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In bullfrog sympathetic neurons, luteinizing hormone-re- 
leasing hormone, muscarine, and substance P act as ago- 
nists at specific membrane receptors to decrease a potas- 
sium current, I,,,. The receptors are coupled to guanine 
nucleotide-binding proteins (G-proteins). Whole-cell record- 
ings of /, were made from isolated bullfrog sympathetic neu- 
rons to examine the effects of intracellularly applied gua- 
nosine-5’-0-(24hiodiphosphate) (GDPBS) on agonist 
inhibition of /,. Successive responses to a given agonist 
were decreased in the presence of GDP@. Subsequent re- 
sponses to the other agonists were then measured to de- 
termine the degree of overlap of the effect of GDP@ for the 
different agonists. GDPSS selectively inhibited successive 
responses to one agonist such that a subsequent application 
of a different agonist was still effective. If GDPfiS acts at the 
level of the G-protein, this suggests that each receptor is 
coupled to a separate population of G-proteins. Alternative- 
ly, GDP/?S may act at the receptor level to block receptor 
coupling to 6. 

Neurotransmitters act through G-proteins to affect several dis- 
tinct potassium currents in a variety of neuronal cell types (Brown, 
1990). Neurons of the sympathetic ganglia ofthe bullfrog possess 
a time- and voltage-dependent potassium current termed the 
M-current (I,; Brown and Adams, 1980). Three different classes 
of neurotransmitters inhibit I,: agonists at muscarinic cholin- 
ergic receptors, at substance P (SP) receptors, and at luteinizing 
hormone-releasing hormone (LHRH) receptors. 

Normally, the M-current is observed as an outward potassium 
current at membrane potentials between - 30 mV and -60 mV. 
In this potential range, Z, is the major contributor to the mem- 
brane conductance when the cell is not firing an action potential. 
Z, limits the ability of synaptic inputs to sum and, thereby, to 
provoke an action potential in the cell. When Z, is decreased, 
however, the likelihood that subthreshold synaptic inputs will 
reach the action-potential threshold is increased. Consequently, 
Z, is an important regulator of cellular excitability (Brown, 1988). 

The precise mechanism by which the binding of an agonist 
to a membrane receptor results in a closure of M-channels is 
not known. There is evidence, however, that at least one of the 
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steps between the receptor and the M-channel involves a gua- 
nine nucleotide-binding protein (G-protein; Pfaffinger, 1988; 
Brown et al., 1989; Lopez and Adams, 1989). When compounds 
known to activate G-proteins, such as guanylyl-imidodiphos- 
phate (GMP-PNP), guanosine-5’-O-(3-thiotriphosphate) (GTP- 
r-S), or AIF,-, are applied intracellularly, the M-current de- 
creases, even in the absence of agonist. In the presence of a 
nonhydrolyzable GTP analog, such as GMP-PNP or GTP-r-S, 
the inhibition of ZM by t-LHRH, D-Ala6-LHRH, muscarine, or 
SP is not reversible or is only partially reversible. Finally, intra- 
cellular application of guanosine-5’-O-(2-thiodiphosphate) 
(GDPBS) decreases the effectiveness of LHRH or muscarine to 
inhibit Z, (Pfaffinger, 1988; Brown et al., 1989; Lopez and Ad- 
ams, 1989). It is not known whether there is any selectivity of 
GDP&S toward the responses to LHRH, muscarine, and SP or 
whether GDP@ affects the responses to all three agonists in the 
same manner. 

Materials and Methods 
Single cells were isolated from Ram catesbiuna as described previously 
(Simmons et al., 1990). Whole-cell recordings were made with electrodes 
of 0.25-l MQ filled with 120 mM KCl, 2 mM MgCl,, 5 mM EGTA, 10 
mM HEPES, 1.5 mM ATP, and 10 nM leupeptin, pH 6.8 (with KOH), 
plus various concentrations of guanine nucleotides as indicated. The 
extracellular solution contained 118 mM NaCl, 2.4 mM KCl, 1.8 mM 
CaCl,, 1.8 mM MgCl,, 5 mM sodium pyruvate, 5 mM glucose, 10 mM 
HEPES, and 300 nM tetrodotoxin, pH 7.4 (with NaOH). 

Cells were placed in a Petri dish on the stage of an inverted microscope 
for whole-cell recording. The bath was constantly perfused with control 
extracellular solution at 8 ml/min. Drugs were applied by a single-cell 
superfusion system similar to that used previously (Yellen, 1982; Fisch- 
meister and Hartzell, 1986). Once a whole-cell recording was estab- 
lished, the electrode was moved so that the cell was positioned in front 
of the opening of one in a row of glass capillary tubes with 250 pm i.d. 
Each capillary was connected by silicon elastomer tubing to a lo-ml 
syringe mounted 15 cm above the microscope stage. Hydrostatic pres- 
sure resulted in a flow rate of approximately 10 &min from the opening. 
To change the superfusing solution, the row of tubes was moved hor- 
izontally so that the cell was positioned in front of the desired opening. 
Those tubes not in front of the cell were clamped. With this method, 
the extracellular solution surrounding the cell of interest can be changed 
within about 200 msec, drug application to one cell does not require 
that the entire bath be flooded with drug, and other cells in the bath 
are not exposed to drug. 

ZM was monitored by 500-msec pulses from a holding potential of 
-30 mV to -50 mV every 8 sec. Our measurement of I,(- 30) is 
illustrated in Figure 1. All experiments were conducted at room tem- 
perature (= 20°C). 

Most chemicals were obtained from Sipma Chemical Corporation or 
Fisher Scientific. Nucleotides and SP were 1. \rn Boehringer-Mannheim, 
cII-LHRH was from Peninsula Laboratories, nd muscarine was from 
Research Biochemicals Inc. 



The Journal of Neuroscience, July 1991, 11(7) 2131 

A v(mv)l -30 
-50 1 vw)l 

-30 
-50 / 

C 
0.5 

2 
.!5 

-i;.J 0 

v(mv)l 
-30 

d 
-50 / 

0.5 

? r 

B 
450 r LHRH LHRH SP - 

El d 
0 I / 

0 300 600 

C 
t (set) 

300 r _ LHRH LHRH SP - 

350 525 700 

t (xc) 

Figure 1. GDPflS inhibits the responsiveness to LHRH without af- 
fecting the response to SP. A, Sample tracings of cell current obtained 
before (a) and during (b) the first LHRH (100 nM) application, during 
the second LHRH application (c), and during the SP (1 PM) application 
(4. As illustrated above the current tracings, the voltage was stepped 
from -30 to - 50 mV for 500 msec and then returned to -30 mV. 
ZM( - 30) was measured as the amplitude of the current relaxation upon 
returning to - 30 mV from -50 mV, as shown in a. Z?, Z,(-30) versus 
time with 750 PM GDP/3S and 100 PM GTP in the recording electrode. 
The first application of LHRH resulted in a large decrease of Z,( - 30) 
(b). The response to the second LHRH application was much smaller 
(c), but SP was still able to inhibit ZM (4. C, Control cell with 400 PM 
GTP in the recording electrode. Drug applications were applied at the 
same intervals as in B. In this case, the second response to LHRH was 
not decreased. 

The LHRH concentration was 100 or 300 nM, the muscarine con- 
centration was 10 or 20 $M, and the SP concentration was 1 PM. These 
doses are at or near maximal for inhibition of Z, and would be expected 
to produce the greatest degree of activation of G-proteins. The cell-to- 
cell variability in responsiveness is minimized at these concentrations. 
Because not every sympathetic neuron responds to all of the agonists, 
the data include only those cells that displayed an inhibition of ZM( - 30) 
in response to the agonists under study. Agonists were applied only long 
enough for the change in ZM to reach a steady state. 

The amount of GDPflS is indicated as the GDP@:GTP ratio rather 
than absolute concentration (Breitwieser and Szabo, 1988). GTP con- 
centrations varied from 40 to 100 PM, but in most experiments total 
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Figure 2. GDPfiS decreases successive responses to SP but not sub- 
sequent responses to LHRH or muscat-me. A, The recording electrode 
contained 320 WM GDP@ and 80 PM GTP. The first application of SP 
(1 PM) decreased I,,, 86%, and the second SP application, only 21%. 
LHRH (100 nM) then inhibited ZM by 85%. B, Successive responses to 
SP (1 PM) in this cell were less sensitive to the same concentrations of 
GDPj3S and GTP as in A. The responses to SP decreased from an 87% 
inhibition of ZM to a 43% inhibition of IM at the third SP application. 
Subsequently, muscarine (MUSC; 10 PM) was able to inhibit ZM by 69%. 

guanine nucleotide concentration in the pipette was 400 PM. For control 
cells, the [GTP] was 40 or 400 PM, as indicated in the figure captions. 

Values are expressed as mean + standard deviation and were com- 
pared statistically by t tests. Time is expressed as the time from the 
start of the experiment, which was 30-60 set after breaking the patch. 

Results 
In bullfrog sympathetic neurons perfused with an intracellular 
solution containing GTP, consecutive agonist applications re- 
sulted in reproducible decreases in I,; however, when GDP@ 
was added to the intracellular solution, the degree of inhibition 
of ZM decreased with successive agonist applications. In the cell 
of Figure 1, A and B, the intracellular solution contained GDP@: 
GTP = 7.5: 1. The first application of LHRH resulted in a 79% 
inhibition of Z, (Fig. lAb,Bb), but the second application of 
LHRH only decreased ZM by 36% (Fig. lAc,Bc). Although the 
LHRH responses were now decreased, the responsiveness to SP 
appeared normal (Fig. lAd,Bd). To ensure that the decreased 
responsiveness was due to GDP@S and not simply the result of 
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Figure 3. Inhibition of I, by LHRH. The set of bars labeled LHRH 
shows the response to the first LHRH application with 40 PM GTP (n 
= 5; open bar), 400 PM GTP (n = 15; so/id bar), or GDP@S:GTP (n = 
1 at 5.75:1, 6 at 7.5:1, and 8 at 9:l; crosshatched bar). The set of bars 
labeled LHRH after LHRH shows the response to LHRH after an 
average of two (range, l-3) previous LHRH applications with 40 NM 

GTP (n = 5; open bar), 400 PM GTP (n = 15; so/id bar), or GDP&? 
GTP (n = 1 at 5.75:1, 6 at 7.5:1, and 8 at 9:l; crosshatched bar). The 
set of bars labeled LHRH after MUSC shows the response to LHRH 
after an average of three (range, 2-t) previous muscarine applications 
with 400 PM GTP (n = 10; solid bar) or GDPBS:GTP (n = 5 at 7.5:1 
and 5 at 9: 1; crosshatched bar). The set of bars labeled LHRH after SP 
shows the response to LHRH after an average of three (range, 2-4) 
previous SP applications with 400 PM GTP (n = 9; solid bar) or GDP@S: 
GTP (n = 4 at 4: 1. 1 at 7.5: 1. and 4 at 9: 
are mean * SD. *, 

1: crosshatched bark Values 
significantly different from the first LHRH response 

by a paired t test; p < 0.0005. 

desensitization of the LHRH receptors, matched experiments 
were run with GTP in the pipette (Fig. 1C). In this case, suc- 
cessive applications of LHRH resulted in reproducible decreases 
in Z,. 

The sensitivity of the agonist responses to block by GDP@ 
varied from cell to cell, as illustrated in Figure 2. Both of these 
cells contained GDPPS:GTP = 4: 1. In Figure 2A, the response 
to SP was decreased from an 86% inhibition of IM at the first 
SP application to a 2 1% inhibition at the second SP application. 
LHRH then inhibited ZM by 85%. In the cell in Figure 2B, SP 
inhibited Z, by 87% at the first application and by 43% at the 
third application. Muscarine then inhibited ZM by 69%. These 
plots also illustrate the agonist specificity of the effect of GDP&S: 
the responses to SP were decreased, but the responses to LHRH 
and muscarine remained. 

To quantify the degree of this selectivity of GDPPS, we tested 
all of the permutations of the order of agonist application. First, 
consecutive applications of one agonist were made to observe 
a decrease in the response to that agonist in the presence of 
GDPpS. Because of the variation in the effectiveness of GDP&S 
from cell to cell, the number of applications of the first agonist 
was varied so that an effect of GDPpS was observed. In most 
cells, three or four drug applications were required (see captions 
to Figs. 3-5). Next, a second agonist was applied. Control data 
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Figure 4. Inhibition of I, by muscarine. The set of bars labeled MUSC 
shows the response to the first muscarine application with 40 PM GTP 
(n = 5; open bar), 400 PM GTP (n = 15; solid bar), or GDP&S:GTP (n 
= 5 at 7.5:1 and 10 at 9:l; crosshatched bar). The set of bars labeled 
MUX after MUSC shows the response to muscarine after an average 
of two (range, l-3) previous muscarine applications with 40 PM GTP 
(n = 5; open bar), 400 PM GTP (n = 15; solid bar), or GDP@S:GTP (n 
= 5 at 7.5:1 and 10 at 9:l; crosshatched bar). The set of bars labeled 
MUSC after LHRH shows the resvonse to muscarine after an average 
of three (range, 2-4) previous LHRH applications with 400 PM GTP (n 
= 13; solid bar) or GDPBS:GTP (n = 1 at 5.75:1, 6 at 7.5:1, and 6 at 
9: 1; crosshatchid bar). The set of‘ bars labeled- MUSC after SP shows 
the response to muscarine after an average of three (range, 2-4) previous 
SP anvlications with 400 UM GTP (n = 9: .&id bar) or GDPBS:GTP (n , - _ . . _. 
= 4 ai 4: 1, 1 at 7.5: 1, and 4 at 9:ml;‘crosshatched bar). Values are mean 
+ SD. *, significantly different from the first muscarine response by a 
paired t test; p < 0.000 1. **, significantly different from the first mus- 
carine response by a t test for independent means; p < 0.02. 

were obtained by running matched cells with GTP (400 PM, no 
GDP&S) in the pipette. In the matched cells, the agonists were 
applied at the same concentrations, in the same order and at 
the same intervals as in the cells with GDPPS. To be sure that 
the decrease in successive responses was due to the presence of 
GDP&S and not to the decrease in GTP, additional controls 
were conducted with 40 PM GTP in the pipette. These results 
are summarized in Figures 3-5. 

Figure 3 shows the responses to LHRH under the various 
conditions. The presence of GDP&S resulted in a significant 
decrease in successive responses to LHRH. This decrease was 
not noted with GTP (40 or 400 MM) in the pipette. Following 
previous applications of muscarine or SP, the responsiveness 
to LHRH was not significantly decreased. 

The responses to muscarine revealed some overlap between 
the effects of GDPpS on the LHRH and muscarine responses 
(Fig. 4). With GDPpS in the pipette, the inhibition of ZM by 
muscarine was decreased after previous applications of mus- 
carine and after previous applications of LHRH, but not after 
previous applications of SP. 

For SP, on average lower ratios of GDP@S:GTP were used, 
yet the decrease in effectiveness of SP with successive applica- 
tions was larger (Fig. 5). Part of this effect can be accounted for 
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by desensitization. When GTP (400 PM) alone was in the cell, 
the responsiveness to SP was decreased with successive appli- 
cations by a factor of 0.85. With GDPfiS in the pipette, the last 
SP response was decreased by a factor of 0.55 compared to the 
first SP response. When an application of SP followed prior 
applications of LHRH or muscarine, the effectiveness of SP was 
not decreased. 

Discussion 
Numerous previous studies have found that GDP&S inhibits 
receptor-mediated responses (e.g., see Trussell and Jackson, 1987; 
Breitwieser and Szabo, 1988; Pfaffinger, 1988; Brown et al., 
1989; Shuba et al., 1990; Tokimasa and Akasu, 1990). Inhibi- 
tion by GDP@ has been taken as support that the process being 
studied involves G-proteins. 

In turkey erythrocytes, GDPpS acted in a competitive manner 
versus GTP to inhibit adenylate cyclase stimulation (Eckstein 
et al., 1979). It was also found that GDP/IS was “tightly bound” 
in turkey erythrocytes. If we assume that the maximal concen- 
trations of agonist used here activated more G-proteins than 
required to produce the maximal inhibition of ZM and that GDP@ 
remained bound following removal of agonist, our results can 
be explained in terms of G-protein interactions. Because there 
were more than enough G-proteins activated during the first 
agonist application to give a maximum response, the compe- 
tition with GTP by GDPpS did not decrease the observed in- 
hibition of ZM. Following washout of agonist, GDP&S would 
remain bound to a proportion of G-proteins, and this GDP@- 
bound population would not be available for participation in 
subsequent agonist responses. Consequently, responses to suc- 
cessive agonist applications would be smaller. It has been shown 
previously that successive responses to D-Ala6-LHRH and mus- 
carine become smaller in the presence of GDP@ (Lopez and 
Adams, 1989). A buildup of the effectiveness of GDPpS with 
successive agonist applications to block choline& responses 
has also been shown in intestinal longitudinal muscle cells (Ko- 
mot-i and Bolton, 1990). 

If we accept the hypothesis that GDP&S is acting on G-pro- 
teins, we conclude that each type of receptor seems to be as- 
sociated with a separate population of G-proteins, with some 
overlap between the G-protein pools activated by LHRH and 
muscat-me. When successive responses to LHRH were decreased 
by GDP/3S, the responsiveness to muscarine was also decreased. 
However, when muscarine was applied first, a concomitant de- 
crease in the LHRH response was not observed. If LHRH ac- 
tivates two populations of G-proteins, if one of these popula- 
tions is also activated by muscarine, and if those activated by 
muscarine make up a minor proportion of the G-proteins ac- 
tivated by LHRH but a larger proportion of those activated by 
muscarine, such a result could be seen [see Kenakin and Morgan 
(1989) for a theoretical discussion of a single receptor coupled 
to two G-proteins]. The proportional decrease in responsiveness 
predicted for overlapping systems would depend on several fac- 
tors: the number of receptors, G-proteins, and effector molecules 
affected by each agonist; the affinities of the various receptors 
for the different G-proteins, of the G-proteins for the effecters, 
and of GDP&S for the G-proteins; and the stoichiometries of 
the numerous reactions. We observed a decrease in the LHRH 
response to 0.89 of control after previous muscarine applica- 
tions. 

It is not clear whether the distinction in the G-protein pop- 
ulations affected by the different agonists represents a diversity 
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Figure 5. Inhibition of I, by SP. The set of bars labeled SP shows the 
response to the first SP application with 40 PM GTP (n = 5; open bar), 
400 FM GTP (n = 12; solid bar), or GDPflS:GTP (n = 6 at 4: 1, 1 at 
7.5: 1, and 5 at 9:l; crosshatched bar). The set of bars labeled SP after 
SP shows the response to SP after an average of three (range, 2-4) 
previous SP applications with 40 pM GTP (n = 5; open bar), 400 PM 

GTP (n = 8; solid bar), or GDPPS:GTP (n = 6 at 4: 1, 1 at 7.51, and 
5 at 9: 1; crosshatched bar). The set of bars labeled SP after LHRH shows 
the response to SP after an average of three (range, 24) previous LHRH 
applications with 400 PM GTP (n = 9; solid bar) or GDP@:GTP (n = 
1 at 5.75:1, 4 at 7.5:1, and 4 at 9:l; crosshatched bar). The set of bars 
labeled SP after MUSCshows the response to muscarine after an average 
of four (range, 3-5) previous muscat&e applications with 400 PM GTP 
(n = 8: solid bar) or GDPEQGTP (n = 2 at 7.5:1 and 6 at 9:l: cross- 
iatcheh bar). Vahtes are mean + SD. *, significantly different from the 
first SP response by a paired t test; p < 0.005. **, significantly different 
from the first SP response by a paired t test; p < 0.0002. 

in molecular structure or a compartmentation of the G-proteins. 
However, if a physical compartmentation does exist, it must 
occur at the level of receptor-G-protein coupling. With GTP 
and no GDP@ in the recording electrode, each of these agonists 
is able to decrease I, by approximately 80% by decreasing the 
number of open M-channels by 80%. This means that either 
the G-protein or some other diffusible messenger can reach 80% 
of the channels in the cell membrane; thus, the compartmen- 
tation would have to occur prior to this step. 

Others have also suggested that different receptors may be 
coupled to different G-proteins in bullfrog sympathetic neurons 
(Bley and Tsien, 1990). Muscarinic receptors affected M-current 
and leak current, but not Ca current, while LHRH, SP, and 
epinephrine affected all three types of channels. This suggested 
two possibilities: receptor-specific G-proteins that interact with 
different types of ion channels, or channel-specific G-proteins 
that are activated by different types of receptors. The present 
findings suggest that, for the M-current, receptor-specific G-pro- 
teins may be activated. Distinct G-protein populations have 
also been observed in biochemical studies on purified G-pro- 
teins and receptors. G,-subtypes differ in their ability to couple 
to D, dopamine receptors and in the maximum rate of GTP 
hydrolysis that can be elicited by the D, receptor (Senogles et 
al., 1990). 
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Alternatively, one could propose that GDP/3S was acting at 
the level of the receptor to exert agonist specific effects. With 
prolonged application of agonist, homologous desensitization 
does occur in these cells (Jan and Jan, 1982; Jones, 1985; Bosma 
and Hille, 1989). Our control experiments with GTP in the 
pipette showed that, for LHRH and muscarine, no desensiti- 
zation was observed, and with SP, the degree of desensitization 
was small compared to the decreased responsiveness observed 
with GDP@. The possibility exists that GDP@ could act to 
enhance desensitization. Although we are aware of no evidence 
to support this suggestion, we cannot rule it out. 

Another alternative could be that, upon receptor activation, 
GDP/IS binds to the receptor-coupled G-protein. Upon washout 
of agonist, however, the GDP/KS-bound G-protein does not un- 
couple from the receptor. Consequently, fewer receptors would 
be available for mediating successive responses to the agonist. 
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