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Isolated synaptic plasma membrane vesicles developed an internal negative membrane potential (A~b) following 
loading with potassium succinate and incubation in NaCI, sodium succinate, or Tris succinate media. Membrane 
Aft was monitored by measuring triphenyl[aH]methylphosphonium ion ([3H]TPMP +) accumulation by these 
vesicles. Estimates of Aft ranged from -6.9 mV for vesicles incubated in sodium succinate to -28  mV for mem- 
branes incubated in NaCl. Intravesicular TPMP ÷ accumulation was strongly dependent on the K + diffusion poten- 
tial and was enhanced by the K ÷ ionophore valinomycin and by the adenosine analog 2-chloroadenosine (2-C1- 
Ado). The stimulation of TPMP ÷ influx by 2-CI-Ado was dependent on the concentration of this agent, indepen- 
dent of CI- fluxes, and sensitive to inhibition by the methylxanthine theophylline. The increase in Aft of the 
synaptic membrane vesicles caused by 2-CI-Ado paralleled the hyperpolarization of neurons produced by adeno- 
sine and 2-CI-Ado in physiological systems. 

Adenosine and a number of adenosine analogs and 
adenine nucleotides have a depressant action on nerve 
cell excitability and neuronal transmission in the cen- 
tral and peripheral nervous systems (e.g., Refs. 1-6).  
The neuroinhibitory activity of adenosine appears to 
be due primarily to inhibition of the release of excita- 
tory transmitters rather than to direct inhibition of 
postsynaptic neurons and muscle cells [1,2]. Inhibi- 
tion of transmitter release by adenosine has been 
demonstrated for both adrenergic and cholinergic 
innervation in the peripheral nervous system [6-8] .  
A similar action by adenosine and its less-readily me- 
tabolized analog 2-chloroadenosine (2-C1-Ado) [9] 
has also been shown with respect to depolarization- 
induced dopamine, acetylcholine, and 5-hydroxytryp- 
tamine release from brain slices [10] and dopamine 
release from isolated brain nerve ending particles 

Abbreviations: TPMP ÷, triphenylmethylphosphonium ion; 
TPP ÷, tetraphenylphosphonium ion; SITS, 4-acetamido-4'- 
isothiocyanostilbene-2,2'-disulfonic acid; 2-C1-Ado, 2-chloro- 
adenosine. 

(synaptosomes) [1 1 ]. It remains unclear at this point 
whether adenosine inhibits depolarization-induced 
transmitter release from presynaptic nerve endings by 
altering the presynaptic membrane potential (A~b) or 
by directly affecting the influx of Ca 2÷ into the nerve 
terminals [12]. In the present study, we have attemp- 
ted to measure the effects of 2-C1-Ado on the synap- 
tic membrane potential. 

Detection of shifts in Aft in synaptosomal prepara- 
tions has been accomplished through the use of vol- 
tage-sensitive carbocyanine dyes [13] and through 
measurement of the passive distribution of the lipo- 
philic cation tetraphenylphosphonium (Tpp ÷) [14]. 
Both techniques have led to estimates of A~b in 
synaptosomes in the range of -55  to - 8 0  mV [13, 
14]. Estimates of A~b obtained through direct mea- 
surement of the distribution of Na ÷, K ÷, and C1- in 
synaptosomes were somewhat lower than those 
detected with the other techniques, - 2 6  to - 3 0  mV 
[151. 

Recent studies from several laboratories have 
demonstrated that many of the essential properties of 
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brain synaptosomes such as Na÷-dependent trans- 
mitter uptake [16], transmitter-induced Na ÷ flux 
[17], and Na+-Ca 2÷ antiporter activity [18] are as 
active in isolated released synaptic plasma membrane 
vesicles as they are in intact synaptosomes. In this 
report, we have used the lipophilic cation triphenyl- 
[3H]methylphosphonium ([3H]TPMP ÷) in order to 
determine whether these purified resealed synaptic 
plasma membrane vesicles have the capacity to devel- 
op and maintain a membrane potential and whether 
2-C1-Ado affects this transmembrane potential. 

Methods and Materials 

Preparation o f  synaptic membrane vesicles. The 
resealed synaptic membrane vesicles from brain were 
prepared as described previously [17,18]. The synap- 
tic membranes were suspended in 0.25 M sucrose/14 
mM potassium succinate/50 pA/I MgC12, pH 7.4, at a 
final protein concentration of 9 -12  mg/ml, divided 
into small aliquots, quickly frozen in liquid N2, and 
stored at -80°C for periods no longer than 3 weeks. 
Protein concentrations of membrane preparations 
were determined according to Lowry et al. [19]. The 
purity of the membrane vesicle preparation was moni- 
tored through determinations of the activity of the 
plasma membrane enzyme (Na÷+K+)-ATPase as 
described previously [17] and by electron microsco- 
py. Membrane samples used for electron microscopy 
were fixed overnight at 4°C in 5% glutaraldehyde, 
0.04% CaC12 in 0.1 M cacodylate buffer, pH 7.0. The 
samples were stained with 4% OsO4, sectioned, and 
stained with uranyl acetate. 

TPMP ÷ uptake assays. Aliquots of frozen vesicles 
were thawed rapidly at 37°C for 10 min in the pres- 
ence of 6 vol. 75 mM potassium succinate/50 /3A4 
MgC12, pH 7.4. The potassium succinate-loaded vesi- 
cles were incubated for an additional 10 min at 23°C 
prior to the initiation of the uptake assay. When the 
effects of 2-C1-Ado were being studied, varying con- 
centrations of this agent were added during this pre- 
incubation period. [Me-SH] TPMP([3H] TPMP ÷) up- 
take was measured by incubating the membrane vesi- 
cles (60-80 pg protein) in 300/.d final volume of a 
reaction mixture containing either 110 mM NaCI or 
KC1, 0.5 mM [3H]TPMP ÷ (0.25 /.tCi), 20 mM Tris- 
HC1, pH 7.4. As indicated for some experiments, 75 
mM sodium succinate, potassium succinate, or Tris 

succinate were used in place of the NaC1 and KC1. All 
incubations were carried out at 23°C for the specified 
time periods. Incubations were terminated by dilu- 

tion of the samples with 2 ml of cold 0.4 M NaC1 or 
0.4 M choline chloride in 10 mM Tris-HC1, pH 7.4, 
and immediate filtration through Millipore f'dters 
(HAWP 0.45 g). The filters were washed with 3 ml of 
the 'stop' solution used to terminate the incubations. 
Dilution, filtration and washing were usually com- 
plete within 5 s. Nonspecific adsorption of [3H]- 
TPMP ÷ to the filters was determined in samples to 
which 2 ml of cold 'stop' solution were added prior 
to the addition of the membranes. These samples 
were then filtered and washed identically to the 
others, and the values obtained in this way were sub- 
tracted from the values for the incubated samples in 
the calculation of TPMP ÷ uptake. Estimates of the 
intravesicular volume of synaptosomes and synaptic 
plasma membrane vesicles have yielded an average 
value of approx. 3.6 bd/mg protein [14,15,17]. This 
figure was used in calculations of A~ using the Nernst 
equation as follows: 

[TPMP] in 
A~ = RT/nF in "[TPMP] out 

Materials. Triphenyl [3 H] methylphosphonium 
bromide (3.59 Ci/mmol) was obtained from New 
England Nuclear Corp., Boston, MA. The valinomy- 
cin, gramicidin D, 2-C1-Ado, and theophylline were 
purchased from Sigma Chemical Co., St. Louis, MO, 
the triphenylmethylphosphonium bromide from ICN 
Pharmaceuticals, Plainview, NY and the 4-acetamido- 
4'-isothiocyanostilbene-2,2'-disulfonic acid (SITS) 
from Calbiochem-Behring Corp., LaJoUa, CA. Deoxy- 
coformycin was generously provided by Dr. Henry 
Dion, Warner-Lambert, Detroit, MI and the dipyri- 
damole by Boehringer-Ingleheim, Ltd., Ridgefield, 
CT. 

Results and Discussion 

[aH]TPMP ÷ accumulation by synaptic membrane 
vesicles 

The structural characteristics of the synaptic plas- 
ma membranes employed in the study of  [3H] TPMP ÷ 
accumulation were determined by electron microsco- 
py (Fig. 1). Examination of three membrane batches 
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Fig. 1. Electron photomicrographs of one of the resealed 
synaptic plasma membrane preparations. The arrow in the 
top panel indicates a representative synaptic junctional com- 
plex. Magnification 55 000X. 

and several electron microscopic fields revealed that 
these preparations were enriched in empty  membrane 
sacs (approx.  7 0 - 7 5 %  of  all structures). In addition, 
pre- and postsynaptic membrane junctions were easily 
identified in almost every field (Fig. 1). These mem- 
brane preparations also exhibited a greater than 
2-fold increase in the specific activity of  the plasma 
membrane marker enzyme (Na ÷ + K+)-ATPase as com- 
pared to the enzyme activity in intact synaptosomes 
[17,18]. 

Synaptic membrane vesicle resealed in the pres- 
ence of  75 mM potassium succinate and incubated in 
either a NaC1 or a KC1 medium accumulated [3H]- 
TPMP ÷ quite rapidly (Fig. 2). The accumulation of  
TPMP ÷ by the membrane vesicles in the presence of  a 
KC1 incubation medium was consistently found to be 
slower and the magnitude generally less than half  that  
taken up by vesicles incubated in a NaC1 medium 
(Fig. 2). The uptake of  TPMP ÷ under the KC1 incuba- 
tion condit ions was thought to represent either pas- 
sive chemical equilibration of  the cation into the 
intravesicular space or possibly TPMP ÷ uptake as a 
result of  the C1- diffusion potential  which was pres- 
ent under these conditions.  With an estimated synap- 
tic membrane vesicular volume of  3.6 /J /mg protein 
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Fig. 2. Time course of TPMP + uptake into synaptic mem- 
brane vesicles. The potassium succinate-loaded vesicles were 
incubated in either 110 mM NaC1 (•) or 110 mM KC1 (o), 
and all incubations were terminated with 0.4 M NaC1/10 mM 
Tris-HCl. Each point represents the mean of 4 -8  determina- 
tions from two preparations and the S.E. of the means were 
less than 15% of the mean values. 
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[14], the intravesicular concentration of  TPMP+ at 
equilibrium in the presence of  KC1 would be 0.55 mM 
(5 min in Fig. 2), which is only slightly higher than 
the extravesicular concentration of  TPMP ÷ (0.5 mM). 
On the other hand, the intravesicular TPMP ÷ concen- 
trat ion at equilibrium (1 min) in vesicles incubated in 
the presence of  110 mM NaC1 was 1.53 raM, or 
approx. 3-times the extravesicular concentration.  
Assuming that TPMP ÷ was distributed passively 
according to the A~ across the synaptic plasma mem- 
branes, then the A~ can be calculated to be equal to 
- 2 8 . 2  mV under the NaC1 incubation condit ion and 
- 2 . 4  mV under the KC1 condit ion.  The difference 
between the values of  Aft in the absence of  K ÷ in the 
external medium is indicative of  the dependence of  
the synaptic membrane Aft on the K ÷ diffusion po- 
tential, as has previously been described for synapto- 
somes [14]. A notable difference between the deter- 
mination of  £xff in synaptosomes and in isolated 
synaptic membrane vesicles by  means of  lipophilic 
cation distribution was the observation that the 
synaptosomes had a relatively large residual TPP ÷ 
accumulation,  even in the presence of  a high external 
K ÷ concentration (193 raM) [14]. It should be 
pointed out,  however, that  the Aft determined in the 
resealed synaptic membrane vesicles is only a reflec- 
tion of  the artificially imposed ionic gradients and 
does not  represent the actual A~ of  intact nerve end- 
ings. 

Effects o f  h)nophores on TPMP ÷ accumulation in 
synaptic membrane vesicles 

The uptake of  TPMP ÷ in the presence of  NaC1 was 
markedly enhanced by addit ion of  the K ÷ ionophore 
valinomycin (Fig. 3). For the vesicles incubated in 
NaC1, valinomycin would be expected to induce an 
increase in the K ÷ flux from intra- to extravesicular 

space, and this should cause the interior of  the vesi- 
cles to become more negative due to the lesser per- 
meability of  the anions (succinate) remaining behind. 
As can be seen in Fig. 3, 0.1 /zM valinomycin rapidly 
brought about  a near doubling of  the TPMP ÷ uptake 
into vesicles incubated in the NaC1 medium, while it 
had virtually no effect on vesicles incubated in a KC1 
medium. The 2x~ for this particular preparation at 
steady state in the absence of  valinomycin was - 1 6 . 4  
mV, whereas in the presence of  valinomycin it 
reached a value of  - 3 0 . 3  mV. The steady state level 
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Fig. 3. The effect of the K ÷ ionophore valinomycin on TPMP + 
uptake. The potassium succinate-loaded vesicles were incu- 
bated in 110 mM NaC1 with (o) or without (e) the addition 
of 0.1 /IM valinomycin, or in 110 mM KC1 with (A) or with- 
out (A) 0.1 /zlVl valinomycin. Incubations were stopped with 
0.4 M NaC1/10 mM Tris-HC1. At the time indicated by the 
arrow, valinomycin in 10% methanol was added to the exper- 
imental samples and a comparable volume of 10% methanol 
was added to the controls. The points represent the means of 
duplicate determinations with a single membrane prepara- 
tion. 

of  intravesicular TPMP ÷ achieved in the presence of  
valinomycin should no longer be dependent upon K ÷ 
diffusion gradients. Thus, the enhanced TPMP ÷ accu- 

mulation at steady state suggests that the membranes 
were relatively impermeable to the other ionic species 
in the medium, at least for the brief period of  time 
during which TPMP ÷ distribution was monitored.  The 
results obtained under these conditions indicate that 
addit ion of  valinomycin did not  lead to an immediate 
influx of  Na ÷, unless that Na ÷ influx was electroneu- 
tral, i.e., balanced by  an equivalent influx of  a nega- 
tively charged species such as C1-. 

A decrease in intravesicular accumulation of  [3H]- 
TPMP ÷ was observed when the monovalent cation 
ionophore gramicidin D was added after 1 min of  
incubation (Fig. 4). The TPMP ÷ uptake assay condi- 
tions in this experiment differed from the previous 
incubation procedures. A 0.4 M choline chloride 
' s top '  and 'wash'  solution was used in place of  the 
0.4 M NaC1 medium in order to avoid the influx of  
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Fig. 4. The effect of the Na ÷ ionophore gramicidin D on 
TPMP + accumulation into synaptic membrane vesicles. Potas- 
sium succinateqoaded vesicles were incubated in 56 mM 
NaC1/72 mM KCI in the presence (o) or the absence (a) of 
0.1 ~tM gramicidin D. The arrow indicates the point at which 
gramicidin D in methanol was added to the experimental 
samples and a comparable volume of methanol was added to 
the controls. All incubations were stopped with 0.4 M cho- 
line chloride/10 mM Tris-HC1. Each point is the mean of 
triplicate determinations from a single membrane preparation 
in which the S.E. were less than 10% of the mean values. 

Na ÷ from this solution, especially in the presence of  
gramicidin D. The use of  choline chloride in place of  
the NaC1 ' s top '  solution was found to enhance TPMP ÷ 
accumulation.  A second change introduced in these 
assays involved the incubation of  the vesicles in a 
medium of  lower Na ÷ and K ÷ gradients as described in 
the legend for Fig. 4. The addit ion of  0.1/.tM gramici- 
din D under these condit ions led to a progressive loss 
of  TPMP ÷ from the intravesicular space. The Aft at 
6 min of  incubation was -28 .1  mV in the absence of  
gramicidin D and - 9 . 5  mV in the presence of  the 
ionophore.  Since gramicidin D would permit both  
Na ÷ and K ÷ to traverse the membrane relatively easily, 
it  is assumed that  as K ÷ moved down its chemical gra- 
dient from the intravesicular to the extravesicular 
space, gramicidin D facilitated the inward flux of  Na ÷ 
down its electrochemical gradient. This Na ÷ influx 
then balanced the internal negativity created by  the 
K ÷ efflux and the transmembrane potential  was gra- 

dually reduced. Unlike the situation with the K*- 
selective ionophore valinomycin, the presence of  
gramicidin also enhances Na ÷ permeabil i ty,  and it 
appears that the electrochemical gradients for Na ÷ 
influx did lead to dissipation of  the membrane poten- 
tial following the introduct ion of  this ionophore.  The 
results of  these experiments also indicated that 
TPMP ÷ was fully mobile and that its distribution 
within this system was determined by the existing 
electrochemical gradient across the membranes. 

Effects  o f  2- CI-A do o n [ 3H] TPMP ÷ accu mula tion 
The adenosine analog 2-C1-Ado is known to be at 

least as potent  as adenosine in stimulating the activity 
of  neuronal adenylate cyclases [21,22],  in causing 
inhibit ion of  neuronal excitat ion [1,2], and in inhib- 
iting the release of  neurotransmitters from presynap- 
tic nerve terminals [11]. Therefore, 2-C1-Ado was 
used in most of  the explorations of  the effects of  
purine nucleosides on synaptic membrane Aft as 
determined by  TPMP ÷ distribution. Since it was pos- 
sible that  the purine-induced hyperpolar izat ion of  
neuronal membranes could be due to an enhancement 
of  either K ÷ or C1- diffusion potentials [12], the ini- 
tial studies with 2-C1-Ado were conducted in the 

.absence of  CI- in the incubation media. 
As can be seen in Fig. 5A and B, preincubation of  

the synaptic membrane vesicles with 10/~M or with 
25 ~tM 2-C1-Ado led to a substantial increase in the 
initial rate of  [3H]TPMP ÷ uptake into potassium 
succinate-loaded vesicles. The stimulation of  the inital 
TPMP ÷ uptake into potassium succinate-loaded vesi- 
cles was observed in membranes which were incu- 
bated in a sodium succinate (Fig. 5A) and in a Tris- 
succinate medium (Fig. 5B). It can also be observed 
in Fig. 5A and B that 2-C1-Ado had no effect on 
TPMP ÷ accumulation into vesicles which were incu- 
bated in a potassium succinate medium, i.e., in the 
absence of  K ÷ diffusion potentials.  

When potassium succinate-loaded membranes were 
incubated in the Tris succinate medium, the only 
readily permeant ions through the plsama membranes 
were the potassium ions. The increase in TPMP ÷ 
accumulation observed following exposure of  these 

membranes to 2-C1-Ado (Fig. 5B), was most likely 
due to a stimulation of  the K ÷ diffusion potential .  
The fact that  2-C1-Ado had no effect on TPMP ÷ accu- 
mulat ion when the membranes were incubated in a 
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Pig. 5. The effect o f  2-CI-Ado on TPMP + accumulation by 
synaptic membrane vesicles. The vesicles were loaded inter- 
nally with potassium succinate and incubated in various 
[3H]TPMP+-containing media for the time periods indicated. 
(A) Membrane vesicles were incubated in 75 mM sodium 
succinate (o), in 75 mM sodium succinate after preincubation 
with 10 /zM 2-C1-Ado (g) or with 25 /IM 2-CI-Ado (m), in 75 
mM potassium succinate (A), or in 75 mM potassium succi- 
nate following preincubation with 25 /zlVl 2-C1-Ado (A). All 
incubations were stopped with 0.4 M sodium succinate, pH 
7.5. Each point is the mean of 6-10 determinations from 
three membrane preparations with S.E. less than 15% of the 
mean values. (B) Membrane vesicles were incubated in 75 mM 
Tris succinate (o), in 75 mM Tris succinate following preincu- 
bation with 25 /zM 2-C1-Ado (e), in 75 mM potassium succi- 
nate (~), or in 75 mM potassium succinate following preincu- 
bation with 25 ~M 2-C1-Ado (A). All incubations were 
stopped with 0.4 M Tris succinate, pH 7.5. Each point is the 
mean of 6-8 deteminations from two membrane prepara- 
tions with S.E. less than 18% of the mean values. 
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Fig. 6. Dose-response characteristics of the effects of 2-C1- 
Ado on TPMP ~ uptake. The potassium succinate-loaded vesi- 
cles were preincubated with the indicated concentrations of 
2-C1-Ado. The vesicles were then incubated with [3H]TPMP ÷ 
in 75 mM sodium succinate for 5 s and incubations were ter- 
minated with 0.4 M sodium succinate. The data are plotted as 
the increase in TPMP ÷ uptake above that in control samples. 
The average uptake in the control samples was 2.047 -+ 0.20 
(n = 10). Each point represents the mean of 5-6 determina- 
tions with S.E. which were less than 15% of the mean value. 

potassium succinate medium (Fig. 5A and B) was also 
suggestive of the dependence of the 2-C1-Ado-induced 

increase in Aft on an enhancement of the K ÷ diffu- 
sion potential. Furthermore, the latter observation 
would indicate that 2-C1-Ado did not increase TPMP ÷ 

association with the synaptic membrane vesicles 
through an increase in TPMP + binding, but apparently 
through an effect on the membrane ~ .  

The differential levels of TPMP ÷ accumulation 
caused by 2-C1-Ado were usually dissipated after 
about 3 0 - 6 0  s of incubation in sodium succinate 
medium, whereas they remained rather stable even 
after 60 s of incubation in Tris succinate medium 
(Fig. 5A vs. B). The greater stability of the effect of 
2-C1-Ado on TPMP+ accumulation when measured in 
a Tris succinate medium with a Tris succinate stop 
solution may have been due to the lesser permeability 
of Tris ions through the synaptic membranes as com- 
pared to the permeability of Na +. As was shown with 
gramicidin D, Na ÷ influx into the intravesicular space 

would be expected to bring about a progressive loss 
of the intravesicular TPMP ÷. 

Exposure of the synaptic membranes to 25 ~tM 
2-CI-Ado led to the development of Aft (internal 

negative) of --17.8 and - 1 6 . 0 2  mV at 5 s of incuba- 
tion in sodium succinate and Tris succinate media, 
respectively (Fig. 5A and B). The A~ of control 

membranes in the same incubation media at 5 s was 
- 6 . 9  mV. Preincubation with 10/.tM 2-C1-Ado caused 
an even greater change in Aft (--23.6 mV) than 25 

/~M 2-C1-Ado produced in vesicles incubated in 
sodium succinate for 5 s. This concentration of 2-C1- 
Ado appeared to be the optimal one for stimulation 
of TPMP + uptake in membrane vesicles incubated un- 
der the sodium succinate conditions as is shown in 
Fig. 6. The concentration of 2-C1-Ado which brought 
about half-maximal activation of TPMP ÷ influx was 
estimated from log probit analysis of the data in 
Fig. 6, and was found to be equal to 54.9 nM. This 
value was quite close to the concentration of 2-C1- 



Ado which produced 50% inhibition of  dopamine 
release from stratial synaptosomes (15 nM) [11 ], and 
within the range of  the estimated KD for 2-[3H]chlo - 
roadenosine binding to brain synaptic membranes 
(16 -23 .5  nM) [23,24].  

Preincubation of  the synaptic membrane vesicles 
with the natural nucleoside adenosine (25 /.tM)also 
led to an increase in Aft for vesicles incubated for 5 s 
in sodium succinate. The value of  - 1 2 . 8  mV for the 
control  membranes was increased to - 1 7 . 8  mV for 
the adenosine-treated membranes.  The effects of  ade- 
nosine were determined in the presence of  30 ~M 
dipyridamole,  an adenosine transport  inhihitor in 
neurons [25], and in the presence of  60 nM deoxyco- 
formycin,  a potent  adenosine deaminase inhibitor 

[26]. 
Stimulation of  TPMP ÷ influx by  2-C1-Ado was also 

observed when potassium succinate-loaded vesicles 
were incubated in a NaCl-containing medium (Fig. 
7A). The incubation conditions employed in these 
experiments were identical to those used in the study 
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Fig. 7. The effect of 2-CI-Ado on TPMP ÷ uptake under con- 
trol conditions (A), in the presence of theophylline (B) and 
in the presence of SITS (C). Potassium succinate-loaded vesi- 
cles were incubated for brief periods of time in a medium 
containing 56 mM NaC1 and 72 mM KC1, and incubations 
were terminated with 0.4 M choline chloride/10 mM Tris- 
HCI. (A) TPMP ÷ uptake in control samples (e) and in samples 
preincubated with 25 nM 2-C1-Ado (o). Each point is the 
mean of triplicate determinations from a single membrane 
preparation with S.E. less than 10% of the mean values. Panel 
(B) shows the uptake of TPMP ÷ in controls (e) and in samples 
preincubated with 25 nM 2-C1-Ado (o), with 25 /zM theo- 
phylline (A) or with 25 nM 2-C1-Ado plus 25 /zM theophyUine 
(A). Each point is the mean of triplicate determinations from 
a single membrane preparation with S.E. less than 15% of the 
mean values. Panel (C) shows the TPMP ÷ accumulation in 
controls (e) and in samples preincubated with 25 nM 2-C1- 
Ado (o), with 100 ~tM SITS (=), or with 25 nM 2-C1-Ado plus 
100 /~M SITS (t~). Each point is the mean of 4 -6  determina- 
tions from two membrane preparations with S.E. less than 
10% of the mean values. 
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of  gramicidin's action on TPMP ÷ accumulation 

(Fig. 4). These assay conditions seemed to stabilize 
the levels of  TPMP ÷ which were accumulated by the 
control  and 2-C1-Ado-treated membranes. Maximal 
st imulation o f  TPMP ÷ influx by  25 nM 2-C1-Ado was 
achieved within 3 - 5  s after transfer of  these mem- 
brane vesicles into the NaG-containing medium 
(Fig. 7). The average values of  Aft from four mem- 
brane preparations obtained after 5 s of  incubation in 
this medium were: Aft = - 2 0 . 9  mV for control  mem- 
branes and - 3 2 . 9  mV for 2-C1-Ado membranes 
(Fig. 7). 

The methylxanthines theophyll ine and caffeine are 
known to inhibit both  the electrophysiological and 
the biochemical actions of  2-C1-Ado, presumably 
through inhibit ion of  2-C1-Ado interaction with the 
adenosine receptor sites [1,2,21,22]. Preexposure of  
the synaptic plasma membrane vesicles to theophyl-  
line (25 /.tM) brought about  nearly complete inhibi- 
t ion of  the 2-C1-Ado stimulation of  TPMP ÷ accumula- 
t ion while it  had no significant effect on basal TPMP ÷ 
influx (Fig. 7B). It would appear, then, that  the phar- 
macologic characteristics of  the receptor sites with 
which 2-C1-Ado interacts to produce its effects on 
membrane A ¢  are quite similar to those of  the sites 
with which this agent interacts to cause both neuro- 
nal hyperpolarizat ion and stimulation of  neuronal 
membrane adenylate cyclases. 

Neither the 2-C1-Ado activation of  TPMP ÷ influx 
nor the basal TPMP ÷ accumulation were affected by 
pretreatment  of  the membranes with 100/.tM SITS, a 
potent  anion transport  blocker in several tissues [27, 
28] including neurons [29,30] (Fig. 7C). This obser- 
vation suggests that the 2-C1-Ado-induced increase in 
TPMP ÷ accumulation was not  produced through acti- 
vation of  anion transport  processes which are sensi- 
tive to inhibit ion by  SITS. Since the rapid effects of  
2-C1-Ado and adenosine on synaptic membrane Aft 
were also clearly detectable when minimally permeant  
anions such as succinate were used in place of  C1- 
(Fig. 5), it appears that 2-C1-Ado increased the mem- 
brane A ~  primarily through enhancement of  K ÷ diffu- 
sion. This mechanism of  action of  the adenine nuceo- 
sides is quite similar to the demonstrated increase in 
42K efflux from taenia coli muscle cells [31] and 
from astrocytes in tissue culture [32], and to the con- 
sequent hyperpolar izat ion of  the muscle cells brought 
about  by adenine nucleotides [31]. Final confirma- 
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tion of this proposed mechanism of adenosine action 
in brain synaptic membranes will, of course, require 
the direct measurement of the rate of either 42K or 

86Rb efflux from the membrane vesicles. 

The observations described in this report indicate 

that adenosine's initial action in the process of modu- 
lating the release of neurotransmitters may be to 
hyperpolarize the presynaptic membrane. It is quite 
possible that a consequence of this altered membrane 
polarity could be a decrease in the amount of Ca 2÷ 
that enters the nerve terminals with subsequent 

depolarizing stimuli. Tile results of these experiments 
offer indirect evidence in support of a mechanism by 
which adenosine could influence neurotransmitter 

release without the need to invoke a direct effect of 
the nucleoside on the voltage-sensitive Ca 2+ channels 

in synaptic membranes. 
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