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A G Protein Directly Regulates Mammalian Cardiac

Calcium Channels

ATSUKO YATANI, JuaN CODINA, YUTAKA IMOTO, JOHN P. REEVES,
Lurz BIRNBAUMER, ARTHUR M. BROWN

A possible direct effect of guanine nucleotide binding (G) proteins on calcium channels
was examined in membrane patches excised from guinea pig cardiac myocytes and
bovine cardiac sarcolemmal vesicles incorporated into planar lipid bilayers. The
guanosine triphosphate analog, GTPyS, prolonged the survival of excised calcium
channels independently of the presence of adenosine 3’;5’-monophosphate (cAMP),
adenosine triphosphate, cAMP-activated protein kinase, and the protein kinase C
activator tetradecanoyl phorbol acetate. A specific G protein, activated G;, or its «
subunit, purified from the plasma membranes of human erythrocytes, prolonged the
survival of excised channels and stimulated the activity of incorporated channels. Thus,
in addition to regulating calcium channels indirectly through activation of cytoplasmic
kinases, G proteins can regulate calcium channels directly. Since they also directly
regulate a subset of potassium channels, G proteins are now known to directly gate two

classes of membrane ion channels.

UANINE NUCLEOTIDE BINDING
(G) proteins couple a variety of
plasma miembrane receptors to volt-
age-dependent calcium channels, and, for
cardiac B-adrenoreceptors, the mechanism is
indirect and involves cytoplasmic second
messengers (1). G proteins can also directly
couple membrane receptors to ion channels
independently of cytoplasmic mediators.
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The G protein Gy directly activates subsets
of potassium channels that normally are
activated through muscarinic cholinergic (2)
or somatostatin receptors (3), or both. In
this report, we tested whether G proteins
also modulate Ca®* channels directly.
Single Ca*" channel activity was recorded
in guinea pig ventricular myocytes, first in
the cell-attached configuration and then,
after excision, in the inside-out configura-
tion. We compared voltage-dependent acti-
vation of Ca?* channels under different ex-
perimental conditions (Table 1), using a
protocol in which the membrane patches
were subjected to depolarizing test pulses of
200-msec duration at 0.5 Hz, before and
after excision. Confirming a well-known
finding, activatable responses survived only

briefly after excision from nonstimulated
cells (4). However, survival was enhanced
by stimulation of channel activity during the
cell-attached mode by the B adrenoreceptor
agonist isoproterenol (ISO). For quantifica-
tion, we both counted the number of test
pulses during which activity was observable
after excision (Table 1) and evaluated the
current conducted by the membrane patches
during the depolarizing pulses (Fig. 1). The
results depend on the number (N) of chan-
nels in the patch and on their probability of
opening during the test pulse. To provide a
record of the entire experiment we mea-
sured, before and after patch excision, the
proportion of open time (P) for the N
channels in the patch (NP) for each pulse
(Fig. 1, row 2). NP values were also
summed to give cumulative activities in each
patch (Fig. 1, row 3). To normalize for
patch to patch variations in channel number,
the cumulative activities summed over com-
parable number of traces (usually 30) before
(cum NPcp) and after (cum NPyo) patch
excision were compared (Table 1). All the
results were from high-threshold Ca** chan-
nels; no low-threshold, dihydropyridine-in-
sensitive Ca®>" channels (5) were observed,
and polarizing the membrane to —90 mV
from the usual values between —40 and
—60 mV before applying test pulses failed
to unmask any that might have been inacti-
vated.

A small number of events was recorded in
nonactivated control cells; the test potentials
used to detect Ca?" channel activity in cell-
attached patches produced average opening
probabilities (Py’s) of 0.01 to 0.05 at room
temperature. The very brief survival after
excision provided few data for comparison
(Table 1). Consequently, we tried to in-
crease NP with ISO. When ISO at 107°M
was present only in the patch pipette
(n=7), P, seemed greater, and prolonged
openings, although still less than 1% of the
events (6), seemed more frequent. Activity
was not recorded without ISO in the pi-
pette, so the significance of the changes was
unclear (7). We then added ISO at 10~°M
to the bath; this was followed after several
seconds by a large increase in NP (n = 3),
confirming previous reports (8). Subse-
quently, we incubated the myocytes with
ISO (107°M). The increase in NP was due
to both increased frequency of opening and
prolongation of events (8) and was associat-
ed with an increase in survival (Table 1).
After excision, the mean open times were
unchanged but the amplitudes could
change, reflecting a change in driving force
(9). When guanosine 5'-O-(3-thio)triphos-
phate (GTPvyS) (100 pAM) was present in
the bath, survival was enhanced considera-
bly (Fig. 1 and Table 1). In fact, activity was
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Fig. 1. Effects of GTPyS on Ca®>* channels in
inside-out membrane patches excised from ISO-
treated cardiac myocytes. Single ventricular cells
were obtained from guinea pig hearts by enzymat-
ic dispersion (2). Single channel recordings were
made from cell-attached (CA) and inside-out (IO)
patches (21, 22). The records in row 1 were
filtered at 1 kHz. Experiments were done in (A)
the absence and (B) the presence of GTPYS. In
both cases, ISO was present in the bath (107°M)
and in the patch pipette (107°M). (Row 1) Four
rows of single-channel current traces repre-
sentative of the total number plotted in row 2 are
shown. These are responses to pulses to —10 mV
from a holding potential of —60 mV. Pulses were
delivered at 0.5 Hz and had a duration of 200
msec. Pulse onset is indicated. The traces under
CA are responses to pulse numbers 14, 10, 40,
and 19 in (A) and 17, 21, 29, and 34 in (B). The
traces under IO are responses to pulse numbers 1,
6, 8, and 16 in (A) and 6, 7, 25, and 62 in (B).
Two channels are present in (B). (Row 2) A diary
showing the proportion of open time per trace, P
for N channels (NP) over the course of the
experiment. (Row 3) Cumulative NP’s (cum NP)
for the experiment. A 10-second gap occurred
after excision. Cum NPjp/cum NP¢4 and survival
as pulse number after excision are 0.14 and 20 for
(A) and 2.14 and 63 for (B), respectively. Note
the differences in the left-hand and right-hand
ordinates in row 3.

now transiently increased after excision. The
mean open times had average values of 1.4
msec before and 1.2 msec after excision into
GTP~S, and the amplitudes did not change
significantly from control (# = 7). Guano-
sine triphosphate (GTP) in equivalent con-
centrations was also effective (Table 1). The
presence of ISO in the patch pipette was
essential; without it, the effects were absent
or greatly attenuated (Table 1). In the ab-
sence of receptor activation, GTPvS, while
efficacious, is probably too slow as a G
protein activator, and GTP is probably not
sufficiently efficacious. Activation of G pro-
teins by guanine nucleotides, especially
those affected by B adrenoreceptors, is time,
Mg?**-, and temperature-dependent, and the
process is accelerated by agonist occupancy
of receptors (10). At the concentration of
Mg*" we used, lags in the activation of
adenylyl cyclase by GTPyS are typically 15
to 20 minutes and are reduced by ISO to
less than 10 seconds.

The stimulatory effect of GTP and the
requirement that ISO be in the pipette
pointed to G protein involvement. The most
probable G protein was G, activation of
which has as an obligatory sequel stimula-
tion of adenylyl cyclase. Therefore we tested
whether channel regulation by addition of
GTPyS was dependent on local adenosine
3’,5’-monophosphate (cAMP) formation. A
cAMP-dependent effect of G, would require
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that the effects of GTP+yS be (i) mimicked by
supplying excess adenosine triphosphate
(ATP) and cAMP, which bypass the adeny-
lyl cyclase step and stimulate phosphoryl-
ation by the existing cAMP-activated pro-
tein kinase (PKA); (ii) blocked by a
competitive inhibitor of adenylyl cyclase ac-
tivity, adenosine 5'-O-(2-thio)diphosphate
(ADPBS); (iii) blocked by protein kinase
inhibitor (PKI) with concentrations that

inhibited the increase in whole cell Ca?*
currents produced by ISO (11); and (iv)
mimicked by local stimulation of adenylyl
cyclase in a manner that does not involve
activation of Gy (such as on addition of
forskolin to the pipette). The results summa-
rized in Table 1 show that we failed to
obtain any of these effects. Involvement of
protein kinase C (PKC) is improbable be-
cause this kinase requires much higher Ca®*

Table 1. Effect of G protein activation and of activated G protein (G¥ and o) on Ca>* channel
survival in excised membrane patches of adult guinea pig ventricle cells stimulated by phosphorylation
(ISO) or Bay K 8644 (20). FSKL, forskolin; LPT, leupeptin.

Relative Ca?*

Modulators added to channel activity Ca®* channel Number
before and survivalt of
after excision® mean (number patches
Pipette Bath (cum NPyo/ of pulsest) analyzed
cum NPc,)
e — <<0.01 2 (1-5) 12
— I1SO 7 (3-16) 4
— 1SO, GTPvyS 0.07 = 0.06 9 (3-18) 6
ISO ISO 0.15 = 0.16 15 (5-29) 5
ISO 1SO, GTPvyS 1.07 = 0.60 78 (30-129) 7
ISO ISO, GTP 0.98 = 0.30 118 (48-200) 4
1SO ISO, cAMP, ATP 0.17 = 0.20 15 (8-25) 4
1SO ISO, cAMP, ATP, GTPyS 14 =047 84 (50-132) 4
1SO ISO, cAMP, ATPD, 0.26 = 0.16 38 (20-60) 5
PKA, LPT
1SO 1SO, cAMP, ATPD, 1.52 + 0.61 107 (61-182) 5
PKA, LPT, GTPyS
ISO, FSKL ISO, ATD, ESKL 022 +0.11 21 (16-30) 4
ISO, FSKL ISO, ATP, FSLK, GTPyS 1.35 = 0.60 115 (34-165) 4
1SO 1SO, PKI, GTPyS 1.07 + 0.63 84 (60-130) 4
ISO 1SO, ADPBS, GTPyS 0.93 = 0.44 74 (60—83) 4
— ISO, G¢ 1.18 £0.33 74 (50-90) 4
— ISO, af 1.08 + 0.28 60 (41-106) 4
— Bay K 8644 0.08 = 0.06 10 (3-20) 8
— Bay K 8644, GTPyS —_— 15 (6-23) 5
I1SO Bay K 8644 0.09 = 0.04 16 (5-33) 5
ISO Bay K 8644, GTDyS 0.85 = 0.18 77 (54-124) 8
*Mean * SD. tPulse rate at 0.5 Hz.  $Numbers in parentheses indicate range.
Fig. 3. Effects of G; on single cardiac Ca>* A 1 2
channels incorporated into a planar l‘gid bilayer L] r——

(23). The number of functional Ca®* channels
incorporated into the bilayer was usually less than
three and often one. As originally reported, cardi-
ac sarcolemmal Ca?* channels incorporated into
this type of bilayer (16) had properties similar to
those of high-threshold or L-type cardiac Ca**
channels. In the presence of Bay K 8644 and with
100 mM Ba®* as the charge carrier, the conduc-
tance between —50 and +20 mV was ~20 pS.
The channel opened in bursts, and the probability
of opening was voltage-dependent. Brief open-
ings that dominate under control conditions
could not be detected at the recording bandwidth,
and the mean open times were fit to an exponen-
tial distribution (7 ~ 12 * 3 msec, #» = 9, at test
potentials between 0 and +20 mV). The values
are consistent with those obtained for Bay K
8644—stimulated channels in cell-attached patches
(24). Current traces produced by depolarizing
clamp steps to 0 mV from a holding potential of

—40 mV are shown in (A) before (1 and 2) and after (3 and 4) addition of
G;. Pulses were applied every 30 seconds for 20 seconds. Leakage and
capacitive currents were subtracted. Traces 1 to 4 were taken at the times
indicated in (B) and are 2-second segments from the 20-second pulses. (B)

concentrations than the subnanomolar
amounts we used. Nevertheless, in two ex-
periments we tested the PKC activator tetra-
decanoyl phorbol acetate (TPA) (10~°M) in
the absence of added ATP and failed to
observe any effect (12).

GTP+S also produced its stimulatory ef-
fects when the dihydropyridine agonist Bay
K 8644 (107°M) replaced ISO in the bath
(Table 1). Thus prior stimulation by cAMP-
dependent phosphorylation was not essen-
tial.

We next tested the possibility that high
threshold cardiac Ca?* channels were regu-
lated not only through phosphorylation by
PKA but additionally by a direct, proximal
effect of the G protein G,. We examined the
effects of Gy that had been purified from
human erythrocytes and preactivated with
GTPyS (13) (Gy), as well as the effect of its
« subunit oy after separation from By sub-
units with ion exchange chromatography
(13). Both G: and o reproduced the effects
observed with the ISO-GTP combination,
and neither effect required that ISO be in
the patch pipette (Table 1 and Fig. 2). We
used concentrations between 20 and 100
pM of either G: or a; with identical results.
Unactivated G (three experiments) was in-
effective as was preactivated Gy (six experi-
ments), which directly stimulates mammali-
an atrial muscarinic K* channels (14). Be-
cause G is as effective as the much smaller
guanine nucleotides in prolonging channel
survival, the failure of PKA and PKI to
affect channel survival (Table 1) could not
have been due to physical diffusion barriers
within the ()-shaped membrane patches.
Thus G protein regulation is specific, and, as
for other G proteins, the specificity resides
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control in (B) before addition of G; (100 pM) to the trans chamber. The
ordinate is given as P, because N was 1 in this experiment. (C) Cumulative
P_’s obtained between the arrows in (B). Cum P, (Gs)/cum P, (control) is
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in the a subunit. Although G, seems the
most likely candidate as a physiological reg-
ulator, other G proteins cannot be excluded
(15); the lack of involvement of protein
kinase C suggests that a Gj, is not involved.

The cAMP-independent effect of the G
protein on Ca®>* channel regulation may be
due to the inhibition of a transition of the
channel from a more activatable state, in-
duced by phosphorylation (ISO in the bath)
or by Bay K 8644 (phosphorylation-inde-
pendent), to a less activatable state. This
could be accomplished by an enzyme or
other membrane protein responsible for the
rapid loss of channel activity in the excised
patch or by a direct interaction with the
Ca®* channel, causing it to be more resistant
to an inactivating enzyme. An action of the
G protein on a phosphatase (inhibitory)
seems unlikely because the G protein is
equally effective in prolonging the activity of’
ISO- and Bay K 8644—stimulated channels.
Calcium-activated enzymes are also not like-
ly to be involved because free Ca®* was
buffered to 107*M or less with EGTA.

To further examine the possibility of di-
rect G protein—Ca®* channel interaction, we
studied the effects of G and af on Ca®*
channels from bovine cardiac sarcolemmal
vesicles after their incorporation into lipid
bilayers (16). Bay K 8644 was used to
promote Ca?* channel activity, which had
the characteristic openings described in (16)
(Fig. 3). After channel incorporation, activi-
ty produced by our pulsing protocol de-
creased slowly over periods of 5 to 10
minutes (16) (Fig. 3). Addition of Gg to the
trans (intracellular) chamber produced a
progressive increase¢ in NP over the next 4
minutes followed by a reduction to levels
well above those observed in control. The
experiment ended when the bilayer broke
down. The cumulative NP’s before and after
G; were also compared to emphasize the
nearly logarithmic magnitude of the effect.
Unitary current amplitudes were not
changed but open times were prolonged
from 8.2 to 29 msec and closed times were
shortened from 98 to 55 msec. These values
are distorted by the low-frequency response
of the bilayer recording system and could
result from either undetected closures or
prolonged openings. Gs produced similar
effects in three other experiments (the range
of the ratios of cuamulative NP’s was 5 to 8).
At concentrations of 100 pM, a; had the
same effects as G; (# = 3). Addition of G;
(n = 4) and o5 (# = 4) to the cis (extracellu-
lar) chamber had no detectable effects on
Ca®* channel activity. Addition to the trans
chamber of the activated inhibitory G pro-
tein obtained from human erythrocytes
(Gy), which stimulated atrial muscarinic K*
channels, at concentrations between 100
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and 400 pM, had no effects on Ca®* channel
activity (» = 5). Hence the stimulatory ef-
fects seem to be specific (at least between G
and Gy), and the site of action is cytoplas-
mic.

The incorporated Ca®* channels stimulat-
ed by G; were either dephosphorylating
slowly or did not require phosphorylation
for channel function. Gy acted too quickly to
be inhibiting dephosphorylation or a slowly
progressive protease action. The complete
absence of a high energy phosphate source
precludes phosphorylation by the added G
protein as a factor. Hence, by exclusion, the
idea of a direct stimulatory effect of G; on
Ca®* channels seems most plausible. In
these experiments Ca?* channels were kept
in an activatable and hence G protein—
susceptible state by Bay K 8644. Physiologi-
cally the channels can be made more activa-
table by phosphorylation with PKA (11).
Phosphatases antagonize the ISO effect (17)
and may be involved in channel inactivation
(18). The existence of direct G protein régu-
lation of Ca** channels, parallel and com-
plementary to phosphorylation, could ex-
plain the lack of effect of PKI on basal Ca**
channel activity in cardiac cells (11) and the
cAMP-independent Ca** influx in adrenal
glomerulosa cells on addition of adrenocor-
ticotrophic hormone, which mediated stim-
ulation of Gg (19). The relative importance
of these dual pathways, channel phosphoryl-
ation and direct effects, have yet to be
determined.
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Technical Comments

Epilepsy Hypothesis

The report “Decreased hippocampal inhi-
bition and a selective loss of interneurons in
experimental epilepsy” by Robert S. Sloviter
(1) demonstrates a loss of somatostatin-
containing hilar neurons ipsilateral to per-
forant path stimulation. However, the re-
port contains incomplete immunocyto-
chemical results for y-aminobutyric acid
(GABA) neurons in the hilus of the dentate
gyrus. The author does not appear to have
replicated the findings of many investigators
(2—4) who have shown large numbers of
GABAergic hilar neurons. In fact, two of
these studies (3) have shown that many
somatostatin-containing neurons in the hi-
lus are GABAergic. This finding was expect-
ed because many GABAergic hilar neurons
resemble the morphology of somatostatin
neurons in the hilus of the rat, and it is now
clear that both GABAergic (4) and somato-
statin-containing hilar neurons in the rat
have commissural and associational projec-
tions. Therefore, the loss of somatostatin
hilar neurons indicates that significant num-
bers of GABAergic hilar neurons are also
degenerating.

It is possible that Sloviter’s immunocyto-
chemical results for GABAergic neurons in
the hilus are related to the fixation protocol,
in which a low concentration of glutaralde-
hyde (0.01%) was used. Although this fixa-
tive provides good staining for peptide-
containing neurons, the antiserum to GABA
is usually more effective with preparations
that are fixed with higher concentrations of
glutaraldehyde (2, 3). In order to use these
same preparations to localize GABAergic
neurons, it might be better to use an antise-
rum to glutamate decarboxylase (the synthe-
sizing enzyme for GABA) that does not
require glutaraldehyde in the fixative.

1292

Sloviter interprets his results as indicating
that GABAergic hilar neurons are not lost.
Because he did not stain the normally large
population of GABAergic neurons in the
hilus, it is not known whether a significant
change occurred in that population after
stimulation of the perforant path. It is possi-
ble that such a change did occur, especially
in light of the numerous degenerating hilar
neurons on the stimulated side. Thus Slo-
viter’s first conclusion, that the GABA-con-
taining hilar neurons are impervious to the
stimulation, could be incorrect. Since
GABA and somatostatin are colocalized in
many hilar neurons in the rat and cat (3),
Sloviter’s second and final conclusions also
could be incorrect because the population of
somatostatin-containing neurons that ap-
pears to be lost in this study would include
many GABAergic neurons. Therefore, the
proposed novel epilepsy hypothesis, which
states that the loss of GABAergic neuron
activation by hilar neurons on the stimulated
side is the basis for the physiological loss of
inhibition, is questionable.

CHARLES E. RIBAK

Department of Anatomy and Neurobiology,

University of California,
Irvine, CA 92717

REFERENCES

1. R. S. Sloviter, Science 235, 73 (1987).

2. C. E. Ribak, J. E. Vaughn, K. Saito, Brain Res. 140,
315 (1978); L. Seress and C. E. Ribak, Exp. Brain
Res. 50, 173 (1983); O. P. Ottersen and J. Storm-
Mathisen, Neuroscience 16, 589 (1985); K. Lubbers,
J. R. Wolff, M. Frotscher, Neurosci. Lett. 62, 317
(1985); T. Kosaka et al., J. Comp. Nenrol. 239, 420
(1985); E. Mugnaini and W. H. Oertel, in Handbook
of Chemical Newroanatomy, A. Bjorklund and T. Hok-
felt, Eds. (Elsevier, Amsterdam, 1985), vol. 4, pp.
436~608; D. G. Amaral and J. Kurz, Neurosci. Lett.
59, 33 (1985); K. J. Anderson, B. E. Maley, S. W.
Scheff, ibid. 69, 7 (1986).

3. D. Somogyi et al., J. Neurosci. 4, 2590 (1984); D. E.
Schmechel ez al., Neurosci. Lett. 47, 227 (1984).

4. C. E. Ribak et al., J. Neurosci. 6, 3492 (1986); C.
Lérinth and M. Frotscher, J. Comp. Neurol. 261, 33
(1987).

20 January 1987; accepted 14 April 1987

Response: Ribak asserts that I have not
replicated the results of other investigators
who have shown large numbers of hilar +y-
aminobutyric acid (GABA )—containing neu-
rons, and he cites an impressive number of
studies to support his statement. In fact, the
studies he cites do not support his assertion.
Indeed, four of the citations say nothing
whatever about the proportion of hilar neu-
rons that are GABA- or glutamic acid decar-
boxylase (GAD)—positive and show few
photomicrographs of the hilus (I, 2). Our
results in the hippocampus with antiserum
to GABA (3, 4) are identical to those of
Ottersen and Storm-Mathisen (5), who used
a different antiserum to GABA, and to those
of Anderson and his colleagues (2), who
used the same antiserum to GABA we used.
Our results are also similar to those of
Mugnaini and Oertel (6), who used antise-
rum to GAD. Our results differ significantly
only from those of Seress and Ribak, who
concluded that at least 60% of the cells of
the dentate hilus are GABA neurons (7).
Excluded from their analysis were the
GABA- and GAD-positive basket cells with-
in or subjacent to the granule cell layer.
Immunocytochemical experiments conduct-
ed in this laboratory with antiserum to
GABA, with the use of the high glutaralde-
hyde fixation Ribak suggests, show numer-
ous hilar GABA neurons (4), but contradict
Seress and Ribak’s conclusion that a major-
ity of hilar neurons are GABA neurons.

Ribak’s second point is that other studies
have shown that many hilar somatostatin-
positive neurons are GABAergic and that
therefore my finding that hilar somatostatin
neurons have degenerated means that a loss
of GABA neurons must have occurred. Only
one study, by Schmechel and colleagues (8),

SCIENCE, VOL. 238





