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A G Protein Directly Regulates Mammalian Cardiac 
Calcium Channels 

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 
bdvine cardiac sarcolernmal 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 a 
subunit, purified fiom 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 membrane receptors to volt- 

age-dependent calcium channels, and, for 
cardiac P-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. 

A. Yatani, Y. Imoto, A. M. Brown, Deparunent of 
Physiology and Molecular Biophysics, Baylor Colfege of 
 medicine, Houston, TX 77030. 
J. Codina, Department of Cell Biology, Baylor College 
of  medicine, Houston, TX 77030. 
J. P. Reeves, Roche Institute of Molecular Biology, 
Nutley, NJ 07110. 
L. Birnbaumer, Departments of Physiology and Molecu- 
lar Biophysics and Cell Biology, Baylor College of Medi- 
cine, Houston, TX 77030. 

The G protein Gk 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 ca2+ channels directly. 

Single ca2+ 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 Ca2+ channels under different ex- 
perimental conditions (Table l ) ,  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 

brieflv after excision from nonstimulated 
cells i4).  However, survival was enhanced 
by stimulation of channel activity during the 
cell-attached mode by the P 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 hatch excision, the 
proportion of open time (P) for the N 
channels in the patch (NP) for each pulse 
(Fig. 1, row 2). N P  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 NPcA) and after (cum NPIo) patch 
excision were compared (Table 1). All the 
results were from high-threshold Ca2+ chan- 
nels; no low-threshold, dihydropyridine-in- 
sensitive ca2+ 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 ca2+ channel activity in cell- 
attached patches produced average opening 
probabilities (Po'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 N P  with ISO. When I S 0  at 1 0 - 5 ~  
was present only in the patch pipette 
(n = 7), Po seemed greater, and prolonged 
openings, although still less than 1% of the 
events (4, seemed more frequent. Activity 
was not recorded without I S 0  in the pi- 
pette, so the significance of the changes was 
unclear (7). We then added I S 0  at 1 0 - 6 ~  
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 
I S 0  ( 1 0 - 6 ~ .  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'-0-(3-thio)triphos- 
phate (GTP-yS) (100 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 Ca2+ channels in A B 
inside-out membrane patches excised from ISO- CA 10 c A 
treated cardiac myocytes. Single ventricular cells 10 

were obtained from guinea pig hearts by enzymat- 1 

ic dispersion (2). Single channel recordings were 
made from cell-attached (CA) and inside-out (10) 
patches (21, 22). The records in row 1 were 
filtered at 1 kHz. Experiments were done in (A) 
the absence and (8) the presence of GTPyS. In 

-7 
both cases, I S 0  was present in the bath (10F6M) 
and in the patch pipette ( 1 0 - ' ~ ) .  (Row 1) Four 
rows of single-channel current traces repre- 
sentative of the total number plotted in row 2 are 

-2pA 50 msec -  PA 
shown. These are responses to pdses to - 10 mV 2 

50 msec 

from a holding potential of -60 mV. Pulses were 
delivered at 0.5 Hz and had a duration of 200 0.0 

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 I 0  are responses to pulse numbers 1, g 0.46 0.46 

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 o 

0 16 30 46 experiment. (Row 3) Cumulative NP's (cum NP) 3 $ 8  30 46 60 o 16 30 46 80 

for the experiment. A 10-second gap occurred 
after excision. Cum NPIolcum NPcA and survival 4 . 8  

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 2 
ordinates in row 3. J 

0 

0 
0 18 3 0 4 6  0 15 3 0 4 6  0 18 30 46 80 0 18 30 46 60 

Trace number Trace number 

now transiently increased after excision. The Fig. 2. Effects of the 
mean open times had average values of 1.4 pr5activated a subunit of A 
msec before and 1.2 msec after excision into Gs (a:) On 

Caz+ channels in inside- GTPyS, and the amplitudes did not change out membrane patches 
significantly from control (n = 7). Guano- excised from guinea pig 
sine triphosphate (GTP) in equivalent con- ventricular myocytes. 
centrations was also effective (Table 1). The (Row 1) Representative 
presence of I S 0  in the patch pipette was c e h n e p s t  i 

essential; without it, the effects were absent mV from a holding 
or greatly attenuated (Table 1). In the ab- tentid of -50 mV at 0.5 
sence of receptor activation, GTPyS, while Hz. The four responses 
efficacious, is probably too slow as a G under CA are pulses 

6, 16, 24, and 31, and protein activator, and GTP is probably not Under IO they are to 
sufficiently efficacious. Activation of G pro- pulses 4,26,29, and 42. 
teins by guanine nucleotides, especially The myocytes were incu- 
those affected by P adrenoreceptors, is time, bated in 10-6M ISO. G 
Mg2+-, and temperature-dependent, and the ~ o ~ h U ~ ~  !'E: 
process is accelerated by agonist occupancy cytes, activated with 
of receptors (10). At the concentration of GTP~S,  and their sub- 0.45 

I 
Mg2+ we used, lags in the activation of units separated as de- 
adenylpl cyclase by GTPyS are typically 15 scribed ( 2 j  14, Ad- 

ditions were as in (2). to 20 minutes and are reduced by I S 0  to (Row 2) Plots ofNPand 
less than 10 seconds. (Row 3) cumulative N P  

The stimulatorv effect of GTP and the lcumNP). The effects of 3 I 

requirement that I S 0  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 adenplyl 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 

SO pM a: in the bath are 
under 1 0 .  Survival in the 

NPcA and survival pulse 
number after excision ' 0  12 24 36 48 0 12 24 36 48 
are 1.12 and 42, respec- 
tively. Trace number 

27 NOVEMBER 1987 REPORTS 1289 



that the effects of GTPyS be (i) mimicked by 
supplying excess adenosine triphosphate 
(ATP) and CAMP, which bypass the adeny- 
Ipl cpclase step and stimulate phosphoryl- 
ation by the existing CAMP-activated pro- 
tein kinase (PKA); (ii) blocked by a 
competitive inhibitor of adenplpl cpclase ac- 
tivity, adenosine 5'-0-(2-thio)diphosphate 
(ADPPS); (iii) blocked by protein kinase 
inhibitor (PKI) with concentrations that 

inhibited the increase in whole cell caZf  
currents produced by I S 0  (11); and (iv) 
mimicked by local stimulation of adenylyl 
cyclase in a manner that does not involve 
activation of G, (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 ca2+ 

Table 1. Effect of G protein activation and of activated G protein (Gf and a$ on Ca2+ 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. 
-- - --- - -- 

Relat~ve Ca2+ 
Modulators added to channel activitv Ca2+ channel Number 

before and survivalt of 
after excision* mean (number patches 

Pipette Bath (cum NPloI of pulses*) analyzed 
cum NPcA) 

ISO, FSKL 
ISO, FSKL 
I S 0  
I S 0  

- 
I S 0  
ISO, GTPyS 
I S 0  
ISO, GTPyS 
ISO, GTP 
ISO, CAMP, ATP 
ISO, CAMP, ATP, GTPyS 
ISO, CAMP, ATP, 

PKA, L I T  
ISO, CAMP, ATP, 

PKA, LIT, GTPyS 
ISO, ATP, FSKL 
ISO, ATP, FSLK, C;TPyS 
ISO, PKI, GTPyS 
ISO, ADPPS, GTPyS 
ISO, G$ 
ISO, a,* 
Bay K 8644 
Bay K 8644, GTPyS 
Bay K 8644 
Bay K 8644, GTPyS 

*Mean ? SD. ?Pulse rate at 0.5 Hz. *Numbers in parentheses indicate range. 

concentrations than the subnanomolar 
amounts we used. Nevertheless, in two ex- 
periments we tested the PKC activator tetra- 
decanoyl phorbol acetate (TPA) (10-~~21) in 
the absence of added ATP and failed to 
observe any effect (12). 

GTPyS also produced its stimulatory ef- 
fects when the dihpdroppridine agonist Bay 
K 8644 ( IO-~A~)  replaced I S 0  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 ca2+ 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 G, that had been purified from 
human erythrocytes and preactivated with 
GTPyS (13) (G;), as well as the effect of its 
(Y subunit a,* after separation from py sub- 
units with ion exchange chromatography 
(13). Both G,* and a: reproduced the effects 
observed with the ISO-GTP combination, 
and neither effect required that I S 0  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 Gk (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 diffision barriers 
within the a-shaped membrane patches. 
Thus G protein regulation is specific, and, as 
for other G proteins, the specificity resides 

Fig. 3. Effects of Gf on single cardiac Ca2+ 2 3 4 
channels incorporated into a planar li id bilayer 7 mm 
(23 )  The number of functional CazP channels 
incorporated into the bilayer was usually less than m m  
three and often one. As originally reported, cardi- 

w w l m  - 
ac sarcolemmal Ca2+ channels incorporated into .V 
this type of bilayer (16) had properties similar to 

- 
those of high-threshold or L-type cardiac Ca2+ ----'---*mu 
channels. In the presence of Bay K 8644 and with B 
100 mM BaZ* as the charge carrier, the conduc- 4 

tance between -50 and +20 mV was -20 pS. 
The channel opened in bursts, and the probability 
of opening was voltage-dependent. Brief open- 0,6 
ings that dominate under control conditions 
could not be detected at the recording bandwidth, k0 
and the mean open times were fit to an exponen- 0,3 
tial distribution (T - 12 t 3 msec, n = 9, at test 
potentials between 0 and f 2 0  mV). The values 
are consistent with those obtained for Bay K o,o 
8644-stimulated channels in cell-attached patches 5 10 15 20 o 5 
(24). Current traces produced by depolarizing Time (minutes) 
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 control in (B) before addition of G: (100 pM) to the trans chamber. The 
G;. Pulses were applied every 30 seconds for 20 seconds. Leakage and ordinate is given as Po because N was 1 in this experiment. (C) Cumulative 
capacitive currents were subtracted. Traces 1 to 4 were taken at the times P,'s obtained between the arrows in (B). Cum Po ( ~ f ) / c u m  Po (control) is 
indicated in (B) and are 2-second segments from the 20-second pulses. (B) 11. 
The entire experimental record. Note the decrease in activity with time in 
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in the a subunit. Although G, seems the and 400 pM, had no effects on ca2+  channel 8. G. Brum, W. Osterreieder, W. Traumein, P P ~ B ~  

most likely candidate as a physiological reg- activity (n = 5). Hence the stimulatory ef- ;':; ~~b~~~r)\98~~2i~$d~$n~22 
ulator, other G proteins cannot be excluded fects seem to be specific (at least between G: Symp. Quant. B ~ L .  48, 193 (1983). 
(15); the lack of involvement of protein and G;), and the site of action is cytoplas- 9. The K+ concentration in the bath is approxi- 

mately equal to the K+ concentration in the cyto- 
kinase C suggests that a G, is not involved. mic. plasm. AS a result the driving force on the K+  

The CAMP-independent effect of the G The incorporated ca2+ channels stimulat- channel may be slightly different when the patch is 

protein on ca2+  channel regulation may be ed by G; were either dephosphotylating 
~ ~ ~ ~ f ; $ h ~ u ~ ~ ~ l ~ ~ ~ e ~ ~ ~ ~ ~ ~ ~  !t 2 ~f'';; 

due to the inhibition of a transition of the slowly or did not require phosphorylation same were obtained when the conductance 
channel from a more activatable state, in- for channel function. G: acted too quickly to was unchanged after excision. 

duced by phosphorylation ( IS0 in the bath) be inhibiting dephosphorylation or a slowly lo' M' 2232 Schramm (1975); and R. Iyengar M' Rodbe'' and L. Birnbawner, 250' ibid. 
or by Bay K 8644 (phosphorylation-inde- progressive protease action. The complete 256, 11036 (1981); R. Iyengar, ibid., p. 11042; 
pendent), to a less activatable state. This absence of a high energy phosphate source - 7. Abramowitzt M. L. Birnbaumer, 

ibid. 255, 3558 (1980); J. Abramowia, R. Iyengar, 
could be accomplished by an enzyme or precludes phosphorylation by the added G L. Birnbaumer, ;bid., p. 8259; R. A. a r i o n e  et d., 
other membrane protein responsible for the protein as a factor. Hence, by exclusion, the ibid. 260, 1493 (1985); R. Iyengar and L. Birn- 

rapid loss of channel activity in the excised idea of a direct stimulatory effect of G: on baumer, Proc. Natl. Sci. U.SA. 791 5179 
(1982); F. J. Rojas, T. L. Swartz, R. Iyengar, A. J. 

patch or by a direct interaction with the Ca2+ channels Seems most plausible. In Garber, L. Bimbaumer, Endocrinology 113, 711 
ca2+  channel, causing it to be more resistant these experiments ca2+  channels were kept (1982). 

to an inactivating enzyme. An action of the in an activatable and hence G protein- M. Kameyamat J .  F. Hdfmannl W. 
Trautwein, P'uegetxA~ch. 407, 123 (1986). 

G protein on a phosphatase (inhibitory) susceptible state by Bay K 8644. Physiologi- 12. In numerous experiments (with one exception), we 
seems unlikely because the G protein is cally the channels can be made more activa- were unable to "rescue" Ca2+ channels that had 

ceased to function using GTPyS in a manner analo- 
equally effective in prolonging the activity ol; table by phosphorylation with PKA (11). gous to the use of PKA and ATP to rescue C ~ Z +  
ISO- and Bay K 8644-stimulated channels. Phosphatases antagonize the I S 0  effect (17) channels of GH3 cells [D. Armstrong and R. Eckert, 

Calcium-activated enzymes are also not like- and may be involved in channel inactivation 
~ ~ o ~ ~ t ~ ~ ~ ~ f ~ ,  :f2J4;c2:g ~ ~ 8 ~ ~ ; s ~ ~  

ly to be involved because free ca2+ was (18). The existence of direct G protein regu- and addition of G T P ~ S  to the bath 5 
buffered to 1 0 - ' ~  or less with EGTA. lation of ca2+ channels, parallel and corn- minutes later was associated with the reappearance 

To further examine the possibility of di- plementary to phosphorylation, could ex- 
~ ~ ~ ~ ~ t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ a ~ ~ i ~ ~ ~  

rect G protein-~a2+ channel interaction, we plain the lack of effect of PKI on basal ca2+ tor leupeptin (100 CL~CI), the catalytic subunit of 
studied the effects of G: and a; on ca2+ channel activity in cardiac cells (11) and the PKA> CAMP, and ATP increased 

but the effect was not statistically significant (Table channels from bovine cardiac sarcolernrnal CAMP-independent ca2+ influx in adrenal In eight experiments rescue of channels that had 
vesicles after their incorporation into lipid glomerulosa cells on addition of adrenocor- ceased to function was attempted, and in six it failed 

bilayers (16). Bay K 8644 was used to ticotrophic hormone, which mediated stim- 
~ ( $ p e ~ C ~ ~ e ~ $ $ ~ ~ S  

promote ca2+  channel activity, which had ulation of G: (19). The relative importance restored for 42 30 pulses, respectively. 
the characteristic openings described in (16) of these dual pathways, channel phosphoryl- 13. J. Codina et al., Proc. Natl. Acad. Sci. U.S.A.  80, 

4276 (1983); J. Codina et d., J. Bwl. Cbem. 259, (Fig. 3). After channel incorporation, activi- ation and direct effects, have yet to be 5871 (1984); J ,  Codina, J ,  D, L. 
ty produced by our pulsing protocol de- determined. Birnbaumer, R. D. Sekura, ibid., p. 11408. 
creased slowly over periods of 5 to 10 14. J. Codina, A. Yatani, D. Grenet, A. M. Brown, L. 

minutes (1 6) (Fig. 3). Addition of G: to the Birnbaumer, Science 236, 442 (1987). 
REFERENCES AND NOTES 15. N. Scherer, M. J. Toro, C. Tate, M. Enanan, L. 

trans (intracellular) chamber produced a Birnbaumer, Bqhys. J. 51, 526a (1987). 

progressive increase in NP over the next 4 1. M. Kameyama, F. Hofmann, W. Trautwcin, 16. R. L. Rosenberg, P. Hess, J. P. Reeves, H. 
PfluegersArcb. 405, 285 (1985); G. G. Holz N, S. Smilowitz, R. W. Tsien, Science 231, 1564 (1986). 

minutes followed by a reduction to levels G. Rane, K. Dunlap, Nature (London) 319, 670 17. M. Kameyama, J. Hescheler, G. Mieskes, W. 
well above those observed in control. The (1986); D. L. Lewis, F. F. Weight, A. Luini, Pmc. Trautwein, P ~ u e g ~ A v c b .  407, 461 (1986). 

Natl. Acad. Sci. U .SA .  83, 9035 (1986); J. Hes- 18. J. Chad and R. J. Eckert, J. Pbyswl. (London) 378,31 ended when the bila~rer broke cheler, W. Rosenthal, W. Trautwein, G. Schultz, (1986). 
down. The cumulative NP's before and after Nature (London) 325,445 (1987). 19. I. Kojima and E. Ogata, J. Bwl. Cbem. 261, 9832 
G; were also to emphasize the 2. A. Yatani, J. Codina, A. M. Brown, L. Birnbaumer, (1986). 

Science 235, 207 (1987). 20. The indices of survival are defined in the text. Single nearly logarithmic magnitude the effect. 3. A. Yatani, J. Codina, R. D. Sekura, L. Birnbaumer, channel currents were recorded during 200-msec 
Unitary current amplitudes were not A. M. Brown, Mol. Endocvinol. 1, 283 (1987); J. pulses applied at 0.5 Hz from a holding potential 

changed but open were prolonged Codina, D. Grenet, A. Yatani, L. Birnbaumer, A.M. between -40 and -60 mV and a test potential 
Brown, FEBS Len. 216, 104 (1987). between -20 and 0 mV. The pipette solution was 

from 8.2 to 29 msec and closed times Were 4. E. Fenwick, A. Marry, E. Neher, J. ~hysiol. (London) 90 mM BaC12, 10 mM glucose, 10 mM Hepes (pH 
shortened from 98 to 55 msec. These values 331, 599 (1982); A. CavaliC, R. Ochi, D. Pelzer, 7.3). The bath solution was 110 mM potassium 

W. Trautwein, PjugegersArcb. 398,284 (1983). The aspartate, 20 mM KC], 2 mM EGTA, 2 mMMgC12, are the 10w-frequenc~ response identity of the Ca2+ channels was established by (i) 20 mM glucose, 5 mM Hepes (pH 7.4). Modula- 
of the bilayer recording system and could the fact that inward current could only have been tors: ISO, 1 w ,  GTP, 100 w ;  GTPyS, 80 to 100 
result from either undetected closures or carried by Ba2+ ion, (ii) the voltage dependence of p&; ATP, 2 mM, CAMP, 500 pJ4; ADPPS, 10 

the inward current, (iii) the unitary conductance of inM; forskolin, 100 pJ4; PKA, 4 (rglml; Bay K prolonged openings. ~6 produced similar 20 pS, and (iv) the dihydropyridine effects, all of 8644, 1 w ;  PKI, 700 rgiml; leupeptin, 100 w. 
effects in three other experiments (the range which are characteristic of high-threshold ca2+ Forskolin (Sigma) was dissolved in ethanol as 25 

channels. mM stock solution. ADPPS (Sigma) was dissolved 
of ratios of NP's was ')' 5. E Carbone and H D. Lux, Natun (Lon&) 310, in distilled water. PKI (Sigma) was dialyzed against 
At concentrations of 100 pM, a,* had the 501 (1984); B. P. Rean, J.  Gen. P&~wl. 86, 1 a solution containing 1 mM MgCI2, 1 mM EGTA, 
same effects as Gi (n = 3). Addition of G; (1985); R. Nilius, P. Hess, J. B. Lansman, R, W. and 5 m M  Hepes (pH 8.0). The catalytic subunit of 

Tsien, Nature (London) 316, 443 (1985). CAMP-dependent protein kinase I1 (C subunit, Sig- (n = 4, and a: (n = 4, cis (extracellu- 6 A Cav96  D Pilur, W Traumein, pJugeflAyc/j, ma) was activated with 0.5M dithiothreitol ( D m )  
lar) chamber had no detectable effects on 406, 241 (1986). and dialvzed against the bath solution plus 1 mM 

ca2+ activity. ~ d d i ~ i ~ ~  to the trans 7. A stimulato'y effect would probably have been more D m .  ~f results were obtained with 50 and 100 pM. 
clear had the IS0  solution replaced the control Ray K 8644 (Miles Lab) was dissolved in 100% chamber of the activated inhibitory G pro- pipette solution rather than being present from the ethanol as 10 m~ stock solution. 

tein obtained from human erythrocytes outset. More importantly, IS0  added to such a small 21. 0 .  P. Hamill, A. Marty, E. Neher, B. Sakmann, F. J. 

(G;), which stimulated atrial muscarinic K+  area of membrane probably did not generate suffi- Sigworth, P j ~ ~ e n A v c h .  395, 85 (1981). 
cient second messenger to activate cytosolic protein 22. All experiments were performed in a 0.1-ml cham- 

channels, at concentrations between 100 kinase. ber on a microscope stage at room temperature. The 
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bathing solution contained 110 mM potassium as- 
partate, 20 mM KCI, 2 mM EGTA, 2 mM MgCI2, 
20 mM glucose, 5 mM Hepes (pH 7.4 with tris), 
and the patch pipette contained 90 mM RaC12, 10 
mM glucose, 10 mM Hepes (pH 7.4 with tris). 
I*(-)-Isoprenaline (ISO) (Sigma) and GTPyS (te- 
tralithium salt) (Roehringer Mannheim) were dis- 
solved in distilled water as 10 mM stock solutions. 
All drugs and nucleotides were added either to the 
patch pipette solution or bath solution to obtain the 
final desired concentrations. External solutions were 
perfused through the chamber at 2 mumin by 
gravity flow. Unitary currents were filtered with a 4- 
pole Bessel filter at 2 kHz, digitized at 5 kHz, and 
stored on a PDP 11/73 computer [H. D. Lux and A. 
M. Rrown, J. Gen. Physwl. 83, 727 (1984)l. Analy- 
ses of transitions were done on records filtered 
subsequently with a zero phase four-pole nonring- 
ing digital filter. 

23. Bovine cardiac sarcolemmal vesicles were prepared 
and stored at -70°C [R. S. Slaughter, J .  L. Sutko, J .  
P. Reeves, J. Bwl. Cham. 258, 3183 (1983); L. R. 
Jones, S. W. Maddock, H. R. Reach, ibid. 255, 
9771 (1980)l. Experiments were carried out at 
room temperature (20' to 22'C) in lipid bilayers 
formed from decane solutions of equimolar brain 
phosphatidylserine and phosphatidylethanolamine 
(Avanti Polar Lipid, Birmingham, AL). The cis 
chamber (500 pl) contained 50 mM NaCI, 100 mM 
RaC12, 2 mM MgC12, 10 mM Hepes (pH 7.4 with 
NaOH). The trans chamber (500 p1) contained the 
same solution as the cis chamber without RaCI,. Ray 
K 8644 (1 was present on both sides. Vesicles 
were added to the cis chamber to a final concentra- 
tion of 5 to 10 pg protein per milliliter. Incorpo- 
ration occurred as for conventional right-side-out 
vesicles and depolarizing pulses opened channels 
more frequently. The cis chamber was connected to 

ground, and potentials were applied to the trans 
chamber. Thus, the trans chamber represents the 
intracellular side. The current conventions were 
those used in whole-cell recordings, and inward 
current (cis to trans) gave downward deflections. 
Current traces were recorded with a List EPC7 
amplifier, filtered at 300 Hz (four-pole Ressel, low 
pass), and stored in a videocassette recorder. Data 
were digitized at sampling rates of 1 to 3 kHz and 
analyzed with a PDP 11173 computer (22). 

24. A. M. Rrown, D. L. Kunze, A. Yatani, Nature 
(London) 311, 570 (1984); P. Hess, J. R. Lansman, 
R. W. Tsien, ibid., p. 538; S. Kokubun and H. 
Reuter, Pvoc. Natl. Acad. Sci. U.SA. 81, 4824 
(1984). 

25. Supported by NIH grants HL-31154, HL-37044, 
HL-36930, DK 19318, and AHA 851159. 
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Epilepsy Hypothesis 

The report "Decreased hippocampal inhi- 
bition and a selective loss of interneurons in 
experimental epilepsy" by Robert S. Sloviter 
( I )  demonstrates a loss of somatostatin- 
containing hilar neurons ipsilateral to per- 
forant path stimulation. However, the re- 
port contains incomplete imrnunocyto- 
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. 

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 populati& 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 
Departwtent ofAnatowcy and Neurobiology, 

Univevsisity of Calgomia, 
Irvine, CA 9271 7 
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Response: Ribak asserts that I have not 
replicated the results of other investigators 
who have shown large numbers of hilar y- 
aminobutyric acid (GABA)<ontaining 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 (1, 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. 
Irnmunocytochemical 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 ) ,  
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