
Abstract Modulation of calcium channels by both 
auxiliary subunits and G proteins was studied in cell-
attached patches from COS-7 cells transfected with
Cav2.2 channel subunits (N-type, α1B and either β1b or
β2a). These were co-expressed with either Gβ1γ2 or the
Gβγ-binding domain of β-adrenergic-receptor kinase-1
to sequester endogenous Gβγ. Since G protein modula-
tion of Cav channels may affect both inactivation and ac-
tivation, we examined Gβγ modulation of Cav2.2 chan-
nels in the presence of two different β-subunits that af-
fect inactivation differently and compared in detail the
single-channel characteristics of N-type channels ex-
pressed with either of these β-subunit isoforms. The sin-
gle-channel mean amplitude and mean open time were
not influenced by the transfection combination. Howev-
er, the mean closed time at +40 mV was increased for
both β1b and β2a-subunits by co-transfection with Gβ1γ2.
This effect was absent at lower voltages as examined for
channels with the β1b-subunit. The distribution of laten-
cy-to-first-opening of Cav2.2 channels was similar for
both β-subunit isoforms. However, the inclusion of the
β2a subunit resulted in channels with an additional,
prominent, slow activation phase. Co-transfection of
Gβ1γ2 with Cav2.2 channels markedly reduced the en-
semble current amplitude and slowed the first latency.
The inhibition imposed by Gβ1γ2 was largely indepen-
dent of the β-subunit species. Facilitation of Gβγ-modu-
lated currents (the channel response following a large
and brief depolarising prepulse) was observed for chan-
nels with both β-subunits and involved mainly enhance-
ment of the activation, as assessed by the faster first la-

tency. The inactivation process was strongly dependent
on the β-subunit species, with β1b supporting inactiva-
tion and β2a reducing this process. This difference was
assessed by estimation of both steady-state inactivation
(prepulse influence on test pulse responses) and the inac-
tivation time course during depolarisation. At +40 mV,
channels with the β1b-subunit had a fast component of
inactivation (time constant ~180 ms, 50%) and a slow
phase with time constant of ~1 s, while the β2a-subunit
supported only a very slow inactivation process with
time constant of ~5 s. Co-transfection of Gβ1γ2 with the
Cav2.2 channel had no effect on the inactivation proper-
ties with either β-subunit. In summary, we show that the
inactivation properties of expressed Cav2.2 channels de-
pend largely on the β-subunit species and to a minor ex-
tent only on the presence or absence of the Gβγ modula-
tor. Furthermore, the activation, amplitude, mean open
and closed times and G protein modulation of N-type
channels were similar for both β1b- and β2a-subunits.
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Introduction

Voltage-dependent calcium (Cav) channels play an essen-
tial role in the control of many cellular processes, includ-
ing synaptic transmission, by transducing a voltage sig-
nal into elevation of intracellular Ca2+ [21, 50]. Although
capable of generating functional Cav channels when ex-
pressed alone [27], the pore-forming α1-subunits interact
with auxiliary subunit proteins [53] and form further
complexes with other neighbouring proteins.

Four isoforms of the Cav channel auxiliary β-subunits
have been cloned and shown to be involved in mem-
brane targeting of the putative pore-forming α1-subunits
[5, 6, 16]. In addition, β-subunits modulate the biophysi-
cal properties of the Cav1 [19] and Cav2 [46, 52] channel
families. A common effect of the different β-subunits is
to enhance the coupling between depolarisation and acti-
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vation and to increase the channel open probability [53].
Finally, the β-subunit plays an important role in shaping
the inactivation properties of the channel [45].

Inactivation properties also depend on the expressed
Cav α1-isoforms [14, 56] and also on α2δ-[42] and γ-sub-
units [7, 29] (for review see [47]). The inactivation pro-
cess contributes to the duration and magnitude of the cal-
cium signal, so that alterations in inactivation may influ-
ence signalling.

In presynaptic nerve terminals, the Cav channels most
involved in release are members of the Cav2 family (also
known as α1A, B and E, for review see [32]). In addition
to their interaction with auxiliary subunits, functional
and binding assays have shown these channels to interact
with syntaxin [2], calmodulin [37] and the guanine nu-
cleotide-binding protein (G protein) βγ-subunit (Gβγ)
[23].

The interaction of Cav channels with Gβγ forms the
basis of G protein-mediated inhibition of transmitter re-
lease. This widespread form of inhibitory synaptic mod-
ulation involves neurotransmitters such as dopamine,
GABA and opiates binding to presynaptic G protein-
coupled receptors, liberating activated Gβγ dimers [25]
and inhibiting calcium currents [3, 20, 40]. We have
shown recently that voltage-dependent inhibition in-
duced by Gβ1γ2 and the associated prepulse facilitation
of Cav2.2 channels requires the presence of a β-subunit
[30] and also that the off-rate of Gβγ is enhanced by 
β-subunits [10, 11].

Interactions between G protein modulation and inacti-
vation have been suggested on the basis of increased ap-
parent inactivation of facilitated currents (see for exam-
ple [35, 49]). In addition, site-directed mutations in a
Gβγ-binding motif on the intracellular loop connecting
domains I and II causes changes in the inactivation prop-
erties [24]. Nevertheless, it is possible that the alteration
in inactivation of mutated α1 constructs that have modi-
fied G protein modulation, is a result of alterations in the
influence of the β-subunit. For example, deletions and
mutations in the N-terminus of the Cav2.2 channels have
shown that this region contains determinants for G pro-
tein modulation [12, 34] and also for β-subunit-depen-
dent inactivation properties [45].

Since the auxiliary β-subunit is involved in both shap-
ing the inactivation and in Gβγ modulation, we exam-
ined properties of N-type channels constructed with two
different β-subunit isoforms. Whereas the inactivation
behaviour of the channel was affected differently by the
two β-subunits, other kinetic parameters and modulation
by G proteins, which are both dependent on the presence
of the auxiliary β-subunit, were affected similarly by the
two β-subunits.

Materials and methods

Materials

The following cDNAs were used: rabbit α1B (GenBank accession
number D14157), rat β1b (X11394), rat β2a (M80545), bovine Gβ1

(M13236), bovine Gγ2 (M37183), β-adrenergic-receptor-kinase1
Gβγ-binding domain minigene (called here βARK1, M34019) and
mut3 green fluorescent protein (GFP, [18]). Transfections also in-
cluded rat (α2-δ)1 cDNA (M86621 from Dr. H. Chin). All cDNAs
were used in the pMT2 vector [48].

Transfection of COS-7 cells

COS-7 cells were cultured and transfected using the electropora-
tion technique. GFP was used as a reporter for successful transfec-
tion, essentially as described previously [9, 44].

Single-channel recording

All recordings were performed on GFP-positive cells at room tem-
perature (20–22 °C). Recording pipettes were pulled from borosili-
cate tubing (WPI, Sarasota, Fla., USA), coated with Sylgard 
(Sylgard 184, Dow Corning, Wiesbaden, Germany) and fire pol-
ished to form high-resistance pipettes (~10 MΩ with 100 mM
BaCl2). The bath solution, designed to clamp the resting membrane
potential at zero [31], comprised (in mM): 135 K-aspartate, 
1 MgCl2, 5 EGTA and 10 HEPES (titrated with KOH, pH: 7.3).
Patch pipettes were filled with a solution of the following composi-
tion (in mM): 100 BaCl2, 10 tetraethylammonium (TEA)-Cl, 
10 HEPES, 0.0002 tetrodotoxin (TTX), titrated with TEA-OH to
pH: 7.4. Both solutions were adjusted to 320 mOsmol with sucrose.
Data were sampled (Axopatch 200B and Digidata 1200 interface,
Axon Instruments, Union City, Calif., USA) at 5–10 kHz and fil-
tered on-line at 1 kHz. Voltages were not corrected for the liquid
junction potential [33], measured to be –15 mV in these solutions,
to allow comparison of the results with other published data.

Single-channel analysis

Leak subtraction was performed by averaging segments of traces
with no activity from the same voltage protocol in the same exper-
iment, and subtracting this average from each episode using
pClamp (v. 6, Axon Instruments). Events were detected using the
half-amplitude threshold method. Single-channel amplitude was
determined by a Gaussian fit to the binned amplitude distributions.
Open (topen) and closed (tclosed) times were measured either in 
single-channel patches or in stretches of activity between the two
last inactivation events, in which only a single channel was active
(see below and Fig. 6a). The distributions of topen and tclosed were
fitted with double exponential functions and the mean calculated
by summing the weighted short and long time constants (Fig. 2b).
To establish whether this way of calculating the mean tclosed was
accurate, we compared the closed-time analysis for one, two and
three channels in the patch and found the mean values to be very
similar (Fig. 2d).

Data are expressed as mean±SEM. The significance of differ-
ences between means was established using Student’s t-test for
paired or unpaired samples as appropriate.

The ensemble current recorded from a membrane patch (I) was
considered to be a function of the number of channels in the patch
(N), the single-channel current (i) and the single channel open
probability (Popen) according to:

(1)

N was estimated as described below. The single-channel current i
is a function of the single-channel conductance γ and the electro-
chemical driving force for the permeating ions, which is the differ-
ence between the membrane voltage (V) and the channel reversal
potential (Vreversal). Both γ and Vreversal are dependent on the [Ba2+],
which was constant in these experiments. In addition, γ depends
on an intrinsic divalent ion binding ability of the channel. Popen de-
pends on the probability of activation, the probability of inactiva-
tion and on the mean topen and tclosed. We assumed that topen and
tclosed were constant for the duration of a given voltage pulse.
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Patches with run-down were not included, since the estimated
number of channels in a patch is an influential parameter in this
analysis. Run-down was examined by comparing ensemble cur-
rents taken at different time points during an experiment.

Estimation of the number of channels in the patch

The maximal detected number of superimposed openings may re-
present the number of channels in the patch (see [30]). The accu-
racy of such estimation increases with increasing channel Popen
and decreasing N. To be able to use such an estimation in our anal-
ysis we took the following measures: we examined the presence of
overlapping openings at +40 mV, which is near the peak of the I/V
relationship. In addition we used very long pulses (2 s), both to
extend the maximal Popen window and for measuring tclosed (see
above). Moreover, we restricted all the single-channel analysis to
patches with no more than three overlapping openings.

Latency analysis

Latency-to-first-opening (FL) was measured in 2-ms bins and the
numbers of latency events (as measured in at least 20 consecutive
episodes) were plotted as a function of the latency. If necessary,
their distribution was corrected for N (see below). FL histograms
were normalized and accumulated according to:

(2)

where NFL is the number of first-latency events and PFL the nor-
malised-cumulative first latency distribution (N and P stand here
for the number of events and the probability, respectively, see be-
low). The NFL distribution was divided by the total number of epi-
sodes collected (nT) to give the probability that the latency equals
t ms. The distributions were then accumulated to express the prob-
ability that the latency is equal to or less than t ms [26].

Correction for the number of channels was performed as de-
scribed in [30, 36] according to:

(3)

where PFL,N and PFL,1 represent the original (multi-channel) and
corrected (single-channel) latency distributions respectively. At all
voltages we measured PFL at t=20 ms (the mean of the ten points
between 10 and 30 ms) and at +40 mV we also fitted PFL distribu-
tions with either a single or a double exponential function to allow
estimation and comparison of the activation kinetics:

(4)

or

(5)

where Y0 is the fraction of channels activating, A the relative
weight, t and τ the time and the time constant respectively and the
subscripts fast (f) and slow (s), indicate the fast and the slow time
courses respectively.

Inactivation measurements

Prepulse inactivation

We examined the effect of a 2-s prepulse and measured both the
ensemble current amplitude and the latency-to-first-opening, in
the test pulse.

Inactivation during 2-s pulse to +40 mV

This analysis is based on measuring the time at which the last clo-
sure (LC) in a 2-s episode occurs (in 50-ms bins). Since the LC in

the 2-s episode was always registered, we also included all the ep-
isodes in which inactivation was not detected (with LC value of
2000 ms). This analysis includes the assumption that every final
transition to a lower level (in multi-channel patches) is an inacti-
vation event. Therefore, events were gathered from the termina-
tion times of dwelling at each level. This assumption was tested
by calculating the probability of two channels being active simul-
taneously, without detecting simultaneous, overlapping openings,
in all the stretches of activity between the transition from level 2
to 1 and from level 1 to baseline according to:

(6)

where n2 is the expected number of double openings and nT the to-
tal number of events. In all the stretches of activity tested, the ob-
served n2 was 0. Since the combination of high Popen and lack of
double openings in these stretches suggests strongly that only one
channel is active (see for example [17]), we conclude that the last
closure leading to this stretch was also an inactivation event. All
the detected inactivation events were summed, divided by the
number of detected events (ni) and accumulated to express the
time course of inactivation, given that the channel has opened:

(7)

where NLC and PLC are the last closure and cumulative last closure
distributions and ni is the number of detectable inactivation events.
The PLC distribution at +40 mV was fitted with a single (β2a) or
double (β1b) exponential in which Y0=–1 and either A or
(Afast+Aslow)=1 (as in Eqs. 4 and 5 respectively). This method in-
troduces an error into the analysis due to the final period after the
last registered inactivation event. It may be part of a long closed
state that was truncated by the termination of the pulse (introduc-
ing a sharp artefactual drop at the end of the pulse, see also
Fig. 6a). To avoid errors arising from long closed states at the end
of the episode and from the non-inactivating fraction, we chose to
fit the range 0–1850 ms (38 out of the 41 points in the range
0–2000 ms) because there were few closures longer than 150 ms
(Fig. 2).

Results

Single-channel activity was recorded at several patch 
potentials, from cells transfected with Cav2.2 and
β1b/βARK1, β1b/Gβ1γ2, β2a/βARK1 and β2a/Gβ1γ2
(Fig. 1a–d respectively). The mean ensemble activity in
a patch was estimated by averaging leak-subtracted en-
semble currents from different patches of the same trans-
fection composition (Fig. 1e). In Fig. 1a–d, examples of
four patches with similar estimated number of channels
are presented for comparison. Mean I/V relations were
then drawn (Fig. 1f). This crude analysis points to sever-
al features, including differences in inactivation (see
Fig. 1e) that were then studied in detail (see below). At
+40 mV, the mean amplitude 20 ms after the onset of the
test pulse, in patches from cells co-transfected with
βARK1 was about 2 pA, while in those co-transfected
with Gβ1γ2 it was less than 1 pA. The use of long (2-s)
pulses in this study (Fig. 2a) enabled accurate measure-
ments of topen and tclosed (see Materials and methods and
Fig. 2b and c) as well as inducing inactivation that could
be examined in detail (see below). 
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Fig. 1a–f Single-channel and ensemble current for voltage-depen-
dent calcium (Cav2.2) channels expressed in COS-7 cells with 
either the β1b- or β2a-subunit and in the presence of the G protein
subunit Gβ1γ2 or in the latter’s absence [ensured by co-expression
of the Gβγ-binding domain of β-adrenergic-receptor kinase-1
(βARK1)]. a A representative patch from a cell transfected with
Cav2.2/β1b and βARK1. The initial 100 ms (in a 2-s test pulse) are
shown at three voltages, denoted above each column (applies also
to b, c and d). Top: the voltage protocol, holding potential
–100 mV. A 2-s pulse to the indicated voltage is delivered every
10 s. Middle: five examples of the response of this patch (open-
ings are downwards deflections). Bottom: the ensembles of 20 epi-
sodes for +10, +30 and +40 mV. The scale bars represent 100 ms
and 1 pA (to the left of the first trace) and 0.5 pA (bottom) for the
single episodes and ensemble current respectively. The number of
open levels that are noted in the right column (+40 mV) represents
the maximum number of overlapping openings observed in the

patch. b A representative patch from a cell transfected with
Cav2.2/β1b/Gβ1γ2. Same format as in a showing the ensemble of
20, 25 and 20 episodes for +10, +30 and +40 mV respectively. 
c A representative patch from a cell transfected with
Cav2.2/β2a/βARK1. Same format as in a showing the ensemble 
of 18, 11 and 15 episodes for +10, +30 and +40 mV respect-
ively. d A representative patch from a cell transfected with
Cav2.2/β2a/Gβ1γ2. Same format as in a showing the ensemble of
15, 15 and 20 episodes for +10, +30 and +40 mV respectively. 
e Mean (±SEM, shown every 20 ms for clarity) ensemble currents
at +40 mV (100 ms) for β1b (left) and β2a (right), number of exper-
iments as in f (see below). The vertical bar represents 1 pA. 
f Mean ensemble current (taken 20 ms after the onset of the volt-
age pulse) as a function of the voltage step for Cav2.2 channels co-
expressed with β1b/βARK1 (■ , n=12), β1b/Gβ1γ2 (■■ , n=24),
β2a/βARK1 (● , n=11) or β2a/Gβ1γ2 (●● , n=11)



Amplitude and steady-state kinetics of Cav2.2 channels

The single-channel amplitude i at +40 mV was similar
for all subunit compositions tested (Table 1, Fig. 2e,
left), with a mean value of about 0.4 pA. The ensemble

currents, mentioned above, showed a threefold reduc-
tion in amplitude in the presence of Gβ1γ2 (Fig. 1e).
The basis for this inhibition may be either a decrease in
the number of channels in an average patch or an effect
on single-channel properties such as a shorter topen, a
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Fig. 2a–e Open and closed times of Cav2.2 channels with differ-
ent β-subunits and G proteins. a Five examples of 2-s traces to 
illustrate the detection and analysis of mean closed and open times
(see Materials and methods). The extracts of activity that were
used in this analysis are either patches with no detectable overlap-
ping openings, or at the end of pulses where only one channel re-
mains active. The subunit composition is denoted on the top. The
number of overlapping openings in these experiments were (from
left), three, two, one and two. b Open (top row) and closed 
(bottom row) time histograms and double exponential fits for each
subunit composition from the experiments shown in a. Arrows
mark the calculated mean open and closed times in these experi-

ments, closed times were: 2.5, 7.9, 2.6 and 6.9 ms, for β1b/βARK1,
β1b/Gβγ, β2a/βARK1 and β2a/Gβγ, respectively. The mean open
time for these compositions was 3.5, 4.2, 3.8 and 3.6 ms respec-
tively. c Voltage dependence of mean open (left) and closed (right)
times of the β1b-subunit. For βARK1, n=9 and for Gβ1γ2, n=13:
*P>0.05. d Examination of mean closed times for patches with
one (n=3), two (n=5) or three (n=5) channels, from cells transfec-
ted with Cav2.2/β1b/Gβ1γ2. e Mean amplitude (left) and mean
closed (upper right) and open (lower right) times at +40 mV for
both β-subunits (see also Table 1, the numbers of experiments are
shown in the table). The data for the β1b subunit at +40 mV from c
is shown for comparison



longer tclosed, slower activation or increased inactiva-
tion.

Using only patches that exhibited no more than three
overlapping openings at +40 mV, we measured and com-
pared the mean topen and tclosed (see Materials and meth-
ods). For Cav2.2 channels with either the β1b- or β2a-sub-
unit, mean topen was similar, regardless of βARK1 or
Gβ1γ2 co-transfection, at all voltages examined (Table 1,
Fig. 2c). The topen distributions were fitted with either a
double or single exponential (see Fig. 2b and Materials
and methods). In all cases mean topen was voltage depen-
dent and in the range of several milliseconds (Fig. 2c 
and d). The tclosed distributions were also fitted with a
double exponential (Fig. 2b). Mean tclosed showed a steep
voltage dependence (Fig. 2c right) and at low voltages
was very similar for all the combinations examined.
Gβ1γ2 increased mean tclosed only at +40 mV (Table 1 and
Fig. 2b and e). The possible mechanism for such an in-
fluence is discussed below. A long tclosed in multi-chan-
nel patches may be attributed to gaps between bursts of
activity generated by different channels [15]. This analy-
sis confirms a behaviour pattern of the channel in which
the channel activates for a single burst and then inacti-
vates. However, we based our analysis on the assump-
tion that in the last stretch of activity, only one channel is
active (see Materials and methods) and therefore the dif-
ferences in mean tclosed reflect the effect of Gβ1γ2 and are
not an error arising from analysis of multi-channel
patches. This was the only difference regarding the
steady-state activity of Cav2.2 channels with Gβγ. Cav2.2
channels with either β2a or β1b showed very similar prop-
erties with respect to the steady-state activity of the
channels.

Activation

Cav2.2 channels activated voltage dependently almost in-
dependently of which β-subunit was co-expressed
(Figs. 1 and 3). The PFL function (Eq. 2), which de-
scribes the time dependence of the FL probability, pro-
vides information regarding two processes: the speed of
activation and the fraction of channels that do not open
(nulls). Figure 3a and b shows PFL distributions and typi-
cal traces at different voltages for a single channel from
a β2a/βARK1 patch (Fig. 3a) and a β2a/Gβγ patch
(Fig. 3b, maximum three overlapping openings). This
procedure was used to estimate the activation for all
transfection combinations (Fig. 3c). The voltage depen-
dence of activation at 20 ms was then examined
(Fig. 3d). At +40 mV the activation process was charac-
terised further by fitting one or two exponentials to PFL
distributions (Fig. 3e). This shows that the activation
was compound, comprising mainly a fast process with
the β1b-subunit and both fast and slow processes with the
β2a-subunit. Comparison of the responses in Fig. 3 a and
b demonstrates the influence of tonic inhibition by
Gβ1γ2. The ensemble current was reduced by about 50%
(Fig. 1e and f) because of attenuation of the activation.
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Figure 3 summarises the differences in the activation
process. During the short period following the onset of
the test pulse, the β-subunit species had little influence
on activation (Fig. 3c and d). On this time scale, Gβ1γ2
reduced the currents with both β-subunits similarly.
However, Cav2.2 channels with β2a also exhibited a slow
activation phase that was absent in β1b-containing chan-
nels. The slow activation remained intact during Gβ1γ2
inhibition (Fig. 3e). The PFL functions at +40 mV for

each experiment were fitted with a single or double ex-
ponential (Eqs. 4 and 5). Generally, a τact-fast of 8–26 ms,
a τact-slow of about 120–210 ms and a null fraction de-
scribed the activation at +40 mV for all the compositions
(Table 1). Significant slowing of τact-fast by Gβ1γ2 was
detected with both β-subunits. In addition, the slow com-
ponent of activation was significantly more pronounced
with the β2a-subunit and was not significantly slowed by
Gβ1γ2 co-expression (Fig. 3e and Table 1). 

Inactivation with different β-subunits

Steady-state inactivation was examined by applying a 
2-s prepulse to different potentials and examining the 
activity in a subsequent 100-ms test pulse to +40 mV
(Figs. 4 and 5). Figure 4a and b shows examples of two
patches with Cav2.2/β1b/ Gβ1γ2 and Cav2.2/β2a/ Gβ1γ2 re-
spectively. The test pulse was preceded by 2 s at –80 mV
(left) or at +40 mV (right). Ensemble currents were gen-
erated from experiments of this sort (Fig. 4a and b, last
trace and Fig. 4c) and after normalisation, the voltage
dependence of the relative inactivation was assessed
(Fig. 4d). The β-subunit defined the inactivation proper-
ties, but no significant differences in the inactivation
process were detected with Gβ1γ2 replacing βARK1
(Fig. 4d). Measuring FL in the test pulse (Fig. 5) was
also used to assess the inactivation due to a long pre-
pulse. With the β1b-subunit, PFL values in the test pulse
were reduced following positive prepulse voltages (i.e.
V=0 mV) both with βARK1 and Gβ1γ2 (Fig. 5a). In con-
trast, with the β2a-subunit, because of the lack of inacti-
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Fig. 3a–e Gβ1γ2 and β-subunit isoforms influence the latency-
to-first-opening (FL) in Cav2.2 channels. a A representative sin-
gle-channel patch from a cell transfected with Cav2.2/β2a/βARK1.
The initial 100 ms are shown to demonstrate activation at three
voltages (columns, applies also to b). The voltage protocol is as in
Fig. 1. Five examples of the response of this patch and the nor-
malised, cumulative probability function (PFL) collected from 15,
40 and 40 episodes for +10, +30 and +40 mV respectively. The
scale bars represent 100 ms and 1 pA (to the left of the first trace).
(b) A representative patch from a cell transfected with
Cav2.2/β2a/Gβ1γ2 (maximum of three overlapping openings). Same
format as in a. At the bottom: PFL collected from 15, 15 and 40 
episodes for +10, +30 and +40 mV respectively. For this patch
with three overlapping openings the distribution of PFL is correct-
ed according to Eq. 3. (c) Mean PFL responses (first 100 ms) to
voltage pulses to +10, +30 and +40 mV. Means (±SEM marked
every 10 ms for clarity). The data was extracted from 9, 11, 6 
and 8 experiments for Cav2.2/β1b/βARK1, Cav2.2/β1b/Gβ1γ2,
Cav2.2/β2a/βARK1 and Cav2.2/β2a/Gβ1γ2 respectively. (d) Summa-
ry of the voltage dependence of the latency-to-first-opening 20 ms
after the onset of the pulse for the same compositions. (e) The la-
tencies at +40 mV for the compositions shown above are superim-
posed and shown on a 500-ms scale to highlight the long latency
component in β2a-containing channels (n as in c, symbols as in d).
The bold lines show the double exponential fits and their values
are given in Table 1



vation during the conditioning prepulse, the response
was fairly constant regardless of the prepulse (Fig. 5b).

Inactivation events can be detected during the 2-s
pulses to depolarised potentials (see Methods, Fig. 6a).
These events are reflected in the ensemble currents

(Fig. 6a, bottom traces and 6b). Summation and normali-
sation of the inactivation events produced PLC (see
Eq. 7), which represents the decay in probability of
avoiding inactivation with time. The PLC distributions,
measured at +40 mV (see Materials and methods,
Fig. 6c), were fitted with one exponential for β2a-con-
taining channels and with a double exponential for 
β1b-containing channels (Table 1). Cav2.2/β2a channels
inactivated with an estimated τinact-slow of 5 s, while
Cav2.2/β1b channels inactivated much faster (Fig. 6b 
and c). Inactivation of Cav2.2/β1b channels could be best
described by two equally weighted time constants: a 
τinact-fast of 100–200 ms and a τinact-slow of about 1 s.
Gβ1γ2 had no significant effect on the time course of in-
activation in these two conditions (Table 1 and Fig. 6).

Short prepulse facilitation

Voltage-dependent facilitation of Gβ1γ2-modulated chan-
nels is dependent on the presence of an auxiliary β-sub-
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Fig. 4a–d Steady-state inactivation of Cav2.2 in single- and multi-
channel ensemble records. a Example traces in response to a 
100-ms, +40-mV test pulse preceded by a 2-s prepulse to either
–80 mV (left) or +40 mV (right). The voltage protocol (top, hold-
ing potential –100 mV) is followed by five consecutive responses
recorded from a cell transfected with Cav2.2/β1b/Gβ1γ2 (with a
maximum of three overlapping openings). The bar represents
1 pA and applies also to b. Bottom: an ensemble from the same
experiment constructed of 20 episodes at both prepulse potentials.
The bar represents 0.25 pA and applies to also to b and c. b Ex-
ample traces recorded from cell transfected with Cav2.2/β2a/Gβ1γ2
(maximum of three overlapping openings). Bottom: an ensemble
from the same experiment constructed of 40 and 20 episodes for
prepulses to –80 mV and +40 mV respectively. c Ensemble aver-
age current responses to a test pulse following a 2-s prepulse to
–80, –50, –20, +10 and +40 mV (protocol shown on top), for the
indicated subunit composition (n and symbols as in d, following).
d Summary of steady-state inactivation of the ensemble cur-
-rent level for the four compositions in c. All currents were 
normalised to the mean responses at –80, –50 and –20 mV in 
each experiment. Combinations: Cav2.2/β1b/βARK1 (■ , n=10),
Cav2.2/β1b/Gβ1γ2 (■■ , n=16), Cav2.2/β2a/βARK1 (● , n=8) and
Cav2.2/β2a/Gβ1γ2 (●● , n=10)

Fig. 5a, b Steady-state inactivation of Cav2.2 channels in latency
records. a Reflection of steady-state inactivation in the measure-
ments of latencies, during a test pulse following a 2-s conditioning
prepulse of –80 mV or +40 mV (as indicated) for the Cav2.2/β1b
combinations with βARK1 (left, n=6) or Gβ1γ2 (middle, n=10).
Right: the prepulse voltage (Vpp) dependence of PFL 20 ms after
the onset of the test pulse. b Steady-state inactivation reflected in
the measurements of latencies for the Cav2.2/β2a combinations
with βARK1 (left, n=8) or Gβ1γ2 (middle, n=9). Format as in a



unit [30, 39]. In the present study this was examined by
applying a large prepulse (+120 mV for 40 ms) before
testing the response of the channels at different voltages
(Fig. 7). For both Cav2.2/β1b (Fig. 7a) and Cav2.2/β2a
(Fig. 7b), at +30 mV, activation was estimated by fitting
a double exponential (τact-fast and τact-slow) to the latency
plots with and without a prepulse (Fig. 7d). With both 
β-subunits, τact-fast was significantly reduced when pre-
ceded by a prepulse. τact-fast for β1b and β2a was reduced
from 23.9±3.5 and 25.5±2.0 to 12.6±2.0 and 13.3±
2.0 ms respectively. In contrast, τact-slow, topen and tclosed
were hardly influenced by the prepulse (Fig. 7c).

Discussion

We employed an approach that facilitated the detailed
examination of, and comparison between, calcium chan-
nel currents recorded from cell-attached patches of trans-
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Fig. 6a–c Inactivation of Cav2.2 channels during 2-s depolarisat-
ion to +40 mV. a Examples of activity over 2 s at +40 mV for
Cav2.2/β1b/βARK1 (■ , maximum of three overlapping openings),
Cav2.2/β1b/Gβ1γ2 (■■ , maximum of three overlapping openings),
Cav2.2/β2a/βARK1 (● , single channel patch) and Cav2.2/β2a/Gβ1γ2
(●● , maximum of three overlapping openings). Each column shows
the voltage protocol at the top followed by five responses and the
ensemble of 20 responses (as in Fig. 2). At the bottom the cumula-
tive probability function for the last closure (PLC) is plotted for the
same experiment (see Materials and methods). Diagonal arrows
mark the last closures. The scale bar represents 1 pA. b Mean 
single-channel ensemble currents for (from left to right),
Cav2.2/β1b/βARK1 (n=10), Cav2.2/β1b/Gβ1γ2 (n=16), Cav2.2/β2a/
βARK1 (n=8) and Cav2.2/β2a/Gβ1γ2 (n=10). The bars represent
0.1 pA and 1 s. c Mean normalised inactivation during a 2-s pre-
pulse (PLC, see Materials and methods) for Cav2.2/β1b/βARK1 (■ ,
n=7), Cav2.2/β1b/Gβ1γ2 (❏ , n=10), Cav2.2/β2a/βARK1 (● , n=5)
and Cav2.2/β2a/Gβ1γ2 (❍ , n=8), see Table 1 for fit values



fected COS-7 cells. We compared the behaviour of
Cav2.2 channels assembled with different subunit com-
positions and in the absence or presence of Gβ1γ2. Previ-
ously, we have reported that the β-subunit is required for
the exhibition of many features of Gβ1γ2 modulation
[30]. Here we extended this study by comparing the ki-
netic parameters and features of G protein modulation
enforced on a Cav2.2 channel by two different auxiliary
β-subunits. Co-expression of a β-subunit influenced
many of these parameters strongly (see below). Howev-
er, a detailed comparison between particular β-subunit

isoforms indicated that both influence most of these pa-
rameters similarly. To our knowledge, this is the first
such comparison at the single-channel level. In addition,
we confirmed that the main difference after co-expres-
sion of β2a or β1b is in the inactivation behaviour of the
channels.

These comparisons are valuable since N-type chan-
nels with both β-isoforms are believed to be involved in
transmitter release and subjected to Gβγ modulation.
Cav2.2 channels are involved in transmitter release in
many regions of the nervous system and in secretory
cells. In the brain, only a small proportion of endogenous
Cav2.2 interacts with the β2a-subunit [41]. However, for
chromaffin cells it has been proposed that Cav2.2/β2a
channels form the non-inactivating N-type current and
may contribute to hormone release [8]. However, N-type
contribution to secretion in these cells is relatively small
[1]. Early in development, Cav2.2 mainly associates with
β1b, but a significant proportion of N-type channels in
adult rat brain also contains β1b-subunits [51]. The 
N-type single-channel kinetic parameters (topen and
tclosed) are comparable with those reported in other 
studies, both in expression systems [52], and in native
cells [28]. The latter shows a very similar voltage depen-
dence for these parameters to that estimated here. Our
data demonstrate that kinetic behaviour and G protein
modulation (with this specific Gβγ combination) of 
N-type channels are the same, regardless of the β-sub-
unit that regulates the inactivation properties of the chan-
nels.
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Fig. 7a–e Large brief prepulse facilitates Gβ1γ2-modulated Cav
channels. a An example of a patch co-expressing Cav2.2/β1b and
Gβ1γ2. Top: the voltage protocol: holding potential –100 mV and a
pulse to +30 mV (left, no prepulse), or with prepulse (right),
where the +30-mV pulse is preceded by a 40.ms pulse to
+120 mV. The subsequent six episodes also demonstrate double
and triple overlapping openings. The bar represents 1 pA. Bottom:
ensembles of 20 (left) and 20 (right) episodes, the scale bars re-
present 0.5 pA and 50 ms. b An example of a patch co-expressing
Cav2.2/β2a and Gβ1γ2. Format as in a. Bottom: ensembles of 15 
episodes (left) and 20 (right) episodes. c Lack of influence of a
prepulse on the mean closed (tclosed, top) and open (topen, bottom)
times at different voltages (n=14 with no prepulse, n=6 with pre-
pulse, format as in Fig. 2c). d PFL functions of Cav2.2/β1b/Gβ1γ2
(left) and Cav2.2/β2a/Gβ1γ2 (right) without (■■ and ●● respectively)
or with (crossed square and crossed circle, respectively) a pre-
pulse. Means (shown every 10 ms for clarity) ±SEM (shown only
for 20 ms) of paired data from ten (left) and five (right) experi-
ments. The paired data were significantly different at 20 ms in
both cases (paired Student’s t-test, P<0.05). The PFL plots were
fitted with a double exponential function (see text for details). 
e The rate of facilitation as assessed by dividing the PFL plots with
a prepulse by the result from the same experiment without a pre-
pulse, generated from the same sets of data as in d



Effects of the auxiliary β-subunit and differences 
between β1b and β2a

Although RT-PCR has detected endogenous mRNA for
certain β subunits in COS-7 cells, expression of the pro-
tein is very low or absent [30]. We therefore treated the
channels recorded as homogenous populations according
to the β-subunit that was included in the transfection
cocktail. The expression of a β-subunit modifies several
aspects of Cav channel behaviour. Cav2.2 channels ex-
pressed with either β1b- [52] or β2a- [30] subunits show
an increase in the mean channel topen, compared with
channels lacking this auxiliary subunit. In addition,
shorter latency and reduction in nulls [30] accounts for
the major part of the negative voltage shift in activation
caused by β-subunits [53]. β-Subunits also alter the mag-
nitude and kinetics of inactivation. However, this effect
is heavily dependent on the β-isoform. β1-, β3- and 
β4-subunits increase the inactivation magnitude by shift-
ing the steady-state inactivation relationship to more hy-
perpolarised potentials while the β2a-isoform shifts the
voltage dependence of inactivation to more depolarised
potential [11].

In the present study we found no differences in sin-
gle-channel amplitude or mean topen or tclosed between
β1b- and β2a-subunits (Table 1, Fig. 2c and e). The acti-
vation process of Cav2.2 channels with these two sub-
units is very similar (Table 1 and Fig. 3c and d), apart
from an additional slow activation phase seen with the
β2a-subunit (Fig. 3e). The slow activation phase appears
to replace the relatively large null fraction occurring with
the β1b-subunit. The main parameter that distinguishes
the two subunits is their ability to induce inactivation
(Figs. 4, 5 and 6).

The β-subunit isoform influences inactivation

The time course of the development of inactivation 
varies depending on the experimental conditions and the
methods used to examine it. In general it consists of a
fast process in the range 50–500 ms (for review see [47])
and a slow process that takes more than 1 s to develop.
In addition, some reports have described a fraction of the
inactivation that takes more than 30 s to develop [43].

In terms of methodology, most of the experiments and
analyses designed to explore inactivation have used a
prepulse to induce inactivation. In this case the duration
of the prepulse has a great influence on the extent of the
inactivation measured. Other examinations of the inacti-
vation process in single L-type channel records have
used the latency-to-first-opening, FL, during a test pulse
as a measure of prepulse-induced inactivation [26]. In 
T-type channels, ensemble current reconstruction is pos-
sible using FL and the burst duration [15], with termina-
tion of the burst describing the inactivation process. We
investigated inactivation both by examining the effect of
a prepulse and using the PLC function instead of the burst
duration.

β1b or β2a auxiliary subunits confer different inactiva-
tion properties on Cav2.2 channels. With the β1b-subunit,
steady-state inactivation is detected at depolarised poten-
tials (Figs. 4 and 5) and inactivation during the test pulse
exhibited a fast component (τinact-fast ~100–200 ms) and 
a slow component (τinact-slow ~1 s) (Fig. 6). With the 
β2a-subunit, there was no significant steady-state inacti-
vation (Figs. 4 and 5) and inactivation during the test
pulse had no fast component but only a very slow com-
ponent (τinact-slow ~5 s). These differences in inactivation
properties conferred by the two β-subunits are similar to
those published previously [11, 45]. With both β-sub-
units the inactivation profiles were similar with βARK1
or Gβ1γ2 (Figs. 4d and 5a and b). Our results are in
agreement with measurements of steady-state inactiva-
tion for control and transmitter-inhibited N-type currents
demonstrating very little influence of G protein-mediated
inhibition on the inactivation process (with the voltage
dependence shifting in opposite directions in the differ-
ent studies) [3, 22, 49]. It is notable, however, that the
steady-state inactivation is directly related to loss of
opening capability and is probably directly related to in-
activation during the prepulse (Fig. 4a, right, episode 2
and Fig. 4b, right, episodes 1–4). This point is demon-
strated further by the possibility of documenting steady-
state inactivation from PFL plots during the test pulse
(Fig. 5).

Effects of co-expression of Gβγ

COS-7 cells have endogenous G protein components
such as Gαz and Gα12 [4], as well as Gαs [38], Gαq [55]
and pertussis toxin-sensitive Gαo/i [54]. All the function-
al literature points to the fact that these G proteins exist
as heterotrimers with Gβγ subunits and require receptor
activation. Inclusion of the βARK1 Gβγ-binding domain
is believed to remove any endogenous free Gβγ and,
therefore, any G protein-related modulation. In contrast,
inclusion of Gβγ induces permanently modulated Cav
populations. The main inhibitory effect of Gβ1γ2 on
Cav2.2 channels containing either β1b- or β2a-subunits
was on the activation process (Table 1 and Fig. 3). PFL
values decrease both because of kinetic slowing and as 
a result of the large increase in the null fraction. At
+40 mV the null fraction increased by ~20%, at the ex-
pense of the fast component of activation, with both 
β-isoforms. In both cases the fast time constant for acti-
vation was slowed from ~10 to ~20 ms. The increase in
the null fraction did not recover (Fig. 3e) with a 2-s
pulse that would have uncovered late openings. These
results are in complete agreement with a study on native
N-type channels [13], although another study has re-
ported recovery within 400 ms [35]. G protein modula-
tion of Cav2.2 channels depended very little on the 
β-subunit species, although minor differences in the acti-
vation slowing and in facilitation were detected.

At +40 mV, Gβ1γ2 also caused an increase in the
mean tclosed. The differences in tclosed between βARK1-
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and Gβ1γ2-co-transfected cells were restricted to this
voltage (Fig. 2c and e). The increase in tclosed suggests a
mechanism by which, in addition to the kinetic slowing
of activation, Gβγ also has an influence on the channel
properties after the channel has activated (first opening
after latency). These results are in agreement with the
suggestion that “reluctant”, or Gβγ-bound, channels
open only at large depolarisations and result in a low-
Popen behaviour including an additional long closed state
[28].

Relief of Gβγ modulation in Gβ1γ2-modulated chan-
nels was examined by assessing the facilitation by a
short, strong prepulse. This process was similar with
both β-subunits. Facilitation consisted mainly of en-
hancement of τact-fast, usually leading to a decrease of the
null fraction but not of tclosed (Fig. 7, see also [13]). This
suggests that during the prepulse, a degree of reluctant
gating is initiated, and it implies further that such a pre-
pulse does not remove all the bound Gβγ.

N-type channels constructed with one of two different
β-subunit isoforms differed in their inactivation behav-
iour. This is probably due to an N-terminal palmitoylat-
ion of the β2a-isoform, which contributes to the low abil-
ity of this subunit to induce inactivation of these chan-
nels [11]. However, this structural difference does not in-
fluence the ability of an auxiliary β-subunit to enhance
other kinetic parameters and allow voltage-dependent
modulation of the channel by G proteins. These parame-
ters were similar with both types of β-subunit isoform.
These results further point to the delicate regulation of
calcium signals by means of local expression and assem-
bly of the Cav channel proteins and their interactions
with other proteins.
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