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Laurence 0. Trussell and Meyer B. Jackson 

Department of Biology, University of California, Los Angeles, Los Angeles, California 90024 

Neurons in hippocampal and striatal cell cultures respond 
to adenosine with an inhibitory potassium current. This re- 
sponse disappears during whole-cell patch-clamp recording 
in which the cell is filled with minimal saline. We have found 
that this loss of sensitivity to adenosine can be prevented 
by including 100 PM GTP in the patch electrode filling solu- 
tion. GDP is less effective than GTP in supporting the aden- 
osine response, while GMP has little, if any, effect. Treat- 
ments known to inhibit GTP-binding proteins (G-proteins) 
block the adenosine-activated potassium current: The aden- 
osine response is inhibited by including poorly metabolized 
analogs of guanine nucleotides along with GTP in the re- 
cording electrode. Diphosphate and triphosphate analogs 
appear to achieve this effect through different mechanisms. 
The adenosine response is also blocked by incubating cul- 
tures in islet-activating protein (pertussis toxin), an inhibitor 
of a class of G-protein. Thus, our data implicate a G-protein 
in the activation of a potassium current by adenosine. Intra- 
cellular ATP can increase the effectiveness of GMP, GDP, 
or low concentrations of GTP, suggesting that even during 
internal dialysis, neurons can maintain GTP levels through 
phosphotransferase reactions. Intracellular ATP also ap- 
pears to suppress an outward current that is different from 
the adenosine-activated current. Raising intracellular CAMP 
levels either with bath-applied forskolin or by including a 
CAMP analog in the recording electrode did not alter the 
adenosine response. These results indicate that a G-protein 
is involved in the coupling between the adenosine receptor 
and a potassium channel, and that this coupling is not me- 
diated by CAMP. 

Adenosine is now recognized as a potent modulator of electrical 
activity throughout the nervous system. Studies of its action 
have focused on the types and distribution of adenosine recep- 
tors, of ionic mechanisms, and of the modulation of adenylate 
cyclase activity (Phillis and Wu, 1981; Daly et al., 1983; Pre- 
mont et al., 1983; Snyder, 1985). Adenosine can inhibit the 
electrical activity of neurons through the activation of a potas- 
sium conductance and the inhibition of a calcium conductance 
(Segal, 1982; Greene and Haas, 1985; Trussell and Jackson, 
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1985; Dolphin et al., 1986; MacDonald et al., 1986). However, 
it remains unclear what cytoplasmic components are required 
for adenosine receptor binding to be transduced into an elec- 
trophysiological response. 

One approach to this kind of problem is to try to mimic 
receptor activation by adding to the extracellular medium agents 
that stimulate or inhibit second messenger systems. More re- 
cently, intracellular dialysis or perfusion techniques, including 
the whole-cell patch-clamp, have offered a powerful alternative 
to the study of cytoplasmic regulation of ion channels because 
they allow one to manipulate directly the intracellular milieu 
while recording electrophysiological responses (Kostyuk et al., 
1975; Hamill et al., 198 1). During recordings made using these 
techniques, reductions in intracellular metabolite concentra- 
tions would be expected as small, rapidly diffusing molecules 
are quickly equilibrated with the patch electrode filling solution. 
Indeed, studies of voltage- or neurotransmitter-gated ion chan- 
nels using intracellular dialysis have often been plagued by the 
apparent disappearance or rundown of ionic currents during the 
experiments (Kostyuk et al., 198 1; Byerly and Hagiwara, 1982; 
Trussell and Jackson, 1985). By replacing the lost cytoplasmic 
materials, this approach ultimately resulted in the identification 
of biochemical components that can regulate calcium currents 
(Byerly and Yazejian, 1986; Chad and Eckert, 1986). 

In this report we use the whole-cell patch-clamp technique to 
investigate the cytoplasmic requirements of the response of cul- 
tured neurons to adenosine. We have previously shown that in 
cultured mouse striatal neurons, adenosine activates an in- 
wardly rectifying potassium conductance (Trussell and Jackson, 
1985). We now find that adenosine responses in cultured hip- 
pocampal neurons are essentially the same as those in cultured 
striatal neurons, and are probably identical to adenosine re- 
sponses of pyramidal cells in hippocampal slices (Segal, 1982; 
Greene and Haas, 1985). Furthermore, the adenosine-activated 
potassium current disappears during a whole-cell patch-clamp 
recording. This loss of sensitivity appears to reflect the loss of 
intracellular GTP. Our results suggest that the adenosine recep- 
tor acts on a potassium channel through a G-protein and that 
adenylate cyclase modulation is not critically involved in this 
effect. A presentation of this result has appeared in abstract form 
(Trussell and Jackson, 1986). 

Materials and Methods 

Cultures were prepared from either striatum or hippocampus from 18 
d mouse embryos, as described by Trussell and Jackson (1985). The 
tissue was treated for 30 min at 37°C with 0.25% trypsin in isosmolar 
calcium-free saline and then triturated. Cells were plated at a density 
of 1 O6 cells/3 5 mm collagen-coated dish (Falcon) in minimum essential 
medium (MEM), with 10% horse and 10% fetal calf serum. In later 
experiments, Falcon “Primaria” dishes were used without collagen coat- 
ing. After 5 d, the medium was changed to MEM containing 10% horse 



The Journal of Neuroscience, October 1997, 7(10) 3307 

serum, 10 PM fluorodeoxyuridine, and 50 MM uridine. Two days later 
the medium was changed to MEM with 10% horse sernm, which was 
thereafter changed twice weekly. Cultures were used l-4 weeks after 
plating. 

For recordings, cells were bathed at 34°C in a solution containing (in 
mM) 138 NaCl, 2 CaCl,, 1 M&l,, 4 KCl, and 10 HEPES-Na, pH 7.2. 
The basic patch electrode filling s&tion was 120 K-gluconate, CMgCl,, 
2.38 CaCl,. 5 BAPTA (1.2-bis(2-aminonhenoxvjethane-N.N.N!N’- 
tetraacetic &id, tetrapotas&m sah), 20 suErose (fi; osmotic balance), 
and 10 HEPES, pH 7.2. All intracellular nucleotide solutions described 
in Results used this solution as a base to which nucleotides were added. 
All experiments using nonhydrolyzable guanine nucleotide analogs also 
included 1 mM ATP in the recording electrode. The free Ca2+ concen- 
tration in this solution was compute&to be 97 nM, assuming an absolute 
affinitv constant for BAPTA of 9.35 x lo6 M-I and DH indenendence 
(Tsiei, 1980). Experiments in which the free calcium was va&ed from 
100 to less than 1 nM or the added magnesium was varied from 0 to 4 
mM did not obviously affect the adenosine response. 

Cells were voltage-clamped by the tight-seal whole-cell recording tech- 
nique (Hamill et al., 1981) with an EPC-7 patch-clamp (List/Medical 
Systems). Responses to adenosine were generally recorded at a mem- 
brane potential of -65 mV. Aluminum silicate patch electrodes had 
resistances of l-4 Ma. After establishment of an intracellular recording, 
the access resistance (series resistance from the pipette into the cell) was 
usually between 3 and 10 MQ; recordings were rejected if the access 
resistance exceeded 14 MO during the experiment. A low access resis- 
tance was necessary to maintain a low diffusion barrier between the 
electrode and the cell interior and to observe a consistent loss of aden- 
osine sensitivity with control solutions. Small-tipped electrodes of bo- 
rosilicate glass were used as noted below to lower the rate of diffusion. 
These electrodes had resistances between 10 and 20 MR, and produced 
access resistances of 25 to over 100 MQ. 

Adenosine (Sigma) and forskolin (Calbiochem), dissolved in bath 
medium, were applied focally to the experimental cell through puffer 
pipettes. Adenosine was pressure-ejected with 100 msec pulses at 2-5 
psi (1 psi = 6.89 kPa). The final concentration of adenosine on the cells’ 
surface was probably not the same as that in the puffer because of the 
need to have only brief responses. Pertussis toxin (List Biochemicals) 
was dissolved in sterile distilled water to a final concentration of 100 
pg/ml and stored for up to 2 d at 0-4°C. Purine nucleotides were obtained 
from Boehringer Mannheim and Sigma. 

Results 
Response to adenosine 
Focal application of 50 FM adenosine to striatal neurons pro- 
duces an outward current that reverses near the expected equi- 
librium potential for potassium of -90 mV (Fig. 1A; Trussell 
and Jackson, 1985). Indeed, the reversal potential for this re- 
sponse varies linearly with the logarithm of the external potas- 
sium concentration with a slope of - 55 mV, in excellent agree- 
ment with the Nernst relation for a potassium-selective 
conductance (Fig. 10. This current is also characterized by a 
marked inward rectification: At potentials positive to the rest 
potential, the current-voltage relation curves downward (Fig. 
1B; Trussell and Jackson, 1985). In cultures from the hippo- 
campus, adenosine activates a conductance whose current-volt- 
age relation is indistinguishable from the adenosine response of 
striatal neurons (Fig. 1B). The presence of the adenosine-acti- 
vated outward current in cultured hippocampal neurons is con- 
sistent with studies made on the effects of adenosine in the 
hippocampal slice preparation (Segal, 1982; Greene and Haas, 
1985). 

Loss of adenosine sensitivity 
A striking characteristic of the response to adenosine in both 
hippocampal and striatal neurons is that the response disappears 
during recordings made with low-resistance patch electrodes (see 
Materials and Methods). Figure 2A shows records ofthe outward 
current induced by adenosine in a hippocampal neuron and its 

decay during whole-cell recording. When a low-resistance elec- 
trode filled with a control solution (see Materials and Methods) 
is used for recording, the response decays to less than 50% of 
its initial value within 10 min, and is almost gone by 20 min. 
Figure 2B illustrates the time course of the loss of sensitivity 
with pooled data from many cells (solid circles). Previous ex- 
periments have suggested that the loss of the adenosine response 
does not reflect a receptor desensitization process because it is 
dependent on the size of the patch electrode tip, rather than the 
frequency of agonist application (Trussell and Jackson, 1985). 
Pooled data obtained using high-resistance electrodes (see Ma- 
terials and Methods; Fig. 2B, open circles) reveal that, under 
these recording conditions, the response to adenosine is not 
attenuated by repeated application. Indeed, when high-resis- 
tance electrodes are employed, no apparent decay of the re- 
sponse is observed even with continuous bath-application of 
adenosine for over 5 min (not shown). Thus, loss of sensitivity 
to adenosine appears to depend on the rate of exchange of the 
intracellular medium with the electrode solution. We will refer 
to this phenomenon of loss of sensitivity to adenosine as “wash- 
out,” to distinguish it from true desensitization and to reflect 
the effects observed below with guanine nucleotides. y-Ami- 
nobutyric acid responses (Trussell and Jackson, 1985), gluta- 
mate responses (D. Finch and M. B. Jackson, unpublished ob- 
servations), and a fast excitatory serotonin response (Yakel et 
al., 1986) remain constant with time. Thus, washout is not likely 
to result from a general cytolytic process. Finally, washout is 
unlikely to be the result of the loss of voltage-gated calcium 
currents (Byerly and Hagiwara, 1982), as the adenosine-acti- 
vated potassium current is not dependent on calcium influx 
(Trussell and Jackson, 1985; see Materials and Methods). 

Throughout this study, no differences were observed between 
hippocampal and striatal neurons with regard to washout and 
the regulation of the adenosine current. We will therefore present 
data for both brain regions without distinction. 

Intracellular action of guanine nucleotides 
Because of the well-documented action of adenosine on ade- 
nylate cyclase activity (Snyder, 1985), it might be expected that 
washout occurs because CAMP, or other soluble cytoplasmic 
factors that are required for adenylate cyclase activity or protein 
phosphorylation, diffuses out of the cell into the patch electrode. 
However, we found that the addition of 100 PM GTP to the 
electrode solution could prevent washout of the adenosine re- 
sponse (Fig. 20. Figure 20 shows the average behavior of cells 
for which patch electrodes contained either 50 (open circles) or 
100 PM (solid circles) GTP. With 100 FM GTP, the response 
decayed by less than 20%. With 50 PM GTP, the response de- 
clined to a plateau at approximately 50% of its initial value. 
While the protective effect of GTP was variable from cell to 
cell, in some cases we observed virtually no attenuation of the 
response for over 45 min of recording with electrode access 
resistances as low as 3 MQ. By contrast, 1 mM ATP did not 
prevent washout (Fig. 20, triangles), indicating a genuine se- 
lectivity for the guanine nucleotide, and also that the loss of 
sensitivity is not simply due to a metabolic rundown. 

Figure 3 shows a dose-response relation for the protective 
effect of GTP on the adenosine response obtained with low- 
resistance electrodes. Adenosine response amplitudes were mea- 
sured after 18 min of whole-cell recording, which is sufficient 
time for equilibration between the cell and the electrode (see 
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Figure 1. Characteristics of the 
adenosine-activated current. A, Chart 
recordings of adenosine responses at 
the indicated holding potentials. 
Adenosine (50 PM) was pressure- 
ejected near the cell, as described in 
Materials and Methods. Calibration 
bars, 40 set and 50 pA. B, Adenosine- 
activated current was taken from rec- 
ords such as those in A and plotted as 
a function of holding potential for 
hippocampal(0) and striatal(0) neu- 
rons. The response reverses close to 
the calculated potassium reversal po- 
tential of -90 mV. C, Reversal po- 
tential for the adenosine-activated 
current versus the concentration of 
potassium in the bathing media, where 
reversal potentials were obtained by 
interpolating through 0 current on 
plots such as B. Each average is from 
2-4 cells. Potassium chloride re- 
placed sodium chloride to elevate ex- 
nacellular potassium. The slope of the 
best-fit line shown is - 5 5 mV. 
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Fig. 2). The half-maximal protective effect of GTP is about 50 GMP, by itself, is unable to support the response to adenosine. 
PM, which is in the physiological range for intracellular GTP However, we observed that both intracellular GMP and aden- 
(Henderson and Paterson, 1973). Interestingly, the maximal osine monophosphate (AMP) were able to antagonize the pro- 
protection is, on average, only about 80%. While this might be tective effects of intracellular GTP. With 400 PM GMP and 100 
explained in part by a change in the driving force for potassium KM GTP in the recording electrode, the adenosine response de- 
during intracellular dialysis, it may be that part of this small, cayed to 28 f 24% (*SD; II = 3) of its initial amplitude after 
“residual” washout is due to buildup of GDP (see below). It 18 min, as compared to 8 1 f 9% (n = 4) in cells filled with 100 
should be noted that greater variability is observed with 1 mM PM GTP alone. Similarly, with 400 PM AMP and 100 PM GTP 
GTP than with lower concentrations. Indeed, marked washout in the electrode, the responses in 2 cells decayed to 18 and 34%. 
was sometimes observed when this unphysiological dose was The inhibition produced by the monophosphate nucleotides was 
used. significant at the 5% level, using Student’s t test. 

Also included in Figure 3 is a comparison of the protective 
effects of 100 PM GDP and GMP to that of GTP. It is clear that 
the ability of the nucleotides to prevent washout drops markedly 
as the nucleotide contains fewer phosphates. Additionally, in 2 
experiments in which 1 mM of guanosine alone or cyclic gua- 
nosine monophosphate (cGMP) was included in the recording 
electrode the adenosine response completely washed out. 

Intracellular action of guanine nucleotide analogs 

A requirement for GTP is likely to reflect the involvement of 
one of the G-proteins (Gilman, 1984; Roof et al., 1985). Such 
proteins play a role in a number of membrane receptor-mediated 
responses, including physiological responses to putative neu- 
rotransmitters (Pfaffinger et al., 1985; Aghajanian and Wang, 

BATH [Kq, (mM) 
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Figure 2. Time course of changes in adenosine-activated current during whole-cell patch-clamp recordings. Cells were held at -65 mV. A, C, 
Chart recordings of responses to pressure-ejected 50 FM adenosine made 1, 10, and 20 min after initiating the whole-cell recording. Recording 
electrodes contained, for A, control solution and, for C, control solution plus 100 PM GTP. Calibration bar, 25 pA (A, c), 20 set (A), and 40 set 
(C). B, D, Variations in adenosine responses over time. For each cell, adenosine response amplitudes, measured at each time point, were normalized 
to the first response recorded for that cell; these data were then averaged for different cells. Vertical lines show the standard deviations. B, Filling 
low-resistance patch electrodes with control solution (0, 9 cells); filling high-resistance patch electrodes with control solution (0, 8 cells). D, Data 
obtained using low-resistance electrodes filled with control solution plus 100 ELM GTP (0, 4 cells), 50 PM GTP (0, 3 cells), or 1 mM ATP (A, 6 
cells). 

1986; Andrade et al., 1986; Holz et al., 1986; Kurachi et al., 
1986). Available evidence suggests that G-proteins couple mem- 
brane receptors to other cellular functions by a process requiring 
the hydrolysis of GTP. Guanosine-5’-O-(2-thiodiphosphate) 
(GDPPS) is a poorly metabolized analog of GDP that inhibits 
G-proteins, presumably by preventing the binding of GTP (Eck- 
stein et al., 1979). Figure 4, A, B, shows that the adenosine 
response decays rapidly with time when 150 PM GDP@ plus 
100 KM GTP are present in the recording electrode. (ATP, 1 
mM, was also present in experiments using these analogs. See 
section below on ATP effects.) The addition of GDP@S increases 
the rate of washout approximately 4-fold over that seen with 
control filling solution, despite the presence of GTP (compare 
to Fig. 2B). These data suggest that endogenous GTP is involved 
in the adenosine response and that it can be displaced by GDP@. 
Increasing the ratio of GTP to GDP@S appears to reduce the 
rate and extent of washout (Fig. 4B) in a manner consistent with 
a competitive blocking action at a GTP binding site. 

A similar loss of sensitivity to adenosine was observed when 
electrodes contained poorly hydrolyzed analogs of GTP. The 
presence of guanosine-5’-0-(3-thiotriphosphate) (GTPyS) or of 
guanylyl-imidodiphosphate (GPP(NH)P) in the recording elec- 
trodes also results in a rapid decay in adenosine responses (Fig. 
4, C, D). These data also reveal that increasing the ratio of GTP 

to GTP analog reduced the rate and, at least for GPP(NH)P, 
the extent of washout. The action of these compounds in our 
experiments is entirely consistent with their known behavior on 
G-proteins: Both substances can bind very tightly to the GTP 
binding site and, because they are not hydrolyzed, induce the 
G-protein to become continuously active (Gilman, 1984). Thus, 
addition of adenosine under these conditions would not be ex- 
pected to cause further activation of the G-protein or produce 
a discrete electrophysiological response. A similar action of 
GPP(NH)P on a potassium channel activated by acetylcholine 
in heart muscle has been observed by Breitwieser and Szabo 
(1985). 

One would expect that if the GTP analogs were inhibiting the 
adenosine response by activating the G-protein independently 
of agonist, then the potassium current normally activated by 
adenosine would be turned on in a constitutive manner. In fact, 
experiments with GTP+ were always associated with an in- 
creasing outward holding current and a marked increase in 
membrane current noise (Fig. 5A). A similar effect was observed 
with GPP(NH)P (not shown). The recording in Figure 5A is 
striking both for the rapidity of onset of this steady outward 
current and for the degree to which it exceeds the amplitude of 
the first adenosine response. Quantitation of this effect was dif- 
ficult because of the variability among different cells in the rate 
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Figure 3. Dose-response for the prevention of washout of the aden- 
osine response by GTP. Ordinate is the amplitude of the adenosine 
response after 18 min of whole-cell recording, expressed as a percentage 
of the response obtained immediately after beginning the recording. 
Number of cells averaged for each point is shown near each symbol. 
Recording electrodes contained the indicated concentration of GTP, 
except for the open and closed triangles, which are from electrodes 
containing 100 PM GDP and GMP, respectively. 

of onset and magnitude of this steady current. The following 
procedure was used to normalize these variables: Because the 
cells were held near their initial resting potential, the value of 
the holding current at the start of the experiment was defined 
as zero. The value of the holding current just before each ap- 
plication of adenosine was then divided by the amplitude of the 
initial adenosine response in order to see by how much the 
changing holding current exceeded the adenosine current. In 
Figure 5B, this measure of the change in holding current is 
compared to the relative amplitude of the adenosine current at 
different points in time (rather than to the time course of the 
recording itself). For comparison, we also plot these parameters 
for cells filled with GDP&S. 

Figure 5B illustrates several points about the action of these 
analogs. First, the increase in the holding current observed with 
GTPyS is directly proportional to the loss of adenosine sensi- 
tivity, as would be expected if GTPyS were opening those chan- 
nels normally activated by adenosine. Second, GDPfiS induces 
loss of adenosine sensitivity, but has no striking effect on the 
holding current, consistent with its inhibitory effect on G-pro- 
teins. Finally, the current activated by GTPyS exceeds the cur- 
rent initially activated by adenosine by as much as 3-fold. Pre- 
liminary dose-response relations indicated that 50 PM adenosine 
was indeed a saturating dose for this adenosine receptor, and 
that the brief pressure puffs used to deliver adenosine produce 
a response that is greater than 75% of the maximal response. 
Therefore, the current induced by GTPyS cannot be entirely 
accounted for by the activation of channels functionally coupled 
to the adenosine receptor, but must result from the behavior of 
other channels as well (see Discussion). 

It is possible that some of the channels that contribute to the 
GTPyS-induced outward holding current are of a different kind 
from those described in Figure 1, and perhaps some of the 
outward current results from the reduction of a steady inward 

current. In practice, it proved difficult to obtain current-voltage 
relations before and after the appearance of the steady outward 
current because of its rapid onset. However, if those channels 
opened by adenosine are also opened by GTP-#, the outward 
holding current should be reduced by channel-blocking agents 
that reduce the adenosine current. The current produced by 
adenosine was unaffected by either 10 mM tetraethylammonium 
or 1 mM cesium, applied extracellularly (not shown). Other 
workers have shown that the adenosine-induced hyperpolariza- 
tion of pyramidal neurons is immune to 4-aminopyridine (Segal, 
1982; Greene and Haas, 1985). We found, however, that 1 mM 
extracellular barium was an effective blocker of the adenosine 
response. Figure 6A shows that pressure-ejection of barium- 
containing solutions markedly reduced the response to adeno- 
sine. Bath-application of barium completely blocked the re- 
sponse. Figure 6, B, C, shows that the development of the 
outward current and apparent loss of adenosine sensitivity are 
accompanied by an increasing effect of barium application on 
the holding current. As the holding current moved outward, 
adenosine produced smaller outward currents and barium pro- 
duced larger inward currents. Thus, these data indicate that 
GTPyS may act to inhibit adenosine sensitivity by irreversibly 
activating those potassium channels normally controlled by 
adenosine, probably through the constitutive activation of a 
G-protein. However, we do not know whether adenosine itself 
is required to initiate this activation, as in the case of the mus- 
carinic current in the heart (Breitwieser and Szabo, 1985). 

Action of pertussis toxin 
A number of G-proteins have been identified in mammals. Two 
of these, G, and G,, are characterized by their role in the coupling 
of hormone receptor binding to the stimulation and inhibi- 
tion, respectively, of adenylate cyclase (Gilman, 1984). Another 
G-protein, G,, is found in bovine brain. It appears not to be 
coupled to adenylate cyclase and its function is not known at 
present (Roof et al., 1985). Both Gi and G, are ADP-ribosylated 
by pertussis toxin (Gilman, 1984; Sternweis and Robishaw, 
1984). Pertussis toxin inactivates G,; the consequences of ADP- 
ribosylation of G, are not yet known. Recently, it has been 
shown that pertussis toxin abolishes the inhibitory effect of 
adenosine on glutamate release (Dolphin and Prestwich, 1985). 
We find that this toxin also blocks the adenosine-activated po- 
tassium current: Treatment of hippocampal cell cultures with 
pertussis toxin for 5 hr dramatically reduced the ability of the 
cells to respond to adenosine (Fig. 7). This treatment had no 
detectable effect on the cells in terms of their superficial ap- 
pearance, membrane potential, or input resistance. Treatment 
of cultures with heat-inactivated pertussis toxin had no effect 
on adenosine responses (Fig. 7). These results suggest that the 
activation of a potassium current by adenosine depends on a 
substrate of pertussis toxin, which is most likely either Gi or 
Go. 

Actions of ATP 
As noted above, 1 mM ATP in the electrode was not, by itself, 
able to prevent washout of the adenosine response. However, 
when 1 mM ATP was included with GTP in the patch electrode, 
the adenosine response was markedly potentiated, especially at 
lower concentrations of GTP. This effect is illustrated in Figure 
8, which compares steady-state adenosine responses for different 
GTP concentrations, with and without ATP. However, ATP 
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Figure 4. Washout in the presence of GTP plus guanine nucleotide analogs. A, Chart recorder traces of washout time course, showing traces at 
1, 4, and 8 min after the start of the recording. The recording electrode was filled with control solution plus 100 PM GTP and 150 PM GDP@,. 
Calibration bar, 40 set, 25 pA. B and D, Time course of washout for averaged cell responses. Vertical bars represent standard deviation. B, Low- 
resistance electrodes contained control solution with 100 PM GTP and 150 PM GDPpS (0, 5 cells), or with 100 PM GTP and 50 PM GDP@S (0, 1 
cell). C, Recording electrodes contained control solution with 100 PM GTP and 20 PM GTPyS (0,4 cells), 5 PM GTP-yS (0, 1 cell), or 1 PM GTPyS 
(A, 1 cell). D, Recording electrodes contained control solution with 100 PM GTP and 500 PM GPP(NH)P (0, 3 cells) or 100 PM GTP and 100 PM 

GPP(NH)P (0, 1 cell). All recordings were made with 1 mM ATP in the electrode as well. 

was also observed to potentiate adenosine responses from cells 
filled with 100 PM GDP or even GMP (Fig. 8). The ability of 
ATP to potentiate the effects of guanine nucleotides appears to 
depend on the donation of a terminal phosphate, since 1 mM 
&y-methylene ATP, a poorly hydrolyzable ATP analog, could 
not substitute for ATP in potentiating the effects of 50 PM GTP 
(Fig. 8). 

An additional effect was observed with intracellular ATP. In 
cells internally dialyzed with either control saline or control 
saline plus GTP, an outward movement of the holding current 
was observed, beginning within a few minutes after starting 
whole-cell recording, and stabilizing within 10 min. This current 
was not observed in cells studied with 1 mM ATP in the re- 
cording electrode. Figure 9A illustrates recordings with 10 I.LM 

GTP alone (top trace) and with 10 ELM GTP plus 1 mM ATP in 

the electrode (bottom trace). While this outward current could 
be pronounced in the absence of ATP, it was unaffected by the 
presence of GTP. Figure 9B shows the magnitude of this out- 
ward current after 10 min of recording for cells with ATP (solid 
bars), without ATP (open bars), and with low and high concen- 
trations of GTP. It is clear that concentrations of GTP that are 
able to prevent washout of the adenosine response (see Fig. 3) 
do not prevent the development of this shift in holding current 
or affect the action of ATP. Thus, the adenosine-activated po- 
tassium current is regulated by mechanisms that are distinct 
from those that control this ATP-blocked current. This outward 
current is quite variable in magnitude, and its sharp onset, as 
illustrated in Figure 9A, requires an electrode-cell access resis- 
tance of less than 10 MQ. While we have not studied it further, 
it seems doubtful that this effect is related to improvement in 
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Figure 5. Effects of intracellular 
GTP$S on the baseline holding cur- 
rent. The cells were held at -65 mV. 
A, Chart recording of the onset of the 
GTP-yS-activated outward holding 
current and the parallel decay in the 
adenosine-evoked current. The re- 
cord began simultaneously with the 
rupture of the membrane patch. 
Adenosine was pressure-ejected at the 
points indicated by triangles. Record- 
ing electrodes contained 100 PM GTP, 
20 PM GTPrS, and 1 mM ATP. B, 
Correlation between development of 
the outward holding current and the 
reduction in adenosine-activated cur- 
rent. Ordinate is the holding current 
(change in baseline from time zero) 
divided by the amplitude of the first 
adenosine response and multiplied by 
100. The first adenosine response was 
measured within 1 O-20 set after patch 
rupture. Abscissa is the adenosine re- 
sponse measured at a given point in 
time, divided by the first adenosine 
response in the recording and multi- 
plied by 100 (as shown in Figs. 2 and 
4). Holding current change was al- 
ways measured just before applying 
adenosine. Closed circles, average of 
4 cells filled with the same solution as 
in A. Open circles, 5 cells filled with 
100 PM GTP, 150 PM GDPOS, and 1 
mM ATP. Vertical lines, standard de- 
viations. 
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intracellular calcium buffering by ATP (Byerly and Yazejian, 
1986) as the outward current is observed with electrode solu- 
tions containing 5 mM BAPTA and 0 added calcium. It is per- 
haps analogous to the ATP-inhibited potassium current ob- 
served in cardiac and pancreatic cells (Cook and Hales, 1984; 
Kakei et al., 1985). It may be that the conductance regulated 
by ATP is sensitive to GTPyS, and thus contributed to some 
of the holding current shift described earlier in cells filled with 
this analog. However, this seems unlikely, as the effect of GTPyS 
on the ATP-inhibited channel of pancreatic cells is shared by 
GTP, GDP and GDP@, and its actions are reduced by ATP 
(Dunne and Petersen, 1986). 

Involvement of CAMP 

Since the addition of GTP alone is sufficient to maintain the 
adenosine-activated potassium current, we questioned whether 
the well-documented modulation of adenylate cyclase by aden- 

WB) 

osine is a necessary step in the activation of the potassium 
conductance. This seemed doubtful because CAMP and its pre- 
cursor, ATP, are just as likely to be lost from the cell as GTP, 
and yet they are not needed in the patch electrode to maintain 
the response to adenosine. However, we undertook a more thor- 
ough examination of the role of CAMP in the adenosine response 
by adding the adenylate cyclase activator forskolin (Seamon et 
al., 1981), at a concentration of 50 PM, to the bathing medium 
(Fig. 10). To prevent the loss of cytoplasmic components during 
the recording, these experiments were carried out with small- 
tipped patch electrodes (see Fig. 2) filled with control solution. 
The ratio of the response in the presence of forskolin to the 
response in the absence of forskolin was 1.02 + 0.11 (mean + 
SD; 6 cells), indicating that the response was not altered by this 
treatment. The application of forskolin results in a slow inward 
current in these cells, which is similar to the response to nor- 
epinephrine (Yakel et al., 1986) also an activator of adenylate 
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A . 

Figure 6. Actions of barium on 
adenosine-activated currents in volt- 
age-clamped hippocampal neurons. 
A, Solid triangles show time of pres- 
sure-application of 50 WM adenosine. 
Barium chloride (1 mM in bath so- 

l min. lution) was applied by diffusion from 
a pipette placed near the cell at the 
times marked by the open triangle. 

C The barium pipette was removed im- 
I V mediately before adenosine applica- 

tion to avoid interfering with the ap- 
plication. The cell was recorded with 
a high-resistance electrode. B, C, In 2 
different cells recorded with 20 PM 

GTP-&S, 100 WM GTP, and 1 mM ATP 
in a low-resistance electrode, re- 

cyclase in cultured mouse striatal neurons (Premont et al., 1983). 
Thus, we are confident that forskolin is effective as a means of 
elevating intracellular CAMP in our experiments. 

Forskolin does not block or mimic adenosine’s action, sug- 
gesting that changes in CAMP levels do not mediate the aden- 
osine response. However, one might argue that adenosine ac- 
tivation of the G-protein inhibitory to adenylate cyclase (GJ 
could itself inhibit forskolin’s action (Hudson and Fain, 1983). 
Data such as those shown in Figure 10 do not reveal any ten- 

Figure 7. Effect of islet-activating protein (pertussis toxin) on the aden- 
osine-activated potassium current. Ordinate shows the average response 
to adenosine of different cells in periods of 1 hr. Averages are expressed 
relative to the average response in the first hour of recording. In 2 
experiments pertussis toxin was added directly to the bath from a stock 
solution (see Materials and Methods) after the first hour to give a final 
concentration of 3.3 or 0.5 &ml (so/id circles). Control data (open 
circles) include one experiment in which nothing was added to the dish 
and one experiment in which 5 Ilg/ml of pertussis toxin that had been 
held at 90°C for 15 min was added. Cells were maintained at 34°C 
during toxin incubation. Each mean includes data from 3-8 cells. 

sponses to 50 PM adenosine (solid tri- 
angles) grow weaker, while responses 
to 1 mM barium (open triangles) grow 
stronger during the development of 
the holding current shift. Initiation of 
whole-cell recording coincides with 
start of traces, as shown. 

dency for adenosine to actually reverse the effects of forskolin. 
We nevertheless carried out additional experiments in which 1 
mM 8-bromo CAMP, together with 100 MM GTP and 1 mM ATP, 
were added to a low-resistance recording electrode. This ap- 
proach assures that the cyclic nucleotide is directly introduced 
into the cell at a high level and is not degraded. The results were 
not supportive of CAMP as a second messenger in the adenosine 

1 I 4 8 9 B 8 - 
Figure 8. Effect of intracellular ATP on the ability of guanine nucleo- 
tides to maintain the adenosine response. Data shown for the adenosine 
responses of 2-9 cells averaged after 18 min of whole-cell recording; 
lines through bars are the standard deviations. Guanine nucleotide ad- 
ditions to the control electrode solution are as indicated below the bars. 
Filled bars are for electrode solutions that also contained 1 mM ATP. 
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Figure 9. Intracellular ATP inhibits 
an outward current. A, Chart record- 
ing of the beginning of whole-cell re- 
cording for 2 cells from the same cul- 
ture dish. In the upper trace, the 
electrode contained 10 PM GTP and 
0 ATP, while in the lower trace the 
electrode contained 10 PM GTP and 
1 mM ATP. Note that adenosine re- 
sponses decay to about the same level. 
B, Magnitude of the outward currents 
that develop after 10 min of whole- 
cell recording with cells held at -65 
mV. Solid bars are recordings with 1 
mM ATP, while open bars are record- 
ings in its absence. Electrodes also 
contained GTP concentrations as 
shown. Numbers above bars are the 
number of cells averaged for each cat- 
egory. 
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Figure 10. The adenosine responses 
before, during, and after application 
of 50 PM forskolin. Forskolin alone 
produces an inward current upon 
which the adenosine response is su- 
perimposed. Forskolin was applied in 
a slow stream by a wide-barrel pi- 
pette. A high concentration of aden- 
osine (1 mM) was applied in a brief 
(20 msec) pulse from a second, much 
smaller pressure pipette to avoid in- 
terrupting the application of forsko- 
lin. 
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response. In these experiments the response was measured as 
soon as an intracellular recording was established, and again 18 
min later. The average ratio of the second response to the first 
was 1.18 + 0.35 (mean f SD; 4 cells). The ratio for control 
experiments with nucleotide triphosphates alone was 0.93 f 
0.14 (8 cells) and was not significantly different from the mean 
for cells with the CAMP analog. As with forskolin and norepi- 
nephrine treatment, a slow inward current developed as the cell 
filled with 8-bromo CAMP. This inward current reached a pla- 
teau within approximately 5 min, supporting the validity of 
comparing the initial response with that seen after 18 min. 

Discussion 
G-proteins are now recognized as a common link in the coupling 
of many sorts of membrane receptors to a variety of intracellular 
processes, including adenylate cyclase activation, ion channel 
modulation, phospholipid breakdown, and the release of intra- 
cellular calcium stores (Gilman, 1984; Cockcroft and Gomperts, 
1985; Holz et al., 1986; Ueda et al., 1986). In heart muscle, 
the coupling of adenosine and muscat-me receptors to an in- 
wardly rectifying potassium channel by G-proteins has been 
convincingly demonstrated (Pfaffinger et al., 1985; Kurachi et 
al., 1986) and it now appears that the coupling is maintained 
even in isolated heart cell membrane patches (Kurachi et al., 
1986). The present study is the first to extend this mechanism 
to adenosine action in neurons of the mammalian central ner- 
vous system, directly documenting the requirement of the cells 
for GTP via intracellular dialysis techniques. 

We have also demonstrated that CAMP is not likely to be an 
intermediary in this response. While direct introduction of 1 
mM 8-bromo CAMP did appear to enhance slightly the response 
to adenosine, this dose is over 4 orders of magnitude larger than 
the Km for kinase activation by CAMP (Nestler and Greengard, 
1984). Thus, if modulation of CAMP levels were a necessary 
step in the activation of the potassium channel by adenosine, 
8-bromo CAMP should have reduced the responsiveness of the 
cells to adenosine. If a second messenger of another sort is 
involved, then it must be resistant to washout during intracel- 
lular dialysis. The actual consequences of adenylate cyclase 
modulation by adenosine remain obscure. Perhaps its role lies 
in affecting a calcium conductance or calcium-dependent po- 
tassium conductance (Madison and Nicoll, 1986), in modulating 
the more acute effects of adenosine and other transmitters on a 
long-term basis, or in nonelectrophysiological functions that are 
independent of adenosine’s inhibitory effects. Consistent with 
our findings, it has been reported that an extracellular appli- 
cation of 8-bromo CAMP does not mimic the response to aden- 
osine in hippocampal slices (Madison and Nicoll, 1986). If the 
adenosine response is not in fact mediated by any diffusible 
second messenger, then one would expect to see adenosine- 
activated channels in isolated membrane patches, with GTP on 
the intracellular face, as was observed in the heart by Kurachi 
et al. (1986). This differs sharply from a potassium conductance 
activated by adenosine in the Xenopus oocyte, in which CAMP 
appears to be a true second messenger in the response (Lotan 
et al., 1985). 

The potentiation of the effects of guanine nucleotides by ATP 
was a surprising finding, not predicted from our model of aden- 
osine’s effects on a G-protein. The inability of &y-methylene 
ATP to substitute for ATP in producing this effect suggests that 
ATP acts by donating a terminal phosphate. In the case of GTP 

potentiation, it is possible that ATP acts by participating in a 
phosphorylation of a protein that is involved in the activation 
of the potassium channels. However, a more straightforward 
scheme is that ATP acts through one of the common phospho- 
transferase reactions (Henderson and Paterson, 1973) convert- 
ing GDP and GMP back to GTP. GDP buildup very near the 
G-protein by hydrolysis of GTP could inhibit G-protein activity 
by preventing GTP binding. Indeed, GDP and GTP have very 
similar affinities for G-proteins (Bokoch et al., 1984). Low doses 
of GTP could be made more effective by recycling GDP that 
was hydrolyzed by G-protein activity. This hypothesis would 
also explain how ATP can render GDP and GMP very effective 
agents in preventing washout, even though they are not able to 
activate G-proteins. It assumes, however, that local concentra- 
tions of metabolites within the cell may not be the same as those 
in the electrode during intracellular dialysis. This might be ex- 
pected if such compounds build up in the cell more quickly than 
they diffuse into the electrode. 

Recent evidence suggests that the type of potassium current 
that is affected by adenosine here may prove to be coupled to 
many different transmitter receptors in the nervous system. For 
example, a neuronal potassium current showing inward recti- 
fication can be activated by adenosine, baclofen, enkephalin, 
norepinephrine, and serotonin (Gahwiler and Brown, 1985; 
Newberry and Nicoll, 1985; North and Williams, 1985; Trussell 
and Jackson, 1985; Yakel et al., 1986). Furthermore, it appears 
likely that, as with adenosine, the serotonin and baclofen re- 
sponses of hippocampal neurons are dependent on GTP and 
G-proteins (Andrade et al., 1986). This raises the possibility 
that a similar conductance and transduction mechanism is as- 
sociated with a variety of different receptors on the same cell. 
It will be of interest to determine whether adenosine receptors 
share individual ion channels with other neurotransmitter re- 
ceptors or instead have their own pool of channels. In the case 
of serotonin and baclofen receptors, additivity experiments in- 
dicate that the receptors do share the same conductance (An- 
drade et al., 1986). It therefore seems likely that receptors for 
many of these agents, including adenosine, may be functionally 
coupled to the same ion channel. Variation in the density of 
these different receptors might lead to cases where one trans- 
mitter opens only a fraction of the channels controlled by another 
transmitter. In this context, the ability of GTPyS to activate a 
current much larger than that of adenosine is understandable, 
as the analog could act on the entire pool of G-protein-regulated 
potassium channels. These observations suggest that both short- 
and long-term regulation of the responsiveness of neurons to 
adenosine may be intimately related not only to adenosine itself, 
but to the activity of other neuromodulatory substances as well. 
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