
0270.6474/82/0207-0958$02.00/O The Journal of Neuroscience 
Copyright 0 Society for Neuroscience Vol. 2, No. 7, pp. 958-965 
Printed in U.S.A. July 1982 

CHLORIDE AND CALCIUM IONS REVEAL A PHARMACOLOGICALLY 
DISTINCT POPULATION OF L-GLUTAMATE BINDING SITES IN 
SYNAPTIC MEMBRANES: CORRESPONDENCE BETWEEN 
BIOCHEMICAL AND ELECTROPHYSIOLOGICAL DATA1 

G. E. FAGG,2 A. C. FOSTER,3 E. E. MENA, AND C. W. COTMAN 

Department of Psychobiology, University of California, Irvine, California 92717 

Received July 17,1981; Revised January 25, 1982; Accepted February 5, 1982 

Abstract 

The effects of Cl- and Ca2+ on the specific binding of L-glutamate and L-aspartate to synaptic 
plasma membranes (SPMs) were examined. At a concentration of 2.5 mM, CaClz augmented L- 

glutamate binding 3.34-fold and modified its pharmacological specificity, whereas L-aspartate binding 
was unaffected. Kinetic analyses of the inhibition of L-glutamate binding by the a-amino-w-phos- 
phonic acid derivatives of propionic (APP), butyric (APB), and valeric (APV) acids demonstrated 
that, in the presence of CaC12, these homologues competed for the same L-glutamate binding site 
with Ki values of 16 PM (APB), 39 PM (APV), and >l mM (APP); the L isomer of APB was 15-fold 
more potent than the D form (Ki values, 5 and 75 PM, respectively). Hill plots indicated an absence 
of cooperative interactions. These Ki values are in close agreement with those determined electro- 
physiologically for the antagonism of perforant path-granule cell synaptic transmission in the rat 
dentate gyrus in vitro (Koerner, J. F., and C. W. Cotman (1981) Brain Res. 216: 192-198). In the 
presence of CaCl2, approximately 80% of the L-glutamate binding sites were sensitive to inhibition 
by the phosphonic acid derivatives, and experiments with APB indicated that the insensitive sites 
could be equated with the CaClz-independent sites. Investigations with Cl- and Ca2+ separately and 
in combination suggested that Cl- is necessary to unmask the APB-sensitive sites and that Ca2+ is 
required to reveal the full extent of this response. Further studies showed that the Cll/Ca”+- 
dependent APB-sensitive L-glutamate binding sites are enriched in SPMs (relative to total particu- 
late and crude mitochondrial fractions) and that these sites are sensitive to inhibition by a number 
of compounds with agonist or antagonist properties at excitatory amino acid receptor sites. These 
data indicate that Cl- and Ca2+ unmask a pharmacologically distinct population of L-glutamate 
binding sites which are of physiological significance for acidic amino acid-mediated synaptic 
transmission in the brain. 

Electrophysiological studies have demonstrated the 
presence of multiple excitatory amino acid receptor types 
on neurons of the mammalian central nervous system 
(CNS).4 Examination of a large number of excitants and 
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their sensitivity to antagonism by D-cY-aminoadipate 
(DaAA) and glutamate diethyl ester has led to a classi- 
fication scheme for these receptors based on the most 
selective agonists, quisqualate, N-methyl-n-aspartate 
(NMDA), and kainate; L-glutamate and L-aspartate are 
less specific but show some preference for the quisqualate 
and NMDA receptor types, respectively (see recent re- 
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views by Cotman et al., 1981; McLennan, 1981; Watkins 
and Evans, 1981). Parallel biochemical investigations are 
more limited, in part due to the lack of a wide range of 
radiolabeled ligands, although recent experiments have 
identified distinct binding sites for L-glutamate, L-aspar- 
tate, and kainate in synaptic membrane fractions isolated 
from CNS tissues (Foster and Roberta, 1978; London and 
Coyle, 1979; Michaelis et al., 1980; Sharif and Roberts, 
1981; Foster et al., 1981b). Pharmacological analyses, 
however, have revealed a number of discrepancies be- 
tween the sites labeled in binding assays and those ex- 
amined electrophysiologically (see Roberts, 1981), and it 
has proven difficult to equate conclusively binding sites 
with physiological synaptic receptors. 

One significant methodological difference between 
these two types of study is the composition of the assay 
medium. Binding assays are commonly conducted using 
buffers alone (e.g., HEPES-KOH or Tris-Cl), whereas 
electrophysiological experiments either are performed in 
viuo or, for in vitro work, employ a complex medium of 
similar ionic composition to that occurring physiologi- 
cally in the cerebrospinal fluid or extracellular space. 
Recent investigations have demonstrated that a number 
of ions are capable of modifying the interaction between 
neurotransmitters and their receptors. For example, Na’ 
regulates the agonist-antagonist conformation of opiate 
(Pert and Snyder, 1974) and noradrenaline receptors 
(Greenberg et al., 1978), Mg2+ acts as an antagonist 
(although indirectly) at NMDA sites (Ault et al., 1980), 
Ca2+ appears necessary for binding at the y-aminobutyr- 
ate (GABA) B site (Hill and Bowery, 1981)) and a number 
of anions (notably Cl-) modify the interaction of GABA 
antagonists and benzodiazepines with their recognition 
sites (see Olsen, 1981). Ca2+ also has been shown to 
increase the number of Na+-independent L-glutamate 
binding sites in synaptic membranes (Michaelis et al., 
1974; Baudry and Lynch, 1979; Vargas and Costa, 1981; 
Foster et al., 1981a, b), and this effect has been attributed 
to the activation of an intracellularly located membrane- 
bound protease which exposes additional binding sites 
(Baudry and Lynch, 1980; Vargas et al., 1980). Recent 
investigations in this laboratory demonstrate further that 
Cl- exerts a potent stimulatory effect on L-glutamate 
binding and that Cl- and Ca”+ act in concert to enhance 
the binding of this ligand (Mena et al., 1982). 

In the present study, we have examined the pharma- 
cological specificity of L-glutamate and L-aspartate bind- 
ing to synaptic plasma membranes (SPMs) in the pres- 
ence and absence of Ca”’ and Cl-. We present a detailed 
analysis of the inhibition of L-glutamate binding by a 
homologous series of phosphonic acid derivatives and 
show that the pharmacological specificity observed in 
the presence of Ca2+ and Cl- is similar to that determined 
electrophysiologically at the perforant path-granule cell 
synapse in the hippocampal slice in vitro (Koerner and 
Cotman, 1981), where glutamate is probably the neuro- 
transmitter (Cotman and Nadler, 1981). Our data indi- 
cate ( I ) that there are two distinct populations of Na’- 
independent L-glutamate binding sites in SPMs which 
can be distinguished on the basis of their Cl- and Ca2+ 
dependence and their pharmacological properties and 
(2) that Cl-/C&‘-dependent L-glutamate binding sites 

are of physiological significance for acidic amino acid- 
mediated synaptic transmission in the CNS. Preliminary 
results from this study have been reported elsewhere 
(Fagg et al., 1981; Monaghan et al., 1981). 

Materials and Methods 

Materials. t-[3,4-3H]glutamic acid (40.3 to 43.3 Ci/ 
mmol) was obtained from New England Nuclear (Boston, 
MA), and L-[U-14C]glutamic acid (282 to 285 mCi/mmol) 
and L-[2,3-3H]aspartic acid (9 to 15 mCi/mmol) were 
from Amersham Corp. (Arlington Heights, IL). 4-(2-Hy- 
droxyethyl)-1-piperazine-ethanesulfonic acid (HEPES) 
was purchased from Calbiochem (La Jolla, CA), and 
other common laboratory reagents were from Sigma (St. 
Louis, MO) or Mallinckrodt (St. Louis, MO). 

Amino acid analogues were obtained as follows: the L 
(optical rotation [a]~ = +28.9’) and D ([a]~ = -29.7") 
isomers of 2-amino-4-phosphonobutyrate (APB), DL-2- 
amino-5-phosphonovalerate (APV), 2,6-diaminopimelate 
(DAP), y-n-glutamylglycine (yDGG), and DL-Cis-2,3-pi- 
peridine dicarboxylate (PDA) were provided by Professor 
J. C. Watkins (Bristol), and DL-ibotenate, DL-quisquaIate, 
and cis-1-amino-1,3-dicarboxycyclopentane (ADCP) 
were from Professors C. H. Eugster (Zurich), H. Shino- 
zaki (Tokyo), and H. McLennan (Vancouver), respec- 
tively. nL-2-Amino-3-phosphonopropionate (APP) and 
DL-APB were purchased from Calbiochem (La Jolla, 
CA), and N-methyl-DL-aspartate (NMA), the L and D 
isomers of a-aminoadipate (LaAA and DaAA, re- 
spectively), kainate, and GABA were obtained from 
Sigma (St. Louis, MO). Baclofen (y-amino-P-( p- 
chlorophenyl)butyric acid) was provided by Ciba- 
Geigy (Summit, NJ). 

Isolation of synaptic plasma membranes (SPMs) and 
other subcellular fractions. SPMs and other subcellular 
fractions were isolated from rat forebrains (Sprague- 
Dawley, aged 30 to 60 days) using a modification of the 
method of Cotman and Taylor (1972) as recently de- 
scribed in detail (Foster et al., 1981a). Briefly, a crude 
mitochondrial (Pz) fraction was prepared, lysed using 
hypotonic buffer, treated with iodonitrotetrazolium vi- 
olet (INT; to facilitate the separation of mitochondria 
from SPMs; see Cotman and Taylor, 1972), and further 
subfractionated by discontinuous sucrose density gra- 
dient centrifugation. The myelin (floating on 0.95 M 
sucrose) and mitochondrial fractions (pellet in 1.3 M 
sucrose) were discarded, and SPMs were recovered from 
the 0.95 ~/1.3 M sucrose interface. These were diluted 
with 0.2 mM HEPES-KOH buffer (pH 7.4), pelleted by 
centrifugation at 55,000 x g for 20 min, and then washed 
three more times in the same manner (resuspension in 
buffer and centrifugation). Each wash involved an ap- 
proximately lOO-fold dilution of the pellet. In some ex- 
periments, SPMs were treated with ethylenediaminete- 
tra-acetate (EDTA) to remove tightly bound divalent 
cations. In these cases, membranes were resuspended (1 
mg of protein/ml) in a solution of 4 mM EDTA and 0.2 
mM HEPES-KOH (pH 7.4), incubated at 20°C for 45 
min, and washed four times as described above; control 
membranes were incubated in the absence of EDTA and 
washed in the same manner. 

SPMs were used for all binding assays unless otherwise 
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stated. A small number of assays were performed with 
the total particulate, lysed Pz, and INT-treated Pz (INT- 
P2) fractions. In these cases, fractions were lysed osmot- 
ically and then washed three or four times as described 
for SPMs. All fractions were finally resuspended in 50 
mM HEPES-KOH buffer (pH 7.4) for storage on ice 
overnight (Foster et al., 1981a). The protein concentra- 
tion of each fraction was determined (Lowry et al., 1951) 
using bovine serum albumin as standard. 

Binding assays. The binding of L-glutamate and L- 

aspartate to the membrane fractions was determined 
using a Microfuge assay technique (Foster et al., 1981a). 
Binding sites were assayed in triplicate either separately 
(“H-labeled compounds) or using the double label pro- 
cedure ([ “H]aspartate/[ 14C]glutamate) that we have de- 
scribed recently (Foster et al., 1981a). With the exception 
of the Scatchard analyses shown in Figure la, radiola- 
beled ligands were used at a concentration of 50 nM, and 
specific binding was defined as that which could be 
displaced by a 0.5 mM concentration of the nonradiola- 
beled ligand. CaClz (2.5 mM) and other compounds were 
included in the assay buffer (50 mM HEPES-KOH, pH 
7.4) as indicated under “Results.” 

Thin layer chromatography (cellulose plates; mobile 
phase 1-butanol:acetic acid:water, 12:3:5 by volume) of 
the radioactivity bound to SPMs showed that greater 
than 95% co-migrated with the parent amino acid, indi- 
cating that metabolism did not occur to any appreciable 
extent during the assay. 

Results 

Basal binding levels and the effects of CaCh. The 
basal levels of L-glutamate and L-aspartate binding in 
SPM fractions were 1.94 + 0.27 pmol/mg of protein and 
0.83 -+ 0.15 pmol/mg of protein, respectively (means f 
SEM of data from 13 separate experiments; 50 nM ligand 
concentration). Inclusion of 2.5 mM CaCla in the assay 
buffer augmented the binding of L-glutamate 3.34 + 0.44- 
fold (p < 0.01; n = 13; paired t test), whereas L-aspartate 
binding was unchanged (1.14 + 0.06-fold; n = 13; p > 0.1). 

Effects of CaClz on the pharmacology of L -glutamate 
and L-aspartate binding. The effect of CaC12 on the 
pharmacological specificity of L-glutamate and L-aspar- 
tate binding to SPMs was examined initially using a 
homologous series of acidic amino acid analogues-the 
a-amino-w-phosphonic acid derivatives of propionic 
(APP), butyric (APB), and valeric (APV) acids-which 
exhibit activity at excitatory amino acid receptor sites in 
the mammalian CNS (White et al., 1979; Davies and 
Watkins, 1979; Davies et al., 1981; Koerner and Cotman, 
1981). 

Table I shows that, in the absence of added ions, the 
degree of inhibition of L-glutamate binding by the phos- 
phonic acid derivatives (0.1 mM concentration) increased 
with chain length, with DL-APV the most effective of 
these homologues. However, in the presence of CaC12, 
DL-APB was a significantly (p c 0.1) more effective 
inhibitor than in the absence of this ion such that these 
compounds now could be ordered APB > APV > APP as 
inhibitors of L-glutamate binding. Further experiments 
with the stereoisomers of APB suggested that the inhib- 
itory activity of these compounds resided principally with 

TABLE I 
Inhibition of ~-glutamate and L-aspartate binding to SPMs: Effects 

of CaC12 
SPMs were isolated from rat forebrains and specific L-glutamate and 

L-aspartate binding were assayed as described under “Materials and 
Methods.” CaC12 (2.5 mM) and the inhibitory compounds being tested 
(0.1 mM final concentration) were included in the assay buffer as 
appropriate. The values are the means -C SEM of data from four to 

seven separate experiments. An upward arrow indicates an increase 
(not inhibition) of binding. 

Percent Inhibition of Specific Binding 

Compound 
L-Glutamate L-Aspartate 

Zer0 
2.5 InM CaC12 

ZeKl 
CaCI9 C&I, 2.5 InM CaCl, 

DL-APP 

DL-APB 
DL-APV 

5f5 8k3 lk8 1+6 

23 + 8 67 f 5” 4+4 14 f 7 

42 + 13 53 f 6 11 * 7 5*9 

L-APB 10 + 8 62 k 5” f9 + 12 f2 f 9 

D-APB 6+9 33 + 6h r3 * 9 t2 + 4 

L-Glutamate 102 f 2 98 + 1 91 f 11 86 -c 6 
D-Glutamate 41 + 13 63 + gh 9f8 I6 + 12 
L-Aspartate 82 + 3 83 + 3 94 +- 12 82 + 6 
D-Aspartate 36 + 12 57 + 10 14 -+ 12 19 -t 6 

“p < 0.01 for the significance of difference between zero CaCls and 
2.5 mM CaC!& conditions (paired t test). 

“p < 0.05 for the significance of difference between zero CaCl? and 
2.5 mM CaC12 conditions (paired t test). 

the L form. The binding of L-aspartate was not affected 
significantly by any of these substances either in the 
presence or absence of CaCL. 

Additional experiments using the stereoisomers of glu- 
tamate and aspartate (0.1 mM concentration) suggested 
that CaCL did not alter the inhibitory potencies of the 
L isomers (see also next section), but it did increase the 
effectiveness of the D forms (p < 0.05 for D-glutamate; 
Table I). In the case of L-aspartate binding, the L isomers 
of both glutamate and aspartate were better inhibitors 
than their D enantiomers, and CaCL had no effect on the 
activity of any of these substances. 

Kinetics of inhibition of L-glutamate binding byphos- 
phonic acid derivatives in the presence of CaCh. Scat- 
chard analyses indicated that, at low concentrations (10 
PM), DL-APB inhibited L-glutamate binding competi- 
tively (no change in B,,,; increase in apparent KD), 
whereas the inhibition kinetics deviated from competi- 
tive type behavior at higher concentrations (Fig. la). 
More extensive analyses, using a wide range of inhibitor 
concentrations, demonstrated that this deviation was due 
to the presence of a DL-APB-insensitive component of 
L-glutamate binding (i.e., a glutamate binding component 
which persisted in the presence of high concentrations of 
APB; see Fig. lb). Similar plots indicated that DL-APB, 
its stereoisomers, and DL-APV all competed with differ- 
ent affinities for the same L-glutamate binding site, which 
represented about 80% of the L-glutamate bound (Fig. 
lb). The Ki values calculated from these plots showed 
that the order of potency for the inhibition of L-glutamate 
binding was APB > APV > APP, with L-APB 15-fold 
more potent than its D enantiomer (Table II). Moreover, 
with the exception of APV, which appears to be a potent 
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Figure 1. Inhibition of specific L-[“HIglutamate binding by phosphonic acid derivatives. 
SPMs were isolated from rat forebrains and L-glutamate binding was assayed in the 
presence of 2.5 mM CaC12 as described under “Materials and Methods.” a, Scatchard plots 
of specific L-glutamate binding in the absence (0) and presence of 10 PM (0) and 30 PM 
(m) DL-APB. Binding was assayed at L-glutamate concentrations of 50 to 750 no. B is the 
specific binding (picomoles per mg of SPM protein) and F the free concentration (nanom- 
olar) of L-glutamate. b, Scatchard plots of the inhibition of specific L-glutamate binding by 
L-APB (O), D-APB (Cl), DL-APB (o), and DL-APV (D. The equation describing each line 
is: I = I,,, - I/C(&(l + F/Ku)), where I (the amount of inhibitor bound to specific L- 
glutamate binding sites) is expressed as the percentage of inhibition of specific L-glutamate 
binding, I,,,,, is the maximum percentage of inhibition, C is the inhibitor concentration 
(which ranged from 1 to 1000 pM in these experiments), F is the free concentration of L- 
[“HIglutamate (50 nM), and Ko is its dissociation constant. Lines of best fit were determined 
by linear regression analysis and KI values were calculated as described in the legend to 
Table II. Each plot is representative of those obtained in two to five separate experiments 
(see Table II for additional details), and each point is the mean of triplicate determinations. 

inhibitor of NMDA-induced responses in the spinal cord 
(Davies et al., 1981), these values are in close agreement 
with those determined for the antagonism of perforant 
path-evoked field potentials in the outer molecular layer 
of the rat dentate gyrus in vitro (Koerner and Cotman, 
1981; see Table II). Similar analyses using L-glutamate 
as the inhibitor of binding yielded a KI value of 0.75 PM, 
which is the same as that determined in the absence of 
CaC12 (0.77 PM) and is in close agreement with KD esti- 
mates for radiolabeled L-glutamate in a variety of syn- 
aptic membrane preparations (Foster and Roberts, 1978; 
Baudry and Lynch, 1979; Foster et al., 1981b). Hill coef- 
ficients for the phosphonic acid derivatives and for L- 
glutamate (0.90 to 1.10, Table II) indicated an absence of 
cooperative interactions. 

In order to determine whether the approximately 20% 
APB-resistant L-glutamate binding sites observed in the 
presence of CaClz could be equated with the CaC&in- 
dependent sites, a comparison was made of the residual 
L-glutamate binding after inhibition by APB in the two 
assay conditions (+CaC12). In the presence of 0.1 mM L- 
APB (a concentration giving near maximal inhibition), 
the amount of L-glutamate bound to SPMs was similar 
whether CaCl* was included in the assay buffer or not 
(zero CaCl*, 1.51 & 0.45 pmol/mg of protein; 2.5 mM 
CaC12, 1.70 f 0.47 pmol/mg of protein; n = 6) despite the 
observation that the specific L-glutamate binding was 
augmented more than 3-fold by these ions. Hence, the 

increase in L-glutamate binding induced by CaClz ap- 
pears to represent the introduction of a new population 
of L-glutamate binding sites which are selectively sensi- 
tive to inhibition by APB. 

Effects of Cl- and Ca’+ alone and in combination on 
APB-sensitive L -glutamate binding. Recent observa- 
tions in this laboratory have shown that Cl- stimulates 
L-glutamate binding to SPMs and that Ca2+ acts only in 
the presence of Cl- to enhance this response further 
(Mena et al., 1982). The pharmacological studies reported 
here were conducted in the presence of both Cl- and 
Ca”+ (as CaClz), and the data presented in the preceding 
section indicate that the additional binding sites revealed 
by these ions in combination were of the APB-sensitive 
type. Further experiments to define the role of each ion 
demonstrated that the KI values for the inhibition of L- 
glutamate binding by DL-APB were similar (parallel lines 
in Scatchard plots) both when 5 mM Cl- (as Tris-Cl) and 
when 5 mM Cl- plus 2.5 mM Ca”+ (as 2.5 mM CaClz) were 
included in the assay buffer (Fig. 2). However, almost 2- 
fold more APB-sensitive sites were apparent in the pres- 
ence of CaC12 than in the presence of Cl- alone. In the 
presence of only 2.5 mM Ca”’ (added as the acetate salt) 
or in the absence of added ions, a small number of APB- 
sensitive L-glutamate binding sites were detected (Fig. 2; 
Table I) possibly due to the presence of residual Cl- and/ 
or Ca2+ in the SPM preparation. 

Additional experiments using a single concentration 
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The inhibition of L-glutamate binding and synaptically evoked responses byphosphonic acid derivatives: Summary of kinetic constants 

SPMs were isolated from rat forebrains and specific L-glutamate binding was assayed in the presence of 2.5 mM CaCh as described under 
“Materials and Methods.” Inhibitory compounds were included in the assay buffer at concentrations of 0.1 to 50 PM for L-glutamate or 1 to 1000 
PM for the phosphonic acid derivatives. KI’ and I,., v alues were determined by Scatchard analysis (see Fig. 26) and Hill coefficients were from 
Hill plots (not shown). The KI values tabulated were calculated from the relationship: K,’ = K,(l + F/Kv), where F is the free concentration of 

L-[“HIglutamate (50 nM) and KU is its dissociation constant (814 nM; Foster et al., 1981b). I max is expressed as the maximum percentage of 
inhibition of specific L-glutamate binding. The values are the means f SEM of data from n separate experiments; individual determinations are 
shown in uarentheses when n = 2. 

Compound 
Synaptic Response 

K," KI 

L-Glutamate Binding 

I nulx Hill Coeffkient n 

PM PM % 
DL-APP 5000 >lOOOb ND ND 3 
DL-APB ND’ 16 +- 7 82 + 3 0.98 + 0.04 5 
DL-APL’ 250 39 (37,40) 84 (83, 85) 1.09 (1.06, 1.11) 2 

L-APB 2.5 5+1 81 + 3 0.90 + 0.02 3 
D-APB 100 75 + 15 80 f 4 1.07 k 0.12 3 

L-Glutamate ND 0.75 (0.68, 0.81) 97 (97, 97) 1.10 (1.02, 1.18) 2 

o Apparent K, values for the antagonism of perforant path-evoked field potentials in the outer molecular layer of the rat dentate gyrus in vitro 
(calculated from Koerner and Cotman, 1981). 

’ 1 mM DL-APP inhibited specific L-glutamate binding by 11 + 6% (n = 3). 

’ ND. not determined. 

@. .  
\  

1 

0 
1 

0.2 0.4 0.6 
I/C 

Figure 2. Scatchard plots describing the effects of Cl- and 
Ca” on APB-sensitive L-glutamate binding. SPMs were iso- 
lated from rat forebrains, and L-glutamate binding was assayed 
(50 nM L-[“HIglutamate) in buffer alone (0) or in the presence 
of 2.5 mM Ca2+ (as the acetate salt, W), of 5 mM Cl- (as Tris-Cl, 
0), or of 2.5 mM Ca2+ plus 5 mM Cl- (as CaC12, 0). I is the 
amount (picomoles per mg of SPM protein) of L-glutamate 
bound to APB-sensitive sites at concentrations (C) of DL-APB 
ranging from 1 to 500 PM. Lines of best fit were determined by 
linear regression analysis. Each line is representative of those 
obtained in two or three separate experiments, and each point 
is the mean of triplicate determinations. In the experiment 
illustrated, the total specific binding of L-glutamate under each 
condition was: buffer alone, 1.14 pmol/mg of protein; 2.5 mM 

Ca”, 1.03 pmol/mg of protein; 5 mM Cl-, 3.01 pmol/mg of 
protein; and 2.5 mM Ca2+ plus 5 mM Cl-, 4.67 pmol/mg of 
protein. 

(0.2 mM) of DL-APB to assess APB-sensitive L-glutamate 
binding indicated that either pretreatment of SPMs with 
EDTA (see “Materials and Methods”) or inclusion of 10 
mM EDTA in the assay buffer (I) abolished the small 
degree of APB sensitivity observed in the absence of 
added ions (see Table I) and (2) reduced (but did not 
abolish) the number of APB-sensitive sites induced by 5 
mM Cl- (data not shown). Together, these data suggest 

TABLE III 
Pharmacological characteristics of L-glutamate binding to SPMs 

SPMs were isolated from rat forebrains and specific L-glutamate 

binding was assayed as described under “Materials and Methods.” 
CaCl* (2.5 mM) and the inhibitory compounds being tested (0.1 mM 
final concentration) were included in the assay buffer as appropriate. 
The values are the means f SEM of data from four to eight separate 
experiments. 

Percent Inhibition of Specific Binding 
Compound 

Zero CaClz 2.5 nm CaCL 

LaAA 62 f 3 81 -I- 3” 
Ibotenate 52 f 7 77 + 5b 
Quisqualate 53 + 9 73 + 6” 
DcyAA 48f 11 71 -t 5” 
ADCP 26 + 10 62 f 7” 
DAP 17 + 6 44 + 6’ 
YDGG 39 f 6 41 f 4 
NMA 29 f 12 13 + 2 
PDA 19 f 5 8 + 4” 
Kainate l-c8 2-c3 

“p < 0.05 for the significance of difference between zero CaCL and 
2.5 mM CaCl2 conditions (paired t test). 

‘p < 0.01 for the significance of difference between zero CaCh and 
2.5 mM CaClz conditions (paired t test). 

that Cl- is necessary to unmask the APB-sensitive pop- 
ulation of L-glutamate binding sites in SPMs and that 
Ca” is required to reveal the full extent of this response. 

Generalpharmacological characteristics of CaClz-de- 
pendent L-glutamate binding. In addition to the phos- 
phonic acid derivatives, the pharmacological specificity 
of L-glutamate binding in the presence of CaClz was 
assessed using a number of analogues which, through 
electrophysiological studies, have been proposed as ago- 
nists or antagonists of the various excitatory amino acid 
receptor classes (see, for example, McLennan, 1981; Wat- 
kins and Evans, 1981). At a concentration of 0.1 mM, 
quisqualate, ibotenate, DcyAA, and L&A inhibited 
greater than 70% of the L-glutamate binding in the pres- 
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TABLE IV 

Subcellular distribution of CaCk-dependent (APB-sensitive) 
L-glutamate binding sites 

Subcellular fractions were isolated from rat forebrains and L-gluta- 
mate binding was assayed as described under “Materials and Methods.” 
Assays were carried out in the presence of 2.5 mu CaC12 using 0.1 mM 
DL-APB to determine the APB-sensitive (CaCls-dependent) component 
of L-glutamate binding. The values are the means + SEM of data from 
three or four separate experiments. 

Amount of 0Xhsnate Bound 

Fraction 

Particulate 
P2 

INT-Pn 
SPM 

Picomoles per Relative to 
mg of Protein Particulate 

1.82 + 0.25 1 

2.41 + 0.14 1.32 

2.87 + 0.58 1.58 
4.15 + 1.18 2.28 

ence of CaC12 and were significantly more effective than 
in the absence of these ions (Table III). At the opposite 
end of the potency range, NMA, kainate, and PDA 
displaced less than 15% of the binding in the presence of 
CaC12; the effect of PDA was significantly lower than in 
the absence of CaC12, whereas kainate and NMA inhibi- 
tions were unchanged (although the mean value for NMA 
was somewhat lower in the CaC12 condition). The re- 
maining compounds (ADCP, yDGG, and DAP) produced 
inhibitions in the presence of CaClz of 40 to 65%; CaC12 
markedly increased the effectiveness of ADCP and DAP, 
whereas the potency of yDGG was unaffected by these 
ions (Table III). GABA and its analogue, baclofen, at 
concentrations of 0.1 mM, were ineffective as displacers 
of L-glutamate binding both in the presence and absence 
of CaC12 (data not shown). 

Subcellular localization of CaCh-dependent (APB- 
sensitive) L-glutamate binding sites. The data presented 
above suggest that CaClz-dependent L-glutamate binding 
sites are of functional significance at acidic amino acid- 
using synapses in the brain, and therefore, one would 
predict a higher density of these sites in synaptic mem- 
branes than in other cellular organelles. Analyses of total 
particulate, crude mitochondrial (Pz), and SPM fractions 
indicated a progressive enrichment of CaCkdependent 
(APB-sensitive) sites as nonsynaptic material was re- 
moved, with the density of sites in SPMs being more 
than 2-fold greater than in the particulate fraction (Table 
IV). Table IV also shows that INT, a mild oxidizing’agent 
which is used to facilitate the separation of mitochondria 
from SPMs (see “Materials and Methods”), does not 
affect the binding of L-glutamate to CaClz-dependent 
(APB-sensitive) sites (p < 0.2 between P2 and INT-P2 
fractions; paired t test). 

Discussion 

The findings of this study are of considerable signifi- 
cance both for investigations of glutamate binding and 
for an understanding of the molecular mechanisms in- 
volved in acidic amino acid-mediated synaptic transmis- 
sion. Our data provide the first evidence for the identity 
of a population of SPM-located L-glutamate binding sites 
with receptors at a specific synapse and suggest that Cl- 
and Ca2+ ions serve important functions at acidic amino 
acid-using synapses in the CNS. 

The observations presented here demonstrate that 
there are two populations of Na’-independent L-gluta- 
mate binding sites in SPMs which can be distinguished 
on the basis of their Cl- and Ca2+ requirements and their 
pharmacological characteristics, although & (Foster et 
al., 1981b) and KI determinations (this paper) in the 
presence and absence of CaC12 suggest that the affinities 
of these sites for L-glutamate are similar. The Cll/Ca’+- 
dependent sites described in this report exhibit a number 
of properties indicative of a role as synaptic receptors. 
Fundamental to this postulate is the observation that 
their pharmacological specificity (assessed using a series 
of phosphonic acid derivatives) is in close agreement with 
that determined electrophysiologically at the perforant 
path-granule cell synapse in the rat dentate gyrus 
(Koerner and Cotman, 1981; see Table II), where gluta- 
mate is probably the neurotransmitter (Cotman and 
Nadler, 1981). In addition, the sites were sensitive to 
inhibition by a number of compounds with agonist (e.g., 
quisqualate, ibotenate, and ADCP) or antagonist (e.g., 
D&A and APB) activity at acidic amino acid receptor 
sites (see Watkins and Evans, 1981). The C11/Ca2+-de- 
pendent sites were shown to be enriched in SPMs (rela- 
tive to unfractionated brain membranes) and, consistent 
with the hypothesis that acidic amino acids serve wide- 
spread transmitter functions in the CNS (Curtis and 
Johnston, 1974), were present at high levels in the whole 
forebrain SPMs employed for this investigation (al- 
though note that there is a nonuniform distribution of 
these sites in the brain, with high densities in the hip- 
pocampus and brain stem; Monaghan et al., 1981). Hence, 
the data presented here constitute a firm basis for pro- 
posing that the C11/Ca2’-dependent (APB-sensitive) L- 

glutamate binding sites are of physiological significance 
at acidic amino acid-using synapses in the CNS. 

A number of investigators have shown previously that 
Ca2+ augments the binding of L-glutamate to various 
SPM preparations (Michaelis et al., 1974; Baudry and 
Lynch, 1979; Vargas and Costa, 1981) and that APB is an 
inhibitor of similar potency to that reported here (Foster 
and Roberts, 1978; Baudry and Lynch, 1981). In all of 
these studies, Cl--containing buffers were utilized for the 
binding assay. In one investigation employing Tris-ci- 
trate buffer (Biziere et al., 1980), APB was demonstrated 
to be of lower potency, and the general pharmacological 
profile for L-glutamate binding was somewhat different 
from that described by other authors (Foster and Rob- 
erts, 1978; Baudry and Lynch, 1981). The findings of the 
present study, that there are two pharmacologically dis- 
tinct populations of L-glutamate binding sites, one of 
which is revealed in the presence of Cl- (and Ca2+), help 
to reconcile these discrepancies. 

The observation that Cl- stimulates L-glutamate bind- 
ing to APB-sensitive sites was unexpected and merits 
discussion. Interestingly, those anions which mediate this 
effect (Mena et al., 1982) are the same anions which both 
modify the interaction of GABA antagonists (Enna and 
Snyder, 1977; Mohler and Okada, 1978) and benzodiaze- 
pines (Costa et al., 1979) with their recognition sites and 
permeate the neuronal membrane during postsynaptic 
inhibition (Araki et al., 1961). In the GABA-benzodiaze- 
pine system, the receptor sites are thought to be linked 
to the membrane Cl- ion channel (Olsen, 1981). By 
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analogy, one possibility is that those L-glutamate binding studies on synaptic complexes from rat brain. J. Cell Bioi. 55: 
sites stimulated by Cl- (the APB-sensitive population) 696-711. 
also are associated with a Cl- ionophore (note that this Cotman, C. W., A. C. Foster, and T. H. Lanthorn (1981) An 

does not exclude a glutamate action at other receptor overview of glutamate as a neurotransmitter. In Glutamate 

sites (APB-insensitive sites?) to produce a more classical as a Neurotransmitter, G. DiChiara and G. L. Gessa, eds., 

Na’-mediated excitatory response). This proposal gains pp. l-27, Raven Press, New York. 

credence from a number of observations: (1) iontophor- Curtis. D. R., and G. A. R. Johnston (1974) Amino acid trans- 

etic application of glutamate occasionally has been re- 
mitters in the mammalian CNS. Ergeb. Physiol. Biol. Chem. 

ported to inhibit neuronal firing (Yamamoto et al., 1976; 
Exp. Pharmakol. 69: 97-188. 

Spencer et al., 1978); (2) the reversal potential for glu- 
Davies, J., and J. C. Watkins (1979) Selective antagonism of 

tamate responses cannot be explained simply on the basis 
amino acid-induced and synaptic excitation in the cat spinal 
cord. J. Physiol. (Land.) 297: 621-635. 

of Na’ conductance and conceivably could involve a Cl- Davies, J., A. A. Francis, A. W. Jones, and J. C. Watkins (1981) 
component (Wojtowicz et al., 1981); and (3) at the pho- 2-Amino-5-phosphonovalerate (SAPV), a potent and selective 

toreceptor-ON bipolar cell synapse in the retina, APB antagonist of amino acid-induced and synaptic excitation. 

recently has been shown to mimic the hyperpolarizing Neurosci. Lett. 21: 77-81. 

actions of the natural transmitter (glutamate?) (Slaugh- Enna, S. J., and S. H. Snyder (1977) Influences of ions, enzymes 

ter and Miller, 1981), possibly by decreasing Cl- con- and detergents on y-aminobutyric acid-receptor binding in 

ductance (Miller and Dacheux, 1976). In the retinal sys- 
synaptic membranes of rat brain. Mol. Pharmacol. 13: 442- 

tem, the potencies of the phosphonic acid homologues 
453. 

(EC& values for inhibition of acetylcholine release from 
Evans, R. H., A. W. Jones, and J. C. Watkins (1981) Depressant 

amacrine cells; Neal et al., 1981) closely resemble those 
action of the L-glutamate amdogue (+)2-amino-4-phos- 
phonobutyrate. Br. J. Pharmacol. 74: 907P. 

obtained in this study and by Koerner and Cotman (1981) Fagg, G. E., A. C. Foster, E. E. Mena, J. F. Koerner, and C. W. 
for the antagonism of perforant path-granule cell synap- Cotman (1981) Calcium ions and the pharmacology of acidic 
tic transmission in the dentate gyrus. At this latter syn- amino acid receptor sites. Trans. Am. Sot. Neurochem. 22: 

apse, however, it is currently not clear whether APB acts 122. 

pre- or postsynaptically to reduce the granule cell re- Foster, A. C., and P. J. Roberts (1978) High affinity L-["HI 

sponse. Here, as in the olfactory cortex (Hori et al., 1981) glutamate binding to postsynaptic receptor sites on rat cere- 

and in the spinal cord (Evans et al., 1981), APB does not behar membranes. J. Neurochem. 31: 1467-1477. 

antagonize the response to iontophoretically applied glu- 
Foster, A. C., E. E. Mena, G. E. Fagg, and C. W. Cotman 

tamate (E. W. Harris, A. H. Ganong and C. W. Cotman, 
(1981a) Glutamate and aspartate binding sites are enriched 

unpublished observations), suggesting that a postsyn- 
in synaptic junctions isolated from rat brain. J. Neurosci. 1: 
620-625. 

aptic action is less likely. The hypothesis that APB acts Foster, A. C., G. E. Fagg, E. E. Mena, and C. W. Cotman 
on a specific population of presynaptic L-glutamate re- (1981b) L-Glutamate and L-aspartate bind to separate sites 
ceptors to reduce transmitter release remains to be eval- in rat brain synaptic membranes. Brain Res. 229: 246-250. 

uated. Greenberg, D. A., D. C. U’Prichard, P. Sheehan, and S. H. 
Snyder (1978) cY-Noradrenergic receptors in the brain: Differ- 
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