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Abstract 

‘The binding of the putative excitatory transmitters glutamate (Glu) and aspartate (Asp) was 
measured in various subcellular fractions in order to assess their degree of localization in synaptic 
junctions (SJs). For both ligands, specific binding levels increased in the order, whole particulate 
membranes-crude mitochondrial pellet membranes (Pz)-synaptic plasma membranes (SPM), and 
were highly enriched in SJs, with values approximately 9 times greater than the values in whole 
particulate membranes. The recovery of binding sites in SJs suggested that the majority of sites in 
SPMs were junctional in nature. Specific binding sites were found also in other subcellular fractions, 
such as microsomal membranes, “light” SPMs, and mitochondrial membranes. Sodium ions were 
able to stimulate the specific binding of both ligands (Asp > Glu), the magnitude of the effect 
between subcellular fractions being in the order, whole particulate membranes > P2 > SPM. This 
effect was absent in SJs. Calcium and magnesium ions also enhanced the binding (Glu > Asp) in the 
order, whole particulate membranes 2 Pa 2 SPM > SJ. The results indicate that Glu and Asp 
binding sites have a specific synaptic localization and support a role for Glu and Asp receptors in 
synaptic transmission. 

Evidence that glutamate (Glu) and aspartate (Asp) are 
the major excitatory transmitter candidates in the mam- 
malian central nervous system (CNS) has arisen from a 
large number of electrophysiological and neurochemical 
studies (for reviews, see Snyder et al., 1973; Curtis and 
Johnston, 1974; Johnson, 1978; Watkins, 1978; Fagg and 
Lane, 1979; Cotman and Nadler, 1981). Although electro- 
physiological experiments have shown Glu and Asp re- 
ceptors to be present on many types of neuron, those 
specifically at the postsynaptic junctional membrane 
have not been described and characterized. The receptors 
activated by iontophoretic application of acidic amino 
acids may be junctional, extra-junctional, or a mixture of 
both types. For example, at the invertebrate neuromus- 
cular junction, where Glu is the major transmitter can- 
didate (Usherwood, 1978), the junctional membrane has 
been shown to possess a high density of Glu receptors 
(Takeuchi and Takeuchi, 1964; Usherwood and Machili, 
1968), although extra-junctional receptors are found also 
(Takeuchi and Onedera, 1975; Onedera ar,d Takeuchi, 
1980; Cull-Candy and Usherwood, 1973). In the mam- 
malian CNS, previous studies with tritiated Glu and Asp 
have revealed high affinity membrane binding sites 
which have characteristics similar to those of the physi- 
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ological receptors for these amino acids (Roberts, 1974; 
Michaelis et al., 1974; Fiszer de Plazas and De Robertis, 
1976; De Robertis and Fiszer de Plazas, 1976; Foster and 
Roberts, 1978; Baudry and Lynch, 1979a; Biziere et al., 
1980; Roberts et al., 1980). In the present study, use has 
been made of ligand binding assays in conjunction with 
subcellular fractionation techniques to assess the junc- 
tional location of excitatory amino acid receptors. 

Synaptic junctions (SJs) can be isolated from mam- 
malian brain by subcellular fractionation techniques 
(Cotman and Taylor, 1972; Davis and Bloom, 1973; 
Cohen et al., 1975) and have been used to investigate the 
biochemical characteristics of the synapse (Cotman and 
Kelly, 1980). In a previous paper, we have described an 
enrichment of binding sites for the Glu analogue kainic 
acid in purified SJs (Foster et al., 1981). In the work 
reported here, we have measured the binding of Glu and 
Asp to SJs and other subcellular fractions from rat brain 
in order to determine whether receptors for the putative 
transmitters Glu and Asp are enriched in the junctional 
region. We also report the effects of sodium, calcium, and 
magnesium ions on the binding of Glu and Asp to differ- 
ent subcellular fractions. 

Materials and Methods 

Materials. L-[“HIGlutamate (43.3 Ci/mmol) and L- 

[‘4C]glutamate (282 mCi/mmol) were purchased from 
New England Nuclear (Boston, MA), and L-[“H]aspar- 
tate (9 to 15 Ci/mmol) was from Amersham Corp. (Ar- 
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lington Heights, IL). 4-(2-Hydroxyethyl)-l-piperazine- 
ethanesulfonic acid (HEPES) was obtained from Calbi- 
ochem (La Jolla, CA), and all other chemicals and com- 
mon laboratory reagents were purchased from Sigma (St. 
Louis, MO) or Mallinckrodt (St. Louis, MO). 

Preparation of subcellular fractions and SJs. Subcel- 
lular fractions were prepared using a modification of the 
method described by Cotman and Taylor (1972). Briefly, 
Sprague-Dawley rats (12 to 20 per preparation), aged 30 
to 60 days, were killed by cervical dislocation and the 
forebrain was removed and homogenized in an ice cold 
solution of 0.32 M sucrose containing 0.05 mM CaClz and 
0.2 IllM HEPES’ (pH 7.4). A crude mitochondrial pellet 
was isolated and, after lysis in 0.2 mM HEPES containing 
0.05 mM CaC12 (pH 7.4) (Ca-water), a solution of 50 mg 
of iodonitrotetrazolium violet (INT) and 1.3 gm of sodium 
succinate in 0.2 M phosphate buffer (pH 7.4) was added. 
The suspension was incubated to 30°C followed by cen- 
trifugation at 50,000 x g for 25 min. The pellet (P2-INT) 
was resuspended in Ca-water and 2 M sucrose was added 
to give a final sucrose concentration of 0.85 M. This was 
layered onto a discontinuous sucrose gradient, and after 
centrifugation to equilibrium, the following fractions 
were collected: myelin (floating on 0.85 M sucrose), 
“light” synaptic plasma membranes (light-SPM) (0.85 
M, 1.0 M interface), synaptic plasma membranes (SPM) 
(1.0 M, 1.3 M interface), and mitochondria (pellet). The 
SPM fraction was diluted with Ca-water, centrifuged at 
50,000 x g for 20 min, then resuspended, and twice the 
volume of a solution containing 0.4% Triton X-100,2 mM 
EDTA (ethylenediaminetetra-acetate) in 10 mM HEPES 
(pH 7.2) was added. This was layered over 1.0 M sucrose, 
and after centrifugation, SJs were collected in the pellet. 
Microsomal (Pa) membranes were prepared from Sp by 
centrifugation at 17,000 x g for 10 min to remove residual 
PZ components (Pz’), and the supernatant (SZ’) was cen- 
trifuged at 50,000 x g for 60 min to obtain the PS pellet. 
The entire procedure is summarized in Figure 1. 

The fractions collected were: the original homogenate, 
crude mitochondrial pellet (Pz), microsomes (Pa), myelin, 
light-SPM, SPM, mitochondria, and SJs. The original 
homogenate was diluted with 0.2 mM HEPES (pH 7.4) 
and centrifuged at 50,000 X g for 20 min to obtain the 
whole particulate fraction. All fractions were washed 
three times by suspension in 0.2 mM HEPES (pH 7.4) 
and centrifugation at 50,000 x g for 20 min and finally 
resuspended in 50 mM HEPES (pH 7.4) and stored on 
ice until assay (usually the following day). 

Storage of membranes. Due to the length of the iso- 
lation procedure, it was necessary to store fractions for 
up to 2 days prior to assay. Freezing of membranes or 
overnight storage at 4°C has been shown previously to 
result in a large reduction of Glu binding levels (Foster 
and Roberts, 1978; Sharif and Roberts, 1980), and this 
was verified in the present study. However, we found 
that it was possible to store membrane fractions on ice 
overnight with minimal loss of binding when they were 
suspended in HEPES buffers. Storage in Tris 

* HEPES buffers were routinely made up using KOH, rather than 

NaOH, since Na’ ions are thought to enhance the binding of amino 
acids to sodium-dependent transport sites. 
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Figure 1. Flow diagram of subcellular fractionation proce- 
dure. 

(tris(hydroxymethyl)aminomethane) buffer resulted in a 
marked loss of binding, although fractions stored in 
HEPES but assayed in Tris showed the same binding 
levels as those stored and assayed in HEPES. 

Binding assays. Assays were performed essentially as 
described by Foster and Roberts (1978) except that the 
incubation conditions were optimized to 20 min at 30°C 
and the buffer used was 50 mM HEPES (pH 7.4). Tissue 
protein was determined prior to assay by the method of 
Lowry et al. (1951). Whole particulate and PP fractions 
were assayed with 400 pg of protein/tube, SJs at 50 to 
100 pg of protein/tube, and the remaining fractions at 
300 ,ug of protein/tube. The final assay volume was 1.08 
ml. With the exception of Ps membranes, assays were 
terminated by centrifugation for 3 min at 9000 x g in a 
Beckman Microfuge B and the supernatant was aspi- 
rated. Greater centrifugal force was required to pellet Ps 
membranes, and therefore, assays were terminated by a 
6-min centrifugation at 15,000 x g in a Beckman type 
40.2 rotor. This procedure did not appear to alter the 
levels of Asp or Glu binding, as similar values were 
obtained for the whole particulate fraction whether as- 
sayed by the microfuge or centrifuge technique (data not 
shown). Membranes were solubilized and radioactivity 
was determined by liquid scintillation spectrometry 
(Beckman LS 7500). 

Glu and Asp binding was assayed either separately, 
using the 3H-ligands (~-[~HlAsp, 9 to 15 Ci/mmol; L- 

[3H]Glu, 43.3 Ci/mmol), or as a double label procedure 
(L-[3H]Asp, 9 to 15 Ci/mmol; ~-[‘~ClGlu, 282 mCi/mmol) 
at a final concentration of 50 nM for each ligand. Non- 
specific binding was determined by the inclusion of a 0.5 
InM final concentration of unlabeled ligand in the single 
label assays and 0.5 mM Glu plus 0.5 mM Asp in double 
label assays. 

The double label assay has the advantage of rapidity 
and conservation of membranes and, in addition, facih- 



622 Foster et al. Vol. 1, No. 6, June 1981 

tates a comparison between binding sites for Glu and 
Asp by measuring them in the same assay tube. Whether 
Glu and Asp bind to the same or separate sites, the 
following theoretical considerations indicate the validity 
of this procedure: (I) The labeled ligand concentration 
used (50 nM) is approximately lo-fold lower than the KO 
values for both ligands (Foster and Roberts, 1978; Sharif 
and Roberts, 1980; Roberts et al., 1980; present study) so 
that, if a common site is labeled, saturation of the binding 
site is not achieved. (2) In previous studies, the KI for 
Asp displacement of Glu binding was found to be 6 to 20 
PM (Foster and Roberts, 1978; Baudry and Lynch, 1979a). 
Hence, the potency of Asp is insufficient to displace Glu 
binding at a concentration of 50 nnq similarly, Asp bind- 
ing is not affected by 50 no Glu (A. C. Foster, E. E. 
Mena, G. E. Fagg, and C. W. Cotman, unpublished ob- 
servation). In confirmation of these arguments, prelimi- 
nary experiments indicated that the levels of Glu and 
Asp binding measured in single label experiments were 
indistinguishable from those measured by the double 
label method, and therefore, the latter procedure was 
used routinely except for the KLI determinations. 

Results 

Distribution of binding sites between subcellular frac- 
tions. The values for the specific binding of Glu and Asp 
are shown in Table I. In all fractions, the mean values of 
Glu binding were greater than those of Asp. This was 
significant in the SPM and SJ fractions (p < 0.05; t test). 
There was a trend toward an increase in the specific 
binding of both ligands as the purity of synaptic compo- 
nents in each fraction increased (i.e., whole particulate 
< Pz < SPM). Of the Pp subfractions, lower levels of 
binding were found in myelin, light-SPM, and mitochon- 
drial fractions. For Asp, the binding relative to SPMs in 
these latter three fractions was 51, 58, and 48%, respec- 
tively, and for Glu, 13, 40, and 28%, respectively. On 
further purification of myelin (Norton and Poduslo, 1973) 
and mitochondria (Mena et al., 1980), only low levels of 
binding were found in these fractions. 

Purified SJs were found to possess high levels of spe- 
cific binding for both ligands, some g-fold greater than 
the values in whole particulate membranes (Table I). 
Calculation of the total number of binding sites for indi- 
vidual preparations indicated that the recovery of bind- 
ing sites in SJs from SPMs was 84.5 f 9.3% for Asp and 
83.2 k 5.3% for Glu (N = 4). 

Kinetics of binding to SJs. Kinetic analysis of the 
specific binding of Glu and Asp to SJs indicated that the 
binding sites were saturable, and KD and B,,, values 
were obtained by Scatchard analysis (Fig. 2). The mean 
values (+SEM) were: Glu, KO = 453 -+: 52 nM and B,,, 
= 90.74 f 19.3 pmol/mg of protein (N = 4); Asp, KO = 
556 & 62 mu and B,,, = 53.29 + 11.6 pmol/mg of protein 
(N = 5). The B max value for Glu was significantly greater 
than that for Asp by paired t test (N = 4; p -C 0.025). 

Effect of ions. The effects of sodium, calcium, and 
magnesium ions (100, 2.5, and 2.4 m&q respectively, as 
the chloride salts) on the specific binding of both ligands 
were investigated in a number of subcellular fractions 
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Figure 2. Typical Scatchard plot of specific Glu and Asp 
binding to SJs. ~-[~HlGlu and L-[~H]As~ binding were assayed 
over a concentration range of 10 to 1000 nM as described under 
“Materials and Methods.” Lines of best fit were determined by 
linear regression analysis. Ordinate, specific binding (pico- 
moles/mg of protein); abscissa, specific binding/free ligand 
concentration (picomoles/mg of protein x m-l). 0, Glu; 0, 
Asp. 

TABLE I 
Distribution of specific Glu and Asp binding sites in subcellular fractions 

Subcelhrlar fractions were prepared and assayed as described under “Materials and Methods.” Assays were performed in triplicate and values 

are the means (*SEM) for the number of determinations in parentheses. The binding values relative to whole particulate membranes (WP) 
(deskmated a value of 1) are shown next to the binding values for each fraction. The abbreviations used are as defined in the text. 

WP 
PP 
P3 
SPM 
SJ 

Specific Binding 

pmol/mgprotein 

0.648 f 0.197 
0.765 + 0.175 
1.080 + 0.520 
0.954 * 0.120 
5.834 + 1.685 

Asp&& 

Relative to WP 

1 
1.18 
1.67 
1.47 
9.00 

(N) 

(6) 
(6) 
(3) 
(8) 
(6) 

Specific Binding 

pmoZ/mgprotein 

1.202 + 0.358 
1.539 + 0.424 

1.808 -+ 0.758 
2.860 + 0.468 

11.638 f 1.652 

Glutamate 

Relative to WP (N) 

1 6) 
1.28 (6) 
1.50 (3) 
2.34 (11) 

9.68 (6) 
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Figure 3. Effect of ions on the specific binding of Glu and 
Asp to different subcell&r fractions. Subcellular fractions were 
prepared and assayed for Glu and Asp binding as described 
under “Materials and Methods.” Assays were performed in 
triplicate and specific binding in the presence of ions (NaCl, 100 
mM; CaC12, 2.5 mM; MgC12, 2.4 mM) is expressed as a multiple 
of the binding values obtained in the absence of ions (=l) for 
each subcellular fraction and is averaged from three separate 
experiments which varied by less than 10%. Open bars, whole 
particulate; hatched bars, Pp; stippled bars, SPM; solid bars, 
SJ. 

(Fig. 3). Na+ was able to stimulate the specific binding of 
both Glu and Asp. For both ligands, this effect was 
greatest in whole particulate membranes, with values 
10.5 times control for Asp and 5.5 times control for Glu. 
This stimulation decreased progressively through the 
subcellular fractions in the order, whole particulate > PZ 
> SPM, and was completely absent in SJs. 

The divalent ions also were able to increase the binding 
of both ligands. In whole particulate membranes, Ca2’ 
increased specific Glu binding to 7.8 times control levels 
and Asp binding to 1.9 times control. In the same fraction, 
Mg+ increased Asp binding to 2.5 times control and Glu 
binding to 4.6 times control. For both ions, the stimula- 
tion of Glu and Asp binding showed either little change 
or decreased slightly from whole particulate to PP to 
SPMs. In SJs, the effect was small, and only a low 
proportion of the ion-stimulated binding sites in SPMs 
were recovered in SJs. In the case of Ca’+-stimulated Glu 
sites, only 10.3 + 4.8% (N = 3) of the sites present in 
SPMs were retained in SJs. 

The data in Figure 3 indicate that the mono- and 
divalent cations have differential effects on Glu and Asp 
binding. Na+ was able to elicit a greater stimulation of 
Asp binding than that of Glu, this being significant in PZ 
and SPMs (paired t test; p < 0.05; N = 3). Conversely, 
Ca2’ and Mg*’ were able to stimulate Glu binding to a 

greater extent than that of Asp in all subcellular fractions 
for Ca2’ and in SPMs for Mg2+ (paired t test; p c 0.05; N 
= 3). 

Discussion 

The major finding of this paper is the presence of high 
levels of specific binding sites for Glu and Asp in SJs. 
The g-fold enrichment of both Glu and Asp binding in 
this fraction relative to whole particulate membranes 
appears to be due to an increase in the number of binding 
sites since the KD values for binding of the two ligands 
are the same as those reported for crude synaptic mem- 
branes (Foster and Roberta, 1978; Baudry and Lynch, 
1979a; Sharif and Roberta, 1980; Roberts et al., 1980) and 
in P2 and SPM fractions (A. C. Foster, E. E. Mena, G. E. 
Fagg, and C. W. Cotman, unpublished observations). 
This indicates that the increase in binding is not due to 
a change in affinity of the binding site caused, for exam- 
ple, by the removal of an endogenous inhibitor. 

The majority of binding sites in SPMs appear to be 
junctional, as the recovery of binding sites in SJs for 
both Glu and Asp is approximately 80%. This is con- 
sistent with findings in locust and crayfish muscle, where 
extra-junctional receptors have been found to exist only 
in low concentration (Cull-Candy, 1978; Onedera and 
Takeuchi, 1980). Specific Glu and Asp binding sites were 
found in microsomal and light-SPM fractions, which may 
indicate the presence of extra-junctional receptors. How- 
ever, membranes can be isolated from these fractions 
whose polypeptide composition is indistinguishable from 
SJs, indicating that some of the Glu and Asp binding in 
these fractions may be junctional (E. E. Mena, A. C. 
Foster, G. E. Fagg, and C. W. Cotman, manuscript in 
preparation). Thus, it is not possible in the present 
experiments to assess the numbers of extra-junctional 
receptors accurately. Despite the high levels of specific 
binding for Glu and Asp observed in SJs, it is clear that 
binding sites are present also on other subcellular parti- 
cles from the small enrichment of Glu and Asp binding 
obtained in PP and SPM fractions (compared to whole 
particulate membranes). This suggests that, in order to 
study binding sites for Glu and Asp that are relevant to 
synaptic processes, it is necessary to use a purified syn- 
aptic membrane fraction. 

Recent evidence suggests that Glu binding can be 
regulated by different ions. In the presence of physiolog- 
ical Na’ concentrations, Glu has been proposed to bind 
predominantly to membrane transport sites (Roberts, 
1974; Baudry and Lynch, 1979a; Vincent and McGeer, 
1980). The stimulation of Glu and Asp binding by Na’ 
was greatest in whole particulate membranes, decreased 
in SPMs, and absent in SJs, which suggests that, if 
uptake sites are labeled in the presence of Na+, they do 
not have a specific synaptic localization. 

Ca2’ has been shown to cause an increase in Glu 
binding (Michaelis et al., 1974) by an increase in the 
number of binding sites with no change in affinity 
(Baudry and Lynch, 1979b). It might be expected that 
Ca2’ stimulation is a characteristic of junctional Glu sites 
in view of the critical role of Ca2+ in synaptic events. The 
extent of the Ca2+ stimulation of Glu binding was similar 
in whole particulate, Pa, and SPM fractions, suggesting 
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that Ca”-stimulated sites are present in, but not specific 
for, synaptic membranes. However, the effect of Ca2’ was 
much reduced in SJs. One explanation for this finding is 
that calmodulin has been shown to be present in isolated 
postsynaptic densities (Grab et al., 1979), and therefore, 
it is possible that Ca”+ is tightly bound to the junctional 
region. Consequently, Glu binding sites may already be 
exposed to a high “endogenous” Ca2+ concentration so 
that the addition of further Ca2+ is not able to cause a 
stimulation. However, incubation of SJs with EGTA 
(ethylene glycol bis(P-aminoethyl ether)-N, N,N’,N’- 
tetra-acetic acid) to remove Ca2’, followed by thorough 
washing, resulted in a small decrease of Glu binding but 
no greater stimulation by Ca2+ than in untreated mem- 
branes (A. C. Foster, E. E. Mena, G. E. Fagg, and C. W. 
Cotman, unpublished observation). An alternative expla- 
nation is that Triton treatment of SPMs solubilizes a 
membrane component which mediates the Ca2+ effect. In 
relation to this, it is interesting that a Glu binding protein 
has been solubilized from rat brain synaptic membranes 
by Triton treatment (Michaelis, 1975), and this retains 
its Ca2+ sensitivity (Grubbs and Michaelis, 1980). 

The effects of the ions differentiate between the bind- 
ing sites for Glu and Asp. Na’ is able to cause a greater 
stimulation of Asp than Glu binding, whereas the con- 
verse is true for Ca2+ and Mg”. This suggests that Glu 
and Asp binding sites are distinct from each other (A. C. 
Foster, G. E. Fagg, E. E. Mena, and C. W. Cotman, 
manuscript in preparation). 

In summary, purified SJs from rat forebrain have been 
shown to possess a high density of Glu and Asp binding 
sites. On the basis of pharmacological studies (Foster and 
Roberts, 1978; Roberts et al., 1980) and recent correla- 
tions of synaptic pharmacology and binding data (Fagg 
et al., 1981), it is likely that these binding sites represent 
physiological acidic amino acid receptors. The synaptic 
localization of the binding sites that we have observed is 
that which would be expected of a transmitter receptor 
and suggests that Glu and Asp receptors are involved in 
synaptic transmission in the mammalian CNS. Further 
investigation of acidic amino acid binding sites in purified 
synaptic membrane fractions and SJs will give more 
information as to the characteristics of these receptors. 
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