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Abstract: Recent evidence indicates that L-glutamate is 
taken up into synaptic vesicles in an ATP-dependent 
manner, supporting the notion that synaptic vesicles may 
be involved in glutamate synaptic transmission. In this 
study, we further characterized the ATP-dependent ve- 
sicular uptake of glutamate. Evidence is provided that a 
Mg-ATPase, not Ca-ATPase, is responsible for the ATP 
hydrolysis coupled to the glutamate uptake. The ATP- 
dependent glutamate uptake was inhibited by agents 
known to dissipate the electrochemical proton gradient 
across the membrane of chromaffin granules. Hence, it 
is suggested that the vesicular uptake of glutamate is 
driven by electrochemical proton gradients generated by 
the Mg-ATPase. Of particular interest is the finding that 

the ATP-dependent glutamate uptake is markedly stimu- 
lated by chloride over a physiologically relevant, milli- 
molar concentration range, suggesting an important role 
of intranerve terminal chloride in the accumulation of glu- 
tamate in synaptic vesicles. The vesicular glutamate trans- 
locator is highly specific for L-glutamate, and failed to 
interact with aspartate, its related agents, and most of the 
glutamate analogs tested. It is proposed that this vesicular 
translocator plays a crucial role in determining the fate 
of glutamate as a neurotransmitter. Key Words: Gluta- 
mate-Synaptic vesicle-Uptake-Mg-ATPase-Exci- 
tatory neurotransmitter. Naito S. and Ueda T. Charac- 
terization of glutamate uptake into synaptic vesicles. J .  
Neurochem. 44, 99- 109 (1985). 

Increasing evidence suggests that glutamate func- 
tions as a major excitatory neurotransmitter in the 
CNS (Cotman et al., 1981; Puil, 1981; Watkins and 
Evans, 1981; Fonnum, 1984). The acidic amino acid 
excites most neurons in the CNS (Curtis and John- 
ston, 1974; Krnjevie, 1974) through activation of 
multiple but distinct receptors (McLennan, 1981 ; 
Watkins and Evans, 1981; Roberts and Sharif, 1981; 
Krogsgaard-Larsen and Honore, 1983 ; Monaghan 
et aI., 1983) and, as with other neurotransmitters, 
is released from nerve terminals in a calcium-de- 
pendent manner on their depolarization (De Beller- 
oche and Bradford, 1972; Cotman et al., 1981). 
However, whether glutamate in the nerve terminal 
is released into the synaptic cleft directly from syn- 
aptic vesicles by an exocytotic or other mechanism 
is not known. Currently available evidence indi- 
cates no significant enrichment of glutamate in the 
isolated synaptic vesicles compared with the other 
subcellular fractions (Mangan and Whittaker, 1966; 
Rassin, 1972; Kontro et al., 1980). De Belleroche 
and Bradford (1 973) reported that glutamate was not 

taken up into the isolated synaptic vesicles, and, 
based on this and other evidence, they proposed 
that glutamate is released directly from the cyto- 
plasm of nerve terminals (De Belleroche and Brad- 
ford, 1977). 

We recently isolated small, spherical synaptic 
vesicles from the cerebral cortex (Naito and Ueda, 
1983), using highly purified antibodies (Naito and 
Ueda, 1981; Ueda and Naito, 1982) to Protein I, a 
neuron-specific, synaptic phosphoprotein (Ueda 
and Greengard, 1977; Greengard, 1981) [recently re- 
ferred to as Synapsin I (Kennedy et al., 1983)J that 
is highly concentrated on the surface of synaptic 
vesicles (Bloom et al., 1979; Ueda et al., 1979; De 
Camilli et al., 1983), and we demonstrated that L- 
glutamate is specifically taken up into these vesicles 
in an ATP- and temperature-dependent but sodium- 
independent manner (Naito and Ueda, 1983). These 
observations have suggested that some of the glu- 
tamate within the nerve terminal may be packaged 
into and accumulated in specific synaptic vesicles, 
an obligatory process implicit in the exocytotic 
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mechanism. This notion is also supported by the  
recent immunocytochemica l  evidence that gluta- 
mate is significantly concentrated in synaptic vesi- 
cles (Storm-Mathisen et al.,  1983). In view of the  
potential importance of the vesicular uptake of glu- 
tamate in glutamate neurotransmission, we further 
characterized, in the  present study, t he  ATP-depen- 
dent vesicular uptake of glutamate. Evidence pro- 
vided here suggests that the  vesicular glutamate up- 
take is driven by electrochemical proton gradients 
generated by a vesicle-associated Mg-ATPase and  
is markedly potentiated by low concentrations of 
chloride ions. We also present further evidence for 
the substrate specificity of the  vesicular glutamate 
translocator. 

MATERIALS AND METHODS 

Materials 
L-Glutamic acid, ATP, N,N'-dicyclohexylcarbodiimide 

(DCCD), trimethyl tin, potassium thiocyanate, and N- 
ethylmaleimide (NEM) were purchased from Sigma. 
Dithiothreitol (DTT) was from Aldrich. Potassium ise- 
thionate, carbonyl cyanide p-nitrofluoromethoxyphen- 
ylhydrazone (FCCP), and nigericin were generously pro- 
vided by Dr. Ronald Holz, Department of Pharmacology, 
the University of Michigan. All the glutamate and aspar- 
tate analogs tested in the experiment described in Table 
7 were from Sigma, except for 2-amino-4-phosphonobu- 
tyric acid and y-methylene glutamic acid, which were the 
generous gifts of Dr. Carl Cotman, Department of Psy- 
chobiology, University of California, Irvine, and Dr. 
Richard Lawton, Department of Chemistry, the Univer- 
sity of Michigan, respectively. ~-[2,3-'H]Glutamate acid 
(20 Ciimmol) was obtained from Amersham. 

Preparation of synaptic vesicles 
A purified synaptic vesicle fraction (0.4 M sucrose 

layer) was prepared from the bovine cerebral cortex es- 
sentially by the same procedure described previously 
(Ueda et al., 1979), and this vesicle preparation was used 
in most of the experiments to be described here. For 
some experiments (as shown in Fig. 2), the synaptic ves- 
icles were further purified by immunoprecipitation with 
anti-Protein I IgG, as described previously (Naito and 
Ueda, 1983). The purity of the immunoprecipitated ves- 
icle preparation was at least 90%, as judged by mor- 
phology, but the vesicle preparation prior to the anti-Pro- 
tein I IgG treatment contained some nonvesicular con- 
taminants. The Na+ ,K+-ATPase, NADPH-cytochrome c 
reductase, and cytochrome oxidase activities in the 0.4 
M sucrose layer fraction were 1.73 pmolihimg at 37"C, 
3.53 nmolhninhng at 2 2 T ,  and 2.38 nmoliminlmg at 22"C, 
respectively; these values represented 160, 156, and 173% 
of the corresponding enzyme specific activities in the im- 
munoprecipitated vesicle preparation, and 7.4, 88, and 
0.4% of those in the lysed synaptosome preparation 
(Naito and Ueda, 1983). Although there was some Na+- 
dependent glutamate uptake activity in the 0.4 M sucrose 
layer synaptic vesicle fraction, presumably resulting from 
contamination with plasma membranes, it represented 
only 20% of the ATP-dependent uptake activity. The Na- 
dependent uptake system in the plasma membrane could 
not contribute significantly to the ATP-dependent uptake 

activity, since this activity was determined in the absence 
of N a + ,  as described below. In this study, the ATP de- 
pendency was used as a criterion for uptake into synaptic 
vesicles. 

Assay for vesicular glutamate uptake 
The uptake of glutamate into synaptic vesicles was as- 

sayed as described previously (Naito and Ueda, 1983) with 
a slight modification; the standard sucrose-based gluta- 
mate uptake medium (final volume, 100 1.1) contained 0.25 
M sucrose, 4 mM MgSO,, 5 mM Tris-HCI (pH 7.4), and 
synaptic vesicles (20 or 40 pg protein). In some experi- 
ments, 0.25 M sucrose was replaced by 0. I 1  M KCI (KCI- 
based uptake medium). After incubation of the mixture 
of synaptic vesicles and buffer in 80 pl for 5 min at 3 0 T ,  
~ - [ ~ H ] g l u t a m a t e  (final concentration, 50 pM; 0.4 Ci/ 
mmol) and ATP (final concentration, 2 mM; disodium 
salt; neutralized with Tris base) were added in 20 pl, and 
the mixture was further incubated for 1.5 min at 30°C. 
The glutamate uptake was stopped by the addition of 2.5 
mi of ice-cold 0.15 M KCI and immediate filtration 
through Millipore HAWP (25 mm, 0.45 pm) filter. The 
test tubes were washed with 2.5 ml of KC1 solution three 
more times, the filters washed an additional three times 
with the same solution, and radioactivity retained on the 
filters was determined in ACS (Amersham) by using a 
liquid scintillation spectrophotometer (Beckman LS 
9000). Glutamate uptake was generally measured in du- 
plicate, and the mean and range of duplicate determina- 
tions were presented. 

The proton-pump ATPase inhibitors (DCCD and tri- 
methyl tin) and electrochemical proton gradient dissipa- 
tors (FCCP and nigericin) were dissolved in absolute 
ethanol. In experiments in which the effects of these re- 
agents were examined, the final concentration of ethanol 
was 0.1%; control assay mixtures contained 0.1% 
ethanol. 

Assay of ATPase activity and 
protein determination 

The Mg-ATPase activity of synaptic vesicles was mea- 
sured as described by Nelson (1980), except that it was 
assayed in the reaction mixture identical to the glutamate 
uptake medium, using a higher specific activity of [y- 
'*P]ATP. The amount of protein in the immunoprecipi- 
tated synaptic vesicles was estimated as described pre- 
viously (Naito and Ueda, 1983). Protein of the synaptic 
vesicle fraction that had not been subjected to immuno- 
precipitation was determined according to Lowry et al. 
(1951) with bovine serum albumin as standard. 

RESULTS 

Nucleotide specificity for the vesicular uptake 
of glutamate 

Various nucleotides were tested for their capacity 
to support  t he  glutamate uptake into synaptic ves- 
icles (Table 1 ) .  ATP is the  most effective nucleotide 
in providing energy for the  vesicular uptake of glu- 
tamate. GTP and  ITP are 35-40% as effective as 
ATP, whereas UTP is even less effective, and  CTP 
is virtually inactive in supporting the  glutamate up- 
take. Diphosphonucleotides and monophosphonu- 
cleotides such as ADP, AMP, and GMP are also 
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TABLE 1. Nucleotide specijkity for glutamate uptake 
into synaptic vesicles 

Glutamate uptake 
Nucleotides (pmolil.5 min) % 

None 
ATP 
GTP 
ITP 
UTP 
CTP 
ADP 
AMP 
GMP 

0.91 5 0.09 3.7 

9.33 i 0.34 38.1 
8.93 2 0.18 36.4 
4.23 i 0.18 17.3 
1.68 i 0.04 6.9 
1.44 t 0.06 5.9 
0.53 i 0.00 2 . 2  
1.13 2 0.01 4.6 

24.52 5 1.02 100 

Glutamate uptake was determined in the presence of 2 mM of 
various nucleotides and 20 pg of synaptic vesicles in the standard 
sucrose-based medium, as described in Materials and Methods. 

incapable of driving the glutamate uptake. These 
results suggest that ATP hydrolysis is required for 
the vesicular glutamate uptake. In accord with this 
notion is the observation that the glutamate uptake 
was inhibited by such agents a s  DCCD and tri- 
methyl tin, which are known to inhibit Mg-ATPase 
and thereby to reduce catecholamine and serotonin 
uptakes into the storage vesicles; 80 FM DCCD and 
25 FM trimethyl tin inhibited the glutamate uptake 
into anti-Protein I IgG-precipitated synaptic vesi- 
cles by 87 and 99%, respectively. Recent experi- 
ments have indicated that there is a qualitative cor- 
relation between the trimethyl tin-induced inhibi- 
tions of glutamate uptake and Mg-ATPase activity 
in the synaptic vesicle preparation (data not 
shown). These results together strongly suggest that 
a Mg-ATPase, identical or similar to that respon- 
sible for the catecholamine and serotonin uptakes, 
is involved in the ATP-dependent glutamate uptake 
into the synaptic vesicles. 

Effects of varying the concentration of Mg2+ and 
of various divalent cations 

The Mg2+ dependency of the glutamate uptake is 
shown in Fig. 1. The ATP-dependent glutamate up- 
take is optimal at Mg concentrations of 4-8 mM. 
Increasing the Mg2+ concentration beyond 10 mM 
appears t o  inhibit the glutamate uptake signifi- 
cantly. 

The effects of various divalent metal ions on the 
ATP-dependent glutamate uptake in the absence or 
presence of Mg2+ are shown in Table 2 .  Manganese 
ions appear to  mimic the action of Mg2+ in the ATP- 
dependent glutamate uptake; Mn2+ substitutes for 
Mg2+ but does not potentiate the uptake activity 
observed in the presence of Mg2+. It is of interest 
to note that Co2+ substitutes Mg2+ partially but in- 
hibits the Mg2+-supported glutamate uptake. Cal- 
cium ions neither support the glutamate uptake nor 
cause significant alteration in the Mg2+-supported 
uptake activity. This indicates that Ca-ATPase is 

20, I I I I I 

V I I I I I 
0 2 4 6 8 10 '+-+ 

Mg2+ (mM) 

FIG. 1. ATP-dependent uptake rate of glutamate into syn- 
aptic vesicles as a function of Mg2+ concentration. Gluta- 
mate uptake was determined, using 20 pg of synaptic vesi- 
cles, in the presence of various concentrations of Mgz+ in 
the standard sucrose-based medium as described in Mate- 
rials and Methods. 

not involved in the ATP-dependent glutamate up- 
take into synaptic vesicles. Other divalent metal 
ions, such as Fe2+, Ni2+, Cu2+, Cd2+,  and Zn2+,  
are all inhibitory in the ATP-dependent glutamate 
uptake either in the absence or presence of ME2+, 
with Cd2+ and Zn2+ being the most potent. 

Kinetic constants of the vesicular glutamate 
uptake system 

The effect of varying the concentration of gluta- 
mate on the ATP-dependent glutamate uptake was 
studied using a virtually homogeneous preparation 
of the synaptic vesicles, which had been made by 
immunoprecipitation with anti-Protein I IgG (Fig. 
2). From the Lineweaver-Burk plot, a single K ,  
value for glutamate was determined to be 1.6 mM 
and the V,,, value was 13 nmol/min-mg.' Thus, the 
ATP-dependent vesicular uptake system for gluta- 
mate operates with low affinity for glutamate. 

Effect of the permeant anion chloride on 
vesicular uptake of glutamate 

In  preliminary experiments, we noticed that 
when 5 mM Tris-C1 (pH 7.4) was replaced by 5 mM 

I This number may represent an underestimated V,,, value. 
We have learned that the repeated suspension and high-speed 
centrifugation of the synaptic vesicles, the step adopted in an 
effort to remove unbound IgGs (see Naito and Ueda, 1983), re- 
sults in about 40-50% denaturation of the ATP-dependent glu- 
tamate uptake system, even when the washing procedure is car- 
ried out in the absence of IgG. Preliminary evidence has sug- 
gested that this denaturation may be in part due to the oxidation 
of one or more sulfhydryl group(s) of the vesicular glutamate 
uptake system. This apparent denaturation may largely account 
for the apparent discrepancy between the V,,, value (13 nmoli 
minimg) obtained using the anti-Protein I IgG-precipitated syn- 
aptic vesicles and that shown in Table 5 (24.9 nmolirninimg), 
which was obtained with vesicles not subjected to the antibody 
treatment, hence not to the washing procedure. 
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TABLE 2. Ejfects of varioirs divalent cations on the 
ATP-dependent vesicular uptake of glutamate 

Glutamate uptake (pmolil.5 min) 

Cations added Without Mg2+ With Mg” 

None 
Mg” 
Mn? + 

CO? - 
Ca? - 
Fe? + 
Ni?+ 
Cu?+ 
Cd2’ 
Zn?- 

4.0 t 0.1 
26.1 i 0.4 
29.0 i 1.3 
13.2 i 0.1 
4.6 t 0.2 
2.8 i 0.1 
2.7 i 0.2 
0.6 0.0 
0.3 i 0.3 
0.1 5 0.0 

24.5 i 0.22 

22.5 -+ 0.2 
11.1 t 0.2 
19.3 2 0.2 
8.9 2 1 . 1  
3.2 i 0.0 
0.7 2 0.1 
0 
0 

- 

The ATP-dependent glutamate uptake was measured, using 20 
)*g of synaptic vesicles, in the presence of various divalent metal 
ions (4 mM each) in the absence or presence of 4 mM MgSO, 
in the standard sucrose-based medium, as described in Materials 
and Methods. The counter-anions of the tested cations were all 
sulfate, except for Mg2+ and Ca2+, which were paired with ac- 
etate. 

Tris-maleate (pH 7.4) or Tris-N-2-hydroxyethylpi- 
perazine-N’-2-ethanesulfonic acid (HEPES) (pH 
7.4), the ATP-dependent glutamate uptake activity 
was reduced to about one-third to one-fifth of that 
observed in the presence of Tris-C1. This result sug- 
gested that chloride ions can cause a substantial 
stimulation of the glutamate uptake. In the experi- 
ments shown in Fig. 3, we examined the effects of 
various concentrations of chloride ion on the ATP- 
dependent vesicular uptake of glutamate in Tris-ma- 
leate. When the uptake experiment was carried out 
in the presence of SO p M  glutamate, the glutamate 
concentration used in the standard assay of gluta- 

L-GLUTAMATE (mM) 

FIG. 2. Rate of ATP-dependent vesicular uptake of glutamate 
as a function of glutamate concentration. L-Glutamate up- 
take into anti-Protein I IgG-precipitated synaptic vesicles (20 
Fg) was measured at 1.5 min at 30°C in the presence of var- 
ious concentrations of ~-[~H]glutamate (50 pM-5 mM) in the 
standard sucrose-based medium, as described in Materials 
and Methods. The inset shows a Lineweaver-Burk plot of the 
kinetic data. 

mate uptake, low concentrations (1 -4 mM) of chlo- 
ride were found to cause a marked potentiation of 
the glutamate uptake, whereas concentrations 
higher than 10 mM attenuated the stimulatory effect 
(Fig. 3A). In contrast to the permeating chloride, 
the impermeant monovalent anion isethionate ex- 
hibited little effect at all the concentrations tested. 
When the uptake experiment was carried out in the 
presence of 1 mM glutamate, the inhibitory effect 
of chloride was attenuated (Fig. 3B). This suggests 
that the inhibition by relatively high concentrations 
of chloride may in part be caused by a possible 
interaction between chloride and the glutamate 
binding site. In accord with this interpretation is the 
observation that the K ,  value for glutamate was in- 
creased about fivefold in the presence of 0.11 M 
KC1 (see Table 5 ) .  These results indicate that the 
ATP-dependent glutamate uptake is highly stimu- 
lated by low concentrations of chloride but is sub- 
ject to inhibition by high concentrations of chloride. 

Ion specificity for stimulation of vesicular uptake 
of glutamate 

To determine the ion specificity for the potentia- 
tion and inhibition of the vesicular glutamate up- 
take, various salts were tested for their capacity to 
alter the glutamate uptake. As shown in Table 3 ,  
KCI, NaCl, LiCI, and choline chloride all showed 
similar degrees of stimulation at 4 mM and inhibi- 
tion at 50 mM, suggesting that the monovalent cat- 
ions may play little or no role in the vesicular glu- 
tamate uptake. When the anion of potassium salts 
was varied, chloride and bromide were found to be 
the only anions capable at 4 mM of marked poten- 
tiation; iodide and sulfate showed only a slight stim- 
ulation, nitrate was without effect, and fluoride, ac- 
etate, and phosphate appeared to cause a small in- 
hibition. At 50 mM, all the anions but chloride were 
inhibitory, with nitrate, iodide, and fluoride being 
the most potent. These results indicate that the 
ATP-dependent glutamate uptake into synaptic ves- 
icles is selectively stimulated by low concentrations 
(e.g., 4 mM) of chloride or bromide. 

Effects of chloride on the kinetic parameters of 
the ATP-dependent vesicular uptake of glutamate 

Kinetic experiments were carried out in the ab- 
sence and presence of 2 mM KC1 to determine the 
effects of a low concentration of chloride on V,,, 
of the glutamate uptake and K ,  for glutamate. The 
V,,, values in the absence and presence of 2 mM 
KC1 in S mM Tris-maleate buffer (pH 7.4) were de- 
termined to be 6.1 & 0.8 and 22.6 2 1.9 nmol/min/ 
mg (n = 3 ) ,  respectively; the corresponding K ,  
values were 0.84 0.16 and 1.12 ? 0.01 mM (n = 
3 ) ,  respectively. That is, the stimulatory effect of 
chloride is caused by an increase in V,,, of the up- 
take system and not by changes in K,forglutamate. 

The effects of varying the concentration of ATP 
on the vesicular uptake of glutamate in the absence 

J .  Ncro.ocIrern., Vol. 44, N o .  1, 1985 
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L I I I 1 I 
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KCI (mM) 

and presence of 4 mM KCI are shown in Fig. 4. In 
the absence of KCI, the K ,  for ATP was determined 
to be 1.2 mM, and the V,,, value was 340 pmol/ 
min/mg with 50 p M  glutamate, according to the 
linear regression analysis of the double-reciprocal 
plot of the data. In the presence of 4 mM KCl, the 
glutamate uptake exhibited a peculiar response to 
increasing concentrations of ATP. The concentra- 
tion of ATP that gave rise to a maximal uptake ac- 
tivity was approximately 2 mM; increasing the con- 
centration further brought about a transient inhibi- 
tion. The concentration required for half-maximal 
activity was estimated to be about 0.2 mM. The 
maximal activity at 2 mM ATP (and 50 p M  gluta- 
mate) was 900 pmol/min/mg. It appears that a low 

concentration of KCI increases not only the max- 
imal glutamate uptake activity but also the affinity 
for ATP. It is noted that the low concentration of 
KC1 stimulates the glutamate uptake to larger de- 
grees at submillimolar concentrations of ATP than 
at higher concentrations. 

pH dependency of the vesicular glutamate uptake 
The effects of the pH of the extravesicular me- 

dium on the ATP-dependent uptake of glutamate 
into synaptic vesicles in the absence and presence 
of 4 mM KCl are shown in Fig. 5.  In the absence 
of KCI, a maximal uptake occurred at pH 6 .3 ,  
whereas that in the presence of KCl was observed 
over the pH range 6.8-7.4. It is of interest that the 
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TABLE 3. Effects o f  various ions o n  the vesiciilar 
riptake ($glutamate 

Glutamate uptake (pmolil.5 min) 

Salts added 0 mM 4 mM SO mM 

KCI 
NaCl 
LiCl 
Choline-CI 
KBr 

KI 
KNO, 
K F  
Potassium 

acetate 
(PH 7.4) 

Potassium 
phosphate 
(PH 7.4) 

K2SOd 

7.0 & 0.2 24.9 i 0.0 8.1 i 0.1 
- 24.3 i 0.0 10.1 i 0.0 
- 23.7 2 0.2 9.9 I 0.1 
- 22.9 2 0.2 8.4 ? 0.5 
- 21.6 -c 0.2 4.1 2 0.0 
- 11.0 2 0.0 5.3 2 0.2 
- 10.7 2 0.2 1.2 2 0.1 
- 7.5 -r- 0.3 1.1 2 0.0 
- 5.0 2 0.1 1.8 ? 0.1 

- 5.8 & 0.2 3.3 2 0.1 

- 5.0 2 0.1 2.7 2 0.1 

The ATP-dependent uptake of glutamate was measured, using 
20 pg of synaptic vesicles, in the absence or presence of various 
ions (4 mM and 50 mM) in the 0.25 M sucrosei5 mM Tris-maleate 
(pH 7.4) medium, as otherwise described in Materials and 
Methods. 

stimulatory effect of chloride is highly dependent 
on the pH of the external medium; the largest KC1- 
stimulated glutamate uptake occurs between pH 6.8 
and pH 7.4. 

Possible mechanism for ATP-dependent vesicular 
uptake of glutamate 

To gain a clue as to the mechanism by which ATP 
hydrolysis is coupled to the glutamate uptake into 
synaptic vesicles, the effects of the proton iono- 
phore FCCP, thiocyanate, the H+/K+ ionophore ni- 
gericin, and ammonia on the ATP-dependent vesic- 
ular uptake of glutamate were examined. As shown 

I I I I I 
0 2 4 6 8 10 

ATP (mM) 

FIG. 4. Vesicular uptake of glutamate as a function of ATP 
concentration. L-glutamate uptake was determined, using 20 
pg  synaptic vesicles, in the presence of various concentra- 
tions of ATP, in the absence (0) or presence (0) of 4 m M  
KCI in the 0.25 M sucrosei4 m M  Tris-maleate medium, as 
otherwise described in Materials and Methods. 

PH 

FIG. 5. Effect of extravesicular pH on the ATP-dependent 
glutamate uptake into synaptic vesicles. The glutamate up- 
take into synaptic vesicles (20 pg) was assayed at various 
pHs in the absence (0) or presence (0) of 4 m M  KCI in 20 
m M  Tris-HEPESi0.25 M sucrose, as otherwise described in 
Materials and Methods. The difference between the uptake 
in the presence and that in  the absence of KCI was also 
plotted (x---x). 

in Table 4, FCCP, nigericin in the presence of K +  , 
and NH; (which is in equilibrium with NH, and 
H + >  all caused significant inhibition of the ATP- 
dependent glutamate uptake, either in the absence 
or presence of 4 mM chloride. Table 5 shows that 
the membrane potential dissipator potassium thio- 
cyanate also inhibits the ATP-dependent vesicular 
uptake of glutamate, and that both FCCP and thio- 
cyanate cause the inhibition largely by affecting 
V,,, of the vesicular glutamate uptake system and 
only to a small extent the affinity for glutamate. The 
pH gradient dissipating agents ammonium chloride 
and nigericin reduced the V,,, value but did not 
significantly alter the affinity for glutamate, when 
the uptake was carried out in the presence of a high 
concentration of KCI, a condition under which pre- 
sumably the pH gradient predominates as a result 
of a large influx of chloride, allowing further proton 
translocation. These results together suggest that 
the vesicular uptake of glutamate may be driven by 
electrochemical proton gradients generated by a ve- 
sicular Mg-ATPase. However, the quantitative cor- 
relation between the glutamate uptake and the 
membrane potential and the pH gradient remains to 
be established. 

Effects of sulfhydryl agents on vesicular uptake 
of glutamate 

In view of the possibility that the inhibitory effect 
of some of the metal ions may be due to the 
blockade of a sulfhydryl group(s) of the ATP-de- 
pendent uptake system, we investigated the effects 
of NEM as well as Cd2+ and ZnZ+ on the  glutamate 
uptake in the absence and presence of DTT. As 
shown in Table 6, NEM caused a potent inhibition 
and this inhibition was blocked by DTT. Similarly, 
the Cd2+ and Zn2+-induced inhibitions were also 
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TABLE 4. Effects of electrochemical proton gradient dissipating agents on the 
vesicular uptake oj'glutamate 

Glutamate uptake (pmol/lS min) 

Additions No KCI % 4 mM KCI % KCI-stimulated 

None 49.9 i 1.0 100 151.2 2 10.3 100 101.3 
Nigericin (7 pM) 51.4 i 1.5 103 152.8 i 8.5 101 101.4 
K,SO, (20 mM) 36.9 i 0.5 74 88.7 i 0.0 59 51.8 
Nigericin (7 pM) 

plus K2S0, (20 mM) 22.7 f 4.2 46 35.2 i 0.1 23 12.5 
(NH,)?SO, (20 mM) 22.8 i 0.3 46 71.2 i 1.7 47 48.4 
FCCP (2 pM) 9.1 f 0.8 18 39.6 i 0.5 26 30.5 

The ATP-dependent glutamate uptake was determined in the absence or presence of 4 
mM KCI in 5 mM Tris-maleate buffer instead of Tris-HC1 buffer. In this experiment, synaptic 
vesicles (40 pg) were first preincubated in the presence of test agent in the 0.25 M sucrose/ 
5 mM Tris-maleate (pH 7.4) medium for 5 min at 30°C. Uptake was then initiated by the 
addition of ~-[~H]glutamate (final concentration, 1 mM; 20 mCiimmol) and allowed to con- 
tinue for 1.5 min. 

prevented by DTT. These results suggest that one 
or more reduced cysteine residue(s) is important in 
the ATP-dependent vesicular uptake of glutamate, 
and that Cd2+ and Zn2+ achieve their inhibition by 
reacting with the sulfhydryl group of critical cys- 
teine residues. 

Structural requirement for vesicular uptake by 
the glutamate translocator 

To characterize the substrate recognition site of 
the glutamate translocator, various glutamate ana- 
logs were tested for their capacity to compete for 
vesicular uptake of L-glutamate (Table 7). Among 

TABLE 5. Ejyects oj membrane potential- and p H  
gradient-dissipating reagents on the kinetic parameters 

of the  vesicular uptake of glutamate 

Vm.. 
Additions K ,  (mM) (nmoliminimg) 

In sucrose medium 
None (control) 1.26 i 0.04 24.9 i 2.6 
KSCN (2.5 mM) 2.45 i 0.251 16.1 t 0.8* 
FCCP (2 pkfl 2.29 i 0.26** 15.7 i 2.2* 

None (control) 6.00 i 1.55 13.9 i 0.8 
NH,CI (20 mM) 5.66 i 1.10 6.5 t 0.9t 
Nigericin (3.5 phf) 4.76 i 0.21 5.6 i 0.31 

In KCI medium 

The ATP-dependent glutamate uptake was determined both in 
the standard sucrose-based medium and in the 0.1 1 M KCI me- 
dium as described in Materials and Methods. The preincubation 
of synaptic vesicles (40 pg) was carried out in the absence or 
presence of inhibitors, followed by the addition of several con- 
centrations of ~-[~H]glutamate (final concentrations: 0.5, 0.65, 
0.91, 1.5, and 5 mM) together with ATP. Uptake was allowed to 
occur for 1.5 min. The K ,  and V,,, values were calculated by 
linear regression analysis of Lineweaver-Burk plot of the data 
thus obtained. These results represent the means 4 SEM of 
three experiments, each conducted in duplicate using three ves- 
icle preparations. 

* p < 0.05; **p < 0.01; t p  < 0.005; f p  < 0.0005 (compared 
with control) by two-tailed t test. 

the agents tested, DL-y-methylene glutamate and 
DL-a-methyl glutamate showed the most significant 
inhibition; although these glutamate analogs were 
less potent than L-glutamate itself, they were more 
potent than D-glutamate in inhibiting the uptake of 
L-glutamate. This finding suggests that L-y-methy- 
lene glutamate and L-a-methyl glutamate would be 
even more potent than their racemic mixtures. In 
contrast, those analogs in which a functional group 
of glutamate is modified or altered had no signifi- 
cant effect on the vesicular uptake of L-glutamate. 
These agents include L-glutamine, glutarate, a-ke- 
toglutarate, N-methyl L-glutamate, y-methyl or  
ethyl L-glutamate, L-glutamic acid dimethyl ester, 
and L-glutamic acid diethyl ester, 2-amino-4-phos- 
phonobutyrate, and L-homocysteate. Moreover, 
those analogs that have a shorter or  longer carbon 
chain length than glutamate showed little or no in- 
teraction with the glutamate translocator. These an- 
alogs include aspartate, its agonist N-methyl D-as- 
partate, its antagonist a-aminoadipate, and a-ami- 

TABLE 6. Ejyects ofsuljlzydryl agents on the vesicular 
uptake o jg lu tamate  

Glutamate uptake (prnolil.5 min) 
~ 

Additions No DTT 2 mM DTT 

None 21.1 2 0.6 22.6 i 0.1 

NEM (0.1 mM) 1.2 2 0.1 21.9 i 1.7 
CdSO, (0.1 mM) 1.1 2 0.0 21.0 t 0.5 

NEM (0.05 mM) 2.1 2 0.7 21.0 2 0.2 

ZnSO, (0.1 mM) 9.2 2 0.6 19.6 i 0.4 

The ATP-dependent glutamate uptake was determined using 
20 pg synaptic vesicles, in the standard sucrose-based medium 
as described in Materials and Methods, except that the prein- 
cubation of synaptic vesicles was carried out  in the absence or 
presence of NEM (0.05 mM and 0.1 mM), cadmium sulfate (0.1 
mM), or zinc sulfate (0.1 mM), each case in the absence or pres- 
ence of 2 mM DTT. 
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TABLE 7. Ejfects o j  glritumate analogs on the 
~ ~ s i ~ . ~ l u i  riptake o j  glrrtumute 

~ ~~ 

~-['H]Glutamate uptake 

Test agents cPm rc 
None (control) 
L-Glutamate 
DL-y-Methylene glutamate 
ilt.-a-Methyl glutamate 
D-Glutamate 
L-Glutamine 
Glutarate 
a-Ketoglutarate 
N-Methy I-L-glutamate 
r-Methyl-i.-glutamate 
y-Ethyl-L-glutamate 
L-Glutamic acid dimethylester 
1.-Glutamic acid diethylester 
L- Aspartate 
u- Aspartate 
N-Methyl-D-aspartate 
Kainate 
2-Amino-4-phosphonobutyrate 
L-Homocysteate 
u-a- Aminoadipate 
L-a- Aminoadipate 
DI.-a-Aminopimelate 
Quisqualate 
Ibotenate 

7932 2 193 
2152 2 28 
3116 f 268 
4064 i 188 
5392 i 56 
9308 5 88 
7668 f 318 
7992 i 424 
6968 2 100 
8508 t 144 
9104 i 220 
6548 t 80 
7464 f 740 
8228 t 196 
8832 i 84 
8108 t 60 
7672 i- 40 
7560 i 276 
6844 i 88 
6424 i 208 
6352 i 216 
8432 5 780 
7872 i 167 
8100 i 100 

100 
27 -+ 0 
39 ? 3 
51 5 2 
68 i 1 

117 ? 1 
97 5 4 

101 2 5 
88 t 1 

107 2 2 
115 i 3 
83 5 I 
94 5 9 

104 5 2 
Ill 5 1 
102 ? 1 
97 2 I 
95 -t 3 
86 i 1 
81 i 3 
80 t 3 

106 t 10 
99 ? 2 

102 -t 1 

The ATP-dependent glutamate uptake was determined, using 
20 I J .~  of synaptic vesicles in the standard sucrose-based medium 
containing SO p M  ~.-['H]glutamate as described in Materials and 
Methods, except that various test agents (each 5 mM) were in- 
cluded in the preincubation medium. Glutamate analogs were 
neutralized with KOH when necessary. Uptake in the control 
(no addition) was 7,932 5 193 cpm after the subtraction of an 
averaged blank value (82 cpm). 

nopimelate. Finally, the glutamate-related potent 
neurotoxic excitants kainate and ibotenate, and the 
glutamate agonist quisqualate all failed to exhibit 
any significant interaction with the vesicular gluta- 
mate translocator. These results all indicate that the 
glutamate translocator specifically recognizes all 
the unmodified functional groups,  the skeletal 
carbon chain length, and the L-configuration of glu- 
tamate. 

DISCUSSION 

In this study, we provided evidence that suggests 
that the ATP-dependent uptake of glutamate into 
synaptic vesicles is driven by an electrochemical 
proton gradient generated by Mg-ATPase, a mech- 
anism analogous to that for catecholamine and se- 
rotonin uptakes into storage granules (Holz, 1978; 
Njus and Radda, 1978; Johnson et al., 1979; Carty 
et al., 1981). The driving force is derived specifi- 
cally from ATP (Table 1). This and the previous ob- 
servation (Naito and Ueda, 1983) that the unhydro- 
lyzable ATP analog P,y-methylene ATP failed to 
support  the glutamate uptake indicate that the 
cleavage of y-phosphate of ATP is required for the 

glutamate uptake. It is likely that the ATP hydro- 
lysis coupled to the glutamate uptake is catalyzed 
by a Mg-ATPase, since Mg2+, not Ca2+,  is required 
in addition to ATP for the glutamate uptake (Table 
2); since the glutamate uptake is strongly inhibited 
by DCCD and trimethyl tin, agents known to inhibit 
the Mg-ATPase in the membrane of chromaffin 
granules and thereby inhibit catecholamine uptake 
into the storage granules (Johnson e t  a l . ,  1979; 
Carty e t  a l . ,  1981); and since the trimethyl tin- 
induced inhibition of glutamate is correlated with 
the inhibition of Mg-ATPase by trimethyl tin in the 
synaptic vesicle preparation (S. Naito and T. Ueda, 
unpublished observation). As in the case of the Mg- 
ATPase coupled to the catecholamine and acetyl- 
choline uptakes (Hasselbach and Taugner, 1970; 
Holz, 1978; Parsons and Koenigsberger, 1980), it 
appears that one  o r  more cysteine sulfhydryl 
group(s) is essential for the vesicular proton pump 
Mg-ATPase activity coupled to glutamate uptake, 
since NEM inhibited not only the glutamate uptake 
(Table 6) but also the vesicular Mg-ATPase activity 
(S. Naito and T. Ueda, unpublished observation). 

According to our scheme, the Mg-ATPase, on hy- 
drolysis of ATP, translocates protons from the out- 
side to the inside of the synaptic vesicle and thereby 
generates a membrane potential, positive inside, 
analogous to the Mg-ATPase in the chromaffin 
granule membrane (Bashford et al., 1975). The ves- 
icle membrane potential thus produced could pro- 
vide a driving force for the transport of glutamate 
into the synaptic vesicles, since those agents known 
to reduce the membrane potential and inhibit the 
catecholamine uptake into chromaffin granules, 
such as FCCP and thiocyanate (Holz, 1978; 
Johnson and Scarpa, 1979; Johnson et al., 1979), 
caused a substantial reduction in the glutamate up- 
take (Tables 4 and 5). When permeant anions are 
present at  sufficient concentrations in the medium 
outside the vesicle, the membrane potential would 
cause an influx of anion, which would decrease the 
membrane potential and result in the formation of 
pH gradients across the membrane. Evidence given 
here suggests that the pH gradient can also provide 
a driving force for the glutamate uptake; the ATP- 
dependent glutamate uptake observed in the pres- 
ence of 0.11 M potassium chloride was inhibited by 
nigericin, an H+/K+ ionophore, or ammonia (Table 
5 ) ,  both of which are known to reduce pH gradients 
across the chrornaffin granule membrane and inhibit 
the catecholamine uptake (Johnson et  al., 1978; 
Johnson and Scarpa, 1979). 

An intriguing feature of this study is the obser- 
vation that the ATP-dependent glutamate uptake is 
altered by chloride; low concentrations (2-4 mM) 
of chloride stimulate the ATP-dependent glutamate 
uptake markedly, whereas excess chloride atten- 
uates the stimulatory effect (Fig. 3 ) .  The chloride 
stimulation is highly dependent on the presence of 
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ATP in the medium (Fig. 4). The stimulatory effect 
of anions on the glutamate uptake is quite specific 
to chloride and bromide (Table 3 ) .  The stimulatory 
effect of chloride could have physiological signifi- 
cance, since the maximally effective concentration 
of chloride (4 mM) lies well within the cytosolic 
concentration range (Woodbury, 1965). If the local 
concentration of chloride within the nerve ending 
should change in the low millimolar range in re- 
sponse to a depolarization of the nerve ending, 
chloride ions could play a regulatory role in vivo in 
the accumulation of glutamate in synaptic vesicles. 
Even if it should not change, our observation still 
suggests the importance of chloride in the accu- 
mulation of glutamate in endogenous synaptic ves- 
icles, and possibly in glutamate synaptic transmis- 
sion. 

The chloride stimulatory effect is represented by 
an increase in V,,, of the glutamate uptake system. 
The mechanism by which the maximal velocity is 
increased is not well understood at present. It is 
possible that this change in V,,, is brought about 
by an increase in pH gradient across the vesicle 
membrane, which could occur as a result of an in- 
flux of the permeant anion chloride. This interpre- 
tation is consistent with the observation that the 
ATP-dependent glutamate uptake activity in the 
presence of 4 mM chloride was inhibited by niger- 
icin in the presence of K +  to a larger degree than 
in the absence of K +  and that the chloride-stimu- 
lated uptake activity was substantially reduced by 
nigericin (Table 4). Thus, it is feasible that the max- 
imal uptake of glutamate occurs in the presence of 
both an optimal membrane potential and an optimal 
pH gradient, as in the case of the catecholamine 
uptake into chromaffin granules (Johnson et al., 
1979). The evaluation of this possibility, however, 
requires direct measurements of the pH gradient 
and membrane potential across the synaptic vesicle 
membrane, and the demonstration of a quantitative 
correlation between the electrochemical proton gra- 
dient and the ATP-dependent glutamate uptake. 

Since it has been reported that chloride (at rela- 
tively high concentrations) stimulates the Mg- 
ATPase activity in chromaffin granule membranes 
(Pazoles et al., 19801, we tested the possibility that 
the chloride stimulation of glutamate uptake might 
be due to an increase in the Mg-ATPase activity. 
However, we did not observe any significant effect 
of 4 mM chloride on the Mg-ATPase activity in the 
synaptic vesicle preparation, which was assayed 
under conditions identical to those under which glu- 
tamate uptake was measured (data not shown). We 
could not rule out the possibility entirely, though, 
that the Mg-ATPase coupled to the glutamate up- 
take may represent a small population of the total 
Mg-ATPase present in the synaptic vesicle prepa- 
ration and that a small concentration (such as 4 
mM) of chloride may stimulate this specific popu- 

lation of Mg-ATPase molecules. An alternative pos- 
sibility, not testable at present, is that chloride may 
increase the maximal velocity of the glutamate up- 
take by changing the conformation of the glutamate 
translocator, or protein presumably distinct from 
the Mg-ATPase. 

It is conceivable that the inhibition of glutamate 
uptake by high concentrations of chloride is in part 
due to a reduction of the membrane potential to 
suboptimal levels, which could be brought about by 
the influx of chloride, as observed in the chromaffin 
granule membrane (Johnson et al., 1979). The in- 
hibitory effect of high concentrations of chloride 
could also in part be attributable to competition for 
a glutamate binding site on the glutamate translo- 
cator. This view is supported by the observations 
that, at higher concentrations of glutamate, higher 
concentrations of chloride are required to exhibit 
the inhibition (Fig. 3B), and that K,for glutamate 
is increased significantly by high concentrations of 
chloride (Table 5) .  

In contrast to our evidence for the vesicular up- 
take of glutamate, De Belleroche and Bradford re- 
ported that exogenously added glutamate was not 
bound to or taken up into the isolated synaptic ves- 
icles (De Belleroche and Bradford, 1973). It is likely 
that this apparent failure in their attempt to dem- 
onstrate the in vifro uptake of glutamate into the 
synaptic vesicles resulted from the omission of ATP 
(or ATP plus chloride) from their incubation me- 
dium. Our previous (Naito and Ueda, 1983) and 
present studies clearly indicate that ATP is essential 
for the vesicular uptake of glutamate and that the 
ATP-dependent uptake is further enhanced by low 
concentrations of chloride. 

However, glutamate has never been found to be 
at a particularly high concentration in the isolated 
synaptic vesicles, as compared to its level in the 
other subcellular fractions (Mangan and Whittaker, 
1966; Rassin, 1972; Kontro et al., 1980). The lack 
of evidence for the enrichment of glutamate in the 
isolated vesicles has been attributed to the possible 
leakage of the amino acid during the vesicle prep- 
aration. In agreement with this notion, we have ob- 
served that the tritiated glutamate, which had been 
taken up in the presence of ATP and chloride into 
the isolated synaptic vesicles, leaked out substan- 
tially when the vesicles were subjected to hypotonic 
conditions for 30 min (data not shown). Hence, the 
previous lack of evidence for the vesicular uptake 
or accumulation of glutamate would not necessarily 
rule out the possibility that synaptic vesicles are 
involved in glutamate synaptic transmission. 

The competition experiments with various glu- 
tamate analogs presented here (Table 7) suggest that 
the primary amino group at the a-carbon of gluta- 
mate is an essential component for recognition by 
the vesicular glutamate translocator. Hence, the 
modifications of the amino group to secondary 
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amino groups, as seen in N-methyl-L-glutamate and 
kainate, resulted in a loss of or substantial decrease 
in the capacity to compete with L-glutamate for 
binding to the translocator. Replacement of the a- 
amino group with a keto group as in a-ketoglutarate 
or its removal as in glutarate also led to the loss of 
the interaction with the glutamate binding site. In 
addition to the primary amino group and a-carboxyl 
group, the y-carboxyl group of glutamate is also an 
important element for recognition by the glutamate 
translocator. Thus, glutamine, y-methyl or  ethyl 
ester of glutamic acid, a-aminophosphonobutyrate 
in which the y-carboxyl group is replaced by a phos- 
phono group. and L-homocysteate in which the y- 
carboxyl group is replaced by a sulfono group are 
all devoid of or deficient in the capacity to interact 
with the glutamate translocator. It is of interest to 
note that the glutamate receptor antagonists L-glu- 
tamic acid diethyl ester and a-aminophosphonobu- 
tyrate (Koerner  and Cotman, 1981; Fagg et  al . ,  
1982) and the excitatory amino acid L-homocysteate 
(McLennan, 1981; Watkins and Evans, 1981) are 
not recognized by the glutamate translocator. More- 
over, the potent glutamate analog excitants quis- 
qualate and ibotenate (McLennan and Lodge, 1979; 
Watkins and Evans, 1981), both of which lack the 
y-carboxyl group, failed to inhibit the glutamate up- 
take. Finally, the vesicular glutamate translocator 
has a high degree of specificity with respect to the 
carbon chain. Thus,  the translocator recognized 
only the five-carbon straight-chain a-amino dicar- 
boxylates; it showed the lack of interaction with the 
four-, six-, and seven-carbon a-amino dicarboxy- 
lates, namely, aspartate, a-aminoadipate, and a- 
aminopimelate, respectively. 

The above evidence indicates that the electro- 
chemical proton gradient-sensitive glutamate trans- 
locator in the synaptic vesicle h a s  a unique 
structural specificity. The vesicular glutamate trans- 
locator is distinct from the sodium-dependent glu- 
tamate transporters in the plasma membrane, neu- 
ronal or  nonneuronal, which do  not distinguish 
between glutamate and aspartate (Logan and 
Snyder, 1972; Schousboe and Hertz, 1981; Chris- 
tensen and Makowske, 1983), and from the gluta- 
mate receptors coupled to  neuronal excitation, 
which are known to interact with diethyl glutamate 
and quisqualate. The distinct nature of the vesicular 
glutamate translocator is also indicated by the ki- 
netic experiments (Fig. 2), which have shown that 
the vesicular translocator has low affinity for glu- 
tamate ( K ,  = 1.6 mM), in contrast to the plasma 
membrane sodium-dependent glutamate trans- 
porters (Logan and Snyder, 1972; Schousboe and 
Hertz, 1981; Christensen and Makowske, 1983) and 
sodium-independent glutamate binding proteins, 
which have higher affinities for glutamate (Roberts 
and Sharif, 1981; Michaelis et a]., 1983). Perhaps 
the substantially higher concentration of glutamate 

in the cell than in the extracellular milieu makes it 
unnecessary for the intracellular organelle synaptic 
vesicle to possess a high-affinity uptake system for 
glutamate. 

The remarkably narrow substrateiinhibitor spec- 
ificity of the translocator would enable a selective 
vesicular accumulation of glutamate among various 
amino acids present in nerve endings. In fact, it was 
observed that only negligible amounts of aspartate, 
y-aminobutyric acid, and glycine were taken up into 
those highly purified synaptic vesicles (anti-Protein 
I IgG-precipitated vesicles) that have high gluta- 
mate uptake activity (Naito and Ueda, 1983). Based 
on these unique properties, we suggest that the 
electrochemical proton gradient-sensitive glutamate 
translocator plays an important role in the in vivo 
accumulation of glutamate in certain synaptic ves- 
icles, and thus determines the fate of the amino acid 
as a neurotransmitter. However, evidence for a di- 
rect release of vesicular glutamate into the synaptic 
cleft remains to be sought. 
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