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Abstract: Quisqualate, a glutamate analogue, displaced L- 
[3H]glutamate binding in a biphasic manner, correspond- 
ing to “high-affinity” and “low-affinity” binding sites. 
High-affinity quisqualate sites were termed “quisqualate- 
sensitive ~-[’H]glutamate” binding sites. Quisqualate-sen- 
sitive ~-[~H]glutamate binding was regionally distributed, 
with the highest levels present in the cerebellar molecular 
layer. This binding was stimulated by millimolar concen- 
trations of chloride and calcium. The stimulatory effects of 
calcium required the presence of chloride ions, whereas 
chloride’s stimulatory effects did not require calcium. All of 
the ~-[~H]glutamate binding stimulated by chloride/cal- 
cium was quisqualate sensitive and only weakly displaced 
by N-methy1-D-aspartate, L-aspartate, or kainate. At high 
concentrations ( 1 mM), the anion blockers 4-acetamido-4‘- 
isothiocyanostilbene-2,2’-disulfonic acid and 4,4’-diisothio- 
cyanatostilbene-2,2’-disulfonic acid both reduced, by 4 1 
and 43%, respectively, the stimulatory effects of chloride. 
At concentrations of 100 pM, kynurenate, L-aspartate, 
(RS)-c~-amino-3-hydroxy-5-methyl-4-isoxazolepropion~c 

acid (AMPA), and L-2-amino-4-phosphonobutyric acid (L- 
APB) failed to displace quisqualate-sensitive L-[~H]-  
glutamate binding in the cerebellar molecular layer. In the 
presence of KSCN, however, 100 fiMAMPA displaced 44% 
of binding. Quisqualate-sensitive ~-[~H]glutamate binding 
was not sensitive to freezing, and, in contrast to other chlo- 
ride- and calcium-dependent ~-[~H]glutamate binding sites 
that have been reported, quisqualate-sensitive binding ob- 
served by autoradiography was enhanced at 4°C compared 
with 37°C. Quisqualate-sensitive ~-[~H]glutamate binding 
likely represents binding to the subclass of postsynaptic 
neuronal glutamate receptors known as quisqualate recep- 
tors, rather than binding to previously described APB re- 
ceptors, chloride-driven sequestration into vesicles, or 
binding to astrocytic membrane binding sites. Key Words: 
Glutamate-Quisqualate-Receptor- Autoradiography 
-Chloride-Calcium. Cha J. J. et al. Properties of quis- 
qualate-sensitive ~-[~H]glutamate binding sites in rat brain 
as determined by quantitative autoradiography. J. Neuro- 
chem. 51,469-478 (1988). 

Glutamate is a major excitatory neurotransmitter 
in the mammalian CNS. Electrophysiological re- 
sponses to glutamate appear to be mediated by at 
least three classes of receptors (Watkins and Evans, 
198 1). According to the most common classification, 
these receptors are named for the glutamate agonists 
that preferentially excite them: N-methyl-D-aspartic 
acid (NMDA), quisqualate, and kainate. Receptor 
binding studies in homogenates reveal binding sites 

for excitatory amino acids that appear to correspond 
to electrophysiologically defined receptors (Foster 
and Fagg, 1984). Receptor binding studies using 
quantitative autoradiography have also characterized 
binding sites for ~-[~H]glutamate that correspond to 
electrophysiologically defined receptors (Greenam yre 
et al., 1985a; Monaghan et al., 1985). 

The most well-characterized class of glutamate re- 
ceptor is the NMDA receptor (Cotman and Iversen, 
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1987), owing in large part to the existence of com- 
pounds that specifically block NMDA responses and 
interact with NMDA binding sites (Watkins and 01- 
verman, 1987). In contrast, elucidation of the non- 
NMDA receptors, the quisqualate and kainate recep- 
tors, has been hampered by the lack of such com- 
pounds. The clearest evidence that separate binding 
sites actually do exist is that NMDA, quisqualate, and 
kainate binding sites have unique anatomical distri- 
butions (Monaghan et al., 1983~; Greenamyre et al., 
1985~). We have taken advantage of the specific re- 
gional distribution of quisqualate-sensitive L-[~H]- 
glutamate binding sites to study specifically this class 
of binding sites. In addition, manipulation of ionic 
conditions, particularly the absence or presence of 
chloride and/or calcium ions, favors binding of L- 
[3H]glutamate to certain sites while inhibiting bind- 
ing to others, making the study of different subclasses 
of ~-[~H]glutamate binding sites possible. 

The nature of the subclass of glutamate receptor 
that mediates responses to quisqualate has not been 
elucidated. We report here that quisqualate-displace- 
able ~-[~H]glutamate binding is dependent on chlo- 
ride and calcium ions. In addition, this chloride- and 
calcium-stimulated binding observed by autoradiog- 
raphy most likely represents binding to neuronal 
postsynaptic glutamate receptors and is distinct from 
other chloride- and calcium-stimulated binding sites 
that have been reported. 

MATERIALS AND METHODS 

Materials 
~-[~H]Glutamic acid (specific activity = 22-53 Ci/mmol) 

was obtained from Amersham (Arlington Heights, IL, 
U.S.A.). (RS)-c~-Amino-3-hydroxy-5-methyl-4-isoxa- 
zolepropionic acid (AMPA) was obtained from Cambridge 
Research Biochemicals (Valley Stream, NY, U.S.A.). y- 
Aminomethylsulfonic acid (CAMS) and ~-2-amino-4- 
phosphonobutyric acid (L-APB) were obtained from Tocris 
Neuramin (Essex, U.K.). N-Acetylaspartylglutamic acid 
(NAAG) was obtained from Bachem (Torrance, CA, 
U.S.A.). Ethacrynic acid (ETC) was obtained from Merck 
(Rahway, NJ, U.S.A.). Quisqualic acid was a generous gift 
from Dr. J. Collins or obtained from Sigma (St. Louis, MO, 
U.S.A.). CaC12 was obtained from Fisher (Fairlawn, NJ, 
U.S.A.). All other compounds were purchased from Sigma. 

Tissue preparation 
Male Sprague-Dawley rats (weighing 175-250 g) were 

decapitated, and the brains were quickly removed, 
mounted on cryotome pedestals with Lipshaw embedding 
matrix, and frozen under powdered dry ice. Sections (20 
wm thick) were cut on a Lipshaw cryostat and thaw- 
mounted onto gelatin-coated slides. Sections were either 
used directly or stored for <24 h at -20°C. No differences 
in ~-[~H]glutamate binding were observed in slides that 
were stored frozen. To remove endogenous glutamate, all 
sections underwent a prewash for 30 min at 2°C in either 
50 mM Tris-HC1 buffer containing 2.5 mM CaClz (pH 
7.20) or 50 mM Tris-acetate (Tris-Ac) buffer (pH 7.20). 
The buffer used in the prewash was always the same as that 

used in subsequent binding experiments, as described 
below. Sections were blown dry under a stream of room 
temperature air. 

Autoradiography 
A detailed description of the method for glutamate re- 

ceptor autoradiography has been published (Greenamyre et 
al., 1984, 1985a,b). In brief, in competition studies, tissues 
were incubated for 45 min at 2°C with various competitors 
in the presence of 200 nM~-[~H]glutamate (specific activity 
= 4.2-7.3 Ci/mmol) in a total volume of 8 ml. All solutions 
were adjusted to pH 7.2 with Tris base, acetic acid, or HCI 
before use. Nonspecific binding was defined as that binding 
occumng in the presence of 1 mM unlabeled glutamate and 
represented <lo% of the total binding of ~-[~H]glutamate. 
In experiments examining the effects of calcium or chloride 
ions, these ions were added as acetate and Tris salts, respec- 
tively, and nonspecific binding was determined under each 
different ionic condition. 

After the incubation, sections were rinsed quickly three 
times with cold buffer and then rinsed with cold 2.5% (vol/ 
vol) glutaraldehyde in acetone. Sections were blown dry 
with warm air. The rinse/drying procedure took no more 
than 10 s. Dried sections were placed in x-ray cassettes with 
appropriate radioactive standards (Pan et al., 1983) and 
apposed to LKB Ultrofilm 3H. The film was exposed to the 
tissue sections for 14-21 days at 4°C and then developed, 
fixed, and dried. The optical densities of the resultant film 
images were determined using a computer-assisted micro- 
densitometer (Dauth et al., 1984). Sixteen to 25 readings 
were averaged from each area of interest in quadruplicate 
sections. The radioactivity was determined by a computer- 
generated polynomial regression analysis that compared 
film densities produced by the tissue sections to those pro- 
duced by the radioactive standards. All data presented were 
analyzed densitometrically from autoradiographic images. 

KI values were generated by the nonlinear regression pro- 
gram LIGAND (Munson and Rodbard, 1980). 

RESULTS 

Quisqualate displacement of ~-[~H]glutamate binding 
In 50 mM Tris-HC1 containing 2.5 mM CaC12, 

quisqualate resolved two distinct binding sites for L- 
[3H]glutamate, producing a biphasic displacement 
curve (Fig. 1). The KI value for the “high-affinity’’ site 
in striatum was 26.02 k 4.35 nM(mean k SEM). The 
KI value for the “low-affinity” site ranged from 
26.97 k 6.96 to 277.57 k 53.65 pM, depending on the 
batch of quisqualate used (Cha et al., 1987). The 
high-affinity site KI values were not significantly dif- 
ferent among different batches, using an unpaired t 
test (p > 0.05). KI values in the molecular layer of 
cerebellum were essentially identical to those values 
obtained in the striatum. For the purposes of this 
article, “quisqualate-sensitive ~-[~H]glutamate bind- 
ing” is defined as that binding displaced by 2.5 pM 
quisqualate. 

Regional distribution of quisqualate-sensitive 
~-[’H]glutamate binding 

Quisqualate-sensitive ~-[~H]glutamate was non- 
uniformly distributed in the rat brain (Fig. 2). Quis- 
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qualate displaced ~-[~H]glutamate binding from dif- 
ferent brain areas in the following order (most bind- 
ing displaced to least): molecular layer of the 
cerebellum > outer layers of parietal cortex, area 2 
(Paxinos and Watson, 1986) > stratum moleculare of 
the dentate gyrus of the hippocampus, entorhinal 
cortex, stratum radiatum of the CAI region of the 
hippocampus > granule cell layer of the cerebellum, 
striaturn > inner layers of parietal cortex (Fig. 3). 
There was minimal, but detectable, quisqualate-sen- 
sitive binding in the kidney. In addition to having the 
highest levels of quisqualate-sensitive L-[~H]- 
glutamate binding of any area examined, the molecu- 
lar layer of the cerebellum had the highest proportion 
of quisqualate-sensitive sites relative to total L-[~H]- 
glutamate binding. In the cerebellar molecular layer, 
79% of ~-[~H]glutamate binding was displaceable by 
2.5 pLM quisqualate. Thus, to study quisqualate-sen- 
sitive ~-[~H]glutamate binding, we concentrated on 
the cerebellar molecular layer, where both the abso- 
lute levels and the proportion of quisqualate-sensitive 
~-[~H]glutamate was highest. 

Effect of chloride and calcium ions on quisqualate- 
sensitive ~-[~H]glutamate binding 

Chloride ions markedly stimulated L-[~H]- 
glutamate binding in the cerebellar molecular layer 
(Fig. 4). Although all concentrations of chloride 
tested stimulated ~-[~H]glutamate binding, binding 
was stimulated more in the presence of 40 mM chlo- 
ride than in the presence of 20 or 86 mM chloride. 
Calcium ions also displayed a biphasic effect on L- 
[3H]glutamate binding, but only in the presence of 
chloride ions. Under zero chloride conditions, cal- 
cium exerted no stimulatory effect. For each concen- 
tration of chloride tested, the maximal amount of 
stimulation by calcium occurred at 10 mM. No stim- 
ulation of L-[ 3H]glutamate binding occurred at con- 
centrations of calcium < I  mM. The stimulation of 
L-[ 3H]glutamate binding by chloride did not require 
the presence of calcium. 

The stimulatory effects of chloride ions were 
weakly sensitive to chloride anion channel blockers 

FIG. 1. Displacement of ~-[~HJglutamate by quis- 
qualate (QA). Measurements were made in the 
striaturn. Data are mean k SEM (bars) values from 
four individual animals. 

- 3  - 2  

(Fig. 5) .  In Tris-HC1, both 4-acetamido-4’4sothio- 
cyanostilbene-2,2’-disulfonic acid (SITS) and 4,4‘-di- 
isothiocyanatostilbene-2,2’-disulfonic acid (DIDS) at 
a concentration of 1 m M  significantly reduced L- 
[3H]glutamate binding to 59 and 57% of control, re- 
spectively. ETC had no effect on binding in either 
Tris-Ac or Tris-HC1. None of the three anion 
blockers, however, even at a relatively high concen- 
tration of 1 mM, eliminated the stimulatory effect of 
chloride ions. 

Pharmacological profile of chloride/calcium- 
stimulated ~-[~H]glutamate binding 

The increased ~-[~H]glutamate binding observed in 
the presence of chloride and calcium ions was displa- 
ceable by quisqualate. In the cerebellar molecular 
layer, there was no increase in binding in Tris-HC1 
buffer with 2.5 mM CaC12 (final chloride concentra- 
tion = 45 mM) compared with Tris-Ac buffer if 2.5 
&I quisqualate was included in each condition (Fig. 
6). Thus, all the chloride- and calcium-stimulated L- 
[3H]glutamate binding appeared to be sensitive to 
quisqualate. Similarly, 2.5 pM quisqualate abolished 
the stimulatory effects of chloride and calcium in the 
granule cell layer of the cerebellum and in the stra- 
tum moleculare of the dentate gyrus and stratum ra- 
diatum of the CAI region of the hippocampus (Table 
1). Conversely, no chloride or calcium enhancement 
of quisqualate-insensitive ~-[~H]glutamate binding 
was observed. 

Although the chloride/calcium-stimulated binding 
was fully displaceable by quisqualate, other gluta- 
mate compounds were far less effective. Whereas 2.5 
pM quisqualate displaced >83% of ~-[~H]glutamate 
in the cerebellar molecular layer, NMDA (at a con- 
centration of 100 pM) ,  L-aspartate (10 p M ) ,  and 
kainate (10 pM)  all failed to displace > 15% of the 
binding, a result reflecting the predominance of quis- 
qualate-sensitive binding sites in this anatomical 
structure. In other areas where the proportion of 
quisqualate-insensitive ~-[~H]glutamate binding was 
higher, NMDA and L-aspartate were more effective 
displacers. In the presence of calcium and chloride 
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FIG. 2. Autoradiograms of ~-[~H]glutamate binding sites in rat brain. Both sections were incubated with ~-[~H]glutamate in the presence of 
100 pM NMDA: (a) in Tris-Ac and (b) in Tris-HCI plus 2.5 mM CaCI2. In (a), some of the ~-[~H]glutamate binding is to kainate sites, which are 
inhibited by Ca2+ and thus are not labeled in (b). In (b), chloride- and calcium-stimulated binding is nonuniformly distributed. As noted in the 
text, all chloride/calcium-stimulated binding is quisqualate sensitive. Str, striatum; OutCt, outerlayers of parietal cortex; InnCt, inner layers 
of parietal cortex; StrRad, stratum radiatum; SMDG, stratum moleculare of the dentate gyrus; Ent, entorhinal cortex; CerGr, granule cell 
layer of the cerebellum; CerMo, molecular layer of the cerebellum. 

ions, kainate displaced <13% of the binding in all 
areas tested. 

When tested at 100 pM, L-aspartate, kynurenate, 
GAMS, and L-APB failed to displace any L-[~H]- 
glutamate binding from the cerebellar molecular 
layer (Fig. 7). Essentially the same results were ob- 
tained if the competition experiment was conducted 
in the presence of 1 mM unlabeled NMDA (data not 
shown). NMDA itself at 100 pM displaced small but 
significant amounts of binding. L-Serine-0-sulfate 
and the dipeptide NAAG displaced 61 and 45%, re- 
spectively, of binding at 100 pM. AMPA (100 p M )  
displaced only small amounts of binding in Tris-HC1 
with 2.5 mM CaC12, but in the presence of 100 mM 
KSCN, AMPA became an effective displacer (Fig. 8) 
(Nielsen et al., manuscript in preparation). KSCN 
had no effect by itself on the overall binding of L- 
[3H]glutamate. 

Quisqualate-sensitive ~-[~H]glutamate 
binding at 37 versus 4°C 

Autoradiographic images obtained from tissue sec- 
tions that had been incubated with ~-[~H]glutamate 
at 37°C were qualitatively similar to those obtained 
from sections that had been incubated at 4°C. Tissue 

sections incubated at 4°C exhibited 59% more (p 
< 0.02 by unpaired t test) specific binding in all re- 
gions examined than sections incubated at 37°C 
(data not shown). There was a small increase in the 
amount of nonspecific binding observed with an in- 
crease in temperature. 

DISCUSSION 
Quisqualate receptors are believed to mediate fast 

synaptic transmission at excitatory synapses (Crunelli 
et al., 1983; Jahr and Jessell, 1985; Nelson et al., 
1986). Quisqualate-activated channels are voltage in- 
dependent and selective for monovalent cations 
(MacDonald and Porietis, 1982). Patch clamp exper- 
iments have demonstrated that quisqualate preferen- 
tially caused small conductance (<20 pS) channel 
openings (Cull-Candy and Usowicz, 1987; Jahr and 
Stevens, 1987). In addition to its ability to depolarize 
neuronal membranes, quisqualate has also been 
shown to elevate cyclic GMP production (McCaslin 
and Morgan, 1987) and to stimulate phosphoinosi- 
tide metabolism (Sladeczek et al., 1985; Nicoletti et 
al., 1986). Whether all of these actions are mediated 
by a single type of quisqualate receptor is not known. 

J.  Neurochem.. Vul. 51, Nu 2. 1988 
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[3H]glutamate bindinQ 

FIG. 3. Regional distribution of quisqualate (CIA)-sensitive L-[~H]- 
glutamate binding sites. Solid columns represent the amount of 
~-[~H]glutamate binding displaced by 2.5 f l  quisqualate [mean 
+_ SEM (bars)]. Open columns represent the total amount of L- 
[3H]glutamate binding present in Tris-HCI plus 2.5 mM CaCI,. 
CerMol, molecular layer of the cerebellum; OutCtx, outer layers of 
parietal cortex; SMDG, stratum moleculare of the dentate gyrus; 
EntCtx, entorhinal cortex; StrRad, stratum radiatum; CerGrn, 
granule cell layer of the cerebellum; Striat, striatum; InnCtx, inner 
layers of parietal cortex. 

Functionally, quisqualate receptors have been im- 
plicated in a form of synaptic plasticity (Kano and 
Kato, 1987) and may also mediate neurotoxic events 
(Silverstein et al., 1986). Injections of quisqualate 
cause seizures in the rat hippocampus (Fukuda et al., 
1985), and the putative kainate/quisqualate receptor 
antagonist GAMS prevents seizures in mice 
(Croucher et al., 1984). In Alzheimer’s brains, quis- 
qualate receptors appear to be one of the glutamate 
receptor subtypes, determined by autoradiographic 
receptor binding, that is decreased in number in the 
hippocampus (Greenamyre et al., 1987~). 

Unlabeled glutamate competed for L-[~H]- 
glutamate binding, as measured by quantitative auto- 
radiography, in a monophasic fashion, consistent 
with the possibility that glutamate interacts with a 
single class of receptors (Greenamyre et al., 1983, 
1984, 1985~; Halpain et al., 1983). The displacement 
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FIG. 4. Effects of chloride and calcium ions on 0 6 
~-[~H]glutamate binding in the molecular layer of 
the cerebellum. Data are mean f SEM (bars) 4 
values for specific binding from four individual ani- 
mals. 2 

curve produced by quisqualate, on the other hand, 
confirms that at least two binding sites for L-[’H]- 
glutamate exist that differ in their affinity for quis- 
qualate. The low-affinity component of the quisqua- 
late displacement curve likely represents binding to 
NMDA receptors, because drugs that interact with 
the NMDA receptor compete for this binding, and 
the proportion of this site decreases if unlabeled 
NMDA is included in the incubation medium 
(Greenamyre et al., 19850; Foster and Fagg, 1987). 
The fact that high concentrations of quisqualate can 
compete for this binding could be explained in two 
ways. The first is that at high concentrations, quis- 
qualate is a nonselective NMDA agonist and, 
thereby, acts directly at NMDA receptors. Alterna- 
tively, binding to NMDA receptors could be dis- 
placed by free glutamate, which may appear as a con- 
taminant of commercially available quisqualate (Cha 
et al., 1987). The level of contamination of quisqua- 
late, aspartate, or both is typically <I%. Thus, at a 
concentration of 2.5 pM quisqualate, the combined 
contaminant level of glutamate/aspartate would not 
be expected to exceed 25 nM, -l/lOth the KD 
of glutamate. It is, therefore, unlikely that con- 
tamination significantly affects quisqualate-sensitive 
binding. 

Non-NMDA receptors comprise both quisqualate 
and kainate receptors. Quisqualate binds to both 
these receptor subclasses, whereas kainate interacts 
preferentially with the kainate subclass of receptors 
(Greenamyre et al., 1985~).  Quisqualate-sensitive 
sites are far more numerous (at pmol/mg of protein) 
than are binding sites for [3H]kainate (fmol/mg of 
protein) (Beaumont et al., 1979). Glutamate binding 
to kainate receptors is inhibited by calcium ions 
(Monaghan et al., 1983~;  Greenamyre et al., 1985~). 
Thus, most chloride/calcium-stimulated quisqua- 
late-sensitive binding represents binding to quisqua- 
late receptors. This interpretation is borne out by the 
observation that NMDA and kainate are weak dis- 
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FIG. 5. Effects of anion channel blockers on chloride stimulation 
of ~-[~H]glutamate binding sites. Each drug was tested at 1 mM. 
Data are mean f SEM (bars) values from four individual animals. 
Significant differences between buffer conditions are indicated: 'p 
< 0.05, **p < 0.01, ***p < 0.005. SITS and DlDS inhibited the 
stimulation of binding by chloride (p < 0.02 by one-way analysis of 
variance). 

placers of binding to the high-affinity quisqualate 
site. 

That GAMS and AMPA, compounds that are be- 
lieved to interact with the quisqualate receptor based 
on electrophysiological evidence (Krogsgaard-Larsen 
et al., 1980; Davies and Watkins, 1985), were weak 
displacers of L-[ 3H]glutamate binding to the high-af- 
finity quisqualate site was unexpected. At the rela- 
tively high concentration of 100 pM, NAAG dis- 
placed nearly 50% of quisqualate-sensitive binding, a 
finding that may reflect a low grade of contamination 
of NAAG by free glutamate. 

The ability of AMPA to displace quisqualate-sensi- 
tive L-[ 3H]glutamate binding was greatly increased by 
addition of KSCN. KSCN did not affect specific glu- 
tamate binding or high-affinity quisqualate displace- 
ment thereof. It is of interest to note that KSCN has 
been reported to increase the binding of [3H]AMPA 
to rat brain cortical membranes (Honor6 and Niel- 
sen, 1985; Murphy et al., 1987). Although the mecha- 
nism of action by which KSCN increases AMPA 
binding is not known with certainty, it may increase 
the affinity of a low-affinity AMPA sensitive site. 

Quisqualate-sensitive ~-[~H]glutamate binding 
sites were found to be widely distributed in the rat 
brain and were examined in detail in striaturn, hip- 
pocampus, and cerebellum. In all areas examined in 
detail, quisqualate-sensitive glutamate binding had a 
very similar affinity for quisqualate and displayed an 
identical pharmacological profile and sensitivity to 
stimulation by ions. Notable concentrations of quis- 
qualate-sensitive ~-[~H]glutamate binding sites were 
found in the cerebellum, cortex, striatum, and hippo- 
campus, structures that are believed to possess exten- 
sive glutamatergic circuitry. For example, excitatory 

amino acids are the putative transmitters of cortical 
association fibers (Giuffrida and Rustioni, 1987), 
corticofugal pathways (Young et al., 1981), mossy 
fiber afferents to cerebellum (Beitz et al., 1986), and 
the cerebellar parallel fiber system (Young et al., 
1974). It is of interest to note that the distribution of 
quisqualate-sensitive ~-[~H]glutamate binding sites 
was anatomically different from the distribution of 
kainate and NMDA binding sites (Greenamyre et al., 
198%; Maragos et al., 1986). It has recently been 
suggested that NMDA, quisqualate, and kainate re- 
ceptors may share a common ion channel (Cull- 
Candy and Usowicz, 1987; Jahr and Stevens, 1987). 
Because each of the receptors has a unique anatomi- 
cal distribution, however, they may not share a com- 
mon ion channel in all areas. Or, conceivably, the 
stoichiometry of the multireceptor-ion channel com- 
plex may vary in different areas. 

An interesting aspect of the binding described in 
this report is that there is apparently more binding at 
4°C than at 37°C. The mechanism of enhanced bind- 
ing at 4OC remains to be elucidated. The increased 
binding could simply reflect a slower dissociation rate 
at 4°C. After a 37°C incubation, [3H]glutamate has a 
tlI2 of dissociation of 0.38 min (Greenamyre et al., 
1984). Thus, at a given constant rinse time, there 
would be more apparent binding when the assay and 
rinse were performed at 4"C, presumably due to a 
slowing of the dissociation rate. Regardless of the 
mechanism, it is clear that binding is not reduced at 
4"C, in contradistinction to other chloride-depen- 
dent glutamate binding sites (see below). 
The quisqualate-sensitive binding site versus other 
~[~Hlglutamate binding sites 

In the adult rat, all of the binding stimulated by 
addition of chloride and calcium ions was displace- 
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FIG. 6. Chloride and calcium stimulation of ~-[~H]glutamate bind- 
ing sites in the molecular layer of the cerebellum. Data are mean 
f SEM (bars) values from four individual animals. KA, kainic acid; 
QA, quisqualic acid. 
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TABLE 1. Pharmacological projile of chloride/calcium-stimulated ~-f"H]glutamate binding 

Cerebellar 
Stratum radiatum Stratum moleculare 

Buffer condition Molecular layer Granule cell layer of CAI of dentate gyms 

Tris-Ac 
Total I .47 f 0.20 1.53 f 0.16 6.54 f 1.05 7.12 k 0.57 
+2.5 pMQA 0.58 k 0.1 1 (39.5%) 1.08 k 0.07 (70.6%) 5.53 f 0.60 (84.6%) 5.44 f 0.40 (76.4%) 

Total 4.57 f 0.31 2.19 f 0.26 7.55 k 0.29 8.93 f 0.32 
+2.5 pMQA 0.78 t 0.09 (17.1%) 0.99 k 0.13 (45.2%) 5.10 f 0.33 (67.5%) 6.05 t 0.1 I (67.7%) 

5.57 f 0.47 (62.4%) +lOOpMNMDA 4.24 f 0.33 (92.3%) 1.37 f 0.09 (62.6%) 
+ 10 pM L-ASP 4.14 f 0.17 (90.6%) 1.75 f 0.06 (79.9%) 5.73 f 0.22 (75.9%) 7.56 f 0.37 (84.7%) 
+10pMKA 3.98 f 0.15 (87.1%) 1.98 f 0.16 (90.4%) 6.62 k 0.44 (87.7%) 7.85 f 0.44 (87.9%) 

Data are mean f SEM values (n = 4), in pmol of glutamate bound/mg of protein. Percentages reflect the amount of binding remaining in 

Tris-HCI+ 2.5 mMCaC12 

4.30 k 0.16 (57.0%) 

the presence of the displacer in question relative to the total binding for the buffer condition used. KA, kainic aid QA, quisqualic acid. 

able by quisqualate, with a K, value in the low nano- 
molar range. In the brains of neonatal rats, there 
exists a component of ~-[~H]glutamate binding that is 
displaceable by neither quisqualate nor NMDA 
(Greenamyre et al., 19873). A similar quisqualate- 
and NMDA-insensitive chloride/calcium-stimulated 
~-[~H]glutamate binding site may exist in human 
brain (Debowey et al., 1987). Several other chloride- 
dependent ~-[~H]glutamate binding sites have been 
reported (Table 2). In general, binding of L-[~H]- 
glutamate to these sites is also enhanced by calcium 
ions (Table 2). 

APB site. APB is believed to interact with a sub- 
population of glutamate receptors that may be pre- 
synaptically localized (Cotman et al., 1986). Binding 
of [3H]APB is increased by chloride and calcium in 
synaptic plasma membranes (Monaghan et al., 

iao 1 
I T 

im I T T  I T 

L-Amp Kyn OAM8 L-APE WYDA AMPA NMa L-80826 FY 
QA 

FIG. 7. Effects of glutamate compounds (100 pM) on L-[~H]- 
glutamate binding in the cerebellar molecular layer in the presence 
of chloride and calcium ions. Data are mean k SEM (bars) values 
from four individual animals. Kyn, kynurenate; L-SOS, L-serine-0- 
sulfate; QA, quisqualic acid. 

1983b; Robinson et al., 1985). The KI of quisqualate 
in inhibiting [3H]APB binding is 260 (Robinson et 
al., 1985) or 380 nM (Monaghan et al., 19833), at 
least 1 0-fold higher than the KI for quisqualate-sensi- 
tive binding in autoradiography studies. The APB 
site, however, has yet to be visualized in an autoradio- 
graphic binding assay, owing to its susceptibility to 
freezing (Fagg et al., 1983). The quisqualate-sensitive 
~-[~H]glutamate binding site presented here is studied 
on brain sections that were previously frozen. Indeed, 
APB itself did not compete for ~-[~H]glutamate bind- 
ing in the present preparation. Finally, the ability of 
['HI APB to bind to synaptic plasma membranes is 
greatly reduced at 4°C compared with binding at 
37°C (Monaghan et al., 19833), whereas in the 
present study, there is an increase in binding at 4°C. 
In spinal cord synaptic membranes, two populations 
of chloride-dependent glutamate binding sites are 
observed, one of which is sensitive to APB and a 
second of which is insensitive to APB (Mena et al., 
1986). Despite similarities in dependence on chloride 
and calcium, the quisqualate-sensitive L-[~H]- 
glutamate binding site differs from the APB site in 
affinity for quisqualate, sensitivity to temperature, 
sensitivity to displacement by APB, and susceptibility 
to freezing. Thus, they likely represent two separate 
binding sites. 

total l O O u M  l O u M  1 u M  
[AMPA] 

FIG. 8. Displacement of ~-[~H]glutamate by AMPA in the pres- 
ence and absence of 100 mM KSCN. Data are mean f SEM (bars) 
values from four individual animals. 
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Chloride-dependent uptake site. Sodium-indepen- 
dent, chloride-dependent uptake of L-['Hlglutamate 
into resealed membrane vesicles formed during ho- 
mogenization has been demonstrated in homogenate 
preparations (Pin et al., 1984; Kessler et al., 1987; 
Recasens et al., 1987; Zaczek et al., 1987). This up- 
take of ~-[~H]glutamate has been shown to be further 
enhanced by calcium ions. The KI values for quis- 
qualate, however, are in the micromolar range, in 
contradistinction to the nanomolar KI values ob- 
tained in the present studies. Vesicular uptake is 
greatly reduced at 4°C vs. 37"C, unlike quisqualate- 
sensitive ~-['H]glutamate binding. It is unlikely that 
the autoradiographic binding assay used here results 
in significant vesicle formation compared with a ho- 
mogenization procedure used for preparing synaptic 
plasma membranes, although this was not directly 
examined. The anion channel blocker DIDS blocks 
chloride-dependent uptake with a KI of 15 pM (Re- 
casens et al., 1987), whereas 1 mM DIDS reduced 
quisqualate-sensitive binding by only 4 1 %. Finally, 
unlike high-affinity quisqualate-sensitive binding, 
chloride-dependent ~-[~H]glutamate sequestration is 
sensitive to APB [and may, in fact, represent the same 
component of binding as does the APB site (Fagg and 
Lanthorn, 1985)l. 

Astrocytic membrane binding site. Bridges et al. 
(1987) have reported a ~-['H]glutamate binding site 
in astrocyte membranes that is chloride dependent, 
insensitive to freezing, and not displaced by APB. 
Glutamate binding to this site is not enhanced by 
calcium. It is unlikely that this astrocytic site is the 
same as the quisqualate-sensitive site, because the KI 
value of quisqualate for the astrocytic site is -100 
pM. Furthermore, the binding of ~-['H]glutamate to 
astrocyte membranes is greatly reduced at 4°C com- 
pared with 37°C. The binding of ~-[~H]glutamate to 
astrocytic membranes is markedly more sensitive to 
SITS and DIDS (KI = 15 pM)  than is quisqualate- 
sensitive binding (KI > 1 mM). Other findings argue 

against the possibility that quisqualate-sensitive L- 
[3H]glutamate binding is due to astrocytic binding. 
Brain areas with gliosis demonstrate reduced, rather 
than enhanced, L-[ 3H]glutamate binding in autoradi- 
ography (Greenamyre et al., 1985b; Olson et al., 
1987). Experiments with cerebellar mutant mice 
have suggested that the quisqualate-sensitive L-['H]- 
glutamate binding sites are located on Purkinje 
neurons (Olson et al., 1987). Quisqualate produces 
neurotoxic lesions in cerebellar slices, an observation 
substantiating this proposed neuronal location of 
quisqualate receptors (Garthwaite and Garthwaite, 
1984; Garthwaite et al., 1986). 

Enzymatic site. Robinson et al. (1986, 1987) have 
reported an N-acetylated-a-linked acidic dipeptidase 
(NAALADase) activity in rat brain that is believed to 
mediate cleavage of the dipeptide NAAG. The activ- 
ity of NAALADase is stimulated by chloride ions, 
enhanced by calcium ions, and survives freezing. The 
most potent inhibitor of NAALADase activity yet 
reported is quisqualate, with a KI value of 480 nM. 
NAALADase is slightly inhibited by APB. Its activity 
is greatly reduced at 4"C, however, and the regional 
distribution of NAALADase activity is quite dispa- 
rate from that of quisqualate-sensitive L-[~H]- 
glutamate binding. In particular, of all tissues tested, 
kidney possesses the highest levels of NAALADase 
activity, whereas by autoradiographic assay, the kid- 
ney demonstrates miniscule levels of quisqualate- 
sensitive ~-['H]glutamate binding. 

Calcium-dependent protease-increased site. Cal- 
cium has been reported to activate a protease that, 
when activated, can increase the number of gluta- 
mate binding sites (Baudry and Lynch, 1980, 1984). 
The binding sites that are recruited after calpain acti- 
vation appear to be different from the quisqualate- 
sensitive sites. The distribution of calpain activity in 
the brain is markedly different from that of quisqua- 
late-sensitive ~-['H]glutamate binding sites, with a 
notable absence of calpain activity in the cerebellum. 

TABLE 2. Characteristics of chloride-dependent glutamate binding processes 

APB-sensitive 
binding"-c Vesicle uptaked-g 

C1- dependent? Yes Yes 
Ca2+ enhanced? Yesb.' Yes 
Sensitive to freezing? Yes ? 
APB sensitive? Yes Yeses/ 
Activity at 4 vs. 37°C Greatly reduced" Greatly reduced 
K,  for QA 380 Ma Micromolar 

260 Me 

As t r o c yt i c 
membrane 
bindingh 

NAALADase 
activity i,j 

QA-sensitive 
autoradiographic 

binding 

Yes 
No 
No 
No 
Reduced to 17% 
- 1 0 0 ~  

Yes 
Yes 
No 
Slightly 
Reduced to < 10% 
480 nM 

Yes 
Yes 
No 
No 
Enhanced 
14-30 nM 

~~~ 

QA, quisqualic acid. 
Monaghan et al. (1 983b). 
Fagg et al. (1983). 
Robinson et al. (1985). 

Pin et al. (1984). 
Bridges et al. ( 1  986). 

/Zaczek et al. (1987). 
Kessler et al. (1987). 

Bridges et al. (1987). 
' Robinson et al. (1986). 
I Robinson et al. (1987). 
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The EGO for calcium ions in stimulating new recep- 
tor sites is 30 pM, compared with a millimolar con- 
centration of calcium required to influence quisqua- 
late-sensitive sites. Finally, the binding of L-[ 3H]- 
glutamate to binding sites uncovered by calpain in 
the presence of calcium is markedly sensitive to low 
temperatures, and calcium itself has no stimulatory 
effect at 4°C. 

In summary, the autoradiographic quisqualate- 
sensitive ~-[~H]glutamate binding site differs from all 
of the glutamate binding sites described above, in that 
it has the highest affinity for quisqualate. The binding 
detected by autoradiography occurs readily at 4"C, a 
temperature at which enzymatic and transport pro- 
cesses are likely to be retarded. This quisqualate-sen- 
sitive binding is not sensitive to freezing or displace- 
ment by APB and is displaced by AMPA in the pres- 
ence of KSCN. The distribution of these binding sites 
coincides with hypothesized glutamatergic pathways 
(Fagg and Foster, 1983). 

The most likely localization of these binding sites is 
on postsynaptic neuronal membranes (Olson et al., 
1987). Quisqualate-sensitive glutamate binding has 
been localized to postsynaptic densities (Fagg and 
Matus, 1984) and synaptosomal membranes (Quinn 
and Spraguer, 1986). These findings are in agreement 
with the hypothesis that quisqualate receptors me- 
diating neurotoxic events are located postsynaptically 
(Garthwaite and Garthwaite, 1984; Garthwaite et al., 
1986). In short, quisqualate-sensitive L-[~H]- 
glutamate binding most likely represents binding to 
the physiologically defined quisqualate receptor on 
postsynaptic neuronal membranes. 
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