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abstract

 

It has been shown that 

 

�

 

 auxiliary subunits increase current amplitude in voltage-dependent calcium
channels. In this study, however, we found a novel inhibitory effect of 

 

�

 

3 subunit on macroscopic Ba

 

2

 

�

 

 currents
through recombinant N- and R-type calcium channels expressed in 

 

Xenopus

 

 oocytes. Overexpressed 

 

�

 

3 (12.5 ng/
cell cRNA) significantly suppressed N- and R-type, but not L-type, calcium channel currents at “physiological”
holding potentials (HPs) of 

 

�

 

60 and 

 

�

 

80 mV. At a HP of 

 

�

 

80 mV, coinjection of various concentrations (0–12.5
ng) of the 

 

�

 

3 with Ca

 

v

 

2.2

 

�

 

1

 

 and 

 

�

 

2

 

�

 

 enhanced the maximum conductance of expressed channels at lower 

 

�

 

3 con-
centrations but at higher concentrations (

 

�

 

2.5 ng/cell) caused a marked inhibition. The 

 

�

 

3-induced current sup-
pression was reversed at a HP of 

 

�

 

120 mV, suggesting that the inhibition was voltage dependent. A high concen-
tration of Ba

 

2

 

�

 

 (40 mM) as a charge carrier also largely diminished the effect of 

 

�

 

3 at 

 

�

 

80 mV. Therefore, experi-
mental conditions (HP, divalent cation concentration, and 

 

�

 

3 subunit concentration) approaching normal
physiological conditions were critical to elucidate the full extent of this novel 

 

�

 

3 effect. Steady-state inactivation
curves revealed that N-type channels exhibited “closed-state” inactivation without 

 

�

 

3, and that 

 

�

 

3 caused an 

 

�

 

40-
mV negative shift of the inactivation, producing a second component with an inactivation midpoint of approxi-
mately 

 

�

 

85 mV. The inactivation of N-type channels in the presence of a high concentration (12.5 ng/cell) of 

 

�

 

3
developed slowly and the time-dependent inactivation curve was best fit by the sum of two exponential functions
with time constants of 14 s and 8.8 min at 

 

�

 

80 mV. Similar “ultra-slow” inactivation was observed for N-type chan-
nels without 

 

�

 

3. Thus, 

 

�

 

3 can have a profound negative regulatory effect on N-type (and also R-type) calcium
channels by causing a hyperpolarizing shift of the inactivation without affecting “ultra-slow” and “closed-state” in-
activation properties.
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I N T R O D U C T I O N

 

Voltage-dependent calcium channels (VDCCs) contrib-
ute to the electrical excitability of neurons and trans-
duce electrical activity into other cellular functions, such
as muscle contraction, pacemaker activity, neurotrans-
mitter release, gene expression, or modulation of mem-
brane excitability (for review see Berridge, 1997). High-
voltage–activated calcium channels are comprised of a
pore-forming 

 

�

 

1

 

 subunit, auxiliary 

 

�

 

 and 

 

�

 

2

 

�

 

 subunits,
and, in some cases, an auxiliary 

 

�

 

 subunit (for review see
Catterall, 2000). Based on 

 

�

 

1

 

 gene similarity, they are di-
vided into two families of L-type (Ca

 

v

 

1.1–1.4) and non-
L-type calcium channels that include P/Q- (Ca

 

v

 

2.1), N-
(Ca

 

v

 

2.2) and R-types (Ca

 

v

 

2.3). Conserved transmem-
brane and pore domains of the 

 

�

 

1

 

 subunits are 

 

�

 

50%
identical between the families and 

 

�

 

80% identical
within a family (see Ertel et al., 2000). VDCC auxiliary 

 

�

 

(Ca

 

v

 

�

 

1–4) and 

 

�

 

2

 

�

 

 (Ca

 

v

 

�

 

2

 

�

 

1–4) subunits associate with
the 

 

�

 

1

 

 functional subunits (for review see Walker and De
Waard, 1998) and affect the biophysical properties of
the 

 

�

 

1

 

 subunits as observed for the auxiliary subunits of
voltage-dependent sodium and potassium channels (for
review see Isom et al., 1994; Trimmer, 1998).

N-type calcium channels (Ca

 

v

 

2.2) were pharmacolog-
ically characterized in chicken dorsal root ganglia neu-
rons (Nowycky et al., 1985) and cloned together with
their splice variants in mammalian central (Snutch et
al., 1990; Dubel et al., 1992; Williams et al., 1992; Cop-
pola et al., 1994; Lin et al., 1997; Kaneko et al., 2002)
and peripheral neurons (Lin et al., 1997). Given that
N-type channels, together with P/Q- and R-types, are
distributed predominantly in presynaptic nerve termi-
nals, they are involved in nerve-evoked release of neu-
rotransmitter (for review see Waterman, 2000; Fisher
and Bourque, 2001). Therefore, modulation of VDCC
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age inactivation; VDCC, voltage-dependent calcium channel.
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currents by altering functional channel expression lev-
els and biophysical properties is critical for regulation
of neurotransmission in the nervous system. In particu-
lar, the amplitude and duration of macroscopic VDCC
current, and hence intracellular Ca

 

2

 

�

 

 concentration
during action potentials, has significant effect on neu-
rotransmitter release as the release is proportional to
[Ca

 

2

 

�

 

]

 

m

 

, where m takes a value from 2.5 to 4 (for re-
view see Wu and Saggau, 1997).

With regard to the modulation of VDCC currents,
both 

 

�

 

 and 

 

�

 

2

 

�

 

 subunits have been shown primarily to
increase macroscopic current amplitude (Mori et al.,
1991; Neely et al., 1993; Wakamori et al., 1993; Jones et
al., 1998; Klugbauer et al., 1999). Coexpression of 

 

�

 

subunits enhanced the level of channel expression in
the plasma membrane (Williams et al., 1992; Brust et
al., 1993) by chaperoning the translocation of 

 

�

 

1

 

 sub-
units (Chien et al., 1995; Yamaguchi et al., 1998; Gao et
al., 1999; Gerster et al., 1999) from ER where 

 

�

 

 sub-
units antagonize the binding between 

 

�

 

1

 

 and an ER re-
tention protein (Bichet et al., 2000). In addition, 

 

�

 

 sub-
units also increased channel open probability without
affecting single-channel conductance (Neely et al.,
1993; Wakamori et al., 1993, 1999; Jones et al., 1998;
Gerster et al., 1999; Hohaus et al., 2000). A hyperpolar-
izing shift of I-V relationships by 

 

�

 

 subunits (Neely et
al., 1993; Yamaguchi et al., 1998) also partially contrib-
utes to an increase in macroscopic current amplitude.
The 

 

�

 

 subunit has been shown to interact with 

 

�

 

1

 

 sub-
unit interaction domain (AID) in the cytoplasmic I-II
linker of 

 

�

 

1

 

 subunit (Pragnell et al., 1994; Witcher et
al., 1995), and all four 

 

�

 

 subunits interacted with AID
of Ca

 

v

 

2.2

 

�

 

1

 

 in vitro with high affinity (K

 

d

 

 of 

 

�

 

5 nM;
Scott et al., 1996). The interaction between 

 

�

 

1

 

 and 

 

�

 

subunits through AID plays a critical role in channel
trafficking from the ER to plasma membrane (Gerster
et al., 1999) and therefore VDCC current potentiation
by 

 

�

 

 subunits (Pragnell et al., 1994; De Waard et al.,
1995). On the other hand, coexpression of 

 

�

 

2

 

�

 

 sub-
units, like 

 

�

 

 subunits, augmented ligand binding (B

 

max

 

)
and 

 

�

 

1

 

 protein expression levels in the plasma mem-
brane (Williams et al., 1992; Brust et al., 1993; Shistik et
al., 1995) without increasing channel open probability
and single-channel conductance (Bangalore et al., 1996;
Jones et al., 1998; Wakamori et al., 1999) or shifting ac-
tivation in a hyperpolarizing direction (Qin et al., 1998;
Wakamori et al., 1999; Gao et al., 2000). The mecha-
nism underlying 

 

�

 

2

 

�

 

-induced potentiation of 

 

�

 

1

 

 expres-
sion appears to be different from that of 

 

�

 

 subunits. A
domain of 

 

�

 

2

 

�

 

, which interacts with 

 

�

 

1

 

 subunit, was pro-
posed to be located in an extracellular region (Gurnett
et al., 1997), and therefore it is unlikely that 

 

�

 

2

 

�

 

 sub-
units antagonize an interaction between an ER reten-
tion protein and an intracellular AID of 

 

�

 

1

 

 subunits.
Furthermore, lack of evidence for the 

 

�

 

2

 

�

 

-induced 

 

�

 

1

 

subunit trafficking was shown using an immunohis-
tochemical technique (Gao et al., 1999).

In contrast to VDCC current potentiation by auxiliary
subunit, VDCCs are well known to be negatively regu-
lated by G protein 

 

��

 

 subunits (for review see Zam-
poni, 2001) and this effect is modulated by calcium
channel 

 

�

 

 subunits (Canti et al., 2000; Feng et al.,
2001). Furthermore, syntaxin 1A, a key synaptic pro-
tein participating in neurotransmitter release, exerted
an inhibitory effect on N- and Q-type calcium channels,
thereby probably preventing Ca

 

2

 

�

 

 overload or excessive
neurotransmitter release (Bezprozvanny et al., 1995;
Degtiar et al., 2000). Although VDCC auxiliary subunits
positively regulate neurotransmitter release by enhanc-
ing neuronal (N-, P/Q- and R-type) calcium channel
currents, there is less evidence for auxiliary subunit-in-
duced negative regulation of these channels. Patil et al.
(1998) have found pronounced channel inactivation
during a train of action potential-like waveforms com-
pared with a single square pulse for N-, P/Q- and
R-type channels, and this was dependent on 

 

�

 

 subunit
isoforms. In the present study, we characterize previ-
ously overlooked large negative regulatory effect of
high levels of the 

 

�

 

3 subunit on macroscopic currents
carried by N- and R-type calcium channels. A prelimi-
nary report of these results, in part, has been presented
in an abstract form (Yasuda et al., 2002).

 

M A T E R I A L S  A N D  M E T H O D S

Complimentary RNA Synthesis and Transient Expression 
in Oocytes

Capped RNA transcripts encoding full-length VDCC pore-form-
ing and auxiliary subunits, namely: �1, rat Cav2.2�1 (former
name �1B) and rabbit Cav1.2�1 (�1C); �, rat �3 and Xenopus �3xo;
and �2�, rabbit �2�1, were synthesized using the mMessage mMa-
chine in vitro transcription kit (Ambion). Stage V-VI oocytes
were removed from anesthetized female Xenopus laevis and
treated for 2-3 h with 2.5 mg/ml collagenase (Type I; Sigma-
Aldrich) for defolliculation. The oocytes were then injected with
either an �1 subunit alone, or in combination with an �2� and/or
a � subunit. Except for rat Cav2.3�1 (�1E), of which cDNA was in-
jected intranuclearly at a volume of 9.4 nl, 50 nl of cRNA mix-
tures were injected into the oocytes using an automatic microin-
jector (Drummond). The injected cells were incubated at 18	C
in a ND96 solution (in mM): 96 NaCl, 2 KCl, 1 CaCl2, 1 MgCl2, 5
HEPES, 5 pyruvic acid, and 50 
g/ml gentamicin, pH 7.5, before
recording.

Electrophysiological Recordings

3–8 d after the cRNA/cDNA injection, whole-cell calcium chan-
nel currents were recorded from the oocytes using the two-
electrode voltage-clamp technique with Axon GeneClamp500B
(Axon Instruments, Inc.). Voltage-recording and current-passing
microelectrodes were filled with 3 M KCl and typically had resis-
tances of 0.5–1.5 M� and 0.3–0.7 M�, respectively. Ionic currents
were often of the order of several microamperes in amplitude,
which resulted in a significant voltage error due to a voltage drop
across resistance of a ground electrode. To minimize this error,
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an independent two-electrode virtual-ground circuit with a 3 M
KCl agar bridge was used. Unless stated otherwise, all recordings
were made with a bath solution containing 5 mM Ba2� as a
charge carrier of which composition was (in mM): 5 BaCl2, 85 tet-
raethylammonium hydroxide (TEAOH), 5 KCl, 5 HEPES, ti-
trated to pH 7.4 with methansulfonic acid. When 5 mM CaCl2

was substituted for 5 mM BaCl2, other components of the bath
solution remained the same. When 40 mM BaCl2 was used,
TEAOH was reduced to 42.5 mM. Oocytes were perfused contin-
uously at a rate of �1.5 ml/min at room temperature (�22	C).
Activation of Cl� currents was eliminated by injecting 25–50 nl of
50 mM 1,2-bis(o-aminophenoxy)ethane-N,N,N�,N�-tetraacetate
(BAPTA) at least 15 min before recording. Most oocytes exhib-
ited considerable run-down or run-up at the beginning of record-
ing and experiment did not commence until fluctuation of peak
currents with repeated depolarizing pulses reduced to less than
2% within a 1-min period. During the study of inactivation ki-
netics, if oocytes exhibited �120% recovery from inactivation,
experiments were repeated using the same oocytes.

Using pCLAMP 8 software (Axon Instruments, Inc.), mem-
brane currents were acquired at 10 kHz after a low-pass filter at 1
kHz and an on-line leak-subtraction with a -P/4 pulse protocol.
I-V relationships were obtained by step depolarization from �80

to �50 mV in 10-mV increments, from holding potentials (HPs)
of either �80 or �120 mV, with a 4-min interval between I-V
curves obtained at each HP. For steady-state inactivation, unless
stated otherwise, the HP was changed from �120 to 0 mV in 5- or
10-mV increments, with each HP maintained for 3 min before
each test pulse. Steady-state inactivation curves were derived
from peak currents elicited by a test pulse to 0 mV given at the
end of each HP. Normalized currents were calculated by dividing
each peak current by that observed at a HP of �120 mV.

Data Analysis

Data were analyzed using Prism 3.0 (GraphPad). Each I-V rela-
tionship was fitted with smooth curves derived from a Boltzmann
equation: I � Gmax(Vt � Erev)/{1 � exp[(V1/2, act � Vt)/kact]},
where Gmax is the maximum conductance, Vt is the test potential,
Erev is the apparent reversal potential, V1/2, act is the midpoint of
activation, and kact is the slope factor. Ratios of Gmax (Gmax at a HP
of �120 mV/Gmax at a HP of �80 mV) were calculated as an
index of voltage-dependent inhibition. For steady-state inac-
tivation, each data was fitted by a single Boltzmann equation:
I/I�120 � 1/[1 � exp((V1/2, inact � Vt)/kinact)], where V1/2, inact is
the midpoint of inactivation, kinact is the slope factor, and I�120 is

Figure 1. The �3 subunit markedly suppressed the current amplitude of N-type (Cav2.2; A and B) and R-type (Cav2.3; C and D), but not
L-type (Cav1.2; E and F) calcium channels at physiological HPs in Xenopus oocytes. For N- and R-type channels, cells were injected with
cRNAs (cDNA for Cav2.3�1) encoding either Cav2.2�1 (2.5 ng/cell) or Cav2.3�1 (4.5 ng/cell) and �2�1 (2.5 ng/cell) in combination with
�3 (1.25, 2.5, or 12.5 ng/cell). Cells expressed L-type channels were injected with cRNA encoding Cav1.2�1 (5 ng/cell) and �2�1 (12.5 ng/
cell) in combination with �3 (5 or 25 ng /cell). Currents were evoked by a brief depolarization to 0 mV from HPs of �60 and �80 mV. (A,
C, and E) Superimposed current traces of whole cell Ba2� currents through the calcium channels. Bars, 0.5 
A and 50 ms. Residual capac-
itance transients after leak subtraction have been erased. (B, D, and F) Summary of the effects of the �3 subunit on the peak currents of N-
(n � 9), R- (n � 7), and L-type (n � 4) calcium channels. Data are indicated as mean  SE. Asterisks denote significant difference be-
tween any two groups in each set of experiments (**P � 0.01; one-way ANOVA with Bonferroni’s multiple comparison test for B and D
and unpaired t-test for F).
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the control current amplitude at HP of �120 mV, or a dual Boltz-
mann equation: I/I�120 � ILVI{1/[1 � exp((V1/2, inact LVI � Vt)/
kLVI)]} � IHVI{1/[1 � exp((V1/2, inact HVI � Vt)/kHVI)]}, where LVI
and HVI are low- and high-voltage inactivation, respectively, and
ILVI and IHVI are the normalized current amplitudes (ILVI � IHVI � 1).
Unless stated otherwise, the goodness-of-fit of both equations was
compared with F-test to achieve best fit.

Complimentary DNA Clones of Ca2� Channel Subunits

The Cav2.2�1 (the central nerve splice variant �1B-d) and �3
cDNAs were provided by Dr. D. Lipscombe (Brown University,
Providence, RI); Cav1.2�1 and Cav2.3�1 cDNAs were provided by
Dr. G. Zamponi (University of Calgary, Calgary, AL); �2�1 cDNA
was provided by Dr. F. Hofmann and Dr. N. Klugbauer (Tech-
nische Universität München, Germany); and Xenopus �3xo cDNA
was provided by Dr. L. Birnbaumer (UCLA, Los Angeles, CA).

R E S U L T S

Suppression of N- (Cav2.2) and R-type (Cav2.3) Calcium 
Channel Currents by �3 Subunit

Xenopus oocytes coinjected with 2.5 ng/cell of Cav2.2�1

and �2� and 1.25 ng/cell of �3, produced robust Ba2�

currents through open N-type calcium channels in re-
sponse to a step depolarization to 0 mV from HPs of
�60 and �80 mV (Fig. 1 A). The peak current ampli-
tude was significantly reduced and inactivation kinetics
slowed in a concentration-dependent manner by in-
creasing concentrations of �3 (Fig. 1, A and B). The ef-
fect was more pronounced at the more positive HP of

Figure 2. The �3 subunit caused a biphasic effect on N-type calcium channels at a physiological HP. Oocytes were injected with cRNAs
encoding Cav2.2�1 (2.5 ng/cell) and �2�1 (2.5 ng/cell) in combination with various concentrations of �3 (0, 0.5, 1.25, 2.5, 5, or 12.5 ng/
cell). (A) Examples of whole cell Ba2� currents at HPs of �80 mV (left) and �120 mV (right). (B) Corresponding I-V relationships for
peak Ba2� currents at HPs of �80 (open circle) and �120 mV (closed circle). Activation midpoints (V1/2, act at the HPs of �80 and �120
mV) calculated from the Boltzmann fitting are: �3 0 ng, �2.7 and �3.0 mV; 0.5 ng, �3.4 and �5.8 mV; 1.25 ng, �4.1 and �8.5 mV; 2.5
ng, �5.9 and �12.4 mV; 5.0 ng, �6.8 and �13.3 mV; 12.5 ng, �10.7 and �14.7 mV, respectively. (C) Effects of the �3 subunit on the
maximum conductance (Gmax) at the HPs of �80 (open column) and �120 mV (closed column) and the Gmax ratio (hatched column).
Data are indicated as mean  SE (n � 11–12 from two frogs). Asterisks denote significant difference versus the control group without �3
(***P � 0.001; one-way ANOVA with Dunnett’s multiple comparison test).
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�60 mV, where an 80% reduction in peak current am-
plitude was observed with injection of 12.5 ng �3. Al-
though a similar �3-induced inhibitory effect was ob-
served on R-type (Cav2.3) calcium channels, it was less
pronounced than for N-type channels (Fig. 1, C and
D). In contrast, injection of 25 ng �3 subunit markedly
enhanced L-type (Cav1.2) calcium channel currents at
both HPs (Fig. 1, E and F).

�3 Subunits Showed Biphasic Effects on N-type Calcium 
Channel Activation

Various concentrations of �3 subunit mRNA (0–12.5
ng/cell) were coinjected with Cav2.2�1 and �2� sub-
units. As shown in Fig. 2, at a HP of �80 mV, �3 subunit
exhibited a biphasic, bell-shaped effect on both peak
amplitude of I-V curves and the maximum conduc-
tance (Gmax); that is, concentration-dependent en-
hancement at low concentrations (0–1.25 ng) and inhi-
bition at high concentrations (2.5–12.5 ng). Gmax was
increased to a maximum by 1.25 ng �3 and was 1.7-fold
higher than that of the control group in which N-type
calcium channels were expressed without �3. The peak
Gmax observed with 1.25 ng �3 was reduced by 74% in
the presence of 12.5 ng �3, which corresponds to 56%
inhibition compared with the control group (Fig. 2 C).

To determine whether this inhibition by �3 may be at-
tributed to voltage-dependent channel inactivation or
other voltage-independent mechanisms such as inhibi-
tion of functional channel expression, the oocyte was
held at �120 mV to remove voltage-dependent inacti-
vation. At a HP of �120 mV, �3 enhanced the calcium
channel current in a concentration-dependent man-
ner, and the maximum current (2.8-fold enhancement
compared with the control group) was obtained with 5
ng �3. This result suggests that the inhibitory effect of
�3 observed at �80 mV was due to voltage-dependent
channel inactivation. The difference in concentration-
dependence observed for Gmax at �120 mV compared
with that for Gmax ratio suggests that two distinct mecha-
nisms may underlie the effect of �3 subunit (Fig. 2 C).

Effect of �3 on Steady-state Inactivation

Since the �3-induced current inhibition is voltage de-
pendent, it was of interest to investigate the effects of
the various concentrations of �3 on steady-state channel
inactivation. To examine steady-state inactivation, oo-
cytes were held at each HP for 3 min instead of brief
conditioning pulses of 5�30 s. The �3 subunit pro-
duced a concentration-dependent leftward shift of the
inactivation curve (Fig. 3 A). Significantly, the shift was

Figure 3. The �3-induced
hyperpolarizing shift of
the steady-state inactivation
curves of N-type calcium
channels is attributed to
change in the proportion of
two components of the
curves. Oocytes were injected
with cRNAs as shown in Fig.
2. (A) Steady-state inactiva-
tion for HPs of 3-min dura-
tion. Data are indicated as
mean  SE (n � 7–15 from
3–7 frogs for each group).
Note that HPs of 3 min did
not induce maximal inactiva-
tion and therefore reflect
“pseudo-steady-state” inactiva-
tion (compare Fig. 8). (B) Ef-
fects of the �3 subunit on in-
activation midpoints (V1/2,

inact) of LVI (open circle) and
HVI (open triangle) and the
proportion of LVI (%LVI;
closed column). Plotted data
were derived from the curve
fitting in panel A and shown
as mean  SE. (C) Differ-
ence in concentration depen-
dency of the �3-induced en-

hancement of Gmax and increase in the %LVI. Plotted data were derived from B and Fig. 2 C for %LVI and Gmax at a HP of �120 mV, re-
spectively. Data were normalized by dividing each value by the maximum value and are expressed as mean  SE. (D) No or little overlap of
activation and inactivation curves seen in the presence or absence of �3. Plotted data were derived from panel A and Fig. 2 B.
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not a gradual parallel leftward shift of inactivation
curves but instead the inactivation curve exhibited two
components with different midpoints (V1/2, inact) of ap-
proximately �85 and �45 mV (Fig. 3 B). These compo-
nents were termed low-voltage inactivation (LVI) and
high-voltage inactivation (HVI), respectively. The V1/2,

inact of LVI and HVI were not significantly altered by �3
concentration, indicating that the �3-induced hyperpo-
larizing shift of the inactivation curve was caused by ei-
ther an increase in the proportion of the LVI (%LVI) or
a decrease in %HVI (Fig. 3 B). This result is consistent
with that reported previously for N-type calcium chan-
nels expressed in oocytes (Canti et al., 2001), where the
existence of two components in inactivation with V1/2,

inact of approximately �70 and �40 mV was demonstrated
with intranuclear injection of various concentrations of
�3 cDNA. The more positive V1/2, inact reported in their
study may be due to a shorter prepulse of 25 s. The �3-
concentration dependence of Gmax and %LVI were com-
pared (Fig. 3 C). The EC50 value for %LVI (1.91 ng) was
significantly different from that obtained for Gmax (0.91
ng). The result likely explains the biphasic response of
Gmax at a HP of �80 mV seen in Fig. 2 C. Subsequent ki-
netic experiments revealed that HPs of 3 min were of in-
sufficient duration to induce maximal inactivation (see
Fig. 8) and therefore more accurately reflect “pseudo-
steady-state” inactivation.

Xenopus oocytes express an endogenous calcium chan-
nel �3 (�3xo) subunit, and the expression of calcium
channel �1 subunit alone (Cav1.2, 2.2 or 2.3�1) in oo-
cytes has been shown to be blocked by antisense injec-
tion for �3xo (Tareilus et al., 1997; Canti et al., 2001).
Therefore, it is possible that the Cav2.2�1 subunit could
interact with the endogenous �3xo, especially when ex-
pressed without heterologous rat �3. If this is the case,
the two different V1/2, inact observed could arise from
different �3 subunits combining with the �1 subunit
such that HVI and LVI might originate from N-type
calcium channels composed of Cav2.2�1/�3xo/�2�
and Cav2.2�1/�3/�2�, respectively. This hypothesis was
tested by coexpressing various concentrations of �3xo
with Cav2.2�1 and �2�. Similar to the rat �3, exogenous
�3xo not only enhanced the N-type channel current
amplitude at the HP of �120 mV (9.0-fold increase in
Gmax), but also caused a leftward shift of the inactivation
curve (Fig. 4). The maximum increase in Gmax (9.0-fold)
caused by �3xo (Fig. 4 B) was much more pronounced
than that (2.8-fold) by rat �3 (Fig. 2 C), although amino
acid sequences for �3 exhibit a high similarity (Tareilus
et al., 1997). Importantly, the �3xo-induced leftward
shift of inactivation is inconsistent with the idea that the
rat �3-induced leftward shift of the inactivation curve
was dependent on the presence of �3xo. Thus, the two
components of inactivation curves may be due to two
different forms of the N-type calcium channel caused by

interactions with different levels of coexpressed �3 sub-
unit. Although, at a HP of �80 mV, �3 at higher con-
centrations inhibited Gmax, resulting in a biphasic effect
(Fig. 2 C); �3xo simply enhanced channel Gmax in a con-
centration-dependent manner (Fig. 4 B). This could be
attributed to the difference in V1/2, inact of LVI obtained
with �3 and �3xo which are approximately �85 and
�70 mV, respectively.

There was minimal overlap between activation and
inactivation curves with or without �3 as shown in Fig. 3
D, indicating that this voltage-dependent inactivation
occurs during the “closed-state” of N-type channels. Al-
though �3 caused hyperpolarizing shift of both activa-

Figure 4. The oocyte �3 (�3xo) subunit injected exogenously
with N-type calcium channels modified channel properties similar
to that observed for the rat �3 subunit. Oocytes were injected with
cRNAs encoding Cav2.2�1 (2.5 ng/cell) and �2� (2.5 ng/cell) sub-
units in combination with various concentrations of �3xo subunit
(0, 0.1, 0.5, or 2.5 ng/cell). (A) I-V relationships for peak Ba2� cur-
rents at HPs of �80 (open circle) and �120 mV (closed circle).
(B) Effects of the �3xo subunit on the maximum conductance
(Gmax) at HPs of �80 mV (open column) and �120 mV (closed
column) and Gmax ratio (hatched column). (C) The �3xo caused a
leftward shift of the steady-state inactivation curve. Inactivation
midpoints (V1/2, inact) were as follows: �3xo 0 ng (LVI and HVI),
�72.6 and �45.5 mV; 0.5 ng, �74.7 and �42.1 mV; 2.5 ng, �75.4
and �40.0 mV. Proportions of LVI were as follows: �3xo 0 ng,
7.6%; 0.5 ng, 55.7%; 2.5 ng, 96.0%. Data are indicated as mean 
SE (A and B, n � 5 from 1 frog; C, n � 5–6 from 2–3 frogs). Aster-
isks denote significant difference versus the control group without
�3 (*P � 0.05, ***P � 0.001).
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tion and inactivation curves, the effect on inactivation
was more pronounced than on activation.

The �2� Subunit Is Not Involved in the Down-regulation of
N-type Calcium Channels

In the absence of �2�, �3 caused a biphasic response
and a hyperpolarizing shift of inactivation also ob-
served in the presence of �2� (Fig. 5). This result indi-

cates that the �3 subunit does not require the �2� sub-
unit for its effects. Higher concentrations of �3 (5 and
12.5 ng) inhibited Gmax even at a holding potential of
�120 mV (Fig. 5 B). The underlying mechanism of this
additional channel inhibition is unknown. To deter-
mine whether the inactivation is voltage dependent,
further investigation with more negative HPs may be
warranted, but it is unlikely to be attributed to competi-

Figure 5. The �2� subunit was not es-
sential for the �3 subunit–induced inhi-
bition of the N-type calcium channels.
Oocytes were injected with cRNAs en-
coding Cav2.2�1 (2.5 ng/cell) in combi-
nation with various concentrations of
�3. (A) I-V relationships for the peak
Ba2� currents at HPs of �80 (open cir-
cle) and �120 mV (closed circle). (B)
Effects of the �3 subunit on the Gmax at
different HPs. Gmax ratio (hatched col-
umn) was derived from Gmax at �80
(open column) and �120 mV (closed
column). (C) Effect of the �3 subunit
on steady-state inactivation. Inactivation
midpoints (V1/2, inact) were calculated as
follows: �3 0 ng (LVI and HVI), �66.7
and �49.8 mV; 2.5 ng, �84.2 and
�48.6 mV; 12.5 ng, �85.7 and �44.3
mV. Proportions of LVI were as follows:
�3 0 ng, 11.0%; 2.5 ng, 54.0%; 12.5 ng,
94.2%. Data are indicated as mean 
SE (A and B, n � 11 from 2 frogs; C,
n � 4–8 from 2–4 frogs). Asterisks denote
significant difference versus the control
group without �3 (***P � 0.001).

Figure 6. The �2� subunit markedly
enhanced Gmax of the N-type calcium
channels but had little or no effect on
Gmax ratio. Oocytes were injected with
cRNAs encoding Cav2.2�1 (2.5 ng/cell)
in combination with �2� (0, 2.5, or 12.5
ng/cell) in the presence (A and B) or
absence (C and D) of the �3 subunit
(2.5 ng/cell). (A and C) I-V relation-
ships for the peak Ba2� currents at HPs
of �80 mV (open circle) and �120 mV
(closed circle). (B and D) Effects of the
�2� subunit on Gmax at HPs of �80
(open column) and �120 mV (closed
column) and Gmax ratio (hatched col-
umn). Data are indicated as mean  SE
(A and B, n � 5–6; C and D, n � 6 from
1 frog each). Asterisks denote signifi-
cant difference versus the control
group without �3 (*P � 0.05, **P �
0.01, ***P � 0.001).
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tion of RNA translation or toxicity produced by
high levels of RNA because the same concentration
of �3 did not exhibit this effect in the presence of �2�
(Fig. 3).

Like the � subunits, �2� is also known to enhance
VDCC currents (Klugbauer et al., 1999). To confirm
whether �2� exhibits a biphasic effect on the calcium
channel current due to a voltage-dependent inactiva-
tion, the effects of �2� on Gmax and Gmax ratio were ex-
amined. In the presence of �3 (2.5 ng), �2� enhanced
the current by 4.1-fold at �80 mV, but had no signifi-
cant effect on the Gmax ratio (Fig. 6, A and B). A similar
result was obtained in the absence of �3, where �2� en-
hanced currents by 3.5-fold at �80 mV but did not
change the Gmax ratio (Fig. 6, C and D). In contrast to
the �3 subunit, the �2� subunit enhanced N-type cal-
cium channel current amplitude without a significant
negative regulatory effect.

Effects of �3 Subunit on R- and L-type Calcium Channels

Analogous to the effect on N-type calcium channels, �3
exhibited a biphasic response in Gmax (Fig. 7, A and B)
of R-type calcium channels at a HP of �80 mV. In com-
parison with a control group without the �3 subunit,
�3 at 0.5 and 2.5 ng increased Gmax slightly and de-
creased it at a higher concentration of 12.5 ng, which is
in agreement with the data shown in Fig. 1, C and D. At
a HP of �120 mV, �3 enhanced Gmax in a concentra-
tion-dependent manner although the enhancement
(1.8-fold compared with control) was less pronounced
than that observed for N-type channels (2.8-fold). Con-
comitant with increase in the Gmax ratio (Fig. 7 B), the
inactivation of R-type channels was shifted negatively by
�3 with V1/2, inact for LVI and HVI of approximately �85
and �60 mV, respectively (Fig. 7 C). In contrast, �3
caused only an increase in Gmax of L-type channels at
both HPs of �80 and �120 mV without any suppres-
sion of Gmax or a significant change in Gmax ratio (Fig. 7,
D and E). Furthermore, �3 did not cause a leftward
shift of inactivation but rather a slight rightward shift
(Fig. 7 F). Thus, the biphasic effect of �3 is not general
feature of all types of high-voltage activated calcium
channels.

Kinetics of the Closed-state Inactivation of N- and R-type 
Calcium Channels

The closed-state inactivation kinetics of N- and R-type
calcium channels was examined in the presence and
absence of �3 subunit. Closed-state inactivation was in-
duced by altering the HP, as indicated in Fig. 8, A–D,
and channel activity was assessed using brief depolariza-
tions at 20-s intervals from each HP. For inactivation ki-
netics, the HP was shifted from a voltage at which chan-
nels were not inactivated to that of approximately V1/2,

inact without eliciting channel activation (see Figs. 3 A

Figure 7. Effects of the �3 subunit on R- (A–C) and L- (D–F)
type calcium channels. For R-type channels, oocytes were injected
with cRNA (cDNA for �1) encoding Cav2.3�1 (4.5 ng/cell) and �2�
(2.5 ng/cell) in combination with various concentrations of �3 (0,
0.5, 2.5 or 12.5 ng/cell). Cells expressing L-type channels were in-
jected with cRNA encoding Cav1.2�1 (5 ng/cell), �2� (12.5 ng/
cell), and �3 (0, 5, or 25 ng/cell). (A and D) I-V relationships for
the peak Ba2� currents at HPs of �80 mV (open circle) and �120
mV (closed circle). (B and E) Effects of the �3 subunit on Gmax at
different HPs. Gmax ratio (hatched column) was calculated from
Gmax at �80 (open column) and �120 mV (closed column). (C
and F) Effect of the �3 subunit on steady-state inactivation. Inacti-
vation midpoints (V1/2, inact) were as follows: R-type/�3 0 ng (LVI
and HVI), �94.7 and �63.3 mV; 2.5 ng, �89.5 and �64.7 mV;
12.5 ng, �86.5 and �58.5 mV; L-type/�3 0 ng (LVI and HVI),
�65.3 and �35.0 mV; 5 ng, �67.1 and �32.8 mV; 25 ng, �64.2
and �33.0 mV. Proportion of LVI was as follows: R-type/�3 0 ng,
10.6%; 2.5 ng, 28.3%; 12.5 ng, 90.8%; L-type/�3 0 ng, 38.8%; 5 ng,
31.9%; 25 ng, 28.7%. Data are indicated as mean  SE (A and B,
n � 8 from 2 frogs; C, n � 4–7 from 2 frogs; D and E, n � 5 from 1
frog; F, n � 4 from 1 frog). Asterisks denote significant difference
versus the control group without �3 (*P � 0.05, ***P � 0.001).
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channel inactivation (Fig. 8 A). The closed-state inacti-
vation in the presence of a high concentration (12.5
ng) of �3 developed slowly and the time-dependent in-

Figure 8. Slow kinetics of the closed-state inactivation of N- and R-type calcium channels. Oocytes were injected with cRNAs (cDNA for
Cav2.3�1) encoding either Cav2.2�1 (2.5 ng/cell) or Cav2.3�1 (4.5 ng/cell) and �2� (2.5 ng/cell) in the absence or presence of �3 (12.5
ng/cell). The kinetics of the inactivation and the recovery from the inactivation were investigated by altering HPs as indicated in each
panel (A–D). Kinetic curves were derived from peak currents elicited by repetitive test pulses (100 ms) to 0 mV every 20 s as shown in the
top. (A and B) Inactivation kinetics of N-type calcium channels. Cav2.2�1 with (A) or without �3 (B) corresponds to LVI or HVI of the
steady-state inactivation curve of N-type channels, respectively (see Fig. 3 A). Closed diamonds in A are inactivation kinetics when channel
activity was tested every 10 min instead of at 20-s intervals (n � 4). Inserts in B are control experiments indicating stable channel activity
during a whole experiment (n � 8). (C and D) Inactivation kinetics of R-type calcium channels. Cav2.3�1 with (C) or without �3 (D) cor-
responds to LVI or HVI of the steady-state inactivation curve of R-type channels, respectively (see Fig. 7 C). All the inactivation and recov-
ery kinetic curves were fitted statistically better to a two-phase exponential than to a mono exponential function (F-test). (E) Time con-
stants (�) and corresponding fractions for the kinetics of inactivation and recovery from the inactivation. F and S indicate a fast and a slow
component, respectively. Data are indicated as mean  SE (n � 4–6 from 2 frogs). (F) Steady-state inactivation with 30-min HPs. Broken
lines show inactivation curves obtained with 3-min HPs for comparison (see Fig. 3 A). Each data point was obtained from individual oo-
cytes and represents mean  SE (n � 4–5 from 2–3 frogs).

and 7 C). For example, oocytes expressing N-type chan-
nels with 12.5 ng �3 were held at �120 mV for 3 min
and then the HP was changed to �80 mV to induce
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ence in V1/2, inact with or without �3 was 41.9 mV with 5
mM Ca2� and 38.1 mV with 5 mM Ba2�. In contrast, 40
mM Ba2� obscured the �3 effect by reducing the Gmax

ratio to 1.6 and shifting V1/2, inact to �62.0 mV, which is
�20 mV more positive than for 5 mM Ba2� (Fig. 9) and
the difference in V1/2, inact with or without �3 was more
than 10 mV smaller than for the others. Therefore, the
�3 subunit induced a negative shift in “closed-state” in-
activation with 5 mM Ba2� and was substantially un-
changed with 5 mM Ca2�, whereas a higher concentra-
tion of Ba2� masked the �3 effect. The slight positive
shift of V1/2, act and V1/2, inact with 5 mM Ca2� compared
with 5 mM Ba2� may be due to the binding of Ca2� to
surface charged groups and/or a “specific regulatory
site” (Zamponi and Snutch, 1996) in addition to

activation curve was best fit by the sum of two exponen-
tial functions with time constants (�) of 14 s and 8.8
min (Fig. 8, A and E). Test pulses with longer intervals
of 10 min did not alter the kinetics (Fig. 8 A, closed dia-
monds), suggesting there is no accumulated inactiva-
tion caused by repetitive depolarization. The recovery
from the inactivation was similarly very slow with time
constants of 29 s and 21.8 min (Fig. 8, A and E). Similar
slow kinetics for the onset and recovery from inactiva-
tion were observed for N-type channels expressed with-
out �3 (Fig. 8, B and E). N-type channels expressed
with or without the high concentration (12.5 ng) of �3
mainly exhibit LVI or HVI, respectively (see Fig. 3 B),
and therefore the very slow closed-state inactivation ob-
served independent of �3 is a common property of two
different states or compositions (LVI and HVI) of
N-type channels. Thus, each inactivation component, LVI
or HVI, has been shown to represent the net effect of a
kinetically complex inactivation process with at least
two exponential components. In other words, �3 sim-
ply shifts the voltage dependence of the closed-state in-
activation in a hyperpolarizing direction and does not
substantially affect the inactivation kinetics. Similar re-
sults were obtained for R-type calcium channels (Fig. 8,
C–E). Although inactivation kinetics of R-type channels
were faster than for N-type channels, the time constant
of the slow component was still in the order of minutes.

Considering the extremely slow kinetics of N-type
channels, the steady-state inactivation was reexamined
with longer duration HPs of 30 min. As predicted from
the kinetics results, the longer HPs caused a significant
negative shift of inactivation curves, and the V1/2, inact

for HVI without �3 or LVI with 12.5 ng �3 calculated
using single Boltzmann fitting were �54.4 or �93.5
mV, respectively (Fig. 8 F).

Effect of Divalent Cations on Voltage-dependent Inactivation 
of N-type Calcium Channels

It is well known that different species and concentra-
tion of divalent cations can affect the voltage depen-
dence of ion channel gating (for review see Hille,
2001). To determine whether the �3-induced current
suppression is observed with the physiological divalent
ion, Ca2�, the biophysical properties of N-type channels
expressed in the absence and presence of �3 (12.5 ng/
cell) were examined with 5 mM Ca2� as a charge car-
rier. Although Gmax was reduced by half with 5 mM Ca2�

compared with that obtained with 5 mM Ba2� in the
presence of �3, the Gmax ratio of 5.1 obtained with 5
mM Ca2� was close to that of 6.4 obtained with 5 mM
Ba2� (Fig. 9, A and B). The comparable Gmax ratios
were attributed to similar V1/2, inact of �81.0 and �85.4
mV with 5 mM Ca2� and 5 mM Ba2�, respectively (Fig. 9
C). The �3-induced negative shifts in inactivation un-
der both conditions were also comparable as the differ-

Figure 9. Effects of different charge carriers (divalent cations)
on the �3 subunit-induced inactivation of N-type calcium chan-
nels. Oocytes were injected with cRNAs encoding Cav2.2�1 (2.5
ng/cell), �2� (2.5 ng/cell) and �3 (12.5 ng/cell). Recording was
performed with a bath solution containing 5 or 40 mM Ba2�, or 5
mM Ca2� as the charge carrier. (A) I-V relationships for the peak
divalent cation currents at HPs of �80 (open circle) and �120 mV
(closed circle). (B) Effects of the different charge carriers on Gmax

at HPs of �80 (open column) and �120 mV (closed column) and
Gmax ratio (hatched column). (C) Effects of the different charge
carriers on steady-state inactivation. For simple comparison, inacti-
vation midpoints (V1/2, inact) obtained with and without �3 were de-
rived from a single Boltzmann equation: 5 mM Ba2� (��3 and
��3), �47.3 and �85.4 mV; 5 mM Ca2�, �39.1 and �81.0 mV; 40
mM Ba2�, �35.5 and �62.0 mV. Data are indicated as mean  SE
(A and B, n � 7 from 2 frogs; C, n � 5–6 from 2–4 frogs).
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charge screening, whereas Ba2� only possesses a charge
screening ability (see Hille, 2001).

D I S C U S S I O N

In this study, we investigated the effect of �3 subunit on
macroscopic current amplitude of N-, R-, and L-type
calcium channels expressed in Xenopus oocytes. The �3
subunit, like other � subunits, has been shown to in-
crease current amplitude by 2–30-fold in P/Q- (De
Waard and Campbell, 1995; Sandoz et al., 2001), N-
(Lin et al., 1997; Stephens et al., 2000; Canti et al.,
2001), R- (Jones et al., 1998), and L-type (Castellano et
al., 1993; Yamaguchi et al., 1998; Gerster et al., 1999;
Xu and Lipscombe, 2001) calcium channels. Similarly,
we found that Ba2� currents through L-type channels
were markedly enhanced by �3. In contrast, high �3
levels were found to significantly suppress N- and
R-type channel currents at HPs of �60 and �80 mV
(see Table I). This effect was most prominent using re-
cording protocols referring to physiological conditions.

The Effect of �3 under More “Physiological” Conditions

Since N- and R-type calcium channels are predomi-
nantly expressed in central and peripheral neurons
(for reviews, see Wu and Saggau, 1997; Waterman,
2000) where the resting membrane potential varies
from �55 to �80 mV (e.g., Adams and Harper, 1995;
Shimizu et al., 1996; Fujimura et al., 1997; Hyllienmark
and Brismar, 1999), we chose a HP of �60 or �80 mV
to investigate the physiological characteristics of these
calcium channels in the presence and absence of �3. At
these HPs, inhibitory effects of �3 were prominent,
whereas at a HP of �120 mV only the enhancement of
the macroscopic current was observed. HPs more nega-
tive than �90 mV have commonly been used to remove
steady-state inactivation and to investigate the effects of
auxiliary subunits on VDCC properties, where �3 en-
hancement of N- and R-type channel currents has been
reported (Jones et al., 1998; Stephens et al., 2000; Canti
et al., 2001). Thus, the �3 inhibitory effect may have
been overlooked due to the use of hyperpolarized HPs.

The extracellular divalent cation concentration used
as a charged carrier was found to also dramatically in-
fluence the inhibitory effect of �3. The physiological
extracellular Ca2� concentration is �2 mM; however, to
resolve the VDCC currents, 10–40 mM Ba2� is com-
monly used in the extracellular recording solution. Re-
placing 5 mM Ba2� with 5 mM Ca2� as the charge car-
rier, it was evident that the species of divalent cation
(Ca2� or Ba2�) was not so important for either V1/2, inact

in the presence of 12.5 ng �3 or the degree of �3-
induced negative shifts of inactivation, as the changes
in these values by the replacement were �5 mV. However,
the divalent cation concentration had a critical influ-
ence on the �3-induced current inhibition as V1/2, inact

of �85 mV with 5 mM Ba2� was shifted to �62 mV in
the presence of 40 mM Ba2�, resulting in obscuring the
effect of �3. Given that lowering the extracellular diva-
lent cation concentration generally shifts steady-state
voltage-dependent properties in a negative direction
(Hille, 2001), it is expected that a physiological concen-
tration of �2 mM Ca2� will exhibit an even greater neg-
ative V1/2, inact and more pronounced inhibition by �3.
Similarly, a significant influence of low divalent cation
concentrations (2–5 mM) on L-type (Cav1.3) calcium
channels has been observed to produce a unique, hy-
perpolarized activation threshold (Xu and Lipscombe,
2001).

Under physiological condition, the mRNA or protein
expression of �1, �, and �2� subunits changes during
neural development (Jones et al., 1997; Vance et al.,
1998) and the expression of those subunits appears to
be individually controlled (Vance et al., 1998). There-
fore, it is important to characterize any concentration
dependence of auxiliary subunit–induced modulation
of VDCC properties. Usually, however, a fixed combina-
tion of �1 and � subunit cRNA or cDNA is injected in a
concentration ratio from 1:0.3 to 1:1. In agreement
with previous reports in which only current enhance-
ment was observed, when we examined a concentration
ratio of 1:0.5 for the combination of Cav2.2�1 and �3
subunits at a HP of �80 mV, �3 increased N-type cal-
cium channel current amplitude by 1.7- or 2.6-fold
compared with Cav2.2�1 alone in the presence or ab-
sence of �2�, respectively. Under similar experimental
conditions, an �3-fold increase in current amplitude
by �3 was observed when Cav2.2�1 and �3 were coex-
pressed at a ratio of �1:0.5; however, higher concentra-
tions of �3 were not examined (Lin et al., 1997). In
a previous study, the concentration dependence of
�-induced modulation of N-type calcium channel prop-
erties revealed two components of inactivation (Canti
et al., 2001). However, current suppression induced by
higher concentrations of �3 was not observed at a HP

T A B L E  I

Summary of Effects of �3 on Gmax and V1/2, inact of N-, R-, and L-type
Calcium Channels

Change in Gmax

HP � �80 mV HP � �120 mV  Shift in V1/2, inact

(compared with
control)Low �3 High �3 Low �3 High �3

mV

N-type (Cav2.2) � �� �� �� �40

R-type (Cav2.3) � � � �� �20

L-type (Cav1.2) �� �� �� �� �5

� or ��: 20�80% or �80% enhancement, respectively, compared with
control (without �3). � or ��: 10�50% or �50% inhibition, respectively,
compared with control (without �3).
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of �100 mV (Canti et al., 2001). It is difficult to con-
firm that expression levels of �3 subunit in their and
present studies are physiological. However, when the
concentrations of Cav2.2�1 and �3 were decreased
while maintaining a cRNA concentration ratio of �1: �3
of 1:5, a similar inhibitory effect of �3 was observed
(unpublished data). This suggests that a high concen-
tration of �3 is not necessary to observe this phenome-
non, but a balance between �1 and �3 subunits is more
important. It is intriguing that a significant involve-
ment of the �3 subunit in N-type calcium channel cur-
rents in dorsal root ganglia neurons was demonstrated
using �3-deficient mice and voltage-dependent inacti-
vation of calcium channel currents observed at a HP of
�50 mV in wild-type mice was largely diminished in the
�3-deficient mice (Murakami et al., 2002). Our results
are consistent with this observation and thereby suggest
a role of �3 inhibitory effect under physiological and
pathophysiological conditions.

Together, by using experimental conditions (HP, di-
valent cation concentration, various subunit concentra-
tion) more closely approximating normal physiological
conditions, we observe a profound effect of �3 to in-
hibit N- and R-type calcium channel currents.

Mechanism of �3-induced Current Inhibition

At a HP of �120 mV, �3 simply enhanced N- and R-type
calcium channel currents even at higher concentra-
tions, where the current enhancement for R-type chan-
nels was much less pronounced than for N-type chan-
nels. A similar, less pronounced enhancing effect of a �
subunit (�2a) on R-type channels has been reported
previously using oocytes (Olcese et al., 1996). The �3-
induced potentiation of N- and R-type channel cur-
rents is likely to be caused by enhanced channel traf-
ficking to the plasma membrane and an increased
channel open probability, which have been observed
for L- and R-type channels (Jones et al., 1998; Yamagu-
chi et al., 1998; Gao et al., 1999; Gerster et al., 1999).

On the other hand, the mechanism of �3-induced
current inhibition observed at �80 mV appears to be
due mainly to voltage-dependent channel inactivation
and therefore it is unlikely that �3 blocks channel traf-
ficking as current inhibition was almost undetectable at
�120 mV. In the absence of the �2� subunit, however,
higher concentrations of �3 also reduced N-type cal-
cium channel currents at �120 mV. Although the cause
of this inhibition is not clear, it cannot be attributed to
a toxic effect of excess amounts of �3 cRNA, since an
inhibitory effect was not observed for N-, R- , and L-type
channel currents in the presence of the �2� subunit.
Steady-state inactivation of N-type channels revealed
two components in the inactivation curves in the pres-
ence of �3, namely HVI with the V1/2, inact of approxi-
mately �45 mV and LVI with a more hyperpolarized

V1/2, inact of approximately �85 mV with 3-min HPs. Sim-
ilarly, the V1/2, inact values for HVI and LVI of R-type
channels were approximately �65 and �90 mV, respec-
tively. Thus, it was determined that the effect of �3 on
inactivation is to transfer the channel state/composi-
tion from exhibiting HVI to LVI. The hyperpolarized
V1/2, inact of LVI provides a plausible explanation for the
voltage-dependent current suppression by �3 at a HP
of �60 or �80 mV. Prolonged HPs of 30 min induced a
negative shift of inactivation curves of N-type channels
with the V1/2, inact of �54.4 and �93.5 mV for HVI and
LVI, respectively, suggesting more pronounced current
inhibition with a high concentration of �3 at a physio-
logical range of resting membrane potential (�55 to
�80 mV). In this study, �3 subunit exhibited clear bi-
phasic, bell-shaped effects on both peak current ampli-
tude of I-V curves and Gmax of N-type channels at the
HP of �80 mV (see Table I). The concentration depen-
dence of �3-induced increase in Gmax was found to be
�2-fold more sensitive to the �3 concentration than in-
crease in %LVI. A similar but more pronounced (�7-
fold) difference in concentration dependence of in-
crease in Gmax and %LVI has been demonstrated previ-
ously (Canti et al., 2001). The biphasic effect of �3 on
Gmax at the HP of �80 mV and the difference in con-
centration dependence strongly support two proposed
models for interactions of �1 and � subunits. The two
site-model proposes that in addition to the primary
“high” affinity AID that is involved in �-induced chan-
nel trafficking (Pragnell et al., 1994; De Waard et al.,
1995), other “low” affinity interaction sites exist for �
subunits at the COOH and NH2 terminus of R- and
P/Q-type calcium channel �1 (Cav2.3 and 2.1�1) sub-
units (Qin et al., 1997; Tareilus et al., 1997; Walker et
al., 1998, 1999). The alternate single-site model pro-
poses that there is only one � subunit binding site on
the �1 subunit, namely AID. In this model, the affinity of
AID to a � subunit changes from “high” to “low” after
�1 subunit incorporation into the plasma membrane.
This results in the dissociation of the � subunit from
the �1 subunit and gives a chance of reassociation of �
at low affinity. Fitting our data to these two models, it is
assumed that �3 subunits at low concentrations bind to
high affinity AID of Cav2.2 or 2.3�1, thereby enhancing
channel expression and macroscopic currents. At higher
concentrations, �3 subunits interact with a second low-
affinity site of the �1 subunits or alternatively, reassoci-
ate with AID, then promote the transfer from HVI to
LVI and inhibit N- or R-type channel currents.

Together, we speculate that low concentrations of �3
promote the expression of channels that produce HVI
and high concentrations of �3 transfer channel state/
composition to LVI without affecting expression levels.
When channels are expressed in the absence or pres-
ence of a low concentration of � subunits, the partici-
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pation of endogenous �3 (�3xo) in the channel com-
position or properties should be considered. However,
based on the results obtained with exogenously applied
�3xo, we conclude rat �3–induced shift of inactivation
curves from HVI to LVI was independent on the pres-
ence of �3xo.

In this study, we showed that the steady-state inactiva-
tion of N- and R-type calcium channels occurred in the
“closed-state” and revealed extremely slow kinetics with
at least two exponential components. It is surprising
that the properties of inactivation were observed not
only for channels coexpressed with a high concentra-
tion of �3 but also for channels without �3. Thus, al-
though the subunit stoichiometry of N-type channels
expressed in oocytes is unclear, higher concentrations
of �3 simply cause a negative shift of the inactivation
keeping its slow and “closed-state” inactivation proper-
ties. Given that VDCC inactivation has been intensively
studied in the “open-state”, the physiological role and
mechanism of VDCC “closed-state” inactivation are
poorly understood. The “open-state” inactivation has
been classified into three types, Ca2�-dependent and
fast and slow voltage-dependent inactivation (for review
see Hering et al., 2000). Time constants for the onset of
fast and slow voltage-dependent inactivation of non-
L-type (P/Q-, N-, and R-type) calcium channels range
from 40 ms to 1 s (includes fast and slow components;
e.g., Stephens et al., 2000; Stotz et al., 2000) and from
30 to 70 s (Sokolov et al., 2000), respectively. In this
study, the time constants for fast and slow components
of the N-type channel “closed-state” inactivation were
�15 s and �10 min, respectively. To distinguish this
process from the slow inactivation reported by Sokolov
et al. (2000), we propose the term “ultra-slow” inactiva-
tion, analogous to “ultra-slow” inactivation of sodium
channels (compare Todt et al., 1999).

Similar slow closed-state inactivation has been re-
ported for native and recombinant N-type channels.
In bullfrog sympathetic neurons, which predomi-
nantly express N-type calcium channels, channel in-
activation was developed at HPs of �40, �50, and
�60 mV from a HP of �80 mV over a time range of
�10 min with 2 mM Ba2� as the charge carrier (Jones
and Marks, 1989). Another slowly developed inactiva-
tion was observed using 5 mM Ba2� for N-type chan-
nels (Cav2.2�1/�3/�2� � 1:0.75:1) expressed in Xeno-
pus oocytes (Degtiar et al., 2000). In this condition,
the slow inactivation was negligible when cells were
held at �80 mV, but became apparent at �70 and
�60 mV over 3-min recordings. The amount of chan-
nel inactivation at �60 mV after 3 min is comparable
with our results obtained from steady-state inactiva-
tion with 3-min HPs when channels were expressed
with 2.5 ng �3 (Cav2.2�1/�3/�2� � 1:1:1). Interest-
ingly, syntaxin 1A promoted this slow inactivation,

but did not show a clear effect on fast inactivation
(Degtiar et al., 2000).

Patil et al. (1998) proposed a “preferential closed-
state inactivation” model to account for pronounced
channel inactivation during a train of action potential-
like waveforms compared with a single square pulse for
N-, P/Q-, and R- type calcium channels. N- and R-type
but not L-type channels coexpressed with �3 subunits
exhibit the preferential closed-state inactivation (Patil
et al., 1998) and �3-induced current suppression (this
study). Furthermore, the absence of the preferen-
tial closed-state inactivation for N-type channels coex-
pressed with �2a subunits (Patil et al., 1998) is consis-
tent with the lack of an inhibitory effect of �2a on
N-type channel currents (unpublished data). The inac-
tivation process of N-type calcium channels occurred
over several hundred milliseconds and the half time of
the recovery from the inactivation at �100 mV was
�300 ms (Patil et al., 1998). This is significantly faster
than the “ultra-slow” process observed here. It remains
to be determined if these two “closed-state” inactivation
processes have a common underlying mechanism.

Possible Physiological and Pathophysiological Roles of
�3-induced Current Inhibition

It is interesting to consider what physiological role the
�3 subunit–induced suppression of N- and R-type cal-
cium channel currents may play. N- and R-type chan-
nels are expressed predominantly in presynaptic nerve
terminals of central and peripheral neurons and play a
critical role in neurotransmitter release (for review see
Waterman, 2000; Fisher and Bourque, 2001). Given
that the �3 subunit causes a biphasic effect on N- and
R-type channel current amplitude, it appears that one
role of �3 is enhancement of the current amplitude to
promote transmitter release at synapses. However, high
levels of �3 relative to �1 inactivate these calcium chan-
nels, thereby providing a negative feedback on the cur-
rent amplitude. Interestingly, syntaxin A, which triggers
vesicle fusion in nerve terminals, inactivates N- and
R-type channels (Degtiar et al., 2000). It is also possible
that �3 more actively plays a role as a negative regulator
for N- and R-type channels as the expression of �1 and
� subunits has been shown to be individually regulated
during brain ontogeny (Jones et al., 1997; Vance et al.,
1998).

The neuronal expression levels of VDCC subunits
can change dramatically in diseases such as diabetes
(Iwashima et al., 2001), temporal lobe epilepsy (Lie et
al., 1999; Djamshidian et al., 2002) and neuropathic
pain (Kim et al., 2001; Luo et al., 2001), indicating a
potential pathophysiological role of the �-dependent
current modulation. Given that the �3 subunit–induced
current suppression is voltage dependent, the change
in the resting membrane potential during hypoxia-
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induced nerve injury (Fujiwara et al., 1987; Shimizu et
al., 1996; Hyllienmark and Brismar, 1999) may produce
different outcomes depending on the levels of �3 in
particular neurons.

In conclusion, our results demonstrate a novel role
of calcium channel �3 subunits as a negative regulator
of N- and R-type calcium channels approaching normal
physiological conditions. We show that N- and R-type
calcium channels display “ultra-slow” and “closed-state”
voltage-dependent inactivation, and that �3 causes a
significant hyperpolarizing shift of the voltage-depen-
dent inactivation.
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