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Calcium Channel 8 Subunit Promotes Voltage-Dependent Modulation of
a1B by GBy
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Department of Pharmacology, University College London, London WC1E 6BT, United Kingdom

ABSTRACT Voltage-dependent calcium channels (VDCCs) are heteromultimers composed of a pore-forming a1 subunit
and auxiliary subunits, including the intracellular B subunit, which has a strong influence on the channel properties.
Voltage-dependent inhibitory modulation of neuronal VDCCs occurs primarily by activation of G-proteins and elevation of the
free GB~y dimer concentration. Here we have examined the interaction between the regulation of N-type (a1B) channels by
their B subunits and by Gy dimers, heterologously expressed in COS-7 cells. In contrast to previous studies suggesting
antagonism of G protein inhibition by the VDCC B subunit, we found a significantly larger GBy-dependent inhibition of «1B
channel activation when the VDCC «1B and B subunits were coexpressed. In the absence of coexpressed VDCC B subunit,
the GBy dimers, either expressed tonically or elevated via receptor activation, did not produce the expected features of
voltage-dependent G protein modulation of N-type channels, including slowed activation and prepulse facilitation, while
VDCC B subunit coexpression restored all of the hallmarks of GBy modulation. These results suggest that the VDCC g subunit
must be present for GBvy to induce voltage-dependent modulation of N-type calcium channels.

INTRODUCTION

VDCCs play an essential role in the control of many cellular(Patil et al., 1996; Jones et al., 1997). Therefore, it was pro-
processes, including synaptic transmission, by transducingposed that the kinetic slowing alone caused the amplitude
voltage signal into elevation of intracellular €a(Tsien et  decrease. In this model, facilitation is explained by voltage-
al., 1991; Dunlap et al., 1995). In presynaptic nerve termi-dependent unbinding of the modulating G protein during a
nals, the VDCCs that are most involved in transmitterstrong depolarizing prepulse (EImslie and Jones, 1994). How-
release are N-typea(B) and P/Q-type ¢1A) channels ever, other data suggest that “reluctant” @yabound calcium
(Meir et al., 1999). Many neurotransmitters, including do-channels may also open (Elmslie et al., 1990; Boland and
pamine, GABA, and opiates, are involved in a widespread3ean, 1993; Colecraft et al., 2000).

form of inhibitory synaptic modulation, by binding to pre-  VDCCs are heteromultimers composed of a pore-forming
synaptic seven transmembrane domain (7TM) receptorsyl subunit and several auxiliary subunits (Jones, 1998). The
liberating activated G protein subunits, and inhibiting cal-a1 subunits are the primary determinants of the resultant
cium currents (Bean, 1989; Dolphin, 1995). This inhibition properties; however, the auxiliary subunits, particularly the
is produced by the @y dimers, which associate withhlB intracellularg subunit, strongly influence the properties of
VDCCs in particular (Ikeda, 1996; Herlitze et al., 1996) (butthe assembled channels (Walker and De Waard, 1998).
also withalA and«lE), in a membrane-delimited manner, VDCC B subunits (of which four isoforms have been
causing the channels to lose the property of fast opening igloned) are involved in membrane targeting of the putative
response to depolarization, so that les$ Centers the cell. pore-formingal subunits (Chien et al., 1995; Brice et al.,
This modulation involves a retardation of the activation pro-1997) and modulate the biophysical properties odfC
cess of VDCCs (Carabelli et al., 1996; Patil et al., 1996), which{Costantin et al., 1998; Gerster et al., 1998)F (Stephens
can be overcome (voltage-dependent facilitation) by a strongt al., 1997), an&1B (Wakamori et al., 1999) channels. A
depolarizing prepulse (Ikeda, 1991) or a train of action potencommon effect of the differeng subunits is to enhance the
tials (Patil et al., 1998). G protein modulation of VDCCs coupling between depolarization and activation and to in-
embeds three major elements: reduction of the current amplerease the channel open probability (for a review see
tude, slowing of the activation kinetics, and relief of inhibition Walker and De Waard, 1998).

by depolarizing voltages. Recent single-channel and gating There is biochemical evidence for overlapping binding
current analysis has suggested that the modulation consisfies for the VDCCB subunit and for By dimers on the
mainly of GBy-bound channels failing to gate to the open stateintracellular I-1l loop (De Waard et al., 1997) and on the C
implying a requirement that @y unbinds before gating (add- and N termini (Walker et al., 1998, 1999; Canti et al., 1999)
ing this relatively slow component to the activation kinetics) of various VDCCal subunits. This led to the idea that there
is competition between VDC@ and @By for the same
Received for publication 5 November 1999 and in final form 9 May 2000.blndlng Slt?' The competition h,ypOthe,SIS IS- su_ppprted _by
Address reprint requests to Dr. Alon Meir, Department of Pharmacology,da‘ta ShOWIﬂg reduced G prOtem'medla‘ted inhibition with
University College London, Gower St., London WCIE 6BT, UK. Tel.. Overexpression of certain VDC® subunits for several
+44-20-7769-4485; Fax+44-20-7813-2808; E-mail a.meir@ucl.ac.uk. types of heterologously expressed VDCCsXi@nopusoo-

© 2000 by the Biophysical Society cytes (Roche et al., 1995; Bourinet et al., 1996). Further-
0006-3495/00/08/731/16  $2.00 more, previous work from our laboratory shows that partial




732 Meir et al.

depletion of endogenous VDCE subunits, by an antisense ing to a failure to detect facilitation. The implications of
oligonucleotide, enhanced inhibition of native VDCCs in sen-both models will be discussed.

sory neurons by GABA receptor activation, although not that
by GTPy—s_ (Ca_lmpbell et a_I., 19959)._ However, facilitation or MATERIALS AND METHODS
depolarization-induced relief of inhibition of N-type channels

expressed irXenopusoocytes was enhanced by coexpressiorMaterials

of th_e vbCC [33 SUb!'mIF _(Roche and TreIStman' 199_8b)’ThealB,Bl,BZa,BS,aZ-Bl, BARK1 GBy binding domain minigene, D-2
despite the reduced inhibition induced by this subunit. INeceptor, and B1 and Gy2 cDNAs used in this study have been described
addition, most descriptions of an antagonism between VDCGreviously (Page et al., 1997, 1998; Stephens et al., 1998; Bogdanov et al.,
B and @By dimers are based on isopotential measurement$000).

ignoring voltage shifts related to the separate expression of

VDCC B subunit or @3y with the a1 subunit. Our recent data Transfection of COS-7 cells

for Xenopusocytes suggest that almost all of the appagent

subunit-related antagonism eoflB modulation is due tg8 C_OS-7 cells were cultured a}nd transf_ected, using the electroporation tech-
. . . nique, essentially as described previously (Campbell et al., 1995a; Ste-

subunit-mediated hyperpolarization of the voltage dependenc&nens et al., 1998).

of current activation (C. Canti, Y. Bogdanov, and A. C. Dol-

phin, manuscript submitted for publication).

To examine the correlation between inhibition, kinetic Réverse transcriptase-polymerase chain reaction
slowing, and facilitation, we have applied several differentrotal RNA was isolated from a pellet of COS-7 cells with an RNeasy
approaches to examine the effect of VD@Gubunits on  miniprep kit (Qiagen, Crawley, UK). Residual genomic and plasmid DNA

the modulation ofx1B channels by G proteins in the mam- were removed by digestion with RQ DNase (Promega, Madison, WI) for
; ; _ ; : _ 0 min at 37°C, in the presence of 40 mM Tris-HCI (pH 8.0), 10 mM
malian cell line COS-7. First, we recorded single channefwgso& 1 mM CaCh, 40 units RNasin (Promega), and 5 units RQ DNase.

«lB or alB/B currents i_n two groups Of cells. The‘. f_irSt Reverse transcription was carried out in a final volume ofuB0in the
group was transfected with VDCC subunits and a minigeneresence of 50 mM Tris-HCI (pH 8.3), 75 mM KCI, 3 mM Mg£ilo mM

derived from the C terminus of @-adrenergic receptor dithiothreitol, 1.25 mM each deoxyribonucleoside triphosphate, 1.@5
kinase BARKl) (KOCh et al.. 1993 Stephens et al 1998) random hexamer primers (Promega), 40 units RNasin, and 500 units

. . Moloney murine leukemia virus reverse transcriptase (Promega) (37°C,
that binds ®By and prevents basal modulation of the Chal’]'60—120 min). The samples were diluted to J@d0and 5ul was used per

nels by endogenous freeB3. In the second group, we polymerase chain reaction (PCR) reaction. PCR was carried out using 1.25
transfected VDCC subunits andB®&y2 dimers to produce units Tag DNA polymerase (Promega) in 2fl, containing 10 mM
tonic modulation. In a second approach, we recorded wholel'is-HC! (pH 9), 50 mM KCI, 0.1% Triton X-100, 1.5 mM Mgl 200

. . 1M each of deoxyribonucleoside triphosphates, andu#primers. The
cell currents from cells transfected with eithelB alone or following primers were usedLbF: CCT ATG ACG TGG TGC CTT CC:

O[lB/BZﬁ and the dopamine D-2 receptor to allow reversibleﬁle: TGC GGT TCA GCA GCG GAT TGB2F: AAG AAG ACA GAG
agonist activation of endogenous G proteins. These experAC ACT CC,2R ACT CTG AAC TTC CGC TAA GCB3F: CTC TAG

iments are not possible Xenopusocytes because of their CCA AGC AGA AGC AA; B3R: CTG GTA CAG GTC CTG GTA GG;
endogenous VDC@ subunit (Tareilus et al., 1997). B4F: TGA GGT AAC AGA CAT GAT GCA G;B4R: CCA CCA GTT
.. GAA CAT TCA AGT G.
We show that both the pronounce@{sdependent kinetic
slowing of the channel response and the accompanying volt-
age-dependent facilitation depend on VDBGubunit coex- Immunocytochemistry

pression. In the abse_nce of an expressed V_DS?QJbuan, - COS-7 cells were fixed 48 h after transfection. Cells were washed twice in
Gp1y2 expressed tonically does not produce significant kineticrris-buffered saline (TBS) (154 mM NaCl, 20 mM Tris, pH 7.4) then fixed
slowing of the activation of thelB channels, while coexpres- in 4% paraformaldehyde in TBS as described (Brice et al., 1997). The cells
sion of 1B with [32a (OfBlb) restores full (B'Y modulation. were permeabilized in 0.02% Triton X-100 in TBS and incubated with

. } . . blocking solution (20% (v/v) goat serum, 4% (w/v) bovine serum albumin
Furthermore, in the COS-7 cell expression system, transie éSA),O.l% (w/V)p,L-lysine in TBS). Cells were incubated for 14 h at 4°C

elevgtio_n _O_f @y by dopamine D-2 receptor aCtivation_in_duces with the appropriate primary antibody diluted in 10% goat serum, 2% BSA,
less inhibition ofw1B than ofwlB/B2a channels, and this is not 0.05% b,L-lysine. The VDCC antibodies used in this study were either

accompanied by kinetic slowing or facilitation. raised in rabbits against specific peptides derived from a sequence common

Our present findings support interdependence betwee}q all B subunits B.ommon (Campbell et al., 1995a), used at 1:500 dilution,
or were produced as monoclonal antibodies to fusion proteins derived from

the two mOdU|at°ry_ processes 'nduc_ed b@ﬁjlmgrs and the C-terminal sequences Bib orB3, used at ug-ml~*. Thep1b andB3
by VDCC B subunits and may be interpreted in severalfusion proteins consisted of amino acids 453-646 of hurgah and

ways. Either the VDC@3 subunit is functionally required 403-525 of humag3. The 81b andg3 antibodies recognize the rat and
for the Gﬁy-induced voltage—dependent inhibition aflB human orthologs and are therefore likely to recognize the African green

. . monkeyp subunits. These specific antibodies do not cross-react with other
channels, or Byis bound more Strongly to thelB subunit B subunits (Day et al., 1998). The primary polyclonal antibody was

in the absence of a bound auxiliaBysubunit. Therefore, it getected using biotin-conjugated goat anti-rabbit I9G ¢@gni~?) (Sig-
would unbind less easily with a depolarizing prepulse, leadma), then streptavidin fluorescein isothiocyanate gtml—*; Molecular
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Probes, Eugene, OR). For the primary monoclonal antibodies, detectio§ingle-channel analysis
was carried out with goat anti-mouse fluorescein isothiocyanate (10
wg'ml~L; Molecular Probes). COS-7 cells were then incubated for 20 minLeak subtraction was performed by averaging segments of traces with no
with the double-stranded DNA dye YO-YO (2.4 nM; Molecular Probes) to activity from the same voltage protocol in the same experiment and
visualize the nucleus. Cells were then washed in TBS fox % min. subtracting this average from each episode, using pClamp6. Event detec-
Coverslips were mounted directly on a microscope slide with Vectashieldion was carried out using the half-amplitude threshold method. Single-
(Vector Laboratories, Burlingame, CA). Cells were examined on a laserchannel amplitude was determined, either by a Gaussian fit to the binned
scanning confocal microscope (Leica TCS SP, Milton Keynes, UK), usingamplitude distributions, or by the mean amplitude in cases when there was
conditions of constant aperture and gain, ensuring that the image was nétsmall number of events or multiple conductance modes (see Fg. 2
saturated. The optical sections shown argri horizontally through the =~ However, the values obtained here (13pS) are smaller than those reported
center of the cell. elsewhere (see, for example, Carabelli et al., 1996) and by us (Meir and
Dolphin, 1998). This may be due to the inclusion of the low-amplitude
events in the present study (see below). The open time was determined as
) the arithmetic mean of the binned open times. In this way the events shorter
Whole-cell recording than 0.1 ms are ignored, and the resulting value is higher than the one given

. . . an exponential fit to the open time distributions.
Recordlng; were made as descnbed_prewously (Stephens et al_., 1997). TR¥ As reported previously (Meir and Dolphin, 1998), HVA VDCCs also
internal (pipette) and external solutions and recording techniques were

similar to those previously described (Campbell et al., 1995b). The patchShOW a lower amplitude mode, which may represent a subconductance

pipette solution contained (in mM) 140 Cs-aspartate, 5 EGTA, 2 MgCl Zzaéeérri:j;:\?elo;\; 'S?T;gt#ge (e(\:/ﬁE;s;'\r'gesl?:hfhe: ;g\jlh:rﬁnﬁiggliss::;m
0.1 CaC}, 2 K,ATP, 10 HEPES (pH 7.2), and 310 mOsm sucrose. The y ysIS. P

external solution contained (in mM) 160 tetraethylammonium (TEA) bro- Ligf::lnt;&uei\;e;g;ét;i;W;etEeacl)l zl:\?r:mslt acr?maotfllitsmsr:s dQ’V\/Semc?ilc?not
mide, 3 KCI, 1.0 NaHCQ 1.0 MgCl, 10 HEPES, 4 glucose, 1 or 10 BaCl P ' A penings, udy

(pH 7.4), and 320 mOsm sucrose. Pipettes of resistance 20Mldre examine their particular contribution to the processes tested. No patches

used. An Axopatch 1D or Axon 200A amplifier (Axon Instruments, Foster were included in this study that only showed low-amplitude events, as

City, CA) was used, and data were filtered at 1-2 kHz and digitized at 5—1(5(':“30'1(_:‘d preV|0u§Iy (Mglr and Dolphin, 1998.)' For mean open time mea-
surements, we did not include the low-amplitude events. Latency to first

kHz. Analysis was performed using Pclamp6 and Origin 5. Current records ening was measured in 2-ms bins and. if necessary. was corrected for the
after leak and residual capacitance current subtraction (P/4 or P/8 protocoj}p 9 ' Y,

are shownl-V relations were fitted with a combined Boltzmann and linear umber of channels in the patch (see below).
fit (because of the rectification of the channel amplitude near its reversal

potential the current should be fitted with the Goldman—Hodgkin—Katz Estimation of the number of
equation, but because we examined mainly the activation phase b¥the .

relations, we used the linear approximation instead): channels in the patch

We assumed the number of detectable multiple openings to represent the
Gnax* (V - Vrev)/(l + e_(V_VM)/k) (1) number of channels active in the patch. This assumption is supported by
confirmation that in patches where no multiple openings were detected,
Voltages were not corrected for liquid junction potential (Neher, 1995),there is a high probability that it results from only a single channel present.
which was measured to be 6 mV in the 1 and 10 mMBsolutions. For all of the single detected channel patches, we calculated the number of
expected double openings if there were two channels in the patch. The
number of double openings expected was calculated from

Single-channel recording Ny = N - (mean open timg(2- (mean closed timg  (2)

All recordings were performed on green fluorescent protein (GFP)-positive, _ is the expected number of double openings, &his the number of
cells at room temperature (20—-22°C). Recording pipettes were pulled frongingle openings (Colquhoun and Hawkes, 1985)N gives the proportion
borosilicate tubes (World Precision Instruments, Sarasota, FL) coated witdf double opening events expected dB/BARKL (12.3+ 5.5%,n = 3),
Sylgard (Sylgard 184; Dow Corning, Wiesbaden, Germany) and fire pol-o18/Ggy (5.7 = 2.7%,n = 3), «1B/82a/BARKL (46.5+ 13.5%,n = 2),
ished to create high resistance pipettesQ MQ with 100 mM BaCl). and «1B/B2a/GBy (29.3 + 5.6%,n = 4), all at+30 mV. In all of these

The bath solution, designed to zero the resting membrane potential (Meipatches, no double openings were detected at any voltage examined. The
and Dolphin, 1998) was composed of (in mM) 135 K-aspartate, 1 MJCl mean number of estimated channels was similar for all subunit composi-
5 EGTA, and 10 HEPES (titrated with KOH, pH 7.3), and the patch tjons, Here it is given with the distribution of the number of channels, for
pipettes were filled with a solution of the following composition (in MM):  each subunit composition:1B/BARK1 (2.8 + 0.3,n = 13; two patches

100 BaCl, 10 TEA-CI, 10 HEPES, 200 nM tetrodotoxin, fitrated with ith one channel, three with two, three with three, and five with four),
TEA-OH to pH 7.4. Both solutions were adjusted to an osmolarity of 320 41B/Ggy (2.7 = 0.4,n = 13; three patches with one channel, three with
mOsmol with sucrose. Data were sampled (Axopatch 200B and Digidatgyo, five with three, one with four, and one with sevem)B/32a/BARK1

1200 interface; Axon Instruments) at 10 kHz and filtered on-line at 1 kHz.(2 5+ 0.4,n = 11; two patches with one channel, four with two, four with
Voltages were not corrected for liquid junction potential (Neher, 1995),three, and one with five), and1B/B2a/GBy (2.2 = 0.3,n = 14; five
which was measured to bel5 mV in these solutions, so that the results patches with one channel, four with two, three with three, one with four,
could be compared with other published material. Although the junctionand one with five). This method provides an underestimate of the number
potentials are comparable in all of the solutions used here, the activatiogf channels.

curves are shifted to more depolarized potentials with increaséd Ba

concentration. This is likely to be due to surface charge effects caused by

the elevated B . TheV,, values for thd-V curves (fora1B/B2a/GBy or Latency analysis and correction for

«1B/B2a/D-2+quinpirole) were+3.5mV with 1 mM (Fig. 1b), +24.8 mV multichannel patches

with 10 mM (Fig. 6€), and+43.5mV with 100 mM B&" (a fit with Eq.

1 to the data shown in Fig. 3 definingV,, as the extrapolated,., from First latency histograms from each experiment were divided by the number
the linear regression fitted to the single-channel amplitudes). of episodes collected, to express the data as a probability (Imredy and Yue,
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FIGURE 1 Tonic inhibition of N-type channels,
coexpressed with @ly2 in COS-7 cells. ) al1B/
«2-8/GBy channels, with 10 mM B4 as charge
carrier.Left Current responses to 50-ms test pulses to
—10 to +35 mV, in 5-mV intervals. The scale bars
represent 5 pA/pF and 10 maliddle: A typical
response to the double pulse protocol (holding poten-
tial = —80 mV, test potentials from-10 mV to 30
mV in 10-mV intervals). The scale bars represent 10
pA/pF and 50 msRight I-V relationship (taken at the
peak current) for the experiment shown in the middle
panel, fitted with a combined Boltzmann and linear
fit (see Materials and MethodsY,,, was +26.6 mV
and+26.8 mV for P1 and P2, respectively, and the
factor was 7.9 mV and 9.7 mV for P1 and P2,
respectively. ) a1B/a2-8/82a/G3y channels with 1
mM Ba?* as charge carriet.eft Current responses
to 50-ms test pulses te-35 to +10 mV, in 5-mV
intervals. The scale bars represent 20 pA/pF and 10
ms. Middle: A typical response to double pulse pro-
tocol (holding potential= —80 mV, test potentials
from —40 mV to 0 mV in 10-mV intervals). The
scale bars represent 10 pA/pF and 50 Rigiht |-V
relationship (taken at 50 ms) for the experiment
shown in the middle panel, fitted with a combined
Boltzmann and linear fit (see Materials and Meth-
ods).V,,, was +3.5 mV and—13.0 mV for P1 and
P2, respectively, and thefactors were 6.8 mV and
3.6 mV for P1 and P2, respectively) (Comparison

of the activation time constants,(,) for alB/a2-8
channels cotransfected wipARK1 (n = 12, @) or
with GBy (n = 5, O). The activation phase of cur-
rents was fitted with single exponential at all volt-
ages. §) Comparison of the activation time constants
for «lB/a2-6/2a channels cotransfected with
BARK1 (n = 5, @) or with GBvy (n = 10, O).
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1994). The plots were then accumulated, using an Origin built-in function,RESULTS

according to

CFLy = S(FLy/E

Tonic inhibition of «1B channels by Gy

3) cotransfection in COS-7 cells

FLy and CFly are the first latency and the cumulative first latency A detailed analysis of the activation pattern of the currents
distributions, respectively, arfelis the number of stimulations. Multichan- formed byalB Compared to th@le/B combination was

nel patches were also corrected for the apparent number of channels in th . L. .
P PP Obtained by driving the free @y concentration to extremes;

patch, according to

CFL, = 1— (1 — CFLy)™W

we either achieved tonically elevateddé levels by co-

(4)

transfection of @1y2, or minimized endogenousBy with
BARK1 minigene cotransfection.

The VDCRB2a subunit

CFL, and CFly are the single-channel and multichannel cumulative first \ya5 used in this study to remove confounding effects of

latency functions, respectively, amdis the apparent number of channels.
Data are expressed as mearSEM. Statistical analysis was performed

inactivation so that activation could be examined in isola-

using a paired or unpaired Studerttest or two-way analysis of variance tiON. In the whole-cell experiment&2-6 was also included
in the transfections, but similar results were obtained with-

(ANOVA), as appropriate.
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FIGURE 2 Examples of single-channel activity and its analysis.oftB in combination withB2a in the presence of @y2. (a) Top voltage trace
Holding potential—100 mV, test potential in both P1 and P2, to the indicated value, 100 ms, separated by a strong depolarizing prEpiise/( 50

ms). Steps were delivered every 2 s. The voltage protocol is followed by five representative traces and an ensemble of 20@efisodezce for each
voltage. The zero current line that runs through the traces represents the closed state; openings are downward deflections. The bars to ¢hiérsight of th
trace represent 1 pA and 100 ms, and the bar to the right of the ensemble current trace represents 0.2 pA (this applies to all of theoyQlfzgesiné
distribution histograms corresponding to the experiment showrfon P1 ¢op histogram and P2 fottom histogram For each voltage 200 episodes were
collected. The bin width was 0.5 ms. The mean open time at each voltage is indicht®gef level amplitude histograms for the different voltages in

P1 (pars) and P2 line). The bin width was 0.02 pA. The mean amplitude is indicated for P1 and P2.

out the additional inclusion of this subunit (data not shown,the activation phase of the whole-cell current. Comparison
but see the single-channel results). of activation time constantsr{.) obtained foralB/a2-8

alB/a2-6/GB1y2 whole-cell currents were rapidly acti- channels, cotransfected wiBARK1 or GB1y2, showed no
vating (Fig. 1a, lef) and showed no facilitation in response significant differences (Fig. I). Nevertheless, a slight
to a prepulse to-120 mV, but rather showed some inacti- depolarizing shift in ther,.svoltage relation was evident
vation (Fig. 1a, middlg. Thel-V relation parameters did not with GB1y2 (compareemptyto filled circlesin Fig. 1c). In
change with a depolarizing prepulse, indicating the lack ofcontrast, with the additional coexpression@®a (Fig. 1d),
facilitation (Fig. 1a, right). In sharp contrast, wittB2a 7, was about fivefold slower with @ly2 compared to
coexpression (Fig. b), the alB/a2-6/32a/G31y2 currents  BARKL1 cotransfection.
activated slowly (Fig. b, leff) and were strongly facilitated
by a large depolarizing prepulse (Figb,Imiddleandright).
The prepulse produced al16-mV hyperpolarizing shift
in the I-V relation and increased the current amplitude
(Fig. 1 b, right).

The speed of the activation process and its voltage dewe analyzed single-channel records over a wide range of
pendence were estimated by fitting a single exponential twoltages (Fig. Z2a) and compared a number of parameters,

Single-channel analysis of tonic inhibition of «1B
channels by Gy
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including single-channel ensemble current (Fig2mean to P1 and P2 were similar within the voltage range exam-
open time (Fig. &), mean amplitude (Fig. &), and latency ined (Fig. 3,a andb), indicating a lack of facilitation. There

to first opening. The behavior of single channels recordedvere no significant differences between these two groups of
from cell-attached patches of COS-7 cells transfected witldata. Nevertheless, a smalb-mV depolarizing shift of the
1B with or without a VDCC auxiliary3 subunit and either  single-channel-V relationship (Fig. 30, middlg was de-
GpBy or BARKL1 (Fig. 3 and 4) was compared using thesetected in the presence of8&y2, which was similar to the
parameters. shifts observed in whole-cell recordings.

These parameters enable one to distinguish between the The coexpression of VDC@2a with 1B markedly
effects of either modulatory protein & and/or VDCCp) affected the activity of the resulting channels (Figc)3
on activation (all of the processes leading to the first openHowever, the single-channel conductance was unchanged
ing of a channel) or postactivation processes, includingFig. 3d). The mean open time was increased significantly
mean open time. The hypothesis suggested by the wholdsy VDCC B subunit expression at all of the voltages exam-
cell data is that the related voltage-dependent processes mfed (Student'st-test, p < 0.05 for all six pairs of data)
kinetic slowing and prepulse facilitation, which are both (compare Fig. 3, top and Fig. 3d, top. However, the
thought to involve @y unbinding (Stephens et al., 1998; mean open time was similar regardless of the presence or
Zamponi and Snutch, 1998), are dependent on the presenabsence of @By (Fig. 3 d, top. The alB/B2aBARK1
of the VDCCg subunit. We also examined whether param-channels showed fast activation and no inactivation (Fig. 3
eters independent of the activation process, such as ampli; leff). The double pulse protocol did not reveal significant
tude and mean open time, are affected by either modulatorglifferences in the responses to P1 and P2, but slight facili-
protein. tation was evident at most voltages (Fige,3eft and Fig. 3

Both the mean open time and mean amplitude represemt, filled symbols This is in agreement with whole-cell
compound processes (see Fig fr the compound ampli- recordings showing that coexpression of VDCCs with
tude distributions). The open time distribution of expressed3ARK1 removed most but not all of the facilitation (Ste-
(Wakamori et al., 1999) N-type channels was described bphens et al., 1998). The ensemble average currents of these
the sum of several exponentials. However, because of thehannels were about twofold larger in amplitude than in the
exclusion of the shortest open times in our analysis, th@bsence of coexpressg@a (compardilled squaresn Fig.
contribution of the shorter exponent could be misinter-3, b andd).
preted. We therefore chose to examine the arithmetic mean Transfection of B1y2 instead 0of3ARK1 with a1B/p2a
open time (Fig. 2b). Changes in this parameter could yielded channels with a similar mean open time and single-
therefore be a result of either a change in the distributiorchannel conductance (Fig. 8, right, and d, empty sym-
between short and long opening populations or in the timédols). However,al1B/B2a/G31y2 channels frequently failed
constants for channel closure. to gate to the open state during the 100-ms test pulse, giving

Cells expressingxlB/BARK1 (Fig. 3 a, lef showed rise to a large proportion of null episodes. If the channel
channels with a single-channel conductance of 13 pS and@pened, it was usually with a long delay (Fig.c3right).
reversal potential of- 71 mV (Fig. 3b, filled triangle9. The ~ Under this condition, the double pulse protocol was very
channels had a mean open timet&20 mV of 1.7+ 0.1 ms  effective at eliciting facilitation of both the ensemble cur-
(n = 7; Fig. 3b, top and showed a tendency to inactivate rent amplitude (Fig. &, right, bottom traceand Fig. 3d,
during the test pulse (sagacesin Fig. 3a, lef). All of the ~ compareempty symbojsand the kinetics of the response.
patches were subjected to double pulse protocols, with &uperimposing the responses te-40-mV test pulse (P1)
second test step after a 50-ms prepulse- 120 mV (Fig. 3  for alB/GB1y2 andalB/B2a/G31y2 shows clearly that in
a, top tracd. The ensemble average current-a80 mV  the additional presence ¢82a the mean single-channel
showed no significant difference in the mean responses ttesponse ofalB/GB1ly2 developed much more slowly
the same voltage step in P1 and P2 (Fig,3eft, bottom  (Fig. 3 €).
trace). This was true for all of the voltages examined (Fig. 3
b, middle comparefilled circles and squares.

Coexpression of the VDC@AB subunit with @1y2
(Fig. 3 a, right) yielded channels with very similar single-
channel conductance and reversal potential (Fig. 8mpty  Single-channel studies that have analyzed the effect of
triangleg. The mean open time was shorter over the voltageeurotransmitter-activated G protein modulation of N-type
range examinedp(< 0.001 between thelB/BARK and channels (Carabelli et al., 1996; Patil et al., 1996) suggest
«a1B/GBy populations; two-way ANOVA). For example, at that the main parameter change is a slowing in the activation
+20 mV the mean open time was 1#10.1 ms 6 = 9),  process, manifested by a longer latency to first opening.
which is a 35% reduction compared to that obtained forTherefore we compared the first latency, presented in the
alB/BARK (p < 0.05, Student-test; Fig. 3b, top. In form of CFL (see Materials and Methods), for the different
agreement with the whole-cell data (Figa)l the responses combinations of expressed subunits. CFL represents the

Influence of VDCC f2a on Gy modulation of
latency to the first opening

Biophysical Journal 79(2) 731-746



N-Type Calcium Channel Modulation 737

A «1B/BARK1 o1B/GR1y2 B «1B,no B

time (ms)

N b
~
%

\ »
<
3
S

Yyon s ot =]

:
i

0.2

romwe—yoipenbe ek —tpeAte 4
0.6
| x.g.—u_r“r@‘ Eq—f@" o8
1970 %0 3 40 %0
C a1B/B2a/BARK1  a1B/B2a/GP1y2 D «1B/p2a
i i L I Y, L

W e N
oA e
e

Ly )
0.2
04
06
0.8
-1.0

A ~ 10 20 30 40 S0
E +cpy «1B/B2a

time (ms)

& HPA)

:

:
e

<
3
S

alB

FIGURE 3 Single-channel activity @f1B in combination withBARK1 or GB1y2 in the presence or absenceB2a. @) Top voltage traceTest potential

in both P1 and P2430 mV, separated by a depolarizing prepulse-tt20 mV. Left column The single-channel records represent a single-channel patch

with «1B/BARKL. The bar to the left of the first trace represents 1 pA (this applies to all of the single-channel Batesh trace Average+ SEM (errors

shown only every 5 ms for clarity), single-channel ensemble current (see Materials and Metho88)ra/ (n = 13, 1895 episodes included). The bars

apply to all of the ensemble tracesarandc and represent 0.1 pA and 100 ms. In all panels, the interpulse response was clipped folRitgritgolumn

A representative, apparently single-channel patch witB/GB1y2. The format is the same asanBottom tracen = 13, 2640 episodes included) (Top

Mean channel open time for data of the type showa, in1B/BARK1 (filled columnsn = 7) anda1B/GBy (empty columns = 9). Statistical significance

is p < 0.05 (Student's-test, noted by * for a single voltage level) apd> 0.001 (two-way ANOVA, noted with bracket and **) for the difference between

the two populationsBottom Current-voltage relationship for ensemble and unitary currents (note the break in ad&8¢)ARK1: P1 M and P2@;

al1B/GBy: P1[] and P20. Single-channel ensemble current amplitudes were taken as the current at 20 ms (the average of 19-21 ms) after the onset of
the test pulse (mean SEM). Unitary amplitudes were fit with a linear regression. The single-channel conductance was 13 pS and 12 pS, and the reversal
potential wast+70.9 mV and 73.8 mV forlB/BARK1 (A) andalB/GBy (L), respectively. ) Representative single-channel patches witB/32a. Left

column al1B/B2ajBARK1, the same format as ia Bottom tracen = 13, 1460 episodes includeRight column a1B/B2a/G3+y. Bottom tracen = 12,

3120 episodes includedd)(Top: Mean channel open time for data of the type showr) il B/B2aBARK1 (filled column n = 5) anda1B/B2a/G3y (empty

column n = 5). Bottom I-V curves fora1B/B2a channels. The same format adbjrx1B/B2a/3ARK1: P1H] and P2@®; «1B/32a/G3y: P1[] and P20.

The single-channel conductance was 14 pS and 12 pS, and the reversal potentiBaasV and+71.8 mV foralB/B2aBARK1 (A) andalB/B2a/GBy

(), respectively. € The activation phases &t40 mV of the ensemble average responses to P1 with &e compared foalB (n = 13) andal1B/B2a

(n = 11). The scale bars represent 0.05 pA and 20 ms.
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FIGURE 4 First latency otxlB/BARK1 compared tox1B/GBy and of a1B/B2a/BARK1 compared toxl1B/B2a/GBy. Latency to first opening was
measured in single and multichannel patches (see Materials and Methods). The cumulative first latency (CFL) plots for all of the experimessméth the
subunit composition were averaged, and the mea®EM are shown. The CFL represents the probability of the channel opening before a given time (see
Materials and Methods)a) Opening probability (CFL) without th@ subunit at three different voltages; the voltage step is indicated above each column.
«1B/BARK1: P1 @) and P2 @); a1B/GBy: P1 (1) and P2 (). Thex axis was broken between 94 and 95 ms to expand the last few symbols for clarity
of the symbol definition.lf) The opening probability (CFL) 20 ms after the onset of the test pulse (the same symbol codg. &oitzmann fits to the

data are plotted as continuous lines. The extracted parameters are as follow$BffARK1: P1, P2 (i = 13); for a1B/GBy: P1 and P21{ = 13),
respectively. Maximum (%), 58, 55, 56, and 36,, (mV), 29, 29, 34, 34.d) Opening probability with the combinations including tAesubunit at three
different voltages. Symbols are asan(d) The opening probability 20 ms after the onset of the test pulseI@/32aBARK1 and a1B/B2a/GBy (the

same symbol code as &). Boltzmann fits to the data are plotted as continuous lines. The extracted parameters are as follebB/EPaBARKL: P1,

P2 ( = 13); for «1B/B2a/GBy: P1 and P2rf = 12), respectively. Maximum (%), 88, 83, 53, and 53,, (mV), 25, 22, 40, 32.

kinetics of the opening probability of the channel, i.e., the The expression o&kl1B/B2ajBARK1 resulted in rapidly
probability that the channel will open before any given timeactivating channels (Fig. 4, filled symboly with a more
in the test pulse. Thus higher values at a given point in timenegative midpoint of activation than in the absence ¢ a
represent faster activation kinetics. subunit, and maximum activation 6f85% at 20 ms (Fig. 4
Both a1B/GB1y2 and «1B/BARK1 channels showed d). On the other hand, expression @i1B/B2a/G31y2 re-
voltage-dependent kinetics of activation that were insensisulted in channels that were slowly activating and therefore
tive to the large depolarizing prepulse (Figgiiompare the showed very low opening probabilities (Fig. ¢} empty
almost superimposestjuareandcircular symbol}. A Boltz- square$. Application of a strong depolarizing prepulse re-
mann fit to these data revealed that the activation processulted in a biphasic activation waveform (Fig.c4 empty
remained partial, reaching saturation at 50—60% (Fig).4 circles. The added fast component facilitated the opening
This may have been due to closed-state inactivation (Patil girobability (Fig. 4d, compare empty circleand empty
al., 1998). There were no significant differences betweersquares.
the individual CFL values 20 ms after the onset of the test To examine whether the effects gRa on facilitation
pulse, but there was @&5-mV shift in theV,,, with GB1y2 (compare the P2/P1 ratio in Fig. &andb) were a general
(Fig. 4 b). feature of VDCCp subunit coexpression, we also used the
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FIGURE 5 Facilitation ofx1B/GB7y channels coex- 51 - 20mv
ressed either with no VDC@ subunit or withB2a or 30mv
P —A—40mV

Blb. @ Lack of prepulse facilitation oix1B/GBy E
without expression of the VDC@ subunit. The CFL ~
generated for the response to P2 was divided by that of &
P1 (P2/P1) and plotted against tinig, +20 mV; O, 34
+30 mV; A, +40 mV (n = 13). (b) Facilitation of the

opening probability by a prepulse occurs in the pres-

ence ofg2a. Conditions and symbols are asaifn = 2

12). (c) Facilitation at low voltages and inactivation at

high voltages of the opening probability by a prepulse R Rz
1 ¥ K N

occurs in the presence piLb. Conditions and symbols
are as ina (n = 10).

B1b subunit instead oB2a. Here, becauselB/B1b cur-  detected. Activation of the D-2 receptor with quinpirole
rents showed inactivation, the influence of a prepulse wagroduced stronger and much more reproducible inhibition
more complex, increasing both facilitation and inactivation(56.5 = 7.8%,n = 14, p < 0.05, for the current values
(Fig. 5¢). Thus the P2/P1 waveform showed strong facili- before normalization and versus no VD@Cat +10 mV).
tation at low voltages gmpty squaresn Fig. 5 c) and The extent of inhibition by quinpirole was probably an
inactivation at higher voltages (Fig. & empty triangles  underestimate in this case, because of preexisting tonic
Interestingly, at+30 mV (Fig. 5c¢, empty circles the  modulation in the control, which is partially removed on
activation was strongly facilitated at the beginning of therecovery (Fig. 6d). This inhibition was associated with
voltage pulse and inactivated at its end. slowed activation (Fig. & ande, and Table 1) and voltage-
dependent facilitation (Fig. @&—f). Thel-V curves showed
Dopamine D-2 receptor-mediated inhibition of a significant Typerpf?'art'.z'”g SE'.fthd“e to the prepg'sde’ be-
«1B channels in COS-7 cells ore quinpirole application, which was increased during
agonist application. There was also a marked depolarizing
The differential expression gBARK1 or GBvy with 1B  shift due to quinpirole application (Fig.féand Table 1). In
channels did not allow direct observation of the process oft1B/B2a subunit combination, the voltage dependence of
inhibition of the channels by activated@s. We therefore activation was very sensitive both to a prepulse and to
examined the effect of receptor activation of G proteins onquinpirole (seek factors in Table 1).
alB (Fig. 6, a—¢ or «lB/B2a (Fig. 6,d—f) currents. It A possible reason for the heterogeneity of the effect of
should be noted that in these experiments, the bagal G quinpirole in the absence of coexpressed VDESLibunit is
concentration results in partial tonic modulation of ##B  that endogenous VDC@ subunits may be present in some
VDCCs (see the control facilitation in Fig.€§. WhenalB  or all COS-7 cells to a varying extent. To test for endoge-
channels, coexpressed with the dopamine D-2 receptonous VDCC B subunits, reverse transcriptase-polymerase
were expressed without a VDCE subunit, the mean cur- chain reaction (RT-PCR) was carried out on mRNA isolated
rent (at+10 mV) showed 24.5- 9.7% inhibition o = 12,  from COS-7 cells. As calcium channglsubunits have not
p < 0.05, for the current values before normalization) uponbeen cloned from African green monkey (COS-7 cells), all
application of a maximum concentration (100 nM) of the available sequences from different species (human, rat,
D-2 agonist quinpirole (Fig. &), but unequivocal inhibition mouse, and rabbit) were aligned, and primers were designed
was detected in only six of 12 cells. The mean voltageto anneal to conserved regions. Untransfected cells showed
dependent parameters for th&/ curves were unaffected detectable but low levels of PCR product for all fo@r
either by quinpirole or by a depolarizing prepulse in thesubunits,1b, B2a, 83, and 4, of a size identical to that
presence of quinpirole (Fig. 6and Table 1). This residual observed in cells transfected with the specific subunit
inhibition by quinpirole was not associated with slowed (Fig. 7 a), although it must be pointed out that PCR was
activation or with facilitation by a depolarizing prepulse carried out under saturating, and therefore nonquantitative,
(Fig. 6,a andc). conditions. We tested for endogenous protein products of
In contrast, whenB2a was coexpressed with thelB  these transcripts by immunocytochemistry with either pan-
subunit, the typical features of G protein modulation werespecific 8 antibodies (not shown) or specifiglb and3
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FIGURE 6 D-2 dopamine receptor-activated G protein modulatioaldd channels. Whole-cell currents recorded from COS-7 cells transfected with
«a1B/D-2 (a—0 or «1B/B2a/D-2 @), with 10 mM B&" as the charge carriera) Time course for quinpirole inhibition ak1B/D2 currents. The voltage
protocol consists of a single 50-ms test pulsettd0 mV, either precedectifcles) or not square$ by the 100-ms prepulse t& 120 mV, delivered
alternately every 15 s. (The prepulse is clipped, for better time resolution of the test current shown. However, both a step from positive cutaént and a
current precedes the test pulse response, followed by a prepulse.) At the top are shown examples of responses to such a protteft)l, defiog (
(middle, and after €ight) bath perfusion of 300 nM quinpirole (both during control and wash; the bath was perfused with bath solution). The bars also apply
to d and represent 200 pA and 50 ms. A time course of this experiment is presented as the upper time course. The period of quinpirole perfusion is marked
with a bar and shading (7 min in this case). The monitoring was interrupted after 2.5 min. to redevd(simown below), and the time course was then
resumed to record washout of the drug. The mean normalized amplitudes of the responses, alternatétglesttaid without équare$ a prepulse, are

shown in the lower time course. The mean of four pulses after the start of application of quinpirole shows that the current amplitude was smatter by 24.5
9.7% ( = 12), measured 20 ms after the onset of the test pulse. In each experiment the currents were aligned to the point of the drug application and
normalized to the value of the episode at positio8 (45 s before drug application) in the figur®) Mean normalized current elicited by a 50-ms test
potential to+20 mV, delivered every 15 s, before (P1) and after (P2) a prepulsdl29 mV for 100 ms (holding potentiat; 80 mV), before (P and

P2 @) and after (P1] and P20) application of the D-2 agonist quinpirole. Currents were normalized to the current at 20 ms after the onset of the test
pulse in P1 before quinpirole application and then averaged. The scale bars apphntbd and represent one normalized current unit and 50 ms.
Representative meatr SEM are shown in the same symbols) Mlean normalized-V curves foralB/D2 (n = 9), before [eft) and during fight)
application of quinpirole. All values were normalized to the peak current in P1 before quinpirole application. The data were fit with a combimedBoltz

and linear fit (see Materials and Methods). Before drug applicatedt),(V,,, (mV) was 15.3+ 2.4 and 12.1*+ 2.4, andk (mV) was 5.7+ 0.4 and 7.1+

0.6, in P1 and P2, respectively. During drug applicatioght) V,,, (mV) was 18.7+ 2.1 and 16.0+ 3.1, andk (mV) was 6.9+ 0.8 and 7.8+ 1.0, in

P1 and P2, respectively. The amount of inhibitiont&0 mV is indicated by the vertical arrond)(Time course for quinpirole inhibition ak1B/B2a/D2

current (format as im). Examples of responses and the time course of one experiment are showan @énmonitoring was broken during the recovery
phase after 7 min to record &Y (not shown) and resumed to record a second drug application. This demonstrates the reversible effect of quinpirole. Mean
normalizeda1B/B2a/D2 current amplitude is shown on the lower trace for responsesl@tmV test pulsesn(= 14, the same format as &). The
corresponding inhibition was 565 7.8%. €) a1B/B2a coexpressed with dopamine D-2 receptors. Voltage protocol and symbols @s=in9). (f) Mean
normalizedl-V curves foralB/B2a/D2 f = 9), before left) and during (ight) application of quinpirole. Format and fit function are axirBefore drug
application [eft), V,,, (mV) was 12.9+ 3.5 and 9.6+ 3.4, andk (mV) was 4.7+ 0.1 and 3.6+ 0.2, in P1 and P2, respectively. During quinpirole
application ight) V,,, (mV) was 24.8+ 4.2 and 10.1+ 3.9, andk (mV) was 7.4+ 0.4 and 3.9+ 0.2, in P1 and P2, respectively.

antibodies (Fig. D). Fig. 7b shows a single cell transfected shown by the nuclear stairright). Immunostaining re-
with either B1b (upper lefy or B3 (lower lef), surrounded vealed either very little or no endogeng8subunit protein
by a number of untransfected cells, the presence of which isnmunoreactivity in untransfected cells, in contrast to cells
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TABLE 1 Influence of quinpirole and a depolarizing prepulse (pp) on I-V parameters

«l1B/D-2 (n = 9) «1B/B2a/D-2 f = 9)
Shift in Vy,, Change ink Shift in V,,, Change ink
(mv) (%) (mV) (%)
Influence of quinpirole +3.3x 1.8 (NS) 121.0+ 10.6 (NS) +11.9+ 2.3* 160.7+ 10.3*
Influence of pp,—quinpirole —-3.3+ 0.5*% 125.4+ 9.4* -3.3+0.3* 77.4+ 4.5*%
Influence of pp,+quinpirole —-2.6+2.1(NS) 112.6+ 8.6 (NS) —14.7+ 1.4 52.7+ 3.4*

I-V relations were fitted with a combined Boltzmann and linear fit (see Materials and Methods and Fig. 1) in each experiment. TheV/shifieia
obtained by subtraction, and the changes inkifectors are presented as a percentage. Increaseskriab®r ratio indicate shallower voltage dependence
and vice versa.

*Statistically significant differencep(< 0.05, Student’s-test).

that were transfected with eithgib or 83. Furthermore, in  subunit coexpressed, G protein modulation produced the
additional experiments we have found that expression oéxpected kinetic alterations of the N-type channels (Figs. 1,
«l1B alone in these cells does not induce the expression df andd; 2; 3, c andd; 4, c andd; 5, b andc; 6, d-f), as
B subunit protein, as evidenced from immunocytochemistrypredicted by a previous model (Patil et al., 1996). In con-
(results not shown). This result is also supported by outrast, with noB subunit coexpressed, these kinetic alter-
previous study, which did not detect endogenBsibunits  ations were largely absent (Figs.dlandc; 3, a andb; 4, ¢
in COS-7 cells by Western blotting (Campbell et al., 1995a)andd; 5 a; 6, a—¢), although there was still some residual
non-voltage-dependent inhibition in this system (Figa,6
DISCUSSION bottom). . o

The differential coexpression @f1B with either BARK
We have examined the influence oB&dimers and VDCC  GBy binding domain or By dimers is advantageous be-
B subunits, both separately and combined, on the kineticause it allows a comparison betweeiBy=depleted and
properties of N-type VDCCs by coexpression with the pore-saturated populations, respectively. The ensemble average
forming «1B subunits in COS-7 cells. With a VDC@B  currents obtained here (Fig.d represent the changes in

Blb | pa , B3 p4
A | B B subunit
ot-ot+t-|o+-|0+- immuno- Nuclear
staining stain

B1b
Ab

p3
Ab

FIGURE 7 Examination of the presence of endogenous VIBX0bunits in COS-7 cellsaj RT-PCR detection o subunit mRNAs in COS-7 cells.

For eachB subunit, three lanes are shown: o represents untransfectedicepresents cells transfected with the spegifisubunit, and- represents a

negative (HO) control. Markers at either side represent a 100-bp ladder; the arrow on the left indicates 800 bp. The details of the primers used are given
in the Materials and Methods sectioib) (mmunostaining for calcium channglsubunits in cells transfected with eith@tb (top) or B3 (botton). Left

Afield in which one cell in each case was positively transfected. This shows immunostaining for the gpseffimit; using monoclong@lb (upper panél

or B3 (lower pane) antibodies. Untransfected cells present in the same field show little or no immunoreagigiy.Nuclear staining with the DNA dye

YO-YO to show the presence of several cells in each field. The whiteldmtofn righ} represents 1@m for all panels.
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open probability of a single channel. Therefore, it provides1998; Gerster et al., 1999). The differeBtsubunits also
a means of “normalization” that could not be achieved withhave differential effects on inactivation, wiiLb, 83, and
whole-cell current. The whole-cell current can be expresse@4 supporting, ang@2a reducing, inactivation (Walker and
as current per membrane area (current density), a parametee Waard, 1998).
that still includes the number of channels, which may be Because we wished to avoid the confounding factor of
affected differentially by the subunit content. The observa-inactivation in our analysis, we used tA2a subunit in most
tion of the number of overlapping openings in single/mul-experiments, but broadly similar results were obtained for
tichannel records allows estimation of the number of chanlb (Fig. 5). The role of32a in reducing closed-state
nels in the patch and therefore direct comparison betweeimactivation (Patil et al., 1998) is seen here (Fig. 4) as an
populations transfected with different subunit combinationsincrease in the maximum opening probability (Imredy and
In the experiments in which the dopamine D-2 receptorYue, 1994; Meir et al., 1998), but we made no attempt to
was coexpressed, thelB channels are partially tonically study inactivation properties in this study.
modulated because of a certain level of endogenogs, G Coexpression of the auxiliar subunit is reported to
(see Fig. 6d ande). The GBvy level is then further elevated caused a hyperpolarizing shift in current activation by
because of receptor activation. In our work, this (receptor—~5-10 mV (Wakamori et al., 1999), with no effect on the
mediated modulation) system had variability and showedingle-channel conductance (Fig.l8andd). In our hands,
some residual inhibition by quinpirole in the absence ofonly a small nonsignificant shift due {® coexpression was
expressed VDC@ subunits (Fig. 6). This may reflect the detected in the activation of the whole-cell populations
greater complexity of receptor-mediated modulation in ac{Fig. 6,c andf). This may be due to the absencea@-5 in
tivating both voltage-dependent and non-voltage-dependettihese experiments, which augments the VDBGubunit
pathways by multiple signal transduction pathways. How-effects (Wakamori et al., 1999). In another study whet8
ever, in general it supports the findings from the formerwas cotransfected with2-8, using identical B4~ concen-
(tonic GBy modulation) system, with significantly lower trations to enable direct comparison, a 15-mV hyperpolar-
inhibition and lack of significant kinetic slowing or facili- izing shift in the activation of the whole-cell current was
tation, when a VDCQ3 subunit was not coexpressed. detected withB subunit coexpression in COS-7 cells (Ste-
The tonic modulation system provides strongly groundedhens et al., 2000).
data showing the role of the VDC@ subunit, both in the The VDCC B subunit also increased the mean channel
suppression by By of the activation process (Figs. 1,63 open time (Fig. 3pb andd; p < 0.05, Student’'s-test, for
and 4) and in @By unbinding, as manifested by prepulse comparison olx1B/BARK versusalB/B2aBARK and for
facilitation (Figs. 1b and 5). The single-channel data pro- «1B/GBy versusalB/B2a/GBy at all voltages examined)
vide strong evidence that the main effect of fheubunitin ~ (Meir et al., 1998; Wakamori et al., 1999). VDCgG2a
the BARK1-expressing cells is a twofold increase in the coexpression enhanced the first opening probability (Fig. 4,
mean open time (compare Fig.Bwith Fig. 3d) and an  a andc), which is in agreement with improvement of the
increase in the activation probability (CFL). The residualcoupling between gating charge movement and channel
effect of G3y on alB expressed without a VDC@subunit  opening (Jones et al., 1997).
could be partially explained by a reduction in the mean open Because the effects of VDC@ subunit coexpression
time (Fig. 3b) or possibly by endogenous VDC&subunits  were significant, and taking into account the immunocyto-
(Fig. 7a). In contrast, in the presence of a VD@Xubunit  chemistry data on the level of endogengisubunits, we
it is clear that the activation ak1B was slowed by @y, assume tha&1B can be expressed in the membrane without
and the number of failures increased (Figz)4To the best the permanent attachment of this auxiliary subunit. In ad-
of our knowledge, this is the first kinetic examination of dition, expression ofalB with an antisensg83 subunit
both the separate and combined effects of VD&<&libunits  cDNA construct did not prevent the expressionadB in
and By dimers. COS-7 cells (Stephens and Dolphin, unpublished results).
However, we cannot entirely discount the possibility that
«lB can only be functionally expressed in the plasma
membrane with the support of a VDCE subunit during
trafficking.

The role of the auxiliary 8 subunits in the
regulation of N-type channel properties

The involvement of VDCQ3 subunits in the trafficking of

al subunits to the plasma membrane is well establishe - .

(Chien et al., 1995; Brice et al., 1997). Nevertheless, itq'hederfe_ct offa;xﬂlary\?ggéul:)ung on the
remains undecided whether they are essential for functional 0 ation of N-type s by GBy

expression. Several groups have provided evidencg8for The VDCC «l1B/B2a combination, coexpressed with the
subunit involvement in the modulation of the channel bio-D-2 receptor, generated currents that were markedly and
physical properties, suggesting interaction with a number ofeversibly inhibited during quinpirole application (Figdh
intracellular sites (Stephens et al., 1997; Costantin et alOQn the other hande1B channels expressed without an
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auxiliary B subunit showed much less inhibition, and no Comparison with previous literature: does the
slowed activation or enhanced facilitation, when exposed tWDCC B subunit facilitate or antagonize
quinpirole (Fig. 6a). Furthermore, comparison of the sin- Gy modulation?

gle-channel populations formed layiB when coexpressed
with either BARK1 or GBy also indicated a much stronger
inhibition by GBy when VDCC B2a was coexpressed
(Fig. 3,aandc). These findings are supported in our system
by kinetic measurements of the response ofdf& chan-
nels to moderate voltage steps. TdEB/B2a/GB3y channels
were very slowly activating (Figs. @l and 3e). In sharp
contrast,a1B/GB1y2 currents activated rapidly (Fig. d),

Biochemical evidence for overlapping binding sites for aux-
iliary VDCC B subunit and @y dimers on variousal
subunits (De Waard et al., 1997; Walker et al., 1998, 1999;
Canti et al., 1999) suggests a physical basis for an interac-
tion between their effects.

In light of previous results obtained in our laboratory
(Campbell et al., 1995b) for native VDCCs in sensory
. eurons and in other laboratories féenopusoocytes, we
which would not be expected for modulated channels tha\?vere initially surprised by the lack of @-mediated kinetic

ig;éhougm tt?].unblnd theﬂg/ pefore open{g? (I:atlltﬁt ali’ slowing in the absence of overexpressed VDEG&ubunit.
. ), wi IS process being responsivle for the SOWAlthough our present results do not support the hypothesis
gating. A marked slowing of the activation process has bee

Bt antagonism betwees subunits and dimers, several
proposed to underlie G protein inhibition (Patil et al., 1996) g e By y

) explanations may reconcile these apparently contradictor
and has been detected in many systems and for severéltlulodies y PP y y

native and heterologously expressed VDCCs (Dolphin,

1995). sion of certainB subunits reduced receptor-mediated G

The facilitation that is a hallmark of voltage-dependent G, iin, inhibition of expressed VDCCs (Roche et al., 1995:
protein modulation (Dolphin, 1995) was also strongly de-pqinet et al., 1996: Qin et al., 1997: Roche and Treistman,

pendent on VDCGB subunit coexpression. With2a, clear  199ga: Canti et al., 1999). Antagonism is supported mainly
facilitation due to a depolarizing prepulse was evident forby recordings fromXenopusoocytes, in which an endoge-
whole-cell (Stephens et al., 1998) (Figsb 2nd 6,dande) 5583 subunit is active, so that the extent to which the
and single-channel (Figs. 2-5) currents. With the VDCCeypressed channels represent fadesubunits is unknown
B1b subunit coexpressed, a more complex behavior Wagrreilus et al., 1997). In the studies cited above, a com-
observed, but clear facilitation (although partially overlaid parison of the percentage inhibition upon receptor activation
by inactivation at higher potentials) was also evident (Fig. Sshowed more inhibition at certain potentials in the absence
). The facilitation was time dependent at all voltagesinan in the presence of a coexpresgemlibunit. At least part
(Fig. 5 ), involving the addition of a fast @y-unbound  of this effect can be explained by the VDCE subunit-
population to the gating probability. The apparent amouninquced hyperpolarizing shift in current activation, making
of facilitation for the B2a-containing combinations varied comparisons of receptor-mediated inhibition at a single
between the different sets of experiments (compare Figs. gotential difficult to interpret. However, facilitation or volt-
band 6,d ande, to Fig. 3c, right). One possible reason for age-dependent relief of inhibition of N-type channels was
these discrepancies may be the different voltage protocqd|so enhanced by coexpression8 which is similar to the
used for cell-attached (100-ms test pulses and 50-ms preesults presented here (Roche and Treistman, 1998b).
pulse) and whole-cell (50-ms test pulses and 100-ms pre- |n a converse experiment with sensory neurons (Camp-
pulse) experiments. bell et al., 1995b), VDC@ subunits were partially depleted
Two main questions regarding the role of the VDBC by an antisense oligonucleotide, and the GABiAduced
subunit and @y binding are not answered by the presentinhibition of the native VDCCs was found to be greater in
study. First, as discussed above, ag&h subunits be ex- the g subunit-depleted than in control neurons. The reason
pressed in the membrane without a chaperofirgubunit  for the apparent contradiction compared to our present
(either endogenous or coexpressed)? SecondlBechan-  results is unknown, but multiple signaling pathways are
nels inhibited to any extent by @ in the absence of the activated by G proteins in native neurons, and althougl G
VDCC f subunit? Alternatively, are the effects detected foris widely accepted to be responsible for the voltage-depen-
alB with no VDCC 8 subunit coexpressed due solely to a dent (G3y-mediated) modulation of N- and P/Q-type chan-
fraction of the channels interacting with endogendg@is nels, voltage-independent modulation has also been de-
subunits, allowing the observation of residual inhibition? scribed and may be mediated by a number of different
While recognizing these limitations, our data strongly pathways (Diverse-Pierluissi et al., 1991; Fitzgerald and
support a mechanism in which the VDCE subunit is  Dolphin, 1997). Furthermore, these pathways may also
necessary for the voltage-dependent modulation of VDCCsross-talk with @y-mediated voltage-dependent inhibition
However, this result appears to contradict previous result§€Zamponi et al., 1997). Voltage-dependent receptor-medi-
proposing antagonistic effects of VDCE subunits on G ated inhibition of N-type channels is also influenced by the
protein modulation. Ga subunit involved (Kammermeier and Ikeda, 1999). In

A number of groups previously reported that the expres-
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our previous study of sensory neurons (Campbell et al.cells. Although we have searched for a cell line that does not
1995b), we did not examine the proportion of the GABA have endogenoug subunit mRNA, all of the commonly
mediated inhibition that was either voltage dependent oused cell lines (for example, HEK-293) contginsubunit
voltage independent, and whether this was changed aftenRNA that is detectable by RT-PCR (data not shown).
VDCC B subunit depletion. Evidence for @y binding directly to the I-11 linker of the

In summary, major differences have been observed realB protein (Dolphin et al., 1999) and other calcium chan-
garding the amount of inhibition and facilitation oflB  nels (De Waard et al., 1997) strongly suggests that the
channels in the absence of coexpressed VOE§lbunits  expressed1B subunit will bind @y dimers. If G3vy binds
between different systems. However, many of these differto thealB subunit in the absence of VDC&subunit, from
ences may be explained by differences in the endogenowsur results, the activation of th&lB channel appears to be
VDCC B subunits, which are low but not absent in the independent of By unbinding and may suggest thaBgis
B-antisense-treated sensory neurons andenopusoocytes,  still associated with the opealB channel. This is sup-
or by the cellular pathways that are activated by receptoported mainly by the similar fast activation falB/BARK
activation or by G protein subunit overexpression in eachandalB/GBy channels (Fig. &) and the lack of facilitation
system. Mechanistically, the apparent contradiction in re{Figs. 1a, 3a, 4 a, 5a) and shorter mean open time (Fig. 3
sults and interpretation can also be reconciled by assuminig) for the «1B/GBy combination, compared t@1B alone.
that because of the overlapping or interacting binding siteFhis hypothesis predicts that with n® subunit, @y is
for GBy and VDCC B subunits, theB subunit mainly  bound to thealB channel and is either not removed by a
enhances the depolarization-dependent unbinding ®§,G depolarizing prepulse or is removed in a much slower
which is a form of antagonism. This depolarization-depen{ashion. The idea that @y-bound “reluctant” channels
dent unbinding of By dimers is thought to underlie most of open and contribute to the modulated current was recently
the voltage-dependent phenomena of G protein modulatiorshown for recombinant N-type channels (Colecraft et al.,
Thus, in the absence @ subunit bound tax1B, no facil-  2000). However, we did not attempt to study the reluctant
itation will occur, and we believe this approximates the casepenings in this system, which may also exist in combina-
in the present experiments. In contrast, in the presence oftéoons including the8 subunit.
low compared to a high amount ¢ subunit, as in the Regulatory mechanisms of the activity-dependent re-
Xenopusoocytes (and possibly th@g-antisense experi- sponses of VDCCs in presynaptic nerve terminals and else-
ments), the main difference may be in the facilitation ratewhere include inactivation (Forsythe et al., 1998; Patil et al.,
(Roche and Triestman, 1998b) (Canti, Bogdanov and Dol41998), calcium-dependent inactivation (Lee et al., 1999;
phin, submitted for publication), which represents the ratePeterson et al., 1999), differential subunit interaction
of GBvy unbinding during the prepulse. This difference in (Walker and De Waard, 1998), and neurotransmitter mod-
GpBvy unbinding rate will also manifest itself during the test ulation (Dolphin, 1995). Here we have considered the two
pulse and result in a greater voltage dependence of inhibiatter processes and have shown an interaction between
tion in the presence of exogenoys subunit, which at these regulatory pathways. The dependence of voltage-de-
certain potentials will be observed as a reduction in inhibi-pendent @y modulation on the presence of VDCC auxil-
tion (Roche and Triestman, 1998b). iary B subunit adds another aspect to the role of the VDCC

B subunit in shaping the activity-dependent response of

. neuronal calcium channels.
Possible effects of GBy on a1B channels

Examination of the effect of @y on 1B channels, with no
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