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ABSTRACT We investigated the role of the accessory a2d subunit on the voltage-dependent facilitation of cardiac L-type
Ca21 channels (a1C). a1C Channels were coexpressed in Xenopus oocytes with b3 and a2d calcium channel subunits. In a1C 1
b3, the amplitude of the ionic current (measured during pulses to 10 mV) was in average ;1.9-fold larger after the application
of a 200-ms prepulse to 180 mV. This phenomenon, commonly referred to as voltage-dependent facilitation, was not
observed when a2d was coexpressed with a1C 1 b3. In a1C 1 b3, the prepulse produced a left shift (;40 mV) of the activation
curve. Instead, the activation curve for a1C 1 b3 1 a2d was minimally affected by the prepulse and had a voltage dependence
very similar to the G-V curve of the a1C 1 b3 channel facilitated by the prepulse. Coexpression of a2d with a1C 1 b3 seems
to mimic the prepulse effect by shifting the activation curve toward more negative potentials, leaving little room for facilitation.
The facilitation of a1C 1 b3 was associated with an increase of the charge movement. In the presence of a2d, the charge
remained unaffected after the prepulse. Coexpression of a2d seems to set all the channels in a conformational state from
where the open state can be easily reached, even without prepulse.

INTRODUCTION

Voltage-dependent calcium channels are heteromultimeric
membrane proteins that have been ranked in several classes
on the basis of their pharmacological and biophysical prop-
erties (see Birnbaumer et al., 1994). The central element of
a functional Ca21 channel is the pore-forminga1 subunit,
which is responsible for most of the electrical and pharma-
cological properties of the channel. Thea1 subunit is phys-
iologically expressed in combination with regulatory sub-
units (b, a2d, and g), able to modulate several channel
functions. As Ca21 fluxes through calcium channels, it
controls a number of processes (e.g., cell excitability, mus-
cle contraction, enzyme activity, and gene expression).
Therefore, the modulation of the channels by accessory
subunits and second messengers becomes a crucial event for
cell function. Some of the roles of accessory subunits in
channel modulation have been determined using heterolo-
gous systems of expression with controlled experimental
conditions (e.g.,Xenopus laevisoocytes) (Neely et al.,
1993; Olcese et al., 1994; Felix et al., 1997; Gurnett et al.,
1996).

The dihydropyridine (DHP)-sensitive class of calcium
channels (L-type) is regulated by neurotransmitters and
drugs, and by strong depolarizations. In fact, single strong
depolarizations, as well as trains of depolarizations, can
induce a transient increase of the channel open probability
(facilitation) that persists after the triggering stimulus has
ceased. The voltage-dependent facilitation of L-type cal-
cium channels has been described in neurons (Artalejo et
al., 1991; Kavalali and Plummer, 1996) in skeletal muscle
(Johnson et al., 1994) and in cardiac myocytes (Noble and
Shimoni, 1981a, b; Lee, 1987; Fedida et al., 1988; Zygmunt
and Maylie, 1990; Pietrobon and Hess, 1990). However, the
extent and the kinetic properties of the facilitation greatly
vary among different tissues and species, and interestingly,
Cens and collaborators (1996) did not find voltage-depen-
dent facilitation in rodent cardiac cells. The expression of
cloned calcium channels, with their accessory subunit in
simplified expression systems, sheds light on possible rea-
sons for this variability. When the cloned L-typea1C sub-
unit is expressed inXenopusoocytes, its voltage-dependent
facilitation appears to be dependent on the type ofb subunit
coexpressed. Specifically, the facilitation of the L-type
channels takes place when the modulatoryb1, b3, b4 sub-
unit (Bourinet et al., 1994; Cens et al., 1996, 1998) or the
cardiacb2a subunit (Dai et al., 1999) are coexpressed with
the pore-forminga1C subunit. On the contrary, in the pres-
ence of the palmitoylated form of theb2asubunit (neuronal)
facilitation is absent (Cens et al., 1996, 1998; Qin et al.,
1998b). In some cases, trains of fast depolarizations resem-
bling action potentials were successfully used to induce
facilitation, stressing a physiological role for this phenom-
enon (Cloues et al., 1997). In this study we show that,
besides the involvement of theb subunit, thea2d subunit
also modulates the long-lasting voltage-dependent facilita-
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tion (Costantin et al., 1998) of a cardiac L-type calcium
channel expressed inXenopusoocytes. Although the coex-
pression of thea2d subunit results in a loss of current
potentiation (Dai et al., 1999), the channels seem to behave
as if they were constitutively facilitated (Platano et al.,
1998). Moreover, we show evidence of an increase in
charge movement associated with the facilitation ofa1C 1
b3, suggesting that a recruitment of silent channels may
contribute to the voltage-dependent potentiation. These re-
sults have been previously reported in abstract form (Pla-
tano et al., 1998).

MATERIALS AND METHODS

RNA synthesis

Throughout our study, the amino terminus deletion mutant (DN60) of the
rabbit cardiac a1C was expressed inXenopusoocytes. This mutant has a
better expression in oocytes than the full-length clone, yielding to larger
Ca21 currents without changes in properties (Wei et al., 1996). Thea1C

pore-forming subunit was expressed in combination with the Ca21 channel
accessory subunitsb3 anda2d (Wei et al., 1991; Perez-Reyes et al., 1992).
Theb3 and the rabbit skeletal musclea2d subunits were subcloned into the
pAGA2 vector, derived from pGEM-3 (Promega, Madison, WI), contain-
ing an alfalfa mosaic virus translational initiation site and a 39 poly A tail
of 92 As to facilitate the expression inXenopusoocytes (Sanford et al.,
1991; Wei et al., 1991). Briefly, the full-length cDNA encodingb3 was
amplified by PCR from the original clone in pBS using Pfu DNA poly-
merase (Stratagene, La Jolla, CA) and primers B2.1 (containing anNcoI
site) and B2.2 (containing anXbaI site). The PCR product was digested
with NcoI and XbaI and subcloned into the pAGA2 vector digested with
the same restriction enzymes. The correctness of the constructs was con-
firmed by DNA sequencing using the dideoxy chain termination method.

To synthesize cRNA, all the constructs were linearized withHindIII,
followed by treatment with 2 mg/ml proteinase K and 0.5% SDS at 37°C
for 30 min to remove traces of activity. After two phenol/chloroform
extractions and ethanol precipitation, the templates were suspended in
DEPC-treated water to a final concentration of 0.5mg/ml. cRNAs were in
vitro-synthesized at 37°C for 1–2 h in a volume of 25ml containing 40 mM
Tris-HCl (pH 7.2), 6 mM MgCl2, 10 mM dithiothreitol, 0.4 mM each of
adenosine triphosphate, guanosine triphosphate, cytosine triphosphate and
uridine triphosphate, 0.8 mM 7-methyl guanosine triphosphate, and 10 U
T7 RNA polymerase (Boehringer Mannheim, Indianapolis, IN). The tran-
scription products were then extracted with phenol/chloroform, precipi-
tated twice with ethanol, and suspended in DEPC-treated water to a
concentration of 0.4mg/ml. cRNAs for the different subunits (0.2mg/ml)
were mixed in a 1:1 ratio and a volume of 50 nl was injected per oocyte.

Oocyte preparation and RNA injection

Oocytes were obtained from adult femaleXenopus laevis(from Xenopus
One, Ltd., Dexter, MI). Frogs were anesthetized by immersion in water
containing 0.15–0.17% tricaine methanesulfonate for;20 min or until full
immobility. The ovaries were removed under sterile conditions by surgical
abdominal incision and stage V and VI oocytes were selected. The animals
were then killed by decapitation. The animal protocol was performed with
the approval of the Institutional Animal Care Committee of the University
of California, Los Angeles. One day before injection, oocytes were defol-
liculated by collagenase treatment (type I, 2 mg/ml for 40 min at room
temperature; Sigma, St. Louis, MO). Oocytes were maintained at 19°C in
Barth solution supplemented with 50mg/ml gentamycin. Recordings were
done 4–12 days after the RNA injection.

Electrophysiology

The cut-open oocyte voltage clamp technique (Stefani and Bezanilla, 1998)
was used to record both ionic and gating currents from oocytes expressing
a1C Ca21 channels in combination with the regulatoryb3 anda2d subunits.
The composition of the external solution (recording chamber and guard
compartments) was 10 mM Ba21, 96 mM Na1, and 10 mM HEPES,
titrated to pH 7.0 with methanesulfonic acid (MES). The lower chamber in
contact with the part of the oocyte permeabilized with 0.1% saponin,
contained 110 mM potassium glutamate, and 10 mM HEPES titrated to pH
7.0 with NaOH. Before recording, all the oocytes were injected with
100–150 nl of BAPTA-Na4 50 mM, titrated to pH 7.0 with MES to prevent
activation of endogenous Ca21 and Ba21 activated Cl2 channels (Barish,
1983; Neely et al., 1994). For gating current measurements, the ionic
current was blocked by replacing 10 mM Ba21 in the external solution with
2 mM Co21 and 0.2 mM La31. To remove contaminating nonlinear charge
movement related to the oocytes, endogenous Na/K ATPase (Rakovsky,
1993), 0.1 mM ouabain was added to all external solutions. Leakage and
linear capacity currents were compensated analogically and subtracted
on-line using P/-4 subtraction protocol from290, 2120 mV holding
potential (SHP). Charge movement was detected for depolarizations more
positive than270 mV, and no changes were observed using SHPs of either
290 mV or 2120 mV. These results indicate that negative subtracting
pulses from290 or 2120 mV SHP are adequate to subtract linear
components.

Signals were filtered with an eight-pole Bessel filter to one-fifth of the
sampling frequency. All the experiments were performed at room temper-
ature (21–23°C).

Data obtained fromQ-V relationships were fitted with single Boltzmann
distribution of the formQmax/{1 1 exp[z1F(V(1/2)1 2 Vm)/RT]}; G-V
curves were fitted by a dual Boltzmann distribution of the formG1/{1 1
exp[z1F(Vhalf1 2 Vm)/RT]} 1 G2/{1 1 exp[z2F(Vhalf2 2 Vm)/RT]}, where
F andR are the Faraday and gas constant, respectively;T is the absolute
temperature;Vhalf1 andVhalf2 are the midpoints of activation;z1 andz2 are
the effective valences;Qmax the maximum charge, andG1 andG2 are the
amplitudes of the first and the second components of the distribution. All
data are reported as mean values6 SEM.

RESULTS

Effect of the a2d modulatory subunit on a1C b3

Cardiac a1C calcium channels and the auxiliary calcium
channelb3 subunit were expressed inXenopusoocytes with
and without thea2d subunit. The expression ofa1C 1 b3

anda1C 1 b3 1 a2d gave rise to large ionic currents having
different properties, depending on the channel subunit com-
position. Representative traces obtained from the combina-
tions a1C 1 b3 (A) anda1C 1 b3 1 a2d (B) are shown in
Fig. 1. The currents were elicited by depolarization to230
mV, 0 mV, and130 mV from 290 mV holding potential
(HP). As previously described by other authors (Bangalore
et al., 1996; Felix et al., 1997; Qin et al., 1998a) the
coexpression of thea2d subunit increased the peak current,
shifted the current-voltage (I-V) curve peak 10 mV to more
negative potential, and increased the activation and deacti-
vation rates ofa1C 1 b3. These modulatory effects were
used as a positive control for the good expression of thea2d
subunit. When theI-V curves ofa1C 1 b3 anda1C 1 b3 1
a2d are normalized to the peak inward current (Fig. 1C),
the magnitudes of the outward currents are markedly dif-
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ferent, while the reversal potentials are practically identical.
In the presence of thea2d subunit, the outward current had
a shallower voltage dependence relative toa1C 1 b3.

Effect of a strong depolarization on the ionic
currents carried by a1C 1 b3 and a1C 1 b3 1 a2d

We studied the facilitation of the ionic current ofa1C using
a double-pulse protocol. The current was recorded during a
pulse to 10 mV before and after the application of a 200-ms
prepulse to180 mV (the protocol is shown on the top panel
of Fig. 2). Although thea1C current did not show potenti-
ation after the prepulse, currents recorded from oocytes
expressinga1C 1 b3 were facilitated when preceded by a
positive prepulse (200 ms at180 mV; Fig. 2,A andB). The
potentiation observed for this subunit composition lasted
several seconds after the prepulse during a repolarization to
290 mV. In Fig. 2, panelsA and B show the current
facilitation of the subunit compositiona1C 1 b3 after a
200-ms prepulse to 80 mV followed by repolarization of 50
ms (A) and 1 s (B) to 290 mV. To estimate the duration of
the facilitation, the averaged peak facilitated currents (re-
corded during the test pulse at 10 mV) were plotted versus
time of repolarization to290 mV (interpulse). The facili-
tation decayed following a double-exponential time course
with time constants of 0.44 s and 51.38 s. The amplitudes of

the two components were, respectively, 55% and 45% of the
total facilitation (n 5 8, Fig. 2E).

When a1C 1 b3 was expressed together with thea2d
subunit, the current potentiation induced by the prepulse
was no longer observed, as shown by the representative
current traces in Fig. 2,C andD. In this case, the turn-on of
the ionic currents was faster and showed a time-dependent
decay. For very brief repolarizations (,50 ms) the current
during the test pulse was slightly reduced after the positive
prepulse, possibly due to inactivation. Fig. 2F shows the
lack of potentiation ina1C 1 b3 1 a2d: the potentiation
after a 200-ms prepulse to 80 mV is plotted against the time
of repolarization at290 mV (D, n 5 11). Even stronger
prepulses (up to 140 mV) did not elicit potentiation in the
presence of thea2d subunits (data not shown).

Effect of prepulses on the voltage dependence of
the activation in a1C 1 b3 and a1C 1 b3 1 a2d

By comparing the voltage dependence of the activation
(G-V curve) in a1C 1 b3 and a1C 1 b3 1 a2d, and the
modulatory effect of positive prepulses, we examined the
possibility that the addition of thea2d subunit already
maximized channel opening, leaving no room for the po-
tentiation process to occur. In this study we used 25-ms
depolarizing steps, ranging from280 to 190 mV in 10-mV

FIGURE 1 Comparison of voltage-dependent properties ofa1C when expressed in combination withb3 andb3 1 a2d. Representative current families
from eithera1C 1 b3 (A) anda1C 1 b3 1 a2d (B) elicited stepping from250 mV to150 mV in 10-mV increments. The holding potential was290 mV.
In (C) are shown normalizedI-V curves fora1C 1 b3 (F, n 5 9) anda1C 1 b3 1 a2d (E, n 5 6).
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increments, followed by a repolarization to250 mV deliv-
ered every 5 s. TheG-Vcurves were constructed plotting the
peak tail currents at250 mV against the potentials of the
depolarizing steps. The voltage steps were delivered in
control conditions (i.e., without prepulse) (Fig. 3A) or
preceded by a 200-ms prepulse to 80 mV (Fig. 3B). The
recovery from potentiation was measured without prepulses
2–3 min later (Fig. 3C). As described in Fig. 2, the prepulse
increased the ionic current during the test pulse ina1C 1 b3:

Fig. 3 D shows theI-V plot for control (F) and potentiated
current (E) obtained by measuring the values of the ionic
current at the end of the 25-ms test pulse.

The normalized averagedG-V curves (n 5 9 6 SEM)
show that the overall effect of the prepulse is to shift the
voltage dependence of channel activation to more negative
potentials (Fig. 3E). The data could be fitted in both control
(F) and potentiated (E) G-V values with the sum of two
Boltzmann distributions with the same half-activation po-

FIGURE 2 Thea2d subunit seems to prevent prepulse potentiation. (A) a1C 1 b3 superimposed current traces evoked by the voltage protocol shown at
top. The current during a 10-mV test pulse increases when the test pulse is preceded by a prepulse to 80 mV. The potentiation is long-lasting and still present
after a 1-s repolarization to290 mV (B); the voltage protocols are shown above the current traces. Whena1C 1 b3 is expressed together witha2d, there
is no significant potentiation of the current (C) and (D). (E) The extent of potentiation of the ionic current at 10 mV is plotted versus the time of
repolarization between the prepulse and test pulse for the combinationa1C 1 b3. The potentiation decayed in a double-exponential manner with time
constants oftfast 5 0.44 s, Ampfast 5 50.1%, andtslow 5 51.38, Ampslow 5 40.8% s,n 5 8. No significant potentiation was measured by coexpressing
the a2d subunit (F) (n 5 6).
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FIGURE 3 Ina1C 1 b3, a positive prepulse shifts the activation curve to more negative potentials. Three families of Ba21 currents were recorded from
an oocyte expressinga1C 1 b3. Representative traces are shown for a 25-ms depolarization to the indicated potentials; tails currents are evoked by
repolarization to250 mV. (A) Ionic currents recorded in the absence of a preceding prepulse. (B) the depolarizing steps were preceded by a 200-ms prepulse
to 80 mV, followed by a repolarization (interpulse) of 50 ms to290 mV. Both ionic and gating currents increased in amplitude. (C) The same conditions
as in (A); the test protocol without prepulse was run 2 min after the experiment shown in (B). (D) Current-voltage relationships from the same oocyte. Note
that theI-V curve recorded in the absence of prepulse merged with the potentiated one for potentials above 100 mV. (E) Averaged normalizedG-V curves
measured from the tail currents during the repolarization to250 mV (n 5 9) for Ba21 current recorded in control (F), after a 200-ms prepulse to180
mV (E), and during the recovery (l). Error bars represent SEM. Data were fitted by dual Boltzmann distributions (see Methods).
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tentials and slope factors, and with different proportion of the
relative amplitudes of the two components. The positive pre-
pulse increased the fraction of the more negative components
from 1% to 43% of the total conductance, resulting in an
overall negative shift of theG-V curve. TheG-V curves are
shown normalized to their maxima. The operation was re-
quired because of the progressive time-dependent rundown of
the conductance, which was enhanced by the demanding pulse
protocol. However, as assessed by the experiments shown in
Fig. 4, in which the channels were challenged by only two test
voltages (to prevent the rundown), the limiting conductance of
a1C 1 b3 (measured with a pulse to 180 mV) was the same
with or without prepulse.

In oocytes expressinga1C 1 b3 1 a2d, no potentiation of
the ionic currents was detected after the positive prepulse
(Fig. 5,A–C). TheI-V curves of a representative oocyte are
shown in Fig. 5D (f, Control;M, Prepulse). The normal-
izedG-Vcurves obtained from oocytes expressinga1C 1 b3

1 a2d revealed a little effect of the prepulse on the voltage
dependency of the channel activation. TheG-Vcurve ina1C

1 b3 1 a2d without prepulse (f) was practically identical
to the G-V curve obtained for the combinationa1C 1 b3

after the positive prepulse (Fig. 5E, dashed line). The
dotted line corresponds to the fit ofG-V curve ofa1C 1 b3

without prepulses. We simultaneously fitted allG-V curves
for both a1C 1 b3 anda1C 1 b3 1 a2d, with and without
the prepulse, to the same effective valences (z1 andz2) and
half-activation potentials (Vhalf1 andVhalf2) for the two com-
ponents, but with a different proportion of their amplitude
factors. The effective valencesz1 andz2 were 1.94 for the
first, more negative component, and 0.97 for the second,
more positive component. The half-activation potentials (Vhalf1

and Vhalf2) were 14.4 mV and 93.2 mV, respectively. As
mentioned fora1C 1 b3 injected oocytes, the first component
of the G-V (G1) increased after the prepulse from 1% of the
Gmax (in control) to 43% (Fig. 3E). However, whena2d was
coexpressed witha1C 1 b3, the proportion ofG1 was already
53% in control conditions and the prepulse had a minor effect
on the ratio between the two amplitudes of the fit (G1 5 67%
with prepulse). These findings suggest that the presence of the
a2d sets the channels in a conformational state similar to the
one reached after prepulse potentiation.

Facilitation develops during positive pulses in
a1C 1 b3

The installation of outward ionic current is much faster in
a1C 1 b3 1 a2d than ina1C 1 b3. The slow component of
the outward currenta1C 1 b3 probably reflects the devel-
opment of the potentiation occurring during the pulse. We
used a 200-ms test pulse to 80 mV preceded by an identical
prepulse to test this possibility. As shown in Fig. 6A, the
outward current ina1C 1 b3 during a control pulse to 80
mV develops with a relatively slow kinetic. When a pre-
pulse to 80 mV is applied, the current during the same test
pulse to 80 mV develops with a much faster kinetic. The
two current traces (with and without prepulse) merge to-
gether at the end test pulse, indicating that a;150-ms pulse
is sufficient to induce the maximal potentiation at 80 mV.
On the contrary, the coexpression of thea2d produces a fast
developing ionic current which is virtually unmodified by
positive prepulse (Fig. 6B).

Effect of prepulse on gating current amplitude
recorded at the ionic current reversal potential

Voltage-dependent calcium channels respond to changes in
the potential across the plasma membrane by changing their

FIGURE 4 The limiting conductance ofa1C 1 b3 does not change with
the prepulse. Current records from an oocyte expressinga1C 1 b3, evoked
by two test pulses to110 mV (A) and1180 mV (B), preceded or not by
a prepulse of 200 ms to180 mV. Note the lack of further potentiation
when the test pulse is1180 mV (B). The bar plot in (C) summarizes the
degree of facilitation induced by the prepulse as measured during a test
pulse to110 and1180 mV (n 5 6). The oocytes were challenged with a
minimum number of pulses to minimize the rundown of the current. The
conditions and the pulse protocol are the same as in Fig. 3.
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FIGURE 5 Ina1C 1 b3 1 a2d, a positive prepulse has little effect on the activation curve. Current records from an oocyte expressinga1C 1 b3 1 a2d
are shown. Twenty-five-millisecond depolarizations to the indicated potentials were delivered in control condition (without prepulse) (A) after a 200-ms
prepulse to180 mV (B) and 2 min after the prepulse protocol (C). The time of repolarization between the prepulse and the test pulse was 50 ms at290
mV. In (D) is shown theI-V relationship for the same oocyte in control (f), after the prepulse (M), and after the recovery (‚). (E) Averaged and normalized
GV curves measured from the tail currents during the repolarization to250 mV (n 5 6) for Ba21 current recorded in control (f) and after a 200-ms prepulse
to 180 mV (M). The solid lines are the simultaneous fit to the sum of two Boltzmann distributions. In the plot are also reported theG-V fits of a1C 1
b3 without the prepulse (dotted line) and after prepulse (dashed line) as shown in Fig. 3. Error bars are SEM.
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conformational state and giving rise to the gating currents.
Thus, the amplitude of gating current is proportional to the
number of channels able to gate. To have a simultaneous
evaluation of the behavior of the gating current and the
change in membrane conductance induced by the prepulse,
we recorded the currents at the reversal potential using the
standard external solution containing 10 mM Ba21 (Fig. 7).
By pulsing at the reversal potential, it is possible to record
the “ON” gating currents at the beginning of the depolariz-
ing pulse and the ionic tail current partially contaminated by
the “OFF” gating current at the end of the pulse, during the
repolarization. The experimental reversal potential, ranging
from 145 mV to155 mV, was determined for each exper-
iment. We found that after the delivery of a 200-ms prepulse
to 60 mV in the oocytes expressinga1C 1 b3, the facilita-
tion of the ionic current (as assessed by the increase in the
tail current) was accompanied by an increase of the ON
charge measured at the reversal potential. Fig. 7A shows

superimposed ON gating and tail currents ofa1C 1 b3,
recorded without prepulses and after 50-ms repolarization to
290 mV following a 200-ms prepulse to 60 mV. Both
gating and tail currents increased in magnitude after the
prepulse. Some degree of facilitation of gating and ionic
currents remained when the repolarization time was in-
creased to 1 s (Fig. 7B). The insets in Fig. 7,A andB show
enlarged gating currents. The solid lines represent time
integrals of the gating currents recorded in the absence of
prepulse, while dashed lines are the time integrals of the
gating currents recorded after the 200-ms prepulse to 60
mV. Clearly, the prepulse was able to enhance the total
charge moved at the beginning of the depolarization.

After the coexpression of thea2d subunit (a1C 1 b3 1
a2d), an equivalent pulse protocol failed to produce an
increase of both gating and ionic currents (Fig. 7,C andD).
Instead, both the gating and ionic current (tail) amplitudes
were slightly reduced when the repolarizing interpulse was

FIGURE 6 Differential effect of a
200-ms prepulse to180 mV on the ionic
current froma1C 1 b3 anda1C 1 b3 1
a2d. (A) Two superimposed current traces
elicited by a double pulse voltage proto-
col shown in the top panel. Ina1C 1 b3,
the current elicited by a test pulse to 80
mV develops slowly. The activation ki-
netics of a pulse to 80 mV is greatly
accelerated by the application of a
200-ms prepulse to the same potential.
After the positive prepulse, the current in
the test pulse is already potentiated, as
shown by the faster kinetics. Instead, the
coexpression witha2d (B) elicited a fast-
rising current during the test pulse at 80
mV (without prepulse), and remains prac-
tically unmodified after the prepulse.
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50 ms long (Fig. 7C). The reduction in charge movement
was probably due to the occupancy of closed states nearer to
the open state on the activation pathway, because the short
repolarizing interpulse was not long enough to allow for the
re-population of the deepest closed states. For longer repo-
larization times, the gating and ionic currents were identical
with and without prepulses (Fig. 7D).

The time course of the decaying phase of the gating
current was not significantly modified by the prepulse. The
gating current decays were fitted with a double-exponential
function. In a1C 1 b3, tfast and tslow were, respectively,
0.426 0.04 ms and 3.986 0.99 ms without prepulse, and
0.41 6 0.06 ms and 3.446 0.88 ms after the prepulse. In
a1C 1 b3 1 a2d, tfast andtslow were, respectively, 0.446
0.06 ms and 5.396 1.84 ms without prepulse, and 0.396

0.05 ms, 5.396 1.84 after the prepulse. The fast component
of the total charge was predominant (87% fora1C 1 b3 and
92% for a1C 1 b3 1 a2d).

The prepulse does not change the voltage
dependence of gating currents

In order to better characterize the effect of prepulses on
gating currents, we blocked the ionic conductance by re-
placing Ba21 in the external solution with 2 mM Co21 and
0.2 mM La31. Similar to the experiments for the facilitation
of the ionic current, we used 200-ms prepulses to 80 mV. In
a1C 1 b3-expressing oocytes, the prepulse produced an
increase of charge movement at all of the tested potentials.

FIGURE 7 Increase in charge movement and tail current after prepulse ina1C 1 b3, and effect of thea2d subunit. In oocytes expressinga1C 1 b3 and
a1C 1 b3 1 a2d, gating and ionic tail currents were simultaneously recorded pulsing to the reversal potential. The external solution contained 10 mM Ba21.
(A) and (B) show superimposed current traces recorded from the same oocyte expressinga1C 1 b3 before and after a 200-ms prepulse to 60 mV. In (A)
the time of repolarization between the prepulse and the test pulse was 50 ms, while in (B) it was 1 s. The ON gating currents are magnified and their time
integrals are shown. Solid lines represent time integrals of the gating currents recorded in the absence of prepulse; dashed lines are the time integrals of
the gating currents recorded after the prepulse. The arrows indicate the amplitude of the tail currents recorded in the absence (2prepulse) or after
(1prepulse) the prepulse. Notice that an increase in charge movement after the prepulse is accompanied by an increase in the tail current. (C) and (D) are
current traces recorded from the same oocyte expressinga1C 1 b3 1 a2d before and after a 200-ms prepulse to 60 mV. The repolarization time between
the prepulse and the test pulse was 50 ms (C) and 1 s (D). A small decrease in charge movement and a corresponding decrease in tail current occurred when
the a2d subunit was coexpressed.
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Fig. 8 shows gating current traces (solid lines) and their time
integral (dashed lines) from an oocyte expressinga1C 1 b3,
recorded by stepping to the indicated potential from290
mV holding potential in control condition (without pre-
pulse, Fig. 8A) and after a 200-ms prepulse to 80 mV (Fig.
8 B). Both ON and OFF gating currents were larger after the
prepulses (B). The increase in charge movement was tran-
sient and recovered after holding the oocytes at290 mV for
;2 min (Fig. 8C). We constructedQ-V curves by integrat-
ing the ON gating current measured during depolarizations
between280 and170. Above 70 mV the isolation of the
gating current could not be adequately maintained due to the
contaminating outward ionic current. In oocytes expressing
a1C 1 b3, the charge increased;20% after the prepulse
(Fig. 8 D). The Q-V curves for control, prepulse, and re-
covery were simultaneously fitted by a single Boltzmann
distribution (solid lines) with a half-activation potential
(Vhalf) 5 29.9 mV and effective valence (z) 5 1.4. The
normalized maximum charge displacement after the pre-
pulse increased by;20% compared to the control. No
significant changes in the kinetic properties and voltage
dependence of gating current were detected after the pre-
pulses (Fig. 8E).

Similarly to the ionic current, the gating current of oo-
cytes expressinga1C 1 b3 1 a2d did not increase with the
prepulse (Fig. 9,A and B). Instead, gating current ampli-
tudes recorded after the 200-ms prepulse to 80 mV (Fig. 9
B) were slightly reduced in respect to the gating current
recorded in the absence of prepulse (Fig. 9A). The Q-V
curves obtained by integrating the ON gating current
showed a small reduction of the maximum charge displace-
ment when the positive prepulse was applied (Fig. 9D).
This small reduction was fully recovered in,1 s at290
mV.

As for a1C 1 b3, the normalizedQ-V curves froma1C 1
b3 1 a2d were simultaneously fitted by a single Boltzmann
function having Vhalf 5 22.29 mV, z 5 1.81, with a
reduction of;7% in Qmax in the presence of the prepulse
(Fig. 9 D). No significant changes in the voltage depen-
dence were observed after the prepulse (Fig. 9E).

DISCUSSION

Prepulse facilitation and phosphorylation

The voltage-dependent facilitation of the L-type Ca21 cur-
rent has been observed in a variety of tissues and cell lines.
Although several studies concluded that cAMP-dependent
phosphorylation is not involved in the voltage-dependent
facilitation of L-type current, in some cases it has been
shown the opposite (for a review see Dolphin, 1996). Some
authors reported that the enhancement of the current level
via the activation of PKA was not observed in theXenopus
oocyte expression system, probably because of the high

basal level of PKA activity in oocytes (Singer-Lahat et al.,
1994).

The voltage-dependent facilitation described in the
present work was not significantly affected by altering the
kinase activity of the oocytes. Injection of the non-hydro-
lyzable cAMP analog Rp-cAMP (100 nl, 0.2 mM or 2 mM,
n 5 10), with and without BAPTA, 0.5 to 3 h before voltage
clamp recording, did not cause significant changes in the
prepulse facilitation (data not shown). Similarly, the cAMP-
dependent PK inhibitor (6–22 amide) injected 10 min be-
fore recording (100 nl, 20mM) did not prevent long-lasting
facilitation (n 5 3, data not shown). This result supports the
hypothesis that the long-lasting facilitation ofa1C 1 b3 is
due to a structural change induced by strong depolarizations
that set the channel in a conformational state more respon-
sive to voltage. In agreement with the recent work of Dai
and collaborators (1999), prepulse facilitation does not
seem to require cAMP-dependent phosphorylation.

Some aspects of prepulse facilitation in L-type calcium
channels resemble the characteristic voltage-dependent
block by the G-protein of N- and E-type Ca21 channels. The
binding of the G-proteinbg subunit to the Ca21 channel is
voltage-dependent. Strong depolarizations relieve the block,
leading to an increase in open probability of the channels
(Bean, 1989; Ikeda, 1996) resulting in facilitation. Although
cardiaca1C channels expressed in oocytes are not modu-
lated by G-protein (Qin et al., 1997), it is possible that a
mechanism similar to the one mentioned is responsible for
the long-lasting voltage-dependent facilitation ofa1C 1 b3.
The tonic inhibition of an unidentified molecule would be
relieved by the strong depolarizations, yielding to the facil-
itation: the extremely slow ON rate of the rebinding of the
blocking particle could be the reason for the long-lasting
characteristic of the facilitation.

a2d Seems to mimic prepulse facilitation

The coexpression of thea2d subunit seems to prevent the
voltage-dependent facilitation ofa1C 1 b3. The analysis of
the voltage dependence of the activation suggests that the
channels expressed with thea2d subunits behave as if they
were constitutively potentiated. In fact, theG-V curve of
a1C 1 b3 1 a2d is shifted to the left and its voltage
dependence strictly follows the voltage dependence of the
a1C 1 b3 channels when they are potentiated by the pre-
pulse. The positive prepulse has only a very small effect on
theG-V curves of channels expressed witha2d. An appeal-
ing interpretation of this result is the lack of room for
channel potentiation, because the activation curve is already
fully shifted to the left on the voltage axis. However, it
should also be taken into consideration that ina1C 1 b3, the
limiting Gmax with and without prepulse tends to maintain
the same value. This could be due either to the fact that the
limiting open probability cannot be further increased by the
prepulse, or because of a rapidly developing facilitation at
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FIGURE 8 Prepulse effect on gating current ina1C 1 b3. a1C 1 b3 Gating current traces during 30-ms depolarization to the indicated potentials are
shown. The ionic current was blocked by external 2 mM Co21 and 0.2 mM La31. (A) Gating currents recorded in the absence of a positive prepulse. In
(B) the depolarizing steps were preceded by a 200-ms prepulse to180 mV followed by a 50-ms repolarization to290 mV. (C) Same conditions as in (A);
the protocol for the recovery was applied 2 min after the prepulse experiment. Dashed lines represent the time integrals of the gating currents. (D) Averaged
Q-V curves (QON) obtained from gating currents recorded in control conditions (f), after a 200-ms prepulse to180 mV (F), and during the recovery (Œ)
(n 5 5 oocytes). Error bars represent SEM. Solid lines are the simultaneous fits to a single Boltzmann distribution. Parameters used for the fitting are shown
in the plot. (E) NormalizedQ-V curves (same as inD): control (F), prepulse (f), and recovery (Œ).
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FIGURE 9 Gating currents do not potentiate in the presence of thea2d subunit. Representative traces of gating currents from an oocyte expressinga1C 1
b3 1 a2d are shown. Gating currents were recorded in external 2 mM Co21 and 0.2 mM La31 during 30-ms depolarization to the indicated potentials. (A)
Gating currents recorded in the absence of a positive prepulse. In (B) the depolarizing steps were preceded by a 200-ms prepulse to180 mV with a time
of repolarization of 50 ms between the prepulse and the test pulse. (C) Same conditions as in (A); the protocol for the recovery was run 2 min after the
prepulse experiment. The dashed lines are the time integral of the gating current. (D) AveragedQ-V curves (QON) obtained from gating currents recorded
in control conditions (f), after a 200-ms prepulse to180 mV (F), and after the recovery from potentiation (Œ) (n 5 4). Error bars represent SEM. Solid
lines are the simultaneous fits to a single Boltzmann distribution, and the parameters used for the fitting are shown (E). NormalizedQ-V curves (same as
in D): control (F), prepulse (f), and recovery (Œ).
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very positive potentials (i.e.,1180 mV) during the 25-ms
test pulse itself. Then, the more positive part of theG-V
curve (without prepulse) may be steeper because of the
facilitation that develops during the positive pulses, thereby
producing the shift.

The G-V curves were obtained from tail currents, which
were completely abolished by replacing the external 10 mM
Ba21 with 2 mM Co21 and 0.2 mM La31. However, al-
though the outward current was reduced by Co21 and La31,
it was not completely blocked, possibly because of both the
release of the block by the depolarizations and the outward
ionic flux. The block of the current was restored instanta-
neously by membrane repolarization, as suggested by the
lack of tail currents (data not shown, previously discussed in
Olcese et al., 1996). Although the outward current is mainly
carried by the expressed Ca21 channels (it is strictly depen-
dent on the level of Ca21 channel expression and displays
kinetics that depend on the subunit compositions of the
expressed channel), at extreme positive potentials it could
be contaminated by a small endogenous current.

Becausea2d enhances the voltage-dependent inactiva-
tion, it is reasonable to consider that the absence of facili-
tation in the presence of thea2d subunit may be due to a
counteracting effect on the facilitation. However, if this
were the case, the two processes, facilitation and inactiva-
tion, should develop and recover with identical time courses
but opposite amplitudes, exactly canceling each other out, to
generate a result as the one shown in Fig. 2F. Although this
situation is possible, we consider it very improbable. Also,
as indicated by the tail envelope test for pulses to 80 mV of
increasing duration (from 25 to 200 ms) performed in the
same batch of oocytes, facilitation ofa1C 1 b3 and inacti-
vation of a1C 1 b3 1 a2d develop with different time
constants and relative amplitudes (data not shown). Further-
more, even though the degree of inactivation varies among
batches of oocytes, we never detected facilitation ina2d-
expressing oocytes even when inactivation was practically
absent during the 200-ms prepulse.

Increase of charge displacement
during potentiation

In a1C 1 b3, the amount of movable charge increased after
prepulses, suggesting a recruitment of a fraction of channels
that are normally unable to gate during moderate depolar-
izations. Instead, as it was the case for the ionic current, also
the charge potentiation was absent whena2d subunits were
coexpressed. We were unable to estimate the amount of the
ionic current facilitation deriving from a change in gating
mode and the fraction from the recruitment of new channels.
It is possible that the fraction of charge facilitated by the
prepulse is totally uncoupled to the channel opening. In fact,
if the facilitation were produced only by newly recruited
channels, it would generate an activation curve (G-V) with
the same voltage dependence and higher limiting conduc-

tance. Instead, the left shift of theG-Vcurve associated with
the kinetics changes of facilitated channels suggests a mod-
ification of the activation pathway. Nevertheless, the new
channels recruited by the prepulse may contribute to the
overall potentiation.

The study of the effect of prepulse facilitation on gating
current can be complicated by the change in voltage depen-
dence of the charge movement occurring in inactivated
channels. As in other voltage-dependent ion channels, slow
inactivation produces a shift to the left on the voltage axis of
theQ-V curve in L-type Ca21 channels. However, the shift
to more negative potentials, as described by Shirokov end
collaborators (1998), is produced by long depolarizations,
and is further increased by coexpression of thea2d subunit.
The prepulses used in this study are short (200 ms), and no
changes in the voltage dependence of theQ-V curves were
detected after the prepulse (Figs. 8E and Fig. 9E).

It has been previously shown that the voltage-dependent
facilitation of L-type Ca21 channels is dependent on the
type of b subunit coexpressed (Cens et al., 1996). Here we
have shown that strong depolarizations facilitate both
charge movement and ionic current ina1C 1 b3. Thus,
voltage-dependent facilitation must increase both the num-
ber of channels that are able to produce gating current and
the number of channels that can open in a normal voltage
range. We have also shown the involvement of thea2d
subunit in the facilitation, and its effect on ionic and gating
current. A direct interaction between thea2d andb subunits
is rather unlikely, as only five amino acids of thea2d
subunit are intracellular, while the entireb subunit is known
to be intracellular. The modulation exerted by thea2d
subunit ona1C could instead result from a direct interaction
with the pore forming subunit (Gurnett et al., 1996).
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