
the mutual membrane-surface 'u~cl, of d e s  at the ar-~vater  interface-preferablv In 
course, ~ ~ i e m b r a n e - ~ ~ i e ~ ~ l b r ~ ~ i i e  attraction is 
the strongest, certain subclasses of the mem- 
brane components lvith special properties 
can be enriched preferenti'11ly. (One example 
of this involves molecules with similar hy- 
ciration properties.) The resulting edge-in- 
homogcncities could also ~ ~ l t i r n ~ ~ t e l y  facili- 
tate macromoleculC~r insertion, membrane 
reorganization, and firsion. 

In practical terms our findings suggest 
that one can generate no~lsupported aligneci 
samples consisting of lipicls 'ulci other bio- 
logical materials. Depencling on the precise 
experimental conditions the resulting mem- 
brane svstcms should contain one, a fe\v, or 

combination \vith the x-ray reflectivi~ tech- 
n i q u e + , ~ ~  prove useful for the structural 
investigations of the moclel, reconstituted, 
and native membranes 'u~d  contribute to the 
clarification of the p l~ys ic~~l  anci physi- 
cochemical principles ~mcierlaying supranlo- 
lecular reorg,ulization 'u~d f~lsion at inter- 
faces. 
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Heart Rate Regulation by G Proteins Acting on the 
Cardiac Pacemaker Channel 

Heart rate is determined by pacemaker currents, of which the most important is the 
hyperpolarization-activated current If. Heart rate and If are increased by p-adrenergic 
agonists and decreased by muscarinic agonists released from cardiac sympathetic and 
vagal nerves, respectively. The hypothesis that the receptors for each agonist are 
directly coupled to If channels by G proteins was tested. Under substrate-free 
conditions, preactivated G protein G ,  stimulated and preactivated G protein Go 
inhibited If channels of sinoatrial node pacemaker cells. These effects were mimicked 
by the corresponding preactivated a subunits of the G proteins. Unexpectedly, the two 
G proteins acted simultaneously, with Go being the more potent. This result may 
explain in molecular terms the classical observation in cardiac physiology, that vagal 
inhibition of heart rate is much greater on a background of sympathetic stimulation. 

T H E  MAVMALIAN HEARTBEAT ARISES 

from spontaneous, pacemaker cur- 
rents in sinoatrial (S-A) nocie cclls 

and is neurally regulated by the stirnulaton, 
P-acirenergic effects of the transmitter nor- 
epinephrine and t h ~  inhibiton, muscarinic 
cholinergic eficts of the transmitter acetyl- 
choline released from the carcliac sympathet- 
ic and v a g ~ s  nenes, respectively. The key 
pacemaker current is the hypcrpo1arizatior1- 
activated current If (1, 2 ) .  ~Vuscarinic ago- 
nists decrease 'uld P-acirenergic agonists in- 
crease If, anti it is proposeci that G proteins 
act upon acienylyl cyclase jL4C) to change 
the p h o ~ p h o n l ~ ~ t i o n  of If channels (3 ,  4). 

Since the heart rate c'u~ ch'ulge from second 
to seconci (5). if phosphon,lation 'ulci cie- 
phosphonlation of the c h a u ~ e l  cause this 
change, these reactions must occur at subse- 
conci rates. This is unlikely (6), ' u~d  'ul 
alternative hypothesis has been proposed in 
lvhich G proteins couple these receptors to 
pacemaker channels by faster, more clirect, 
membrane-clelimitcd path~vays ( 7).  neces- 
s a n  condition for the ciirect coupling hy- 
pcxhcsis \vould be that G proteins directly 
regulate If channels in S-A node cells. \Ve 
report here that the G protein G, preactivat- 
eel ~ v i t h  guanosine 5'-0-(3-thiotriphos- 
phatc) [GTPyS) ( G a  or  its preactivated a 
subunit [a3 (8) s t i m ~ ~ l ~ ~ t e c i  Is channels in 
insicie-out ( 1 0 )  membrane patches excised 
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on ,ul a p p a ~ n t l y  shared set of II channels. 
The simultmeous action ma!- pro\iclc a mo- 
lecular explanation for \rhy vagal inhibition 
of heart Fate is greater in thc presence of 
cardiac sympathetic n e n e  s t imulat io~~ (syn- 
ergistic effect) anci n-hy c,lrciiac s!.mpathctic 
stimulation of heart rate is smaller in the 
presence of cardlac vC~gdl n e n e  stimul,lt~on 
[ m t c ~ g o n ~ s t ~ c  efect) ( 1 0 )  

The current li c'u~ be recorded from cell- 
free, I 0  membrane macropatchcs [ 1 I) .  If \ve 
~ ~ s s u m e  that s~ngle-cliaru~el concluctance IS 1 
pS, patch It originateel from about 200 
ch,u~nels ( 12) \\ h ~ l e  still cell-attaiheci (CL4), 
patch If had the same \\ a\ c f o ~ m  'u~d  x oltage- 
dependence as ~vhole-cell (\\'C) If ( 11 ) (Fig 
1 A, trace a) anti ran cion n slo\\ 11 \\ 1t11 time 
Upon excision to the I 0  c o ~ l f i g u r ~ ~ t i o ~ ~ ,  
patch If fell immeciiately and then resumed 
its s lo~v decline [Fig. 1, A, trace b, 'uld B).  
T o  test Lvhether autonomic receptors nere 
coupled to If bv G proteins in these cell-free 
t>atihes, lve ad& the P-aclrenergic agonist 
isoproterenol [iso) to the pipcttc solution 
mcl changed g~anos ine  triphosphate (GTP) 
in the bath. Concentration iumrx of GTP 
~ncreased li (parts c 'uld d of i-~g 1. A 'uld 
B) The effects \\ere re~ers~blc  and hIg2'- 
dependent ( 1 1  = 4). The time course could 
be determined bx. the cliffcrcncc in current 
benveen the traces before and inu~~ediately 
atier the concentration jump of GTP. This 
time course indicatcci 'I dclav of 50 ms 'u~cl a 
time constant of 800 ms. Both rate and 
magnitucie of the increase in If varied dircct- 
Iy with the concentration of GTP; the in- 
crease could be as great as 50% (37.3 * 9%. 
mean I SD; r r  = 3) .  \\'it11 carbachol jcarb) 
in the pipette, the s,u1le series of tests pro- 
cluceci c~ ln~os t  identical results except for a 
change in sign ( Eig. 2A 1;  1, \\.as reduced by 
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31 t 8% ( n  = 3).  The absolute require- 
ments for GTP ,uld ~ g ? '  impl~cateci G 
proteins in the coupling of P-adrencrgic and 
muscarinic receptors to  If channels. Effects 
due to  trapping of cv t~pl~~srn ic  substrate 
\\.ere excluded bv adding adenvl-5'-vl imido- 
&phosphate [AMP-P(NH)PJ ( 2  mZi) to 
the bath solution, the responses \\.ere unal- 
tered, excluding channel phosphonlation as 
a mechanism Taken together, the results 
supported the hr~pothes~s that autonomic 
receptors were coupled to If br dlrect G- 
protein path\\ avs 

Ind~rect pathwavs are thought to  11nk P- 
adrenergic receptors and muscarlnlc recep- 
tors to If channels (13). In these cases, 
different G proteins were presumed to act 
on AC and, subsequentlv, on a shared 17 to- 
plasm~c aderlosine 3'3'-monophosphate 
(chi?lP)4ependent proteln kinase path- 
\i7ay. Our experiments suggested that there 
are n i o  direct G proteln path\vavs to If 
channels. As a hr ther  test of this hypothesis. 
\ve increased patch If \vith iso (1 pM) in the 
pipette and GTP (100 pM)  in the bath and 
then replaced GTP with GTPyS (100 pM) 
(Fig. 1) .  GTPyS produced no imnediate 
increase in current, indicating that a maxi- 
mum iso effect had been attained with GTP. 
Instead, patch If fell and continued to fall 
\lrith further pulses (parts e and f of Fig. 1. A 
and B). When GTPyS was added in the 
absence of any agonist, If also fell, but not as 
dramatically (5  to 10% at 100 pM; r l  = 8), 
possibly from offsetting effects due to activa- 
tion of endogenous inhibitory and stimula- 
tory G proteins. We interpreted these results 
to uldicate that G proteins inhibitory to  If 
\\.ere dominant over stimulator). G proteins 

A a C o ~ ~ r o l  b GTP c Wash 
I 

4 

- 
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-- 
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-30 .- 
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- a- --- 
0 200 400 
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Inhibition was not complete, and isosmotic 
substin~tion of Cs' for K' produced a 
filrther block of patch If (Fig. lB,  part g ) .  

Our results supported a hypothesis in 
\vhich different heterotrimeric G proteins 
directly regulate If ch,uulels as they d o  other 
1011 charnels [ 14) As a straightfol-tvard test. 
\ve added GE G$ or GZ to patches contain- 
ing If channels. G$ at picomolar concentra- 
tions reduced patch If (Fig. 28) .  The ell-ect 
\vas not apparalt inmlediately but became 
apparent at the second test pulse and persist- 
ed during subsequent pulses Exogenous G$ 
mhibited patch If more slo\vlv than h d  GTP 
UI the presence of carb, h ~ c h  acted in less 
than 1 s (17). Unl~ke the read111 reversible 

Fig. 1. Xlembrane-cielimiteci G A CA 10 -GTP GT P'js 
- protein coupling of autonomic re- - _r -. 10 /- - - 

./I - 
ceptors to patch If channels. Con- \ .. 
centration steps of GTP (100 F M ~  yo "..b Y\ %+. c 

\ - 
P:, f 

a11d GTPyS (100 KXI) (arrovrs) %I 0 =\.- d '. s$ 
\rere applied with iso (1 ~ h l )  in the 
patch pipette. Patch 1,- vras pro- 

O T  Cs- 
duced by hyperpolarizing test GTP:6 7 
pulses of 2-s duration appl~ed at I 

0.1 Hz. Holding potential \vas i 
-30 mV, and test potential \vas I 

- 130 m\'. Patch I< never reached a T 

stead, state even \i.ith pulses of 10  
s. Pulses longer than 2 s accelerated 
the n~ndo\vn.  (A) Patch I, recorcied 
in the CA mode (trace a) and after 
excision to cell-free. I 0  mode (trace 
b) .  Patch & is sho\rn immediately 
before (trace c)  a ~ d  durlng the neit 1 e 

(trace d )  \.oltage-c~amp pulse 100 -30 J 
ms after a step application of GT1'. 0 120 240 360 480 
The effect of a step application of Time (s) 
GTPyS is s h o ~ r n  by comparing the 
patch I, befhre (trace e)  and imme- 
diately after the step (trace f ) .  The concentration steps uerc timed to del~ver CXPyS to the m e m b r ~ n c  
patch 100 ms before tlic next voltage-clamp pulse (B)  The timc cour\e of peak 1,- for the entirc 
experiment shoxvn in (A) .  Arroirheads h o \ r  \vhcrc the traccs .I through f i n  ( A )  Lrcrc taken. K- in 
bathing ioiution \vas replaced b \  Cs* at (trace g ) .  

Fig. 2. Comparison of reversible ~ n h ~ b i t i o n  of 
patch If prociuccd by carb plus GTP (.A) \vlth 
~rre\.ersiblc ~ n h i b ~ t i o n  produceci b \  (3: I B ) .  l'atch 
If \vas prociuceci b\' hyperpolarlz~ng clamp pulses 
of 2-5 duratlon at 0 .1  Hz. Holding potent~.al uld 
test potcntlal \\.ere -30 mci - 130 m\.. resprc- 
tlvcly, ( A )  T ~ m e  course of p e k  patch If after a 
concentration strp of GTl' from 0 to 100 ~ . \ l  
(arro\\-) aici after \$ash out \$.lth GT1'-free solu- 
tion (arroiv). (BI  Tlmc course of patch If aker 
concentration strp of C;d ( 100  MI. ciuring \rash 
out with G,:-free solutlon (arro1i.i and &cr acidl- 
tion of Cs' (arro\i.i. K ' In bathing solut~on vras 
replaceci by Cs'. l'atch 1,- currents at ~ndicatcci 
times arc shoun  above In I,%) ~ n c i  ( R ) .  

inhib~tion produced by GTP in the presence 
of carb (Fig. 2 A 1 ) ,  the inhibition produced 
by G$\~.as irre\.ersiblc, as expected from the 
effects of preactir.ated G proteins on other 
effectors ( 1 4 )  (Fig. 2111, , u ~ d  could not be 
overconle b\. prolo~lgcii \\ ashing for as long 
as 5 n ~ i n  ( t i  = 31. Like thc carb plus GTP 
block, the G: block \\-as incomplete. .uld 
Cs' produced further recluetion in patch 
If. T o  test the efiects of ditferent concentra- 
tions of G:, 1r.e mcasured the magnitude of 
the inhibition at 2 to 3 mi11 after ,I step 
change. The effects \yere apparent at conccn- 
trations as low as 10 $1 anci became greater 
at higher concentrations, reaching a m a i -  
mum benrrecn 80 ,uld 160 FAT. The rnagni- 

0 ! 20 240 360 
Time (s) 

Fig. 3. Thc a: \ u h u n ~ t  a i d  GS act \~multancousl! 
on patch If channels. Hvperpolar~zing clamp 
pulscs of 2-s duration \\,ere applied to - 130 m\' 
from a holding potcriti,ll of  -30  m\'. a t  0 .1  Hz. 
cr;\vas added at the fir\t arro\$. in ( K )  .uid (;,:\\.as 
added at thc second Jrro\r. 'Thc time course of 
peck patch 1,- fix the entirc cxperlmcnt 1s shoivn in 
(B) ,  and the individual patch l r  currents for the 
times indicated in ( B )  arc iho\\-n abo\-c In ( A ) .  I n  
'uiothcr eupcrllticlit shol5.n in ( C I .uid ! D:. prrac- 
ti\atcd G protcin5 \\crc .iddcd In thc o p p o \ ~ t c  
sequence. 
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tude was normalized to the peak effect and, 
\\.hen plotted as a hnct ion of concentration, 
the curve had a mean inhlblton. constant 
( I C S o )  of about 50 pM ( n  = 6). In this wa!., 
the effects ofG$and GI wlth nrpe 3 a  subunit 
(Gg ?) (16) \irere compared. GS was about 
ten times as effective as G,X,.3 which had an 
lCso of about 500 pM ( n  = 5 ) .  Hence Go, 
which is the dominant G protein in brain, 
where it can gate specific types of K -  chan- 
nels directly (9), may in S-A node cells be a 
permssls toxln-sensitive substrate (1 7) and 
mav couple muscarlnic receptors to I f .  

A cord~~ary  of our hvpothesls was that G: 
should Increase I f .  G t o r  a:mcreased patch I f  
(Fig. 3A, part b) and, In the case of G z  
maximum increases were produced at con- 
centrations of 8 0  to 160 pM (23  + 9%; 
r l  = 7).  Following stimulation, rundown re- 
sumed its slow course, but patch I f  was 
higher than before a~application (Fig. 3B). 
Like the effects of GZ, the effects of GFor a f  
were irreversible. Prolonged washing up to 
5 min with control bath solutions did not 
reverse the increased patch I f .  The effects of 
the different  reactivated G   rote ins were 
mimicked by the respective preactivated a 
subunits (tz = 5 for a f ;  n = 8 for a:). In all 
cases with preactivated holo-G protein or a 
subunits, there were no requirements for 
GTP, MgZ+ or ATP, CAMP, and CAMP- 
dependent protein kinase at concentrations 
described in ( 13). Hence, the G* proteins or 
their a *  subunits produced their effects on  
patch I f  independently from any of the usual 
second messengers. BIT contrast to the re- 
sults with a *  sibunits; dimeric py subunits 
at much larger concentrations of 1 to 2 nM 
had no effect (tz = 8 )  (18). 

The results u,lth GG,Y and Gf and the 
experiments with agonists and GTPyS (Fig. 
1) led to  the predlctlon that G,Y and G: 
should converge upon I f  channels. We tested 
this first by applylng G$ or a: and then 
applying G:. Both G proteins were applied 
at concentrations that produced maximal 
effects. The azsubunit produced an increase 
in patch I f ,  and the subsequent addition of  
G,X produced a decrease. The decrease was 
not due to dissociation of a$ because after 
G,* application the currents were not re- 
duced to the levels present before addtion 
of a? Similar results were observed in two 
additional experiments. Applying the preac- 
tivated G proteins in the opposite order 
produced the opposite sequence of events 
(Fig. 3, C and D; n = 4) .  Since the effect on 
patch I f  of either preactivated G protein was 
irreversible and the combined effects were 
not competitive, both G proteins were prob- 
ably acting simultaneously, if we assume one 
set of I f  channels. However, G, and G, may 
have regulated nvo independent sets of I f  
channels. This is considered unlikely for the 

, M A C h R  
/ I P-AR 

Fig. 4. G protein regulation o f  If by direct and  
i nd rec t  path\vays f rom muscarinic ( M A C h R )  m d  
P-adrenergic (P-,4R) reccprors. AC,  adenylyl q- 
clase. 

follou~ing reasons: First, G$ at 100 pM 
produced decreases of  58 5 7% in I f  after 
stimulation by s u p r m a ~ i m a l  concentrations 
of a,+ or  Cr? (tz = 3) and decreases of 
37  t 17% in controls (n = 6).  If there were 
two independent populations of I f  channels, 
the effects of G z  should have been smaller, 
not larger, after stimulation by G 8  Second, 
GTPyS produced a large reduction in I f  
after stimulation by iso plus GTP (Fig. 1) 
( t z  = 4) but no discernible stimulation of I f  
after inhibition produced by carb plus GTP 
(tz = 7). If there were nvo independent sets 
of I f  channels, then stimulation should have 
occurred. 

The minimum G protein nenirork re- 
quired to account for the convergence of 
muscarinic and p-adrenergic agonist effects 
on I f  is shown in Fig. 4. The a subunits can 
act on I f  directly or indirectly by way of AC, 
and py subunits (arrows not drawn) may be 
inhibitory to  the a effects on  AC (19). We 
have not included mutually inhibitory py 
effects on I f ,  dthough, by analog). with AC, 
they might be ,anticipated. 

These experiments rule out py subunits as 
medators of G protein effects on  I f  channels 
since, for the case of human erythrocyte G f  
and G$ the snnle py must produce stimula- 
tion and inhibition of I f  simultaneously. For 
the same reasons, an effect through phos- 
pholipase A2, arachidonic acid, and a lipoxy 
genase metabolite reported for muscarinic 
atrial K +  channels (20) can be excluded. 
Furthermore, cardiac myocytes d o  not have 
lipoxygenase activin. (21). Our expe riments ' 

suggest that one effector, the I f  channel, is 
regulated by nvo G proteins at distlnct sites 
(22). The changes in I f  channels produced 
by G, and G, may explain in molecular 
terms the effects on  heart rate produced by 
the combined stimulation of the cardiac 

svmpathetlc and vagus nenres. The domi- 
nance of the vagal effect (10) 1s reflected by 
the dominance of the inhibiton G proteins 
activated by GTPyS (Fig. I ) .  Direct G 
protein coupling benveen autonomic recep- 
tors and I f  chmiels in cardiac pacemaker 
cells may account for the abilin of the 
nervous system to produce ~ t s  effects ~ilithm 
a single heartbeat; indirect coupling via sec- 
ond messengers can account for more per- 
sistent effects. 
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pp. 451-471, G .  0. Carrier and \'. S. Bishop, J. 
Pharmdiol. Exp 7 1 1 n  180. 31 (1972).  Nonlinear- 
ues of the current-voltage relationsh~p of If might 
also contribute to these effects. 

11. Single S-A node cells were ~solated from albino 
rabbis by enzymatic d~ssociauon [A. Yatan~ and A. 
M. Brown, A m  J Pilysiol 258, 1947 (1990)l .  
Currents from membrane patches were recorded by 
the patch-clanlp method w ~ t h  a List EPC7 an~pllfier 
[O. P. E I ~ ~ L U ,  A. M*, E. Neher, B Sakmann, F. 
J .  Sigworth. i!flu~,q~rs Arch 391, 85  (1981)l .  Patch 
pipettes had resistances of 5 to 10 megohms. Cur- 
rents were low pass-filtered ( - 3  dB) at 0 .5  to 1 .0  
kHz and dig~rized at 1 to 2 kHz. Freshly isolated 
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lar-like bathing solution. 110 mM potassium aspar- 
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5 ndvl Hepes, pH  7.3, w ~ t h  tris base. For Mg'-free 
bathing solut~on. EGTA was replaced by EDTA. T o  
exclude channel phosphor).lat~on. A.MP~P(NH)P ( 2  
mM) was present in all experiments unless othenvise 
noted. Other nucleoudes were added to the bathing 
solution when required. Nucleotides were from 
Roehringer ~Mannhe~rn: other chem~cais are from 
Sigma. The patch pipette soluuon was 70 mM 
NaC1; 70 nlM KCI: 1 mM MgC12: 1 .8  n ~ C i  CaC12; 2 
nbM MnCI,; 1 m,M BaCI?; a i d  5 mhl Hepes, p H  
7.3. with tris base. Thc catalytic subunit of ch\IP- 
dependent protein kinase I1 f(: subunit I was acuvat- 
ed w ~ t h  0 .5  M dithiothrcitol. All experiments were 
done at room ternpcraturc (20' to 22Y:). .U test 
agents werc appl~cd b! thc concentration-clamp 
method. which &cr a dead tlrne of 50 ms changed 
solutions at the mcmbranc w~thin  10 rns [N. ;Utaike 
i.i ill . J l'i~y,iol iLandorij  379, 7 i 1986). (711 

; SEPTEMBER 1990 REPORTS 1165 



12 I)~l-'rancs\i~) 111 rcp~r tcd  .I i ~n~ l c~ ihan r l r l  iondui 
tancc of cihO~~t I p5 I'.ltih li \ \a \  a k ) ~ ~ r  20 p.4 .IC 

- 120 rn\' arid had .ui c\trap~lated null jxctentlal of 
2 0  m\' .%a\umliig ail (11x.n prohabll~n ( I <  1 0. the 
clianncl d c n i ~ n  \vai abut 200 per ~ l ia i ropat~h 

13. \Vi. ha\c i(~nfirmcii. In ckc~icd ~at i I ic \ .  rhc results of- 
1)1Fraiiccsco and Tri~rnha ! 4 I In \V(' c\-pcr~mcnr\ 
rliar ~~110~~~1ion~Iar1(m ~ i i ~ r c a ~ c s  It \\hen .I i(11i1t10n 
of ,411' ( 2  r nh l~ .  i:L\lI' 1 0 0  I r \ l ~ .  and i .L\lP~ 
dcpuidenr prlltcln hnacc I I ~g nil I \\.I> added r ( ~  
the had], parch li \\as 1ncrca5cd hv 62 5 5 1.5'5 
' , I  = 4 T h ~ s  p l x ) \ p l x ) ~ ~ l a ~ ~ ~  \oliltlon \ \a? ~nctY>e~ 
t ~ ~ c  \< hen ~t \\as hig'' t rcc  I , I  = 6 1 

14 .4 hl f3r(wn 2nd 1. 13 I ~ I ~ I ~ I > . I L I I ~ ~ ~ ~ .  .4r,rut R c ~  
1>/1y,,ol 52, 197 t 1990, 

15 The slo\\ ncss ofrlic ctfcct 1s sccn In a11 rc~on\rlnltlon 
c\perlrncnt\ u ~ t h  prcairl\atcd c\(Ipcnoil\ C; prorclns 
or rlic~r a \ilhi~nlt< and rnA\ hc due to a ri~iiiicc~i r.lrc 
( ~ f  As\(rlatlon t ~ n \ e c n  thc pre.litl\ .irc~i (i prorcln\ 
and Ion chaimcls In cxi~scd parehe? 

16 K Alamcra 1 1  , I /  . 1 /!to/ ( ; l ~ , r ~  264,  465 ! 19881. -4 
Taran1 t i  , I /  . \,~ir,rc 336. 680 I I988 I 

I 7  S hl Scherer t i  , I /  , .4r,la Ib,>,I,t,rx l ! t ,~~~I~y,  259, 
431 [ 1987,.  S hl Sarlia~iso~i. :i,~tti< R C  I \ t t t r c ? , ~ t  

10, 195 ! 19871. I t  C;,,, , w r c  prcscnr In grcarcr 

arnounr\ th.in G,,. thcii C;,,,: iould mcdlate the 
lnhlhlt~on 

18 o u r i c i  .mil pi~r~tiiatlon of py Jlrncr\ from human 
cnrhror\rc\. t w \ ~ n c  hr.11n. a i d  liuman placenta are 
iiccir~txii In h Okahe , r . I /  . / UIOI (:i!t,~n . In prcis 

19 .4 C;~lm.ln. . i , l , t i i  L~ia~liirri 56. 615 I 19871 
20 1) Klrn i i  , I /  . \,~ittn 337. 557 19891, Y Kurach~ ( I  

, I /  , ,l,t,l , p ,555. 
21 C 1 1  l Iohl and K Kc~tcn. H~~~,/trtn H~upiiy\ .-\ii.l 

921. 356 198-1. .4 Y.it.in~. K Ok.lbi.. I. Hlrn~ 
hai~nicr. I. Rro\vri. . 4 t ~  1 I11t)~t<V 2 5 8 ~  HI507  

I9901 
22 Ir 1s }x)?\~hli. that n \ o  d~f i rc l i r  \uhunlr? ~t If c ~ u l d  

each he regul.itc~i b\ a ii~ffercnt G prorsln. In t h ~ s  
i.isc dic .illo\rcr~i change\ on If \\auld be produced 
hv tlic suhuui~t prorclns rather than the G prorelns 
rlicmscl\cs Soni~riiclc\\. die eh.uigc\ o n  If \vould he 
allottcrli 

23 S~117jxnt~i In part h\ S I H  grants HL36930 and 
tlI.39262 to .I At 13 . &id DK19318 and HL31 164 
to L H LVc tIl.lnk I h l c ~ c r ?  for rcchn~cal asslstancc 
uiil 1) \Vlrti.~m. C; &la\.  and 1 13rccdlo\c tor 
manllsirlpt p r epa r~ t~c~n  

Odor Stimuli Trigger Influx of Calcium into 
Olfactory Neurons of the Channel Catfish 

Olfactory transduction is thought  t o  be mediated by a G protein<oupled increase in 
intracellular adenosine 3' ,5'-monophosphate (CAMP) that  triggers the opening o f  
CAMP-gated cation channels and results in depolarization of  the plasma membrane of  
olfactory neurons. I n  olfactory neurons isolated from the channel catfish, Ictalurus 
punctatus, stimulation with olfactory stimuli (amino acids) elicits an influx of calcium 
that leads t o  a rapid increase in  intracellular calcium. I n  addition, in  a reconstitution 
assay a plasma membrane calcium channel has been identified that  is gated by inositol- 
1,4,5-trisphosphate (IP3), which could mediate this calcium influx. Together with 
previous studies indicating that  stimulation with olfactory stimuli leads t o  stimulation 
of  phosphoinositide turnover in  olfactory cilia, these data suggest that  an influx o f  
calcium triggered by odor  stimulation of  phosphoinositide turnover may be an 
alternate o r  additional mechanism of  olfactory transduction. 

I NTERACTION OF ODORS WITH KECE1'- 

tor proteins o n  the membrane of o l t c -  
t o n  cili'~ is the first of a sequence of 

biochen~lc~~l events that leads to the firing of 
action potentials and con\.eys in forn~~~t ion  to 
tlle olfacton bulb ( 1. 2).  By coupling \i.ith 
G proteins 1.3-6), these receptors actlvatc 
cL.tllP formation i.j, 7 1 0 )  and phosphoino- 
sitide (PI )  turnover ( 1  1-1.3). The ciiscovcn 
in excised patches of cilian membrane of a 
conductance gated by c;LCIP (14) and the 
identification of an olfacton-specific G pro- 
tein (G,l t )  linked to 'ldcnylatc c!~clasc (6) 

led to the dc\-cloprncnt of a model in 
\vhich activation of receptors by odor stimu- 
li causes an ilicrc,~sc in intracilian cAX11' 
that acts dlrcctl!. to open cation ch'lnncls, 

cduslng nlcmhranc depolariration. Al- 
though this cLL\IP hypothesis integrates 
mdny expcrin~ent~ll ob~cn .~~t ions ,  it is not 
clear ho\\. reports ( 11, 12) indicating that 
odors trigger an incrcasc in intracilian IP? 
fit within this hypothesis. To  address this 
question, \ve have examined the role o f c a 2 +  
in sign'll tr<~nsduction in the olfacton sys- 
tem of the catfish 

Catfish ha\ e olfacton' receptors capable ot 
recognizing I -amino acids at concentrations 
as lo\\, ,IS 10 r ~ \ l  ( 15). The clcctro-olfacto- 
gram (EOG) .  the integrated clcctrical rc- 

. . 
by I -.lrnino acliis, \\.as ~bollshcd b!. removal 
of Cc12 from the rncd~urn bathing tllc cpi- 
thclium (Fig. 11. This cffkct cannot be 
caused by d,~rn'lgc to the cpitllclial structure 
bec,~usc lt \\..IS rcadil!. re\.eraible. In addition, 
some, birr not '111, C,I" ch'mncl blockers 
inhibited the EOG (Fig. 1 ) .  Thew dat2 

confirm earlier obsenations ( 1 6 1  8) that 
suggested that Ca' ' IS a necessan cofactor 
for the olfactor\ ( F O G )  rcsponse and that 
Ca" channels arc probably involved. 

Because odors eliclt rapid activation of PI 
turnover leading to a c c ~ ~ r n ~ ~ l a t i o n  of cilian 
I P  (1  1, 12). one possible csplanation for the 
inhibition of the EOG response b!. rerno\.al 
of Ca2+ or by addition of <:a2+ channel 
blockers is t h ~  an incrc'~se in intrc~cellulc~r 
Ca2+ concentration ([Ca' ' I , ) ,  resulting 
from Ca'- influx triggered by the increase in 
PI turno\.cr, p1a.s '1 rnedic~ton role in olfac- 
ton. transduction. If t h ~ s  hv~othesis is \ia- - L 

hle, ( i )  an increase in ~ a '  ' influs must occur 
upon stimulation \vith odorC~nts a ~ d  (ii) 'I 
mechanism must exist to link the increase in 
PI turnover to XI increase In Ca2+ ~nflux. T o  
est'1h1ish \vhether the first criterion is ful- 
filled, \ve measured [Ca2 1, in isolated olfac- 
t o n  neurons \vith the fluorescent ~ a "  indi- 
cator filr'~-2 ( 19). In the presence of 1 nli\l 
extracellular I .  [C~I'-], \V'IS lo\,, 
( 2 3  2 19 nhl, mean i SL), tr = 140) but 
incre'~sed r'lpidly to 0.8 to 1.5 ph l  after 
addition of 10 k.11 ionom!,cin, a Ca'- iono- 
phore (20). Five percent of the neurons ( 11 
of ,I total of 214) responded to I -ammo 
a d s  \rltll a raplii Incre'lse ln [ ~ a " ] ,  (Flg 
2 )  (133  \vere stlm~llated \v~th  100 kill I - 

alanlnc, I -arglnlne, 'lnd I -glutamate and 86 
\\ere stlrnulateci 15 lth the aha\ e amino ailds 
plus I -norlruilne) Both the h,lsal [ c a 2  ' 1, of 

Fig. 1. ( A )  E f i c t  o f  rcmo\ .d  ot ~ p l c ' ~ l  C.12+ o r  
additlon o f  Ca2 -  channel blockers o n  EOC; rc- 
sponscs t o  100 wh1 I -norlcucinc [ m e a l  i SL>; 
t i  = 3 for  no Ca2 - .  \ c r ~ p a l ~ l i l ,  arid an11l~)rlcie; 
r z  = 2 for n a n o d l n c  n11d n l r h c n ~ u m  red (dmmonl-  
ated r u t h e n ~ u m  o ~ y c h l o r l d c ) ]  E ~ c h  response in 
t he  prescricc o f  ,I d r u g  o r  EC;TL\ was preceded h!. 
its o\vn control.  Responses \\-ere norm.llized bv 
dl\.ldlng by control.  Rcsponucu for  n o  ~ a ' - ' .  
n anod lne .  and  n ~ r h c n ~ u m  red n c r c  slgnlficantly 
different t i o m  <onrrol hy  a r test ( P  <: 0.0.5). 
Sirnllar results \<ere found \vith I -arglnlne as t he  
stimulus. Cattish 1 150 t o  250 g I \\ ere ~ m m o h l -  
l i 7 ~ d  \<,it11 F l ~ \ c d i l  igallamlnc r r ic rh~odidc:  0.1 
n lg  per 100 g of bod! \ \ c ~ g h t )  and  . uncs thc t~~ed  
\ v ~ t h  his-222 111 the  r c sp l r a ton  \I-atcr. Yndcnva -  
tcr E O G s  (.il) \<.ere recorded ~ s c o r d i n g  t o  the  
method o f  C:apr~o i . i . 3 1 .  T h e  cpirhclium \vas pcr- 
f u x d  \vlth artlficlal pond  ivatcr 10.2 n ~ \ 1  CaCI2, 
0.02 i r ~ \ l  KC\. 0 3 mhi NaCI, and 3 m h l  
NaH(10,. pH 8.3) .  \Ye nlodlficd t he  artlficlal 
pond  Lvater h \  r emo \ ing  the  CJCI~ .~nd ~ d d i n g  
0.5 m M  Ka2EC;'1'A. pH X 3. 
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