were
exchanged by means of a perfusion system consisting of
a multibarreled pipette placed within 100 �m of the
patched cell and connected to different syringes by
means of Teflon tubes. The gravity-regulated flow rate,
0.3–0.5 ml/min, allowed complete renewal of the extra-
cellular environment in less than 1 s. The cell mem-
brane was depolarized every 10 s (pulse duration, 120–
200 ms) at voltages ranging from �40 to 50 mV from
the holding potential (Vh) of �90 mV. To isolate HVA
currents, each depolarizing pulse was preceded by a
40-ms pulse at �40 mV, which is normally sufficient
for complete inactivation of LVA (T-type) Ca2� chan-
nels. Unless otherwise specified, the data presented
below refer to the effects of test agents on Ba2� cur-
rents elicited by depolarization at 0 mV. Current den-
sity (pA/pF) was estimated by dividing current ampli-
tude by membrane capacitance, measured by the Cslow
compensation setting of the patch-clamp amplifier.

Single-Channel Recordings

Unitary activity of HVA Ca2� channels was recorded
in the cell-attached configuration. Electrodes were
pulled from thick borosilicate glass capillaries (Hilgen-
berg, Mansfield, Germany) and coated with Sylgard
184 (Dow-Corning, Midland, MI). Their final resistance
after filling with the recording solution was 4–9 M�.
The pipette solution contained (in mM) 100 BaCl2, 10
TEA-Cl, 1 MgCl2, 10 Na-HEPES, and 0.0003 TTX (pH
adjusted to 7.3 with TEAOH). Membrane potential was
zeroed by perfusing the cell with a control solution
containing (in mM) 135 KAsp, 1 MgCl2, 10 HEPES, 5
EGTA, and 0.0003 TTX (pH adjusted to 7.3 with KOH).
In experiments performed to study L-channel activity,
10 �M �-conotoxin-MVIIC (CTx-MVIIC; Tocris Cook-

son, Bristol, U.K.) and 5 �M (�)-Bay K 8644 (Sigma)
were added to the pipette solution, and depolarizing
stimuli ranging from 0 to 20 mV were applied from
Vh 
 �40 mV. When N-channels were studied, the
internal solution contained 5 �M nifedipine (Sigma)
and 100 nM SNX-482 (Peptide Institute, Osaka, Ja-
pan), and the cell membrane was depolarized to 10–30
mV from Vh 
 �80 mV. Unitary R-channel activity was
recorded in cells pretreated for 10 min with Tyrode’s
solution containing 3 �M �-conotoxin-GVIA (CTx-
GVIA; Alomone, Jerusalem, Israel) and 10 �M CTx-
MVIIC. Nifedipine (5 �M) and CTx-MVIIC (10 �M)
were also added to the pipette solution, and depolariz-
ing steps ranging from 10 to 30 mV were applied from
Vh 
 �80 mV. Pulse duration was 120–500 ms for
studies of all channel types. Nifedipine and Bay K 8644
were diluted before each experiment from 1 mM stock
solutions in ethanol, which were stored in the dark at
4°C.

Current traces were acquired at 10 kHz and filtered
online at 2 kHz. Data were analyzed with TAC and
TACFIT software (version 3.04; Bruxton, Seattle, WA).
Fast capacitative transients were minimized online by
patch-clamp analogue compensation. Uncorrected ca-
pacitative currents were eliminated by averaging
sweeps with no channel activity (nulls) and subtracting
them from each active sweep. Event detection was per-
formed with the 50% threshold detection method, and
each transition was visually inspected before being ac-
cepted.

Histograms representing open times were plotted on
square root-log coordinates and constructed as previ-
ously described (Carabelli et al., 2002; D’Ascenzo et al.,
2002). Data were not corrected for missed events, and
the distributions of open times were fitted with the sum
of decaying exponentials. The mean amplitude of the
unitary current was determined by fitting the ampli-
tude histograms with a Gaussian distribution. Unitary
conductance was evaluated by linear regression of
mean unitary currents recorded at voltages ranging
from 0 to 20 mV for L-channels and from 10 to 30 mV
for N- and R-channels.

All patch-clamp experiments were performed at
room temperature (22–24°C). Data are presented as
mean � SEM. Student’s t-test was used for statistical
analysis, and P values smaller than 0.05 were consid-
ered significant.

RT-PCR

Total RNA was isolated from astrocyte cell cultures or
rat brain tissue using the Trizol Reagent (Life Technolo-
gies), and 2 �g of RNA were used for cDNA synthesis
using the Superscript First-Strand Synthesis System (In-
vitrogen, Paisley, U.K.) according to the manufacturer’s
instructions. Twenty nanograms of cDNA were then used
as a template for amplification in a reaction mixture
containing 400 nM of each primer, 1.5 mM magnesium,
and 1.5 U Taq. Primer sequences were as follows: �1A
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forward, 5	-CGAGAACAGCCTTATCGTCAC-3	, �1A re-
verse, 5	-GTGGAGAGGATGAACATGGAGC-3	 (product
size, 260 bp); �1B forward, 5	-GGTGAAAGCACAGAGCT-
TCTACTG-3	, �1B reverse, 5	-CCAACAGAGCGAAGAC-
CACAATG-3	 (product size, 445 bp); �1C forward, 5	-
GGAGCTGGACAAGGCTATGAAG-3	, �1C reverse, 5	-
GACCTAGAGAGGCAGAGCGAAG-3	 (product size, 652
bp); �1D forward, 5	-TACATGCTCTGTGCGTTCCTG-3	,
�1D reverse, 5	-CGATCGTGGTGTTCTTCGCAG-3	
(product size, 573 bp); �1E forward 5	-GCTATCGCTGT-
GGACAATCTCG-3	, �1E reverse, 5	-TAGTGGCAAGC-
CTTGCGGATCG-3	 (product size, 1,348 bp); SNAP-25
forward, 5	-GAGGACGCAGACATGCGTAATG-3	,
SNAP-25 reverse, 5	-GTCCAACAACATTGGAG-
GAGAG-3	 (product size, 654 bp); GFAP forward, 5	-
GAGTCTCATGGACGGCACAGAC-3	; GFAP reverse,
5	-CAGGACTGCCTTAGTGGCCATTC-3	 (product
size, 381 bp); actin forward, 5	-GTGGGCCGCCCTAG-
GCACCAG-3	; actin reverse, 5	-CTCTTTAATGT-
CACGCACGATTTC-3	 (product size, 539 bp). After a
denaturation step of 5 min at 94°C, the amplification
was carried out at 94°C for 30 s, 58°C for 30 s, and 72°C
for 1 min for 45 cycles. As a control, cDNA from the
same preparations was subjected to 30 cycles of PCR
with primers for �-actin. All PCR products were re-
solved on 1.5% agarose gel. As a positive control, am-
plification reactions were performed on cDNA prepared
from brain tissue and, as negative control, on astrocyte
samples without previous reverse transcription.

RESULTS
Identification of L-, N-, and R-Type Ca2�

Channels in Rat Cortical Astrocytes

In the first group of experiments, macroscopic Ba2�

currents were recorded to verify the presence of func-
tioning VGCCs on the plasma membranes of cortical
astrocytes and to characterize pharmacologically the
channel types generating these currents. In some ex-
periments, the perforated-patch configuration was pre-
ferred over the whole-cell configuration since it allowed
greater recording stability over time. Since data ob-
tained with the two configurations were not signifi-
cantly different, they were pooled.

During depolarizing pulses at 0 mV from Vh of �90
mV, Ba2� currents of variable amplitude were found in
54 out of 93 (58%) cells (Fig. 1). Current density varied
widely from cell to cell (range, 3–45 pA/pF). The deliv-
ery of 40-ms pulses at �40 mV prior to test depolariza-
tion occasionally revealed currents flowing through the
LVA (T-type, Cav3) Ca2� channels (Fig. 1A).

We then focused our attention on identifying the
different types of HVA channels expressed on the as-
trocyte cell membrane. Application of 5 �M nifedipine,
which blocks dihydropiridine-sensitive L-type channels
(Cav1), reduced the peak-current amplitude by 28.3%
� 4.5% compared with controls (n 
 48; Fig. 2). The
effect of nifedipine was not homogeneous: marked dif-
ferences were noted among the different astrocyte

preparations, and some variability was also observed
among cells within the same culture dish. Two differ-
ent astrocyte subpopulations could therefore be distin-
guished based on functional L-channel expression: in
the first (25% of all cells studied) L-currents accounted
for almost three-fourths of total HVA current (74.5% �
5.3%; n 
 12), while their contribution was much more
limited (13.0% � 2.3% of controls; n 
 36) in the second
group (75% of the tested cells). In the presence of ni-
fedipine, the selective blocker of N-type Ca2� channels,
CTx-GVIA (3 �M), further reduced the HVA current by
32.3% � 5.8% of controls (n 
 7). The subsequent
application of 3 �M CTx-MVIIC did not significantly
diminish the HVA current (2.3% � 0.9% reduction),
suggesting that, under our experimental conditions,
P/Q channels do not contribute to Ca2� influx into
cortical astrocytes. The residual current (36.5% �
6.2%) that was resistant to nifedipine, CTx-GVIA, and
CTx-MVIIC was abolished by 200 �M Cd2�. In another
group of experiments, a similar percentage of total
HVA current (34.2% � 3.6%; n 
 11) was abolished by
the selective R-channel blocking agent SNX-482 (100
nM; Fig. 2C).

Single-Channel Parameters

Our macroscopic current recordings demonstrated
that L-, N-, and R-type Ca2� channels are indeed
present and functionally active on the plasma mem-
branes of cortical astrocytes. To gain more information
on the biophysical properties of these channels, we
recorded unitary VGCC activity in cell-attached
patches. As noted above, for L-channel recordings, 10
�M CTx-MVIIC and 5 �M Bay K 8644 were added to
the pipette solution. In some experiments, recordings
were also made with Bay K 8644 in the external zero-
ing solution instead of the internal solution. At the end
of successful recordings, the solution containing Bay K
8644 was replaced with the same zeroing solution con-
taining 5 �M nifedipine. Disappearance of channel ac-
tivity in the latter condition provided further evidence
that the recorded channels were indeed L-type.

Fig. 1. Macroscopic Ba2� currents in rat cortical astrocytes. A:
Representative trace showing low-voltage- and high-voltage-activated
currents elicited by step depolarization at 0 mV preceded by a 40-ms
prepulse at �40 mV from Vh 
 �90 mV. B: Current-to-voltage rela-
tionship of the HVA currents recorded from the same cell shown in A.
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Figure 3 shows representative traces of L-channel
activity in cortical astrocytes during depolarization at
10 mV from Vh 
 �40 mV (Fig. 3A) and the amplitude
distribution at 10 mV (mean, �1.21 � 0.02 pA; n 
 8;
Fig. 3B). Current amplitudes were �1.41 � 0.03 (n 
 7)
and �0.97 � 0.02 (n 
 9) at 0 and 20 mV, respectively,
and slope conductance (obtained by plotting data col-
lected at 0, 10, 20 mV) was 22.0 � 1.1 pS. The open
time distribution at 10 mV was fitted with one expo-
nential function with �o 
 5.60 ms. Similar results
were obtained when mean open time was calculated as
the arithmetic mean of all data (5.95 � 0.24 ms).

In another group of experiments, N-channel activity
was recorded during depolarization steps ranging from
10 to 30 mV from Vh 
 �80 mV. Pipette solutions
contained 5 �M nifedipine and 100 nM SNX-482.
Channel conductance, evaluated by measuring current
amplitudes at voltages ranging from 10 to 30 mV, was
18.0 � 1.1 pS (Fig. 4). Current amplitude was �1.09 �
0.02 pA at 10 mV (n 
 6), �0.89 � 0.02 pA at 20 mV
(n 
 7), and �0.73 � 0.02 pA at 30 mV (n 
 4). Plots of
the open time distribution at 20 mV were fitted accord-
ing to one exponential function with �o 
 1.04 ms.
Arithmetic mean of open times was 1.14 � 0.02 ms
when all data from seven patches were pooled.

For recordings of unitary R-channel activity, we used
the same stimulation protocol employed for N-channel
recordings; the pipette solution contained 5 �M nifed-
ipine and 10 �M CTx-MVIIC. Prior to recording, the
cells were treated for 10 min with Tyrode’s solution
containing 3 �M CTx-GVIA and 10 �M CTx-MVIIC.
Figure 5 shows representative traces of R-channel ac-
tivity and current amplitude distribution at 20 mV
with mean value of �0.81 � 0.01 pA (n 
 4). Current
amplitudes were �0.92 � 0.01 (n 
 4) and �0.71 �
0.01 pA (n 
 3) at 10 and 30 mV, respectively, and slope
conductance was 10.5 � 0.3 pS. The open time distri-
bution at 20 mV was fitted with one exponential having
�o 
 0.80 ms. Mean open time calculated as the arith-
metic mean of all data was 0.88 � 0.02 ms.

Expression of VGCC �1 Subunits in
Cultured Astrocytes

Total RNA extracted from cultured astrocytes was
subjected to RT-PCR analysis to determine whether
transcripts for VGCC �1 subunits paralleled the HVA
channel subtype profiles obtained in electrophysiologi-
cal studies. To exclude the risk of false positive results

Fig. 2. Pharmacological characterization of different HVA currents
in rat cortical astrocytes. A: HVA currents recorded before (control)
and after application of 5 �M nifedipine (which blocks L-type chan-
nels), 3 �M CTx-GVIA (blockade of N-type channels), and 3 �M
CTx-MVIIC (P/Q channel blockade). B: Time plot of data from the

experiment shown in A and blockade of residual current (i.e., resis-
tant to L-, N-, and P/Q channel blockade) by 200 �M Cd2�. C: Reduc-
tion of HVA current by the selective blocker of R-type channels SNX-
482 (100 nM). D: Percent contributions of the different types of
VGCCs to the total HVA current recorded in cortical astrocytes.
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related to neuronal contamination of the astrocyte cul-
tures, we first tested the purity of the culture through
amplification of the glial marker GFAP and the neuronal
marker SNAP-25. Primers for SNAP-25 amplification
were selected from a region of the sequence showing no
homology with that of the astroglial gene SNAP-23 (La-
tour et al., 2003). As shown in Figure 6, only amplification
of the glial marker GFAP was observed.

The same samples were then used in different PCR
assays with primers specific for the different classes of
Ca2� channels. Expression of subunits �1A (P/Q type),
�1B (N-type), �1C (L-type), and �1E (R-type) was readily
detected, but there was no evidence of �1D subunit
expression, even after reamplification of the RT-PCR
product. Finally, amplification of �-actin transcript
was performed as a loading control.

DISCUSSION

Data reported in the present study provide electro-
physiological evidence that different types of HVA

Ca2� channels are present and functionally operat-
ing on the membrane of rat cortical astrocytes. L-
(Cav1), N- (Cav2.2), and R- (Cav2.3) type channels
were identified by pharmacological characterization
of macroscopic currents, and their biophysical prop-
erties were defined by single-channel recordings. Nu-
merous studies, based primarily on immunostaining,
fluorescence, or molecular biology techniques, have
demonstrated VGCC expression on the cell mem-
branes of cultured astrocytes (Verkhratsky and
Steinhäuser, 2000; Latour et al., 2003). Other re-
ports, however, indicate that this expression is ab-
sent under physiological conditions (Carmignoto et
al., 1998) and stressed its role in the pathophysiology
of brain injury (Westenbroek et al., 1998; Agrawal et
al., 2000; Chung et al., 2001).

The existence of VGCCs in astrocytes and glial cells
in general has also been demonstrated in electrophys-
iological studies (MacVicar, 1984; Barres et al., 1989;
MacVicar et al., 1991; Verkhratsky and Steinhäuser,
2000). However, these studies mostly revealed the

Fig. 3. Biophysical properties of L-type Ca2� channels recorded
from cell-attached patches. A: Representative traces of L-channel
activity during depolarization at 10 mV from Vh 
 �40 mV. Pipette
solution contained 10 �M CTx-MVIIC and 5 �M Bay K 8644. B:

Distribution of L-current amplitudes at 10 mV. C: Slope conductance
of L-channel measured by plotting current amplitudes at 0, 10, and 20
mV. D: Distribution of N-channel open times at 10 mV.
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presence of L- and T-type channels that were expressed
in response to specific stimuli. Barres et al. (1989,
1990) reported that astrocyte treatment with agents
that increase intracellular cAMP levels promoted the
expression and/or the activation of L-type Ca2� chan-
nels, but no Ca2� currents could be recorded in the
absence of cAMP induction. They also found LVA (T-
type) currents in a small percentage of cells but only
when sera from some specific lots were added to the
culture media. Coculture with neurons has also been
suggested as an essential requisite for astrocyte ex-
pression of VGCCs (Corvalan et al., 1990).

In our study, none of these promoting factors ap-
peared to be necessary for Ca2� channel expression.
Ca2� currents were observed in 58% of the cells we
examined, without any specific treatment. Our findings
suggest that VGCCs are part of the normal ion channel
outfit of cortical astrocytes, although their availability
may be modulated by various physiological factors. In
all probability, our figures underestimate the magni-
tude of Ca2� currents flowing through astrocyte

VGCCs since, in the purified cultures we used, the
astrocytes were deprived of stimulating factors of neu-
ronal origin. Under physiological conditions, i.e., when
astrocytes are in close contact with neurons in the
brain tissue, Ca2� flux through VGCCs might be much
greater than that observed in our experiments. Collec-
tively, these observations suggest that VGCCs can play
significant functional roles in regulating Ca2� influx in
astrocytes and, consequently, in all astrocyte cell func-
tions that are regulated by Ca2� signals.

L- (Cav1) channels were the predominant HVA Ca2�

channel type in a relatively small fraction (25%) of the
astrocytes we studied. In the remaining cells, most of
the current passed through N- (Cav2.2) and R- (Cav2.3)
channels. Previous studies conducted in cultured glial
cells failed to demonstrate the presence of N-channels
(Puro et al., 1996). In hippocampal slices, Akopian et
al. (1996) found CTx-GVIA-sensitive Ca2� currents in
nonneuronal cells that were assumed to be astrocytes
based on indirect evidence of their glutamine syn-
thetase immunoreactivity.

Fig. 4. Biophysical properties of N-type Ca2� channels in cell-at-
tached patches. A: Representative traces of N-channel activity during
depolarization steps at 20 mV from Vh 
 �80 mV. Pipette solutions
contained 5 �M nifedipine and 100 nM SNX-482. B: Distribution of

N-current amplitudes at 20 mV. C: Slope conductance of N-channel
measured by plotting current amplitudes at voltages ranging from 10
to 30 mV. D: Distribution of L-channel open times at 20 mV.
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In our experimental model, N-channel activity made
a substantial contribution (33%) to the total recorded
HVA current in astrocytes. In neurons, these channels
play important roles in the calcium-mediated release of
neurotransmitters (Catterall, 1998; Grassi et al., 1999;
Spafford and Zamponi, 2003). Apart from mediating
Ca2� influx into the presynaptic terminal (like other
HVA Ca2� channels), the N-channels also interact with
synaptic proteins responsible for active-zone docking of
synaptic vesicles. It is thus possible that the N-chan-
nels we found in cortical astrocytes, and the other HVA
channels as well, might be involved in the release of
neurotransmitters stored in astrocytes, thus affecting
the synaptic function. Astrocytes are equipped with
transport systems for many neurotransmitters, and
their parasynaptic processes are responsible for neuro-
transmitter uptake from the synaptic cleft (Kettenman
and Ransom, 1995). Although astrocytes are nonexcit-
able cells, several stimuli are potentially capable of
activating their VGCCs, including the increased extra-

cellular K� concentrations that occur during repetitive
nerve firing or the influx of Ca2� and/or other cations
through neurotransmitter-gated channels (Duffy and
MacVicar, 1994; Latour et al., 2001).

To our knowledge, our study provides the first electro-
physiological evidence of R- (Cav2.3) channels in glial
cells and the first description of the biophysical properties
of Cav1 (L-type), Cav2.2 (N-type), and Cav2.3 (R-type) in
cortical astrocytes studied at the single-channel level.
The unitary properties of these astrocyte VGCCs resem-
ble those of neuronal L-, N-, and R-channels (Carabelli et
al., 1996, 2002; Tottene et al., 1996; Elmsie, 1997;
D’Ascenzo et al., 2002), providing further confirmation for
our pharmacological characterization of macroscopic
Ca2� currents in these glial cells. The diversity of the
VGCCs we observed, in terms of gating properties and
voltage dependence, highlights the multiple modalities
available to cortical astrocytes for regulating Ca2� influx
in response to different depolarizing stimuli occurring
under different physiological conditions.

Fig. 5. Biophysical properties of R-type Ca2� channels in cell-at-
tached patches. A: Representative traces of R-channel activity during
depolarization steps at 20 mV from Vh 
 �80 mV. Pipette solution
contained 5 �M nifedipine and 10 �M CTx-MVIIC. Prior to recording,
the cells were treated for 10 min with Tyrode’s solution containing 3

�M CTx-GVIA and 10 �M CTx-MVIIC. B: Distribution of R-current
amplitudes at 20 mV. C: Slope conductance of R-channel measured by
plotting current amplitudes at voltages ranging from 10 to 30 mV. D:
Distribution of R-channel open times at 10 mV.
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Our RT-PCR analysis revealed mRNA transcripts for
the �1B, �1C, and �1E subunits, which are the main
components of N-, L-, and R-channels, respectively, as
well as the �1A subunit (P/Q channels). The latter ob-
servation was confirmed in repeat experiments, and
the possibility that it was a result of neuronal contam-
ination of our cultures was excluded by the absence of
the neuronal marker SNAP-25 in the studied samples.
However, no significant P/Q currents were observed in
our electrophysiological experiments. While our study
was in progress, similar results were published by La-
tour et al. (2003), who also found mRNA transcripts for
subunits �1B, �1C, and �1E in cultured astrocytes, as
well as subunits �1D and �1G. Proteins for the corre-
sponding Ca2� channels were also detected in the as-
trocyte cell membranes by Western blot and immuno-
cytochemistry. There was, however, no evidence of
either subunit �1A transcripts or P/Q channel proteins
on the surfaces of the astrocytes. The discrepancies
between these findings and ours, and the lack of agree-
ment between our electrophysiological and molecular
data relative to the P/Q channels, suggest that astro-
cytes are equipped to express all types of VGCCs but
the actual realization of this potential is tailored to
specific physiological conditions by factors that have
yet to be identified.

In conclusion, our demonstration of different types of
HVA Ca2� channels in cultured astrocytes suggests
that Ca2� influx through VGCCs may play a funda-
mental role in producing Ca2� signals in glial cells.
Apart from regulating numerous glial cell functions,
these signals may significantly contribute to the re-
lease of neurotransmitters stored in astrocytes. Astro-
cyte VGCCs are thus likely to play crucial roles in

neuron-glia cross-talk through the modulating effects
on synaptic transmission.
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