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Abstract 

N-ITEthyl-D-aSpiWtate (NMDA) is an acidic amino acid which 
depolarizes neurons by selectively interacting with a distinct 
class of excitatory amino acid receptor. Recent evidence has 
indicated that this receptor is a neurotransmitter receptor in 
the spinal cord, cerebral cortex, and hippocampus for which 
the endogenous ligand is likely to be L-glutamate or a struc- 
turally related compound. Using quantitative autoradiogra- 
phy, we have studied the anatomical distribution of the class 
of L-[3H]glutamate-binding sites displaced by NMDA, which 
appear to correspond to NMDA receptors. The CA1 region of 
the hippocampus contains the highest density of sites. In 
general, telencephalic regions have high levels of binding 
sites. The cerebral cortex shows significant density varia- 
tions among the differing layers and regions, with the highest 
levels found in the frontal cortex layers I to Ill. Within the 
basal ganglia, the highest levels are found in the nucleus 
accumbens, intermediate levels are found in the caudate/ 
putamen, and very low levels are found in the globus pallidus. 
Thalamic regions have moderate levels with variations 
among differing regions. Midbrain and brainstem have low 
levels of binding sites, but within these regions there are 
structures exhibiting higher levels, e.g., the nucleus of the 
solitary tract and the inferior olive. The distribution of NMDA 
sites is consistent with most, but not all, of the regions 
previously proposed to use glutamate as an excitatory trans- 
mitter. Thus, the distribution of NMDA-sensitive L-r3H]gluta- 
mate-binding sites suggests that the NMDA receptor repre- 
sents a major, distinct subset of excitatory amino acid recep 
tors and indicates regions in which neurotransmission may 
be mediated or modulated by this receptor. 

Evidence from a variety of experimental approaches suggests 
that the excitatory amino acid L-glutamate (and possibly related 
compounds) is a major neurotransmitter in the vertebrate CNS 
(Cotman et al., 1981; Watkins and Evans, 1981; Fagg and Foster, 
1983; Fonnum, 1984). Excitatory amino acid depolarizations appear 
to be mediated by at least three distinct receptor types which are 
characterized by selective interaction with N-methyl-o-aspartate 
(NMDA), quisqualate @A), and kainate (KA) (McLennan, 1981; 
Watkins and Evans, 1981; and Foster and Fagg, 1984). 

There is now compelling evidence that the receptor recognized 
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by NMDA is involved in synaptic transmission. The dorsal root- 
evoked ventral root polysynaptic response in several vertebrate 
spinal cord preparations is antagonized by the appropriate spectrum 
of NMDA antagonists (Davies and Watkins, 1983). The generation 
of long term potentiation in the Schaffer collateral pathway of the 
hippocampus is also antagonized by specific NMDA antagonists 
(Collingridge et al., 1983; Harris et al., 1984; Wigstrom and Gustafs- 
son, 1984). It has also been recently reported that, under certain 
conditions, EPSP and population spike responses within the hippo- 
campus and cerebral cortex can be blocked by NMDA antagonists 
(Hablitz and Langmoen, 1984; Coan and Collingridge, 1985; Thom- 
son et al., 1985). Thus, although it remains for further electrophysi- 
ological investigation to specifically define the physiological role of 
NMDA receptors, it is well established that these receptors are 
involved in mediating some aspect of synaptic transmission. Thus, 
localization of the binding sites for NMDA also provides independent 
evidence for excitatory amino acid-mediated neurotransmission in 
the indicated regions. In addition, since it has been shown that 
seizure activity induced by a variety of agents (Croucher et al., 1982; 
Meldrum et al., 1983a, b) can be blocked by NMDA antagonists, 
the localization of NMDA sites may suggest regions where this 
potentially therapeutic action may occur. 

In a previous report (Monaghan et al., 1983a) we have described 
a unique binding site for Q3H]glutamate which preferentially recog- 
nizes NMDA and exhibits the characteristic NMDA receptor phar- 
macology. We have also recently studied this binding site in mem- 
brane preparations (Yao et al., 1984) and found the pharmacological 
profile to be indicative of the NMDA receptor, as had been suggested 
by Fagg et al. (1983). This binding site is enriched in synaptic plasma 
membranes and is further enriched in synaptic junctions. Fagg and 
Matus (1984) have recently reported that these sites are preferentially 
localized in isolated postsynaptic densities. The NMDA receptor 
identity of this binding site appears to be confirmed by the recent 
work of Olverman et al. (1984) who found L-glutamate to have a 
high affinity for o-[3H]-2-amino-5-phosphonopentanoate (D-[3H]AP5, 
a selective NMDA antagonist)-binding sites with an affinity similar to 
that found for glutamate binding to NMDA-sensitive L-[3H]glutamate- 
binding sites, Likewise, D-[~H]AP~ exhibits a similar pharmacological 
specificity, a similar binding site density (B,,), and a similar distri- 
bution within the CNS. For both ligands, highest binding levels are 
found within the hippocampus, and they display identical distribu- 
tions within this structure (Monaghan et al., 1983a, 1984b). 

The results of this study demonstrate that NMDA-binding sites 
exhibit a high degree of anatomical specificity. In general, their 
distribution agrees with the regions proposed to use glutamate for 
neurotransmission, suggesting that these sites represent a major 
subset of excitatory amino acid receptors. Preliminary results of this 
study have been presented in abstract form (Yao et al., 1984). 

Materials and Methods 

Sprague-Dawley rats (150 to 300 gm) were decapitated, and the brains 
were rapidly removed and frozen on powdered dry ice. Tissue sections were 
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prepared for autoradlography as previously described (Monaghan et al., 
1983a). Bnefly, 6-pm tissue sections were thaw-mounted onto acid-washed 
microscope slides and then Immediately placed into 0 to 2°C 50 mM Tris- 
acetate buffer, pH 7.2, for 2 hr to promote tissue adherence. Slides were 
then prelncubated at 30°C for 10 min to further remove endogenous gluta- 
mate and various ions. This 30°C preincubation resulted In a 2- to 4-fold 
increase in the specific binding levels. Inclusion of a second 30”C/lO-min 
prelncubation with fresh buffer did not further increase glutamate binding. 
The tissue sectlons for anatomical studies were incubated for 10 min at 0 to 
4°C in 1.8 ml of 50 mM Tris-acetate buffer, pH 7.2, containing 100 nM L-[~H] 

glutamate (50 Ci/mmol. ICN, Irvine, CA). Incubations at higher temperatures 
(20, 30, and 37X’) resulted in lower levels of blndlng. Half of the sections 
obtained (approximately 34 slides/animal, 12 animals) were also incubated 
in the presence of 100 PM NMDA. With this concentration of NMDA there is 
no significant displacement of binding to other binding sites known to interact 
with L-glutamate-KA-, QA- (as labeled by [3H]amlno-3-hydroxy-5-methyC4- 
lsoxazolepropionic acid, [3H]AMPA), aspartate-, or &amino-4-phosphono- 
butyrate-binding sites (Simon et al., 1976; London and Coyle, 1979; Sharif 
and Roberts, 1981; Honore et al., 1982; Butcher et al., 1983; Fagg et al., 
1983, Monaghan et al., 1983a, b, 1984a). However, this concentration is 
high enough to displace greater than 90% of the binding to NMDA sites 
(Monaghan et al., 1983a; Fagg and Matus, 1984; Olverman et al., 1984). 

Following incubation, unbound radioactivity was removed by dipping the 
slides into a series of four Coplln jars with ice-cold buffer for a total time of 
30 sec. Sections were then dried under an air stream and placed Into x-ray 
cassettes with tritium-sensitive film (LKB Instruments, Gaithersburg, MD) and 
brain paste standards (Unnerstall et al., 1982). Film exposure was 2 to 4 
weeks at 4”C, followed by standard film development in Kodak D-19 at 20°C. 
Autoradiograms were analyzed by computer-assisted densitometry with a 
De Anza image processing system, LSI-I l/23 microprocessor, and a video 
camera as previously described (Walters and Berns, 1981). The distribution 
of NMDA-speclflc L-[3H]glutamate binding (Table I) was determined by 
subtracting the levels of binding found in various brain regions in the presence 
of 100 PM unlabeled NMDA from the levels of total glutamate binding in the 
respective regions. This analysis was necessary because, although relatively 
minor In number, the NMDA-InsensitIve glutamate-binding sites exhibit a 
differing distribuCon. It should be noted that because of the differential 
quenching of tritium beta emissions by white matter and gray matter (Alex- 
ander et al., 1981), the resulting quantitative values presented here are 
partially a function of this effect. These values, however, are comparable to 
the quantitative values generated by others for other receptors and may be 
corrected as correction values become available. Brain regions were identi- 
fied by comparison of the autoradiograms and Nissl-stained tissue sections 
to the rat brain atlas by Paxinos and Watson (1982). Cortical regions were 
compared to regions defined by Krieg (1946). 

The radiolabel in the tissue at the end of the binding incubation appeared 
to be L-glutamate. #HIGlutamate bound to tissue sections and then ex- 
tracted with 0.1 M acetic acid co-migrated with authentic glutamate on 
cellulose thin layer chromatography plates in an aqueous phenol solvent 
system. 

In tissue sections used for kinetic and equilibrium bindlng measurements 
in whole tissue sections, the sections were treated as described above, but 
Instead of fully air-drying the tissue, the sections were wiped off the slide 
with Whatman GF/B glass fiber filters. The radioactivity in these sections was 
then determined by routine liquid scintillation spectrophotometry. Chemicals 
were obtained from Sigma Chemical Co. (St. Louis, MO) except unlabeled 
NMDA, which was obtained from Tocris Chemicals (Essex, United Kingdom). 

Results 

Binding characteristics 

L-[3H]Glutamate bound to rat brain tissue sections in a saturable, 
reversible manner with a Kd of 0.48 f  0.07 pM and a B,, of 0.95 f  
0.09 pmol/mg of protein (Fig. 1). Binding affinity determined within 
the stratum radiatum of the hippocampus using quantitative densi- 
tometry revealed an affinity of 0.24 _+ 0.06 PM and a B,, of 3.31 + 
0.41 pmol/mg of protein, reflecting the higher levels of binding in 
this region. Equilibrium levels of binding were rapidly achieved (Fig. 
IA). The association rate constant was 0.32 f  0.02 PM-‘min-‘, 
Upon dilution, the binding dissociated with a rate of 0.0054 f  0.0004 
set-’ (Fig. IA). This indicates that approximately 85% of equilibrium 
binding levels remain by the end of the 30.set rinse. Determination 
of the K, value from association and dissociation rate constants 
results in a Kd of 1 .O pM. This value is in reasonable agreement with 
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Figure 7. @HIGlutamate (100 nM) binding to rat brain tissue sections 
prepared in the coronal plane at a level approximately 3 mm posterior to 
bregma. In A, % Bound is the percentage of specific bindinq (displaceable 
by 0.5 mM L-glutamate). Binding shows rapid association-and ‘is readily 
reversible. Zero rinse time, 100% binding levels for the dissociation rate 
experiment were determined by extrapolafion. Dissociation was effected by 
placing the slide into buffer (at arrow) wtthout the radioligand after the 
standard Incubation as described under “Materials and Methods.” In B, the 
dissociation constant was determined by increasing concentrations of unla- 
beled L-glutamate. The inset shows Scatchard analysis of equilibrium binding 
data (Scatchard, 1949). Representative experiments are shown, and aver- 
aged results are presented under “Results.” 

that determined by equilibrium studies. When binding levels were 
determined at 7 set rinse time, higher than expected levels of 
binding were observed; this may partly be due to the lag time in 
changing the buffer composition surrounding the receptor within the 
tissue section, or to the presence of a rapidly dissociating compo- 
nent which could not be resolved. However, autoradiograms pre- 
pared with a short rinse time (5 set) exhibited a qualitatively similar 
distribution pattern, and the B,, value obtained in membrane prep- 
arations under conditions with no net dissociation (Yao et al., 1984) 
is similar to that obtained in this study. 

In 50 mM Tris-acetate buffer and in the absence of Na’, Ca’+, 
and Cl- ions, approximately 75% of the specifically bound L-[~H] 
glutamate binding was displaced by NMDA with an inhibition con- 
stant (K,) of 5.2 f  1.7 PM (n = 3, Fig. 2). Inhibition constant was 
determined from the relationship K,’ = (1 + F/K,) where K,’ = 
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monly observed in layer Pa of the cortex. This was most readily 
observed in parietal cortex (Figs. 4 to 6). Insular, entorhinal, and 
perirhinal cortices exhibit a uniform density through their layers. 
Among cortical regions, frontal, insular, pyriform, perirhinal, and 
anterior cingulate cortex display the highest levels, whereas tem- 
poral, occipital and parietal regions display intermediate levels (with 
slightly lower levels in the deep parietal cortex), and the posterior 
crngulate cortex displays the lowest levels (cf. Figs. 5 and 6). In 
parasagittal sections near the midline, a distinct border was observed 
between anterior and posterior cingulate cortex. Likewise, an abrupt 
change in receptor density is observed in horizontal sections at the 
perirhinal-entorhinal border (Fig. 4). 

20 c l I 

NMDA-sensitive L-[3H]glutamate-binding sites are particularly en- 
riched in regions relating to olfaction. Within the olfactory bulb itself, 
there is a distinct lamination with higher binding levels in the external 
plexiform layer (Fig. 5A). In addition to high levels in primary olfactory 

6 5 4 
cortex (Fig. 5) the anterior olfactory nuclei as well as the accessory 

-log NMDA (M) 
olfactory bulb have high levels of binding (Fig. 5, B and C). More 
posteriorly, high levels of binding are associated with the olfactory 

Figure 2. NMDA inhibltion of #HIglutamate blndrng to whole tissue tubercles (Fig. 5, C to E). 
sections. Increasing concentrations of NMDA caused an InhIbition of binding 
with a high affinity. Average values are presented under “Results.” 

Within the basal ganglia and basal forebrain, the caudate/putamen 
and especially the nucleus accumbens exhibit high levels of binding 
(Fig. 5, D and E). The globus pallidus, ventral palladium, and 

-slope-’ from the plot of percentage inhibition versus percentage substantia innominata have a low density of binding sites with slightly 
inhibition/concentration of inhibitor, and F and K, represent, respec- higher levels in the latter two regions (Fig. 5E, Table I). The bed 
tively, the free concentration and the dissociation constant of L-[~H] nucleus of the stria terminalis and medial septum have moderate to 
glutamate. It is unlikely that the binding represents uptake because: low densities, whereas the lateral septum has higher levels of binding 
(1) Na+ and Cl- ions were absent from the incubation buffer (these (Fig. 5, D and E). The nucleus of the lateral olfactory tract has 
ions have been reported to be necessary for Na+-dependent uptake moderately high levels (Fig. 6A). In the amygdala, the amygdala- 
(Bennett et al., 1972) and Cl--dependent uptake (Waniewski and hippocampal transition region and posterior cortical amygdala have 
Martin, 1983, 1984)); (2) binding was not decreased by incubating high levels of binding, as do the lateral and especially the basolateral 
at 0°C; (3) binding is enriched in membrane-solubilized synaptic amygdaloid nuclei. In contrast, the anterior cortical, central, and 
junctions (Yao et al., 1984) and postsynaptic densities (Fagg and medial amygdala regions have relatively low concentrations (Fig. 6, 
Matus, 1984); and (4) the pharmacological profile does not corre- A and 13). 
spond to glutamate uptake systems (Balcar and Johnston, 1972; As previously reported (Monaghan et al., 1983a), the hippocampal 
Waniewski and Martin, 1984). As previously discussed, the binding formation has a distinctive distribution of NMDA sites. Highest levels 
site pharmacology corresponds to that expected for the NMDA are found in the stratum oriens and stratum radiatum of area CA1 , 
receptor (Monaghan et al., 1983a) and also corresponds to that and in the inner molecular layer of the dentate gyrus. Moderately 
determined by using D-[~H]AP~ to label NMDA receptors (Olverman high levels are found in CA3 stratum oriens and stratum radiatum, 
et al., 1984). CA1 stratum lacunosum-moleculare, and the dentate gyrus outer 

Distribution of NMDA-sensitive binding sites. The values listed in (outer two-thirds) molecular layer. Low levels are found over the cell 
Table I represent levels of binding which are displaced by 100 ELM body layers, the hilar region, and the stratum lucidum of CA3 (Fig. 
NMDA determined in various brain regions by quantitative autora- 6, B and C). 
diography. As shown in Figure 3, with the conditions used in these In general, the thalamus has moderate levels of binding whereas 
experiments, essentially all regions of the brain show a predominately the hypothalamus has low levels. Within the thalamus the anterior 
NMDA-sensitive binding site. The most notable exception is the dorsal, lateral dorsal, lateral posterior, and midline nuclei (i.e., rhom- 
stratum lucidum of the hippocampus (Fig. 3B), where the mossy boid, reuniens, mediodorsal, intermediodorsal, and central medial 
fiber terminal zone is located. This layer contains a predominately thalamic nuclei) have slightly higher levels than the ventroposterior 
KA-sensitive population of Q3H]glutamate-binding sites (Monaghan and ventrolateral nuclei. The thalamic reticular nucleus and zona 
et al., 1983a). NMDA-insensitive binding under the conditions used incerta have approximately half the binding of the former thalamic 
in this study represent primarily KA-sensitive binding sites and the regions (Fig. 6, A and B; Table I). Geniculate regions also have 
remainder of the detectable sites are AMPA-sensitive binding sites. moderate levels with the dorsal medial geniculate showing higher 

The values shown in table I, along with the autoradiograms shown levels than the ventral medial geniculate. Dorsal lateral geniculate 
in Figures 3 to 7, indicate extensive regional variation in the distri- nucleus has intermediate amounts. Hypothalamic regions are low in 
bution of NMDA sites in rat brain. The general distribution of NMDA- binding, as is the habenula. 
sensitive sites is readily seen with a color-enhanced autoradiogram Midbrain regions exhibit low levels of binding with the exception 
(Fig. 4). Telencephalic structures have high levels of binding. Cere- of higher levels in the central gray (especially the dorsal portion), the 
bral cortex, hippocampus, and striatum account for much of the superficial gray layer of the superior colliculus, the interpeduncular 
NMDA site binding, whereas midbrain and brainstem have low levels. nucleus, and the cuneiform nucleus. The inferior colliculus exhibits 
Overall, binding is higher in dendritic zones than in white matter a gradient in NMDA site density with higher levels in the dorsal 
regions. After taking into account the lower tritium efficiency over medial region and lower levels in the ventral lateral region (Fig. 7, B 
white matter (Alexander et al., 1981) there is still a marked prefer- and C). This gradient roughly parallels that seen for glutamate levels 
ence for dendritic zones. Cell body layers generally have low levels (Adams and Wenthold, 1979). As shown in Figure 7, the brain stem 
of binding, with the exception of the granule cell layer of the shows little binding, but higher levels were found in the parabrachial 
cerebellum. nucleus, the nucleus of the solitary tract, the inferior olivary complex, 

Cerebral cortex exhibits both regional and laminar variations in the hypoglossal nucleus, the medial vestibular nucleus and the 
NMDA site density. These variations are demonstrated in Figure 4. granule cell layer of the dorsal cochlear nucleus. Within the parabra- 
In neocortex the outer layers I to Ill have a greater density than the chial nucleus, a small region in the lateral portion, which corresponds 
deeper layers. In addition, a slightly higher density band was com- to the Kolliker-Fuse nucleus (Paxinos and Watson, 1982) shows 
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TABLE I 
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Distrbution of NMDA-sensitive L-[3H]glutamate-bindg sites 

These values represent the amount of @HIglutamate binding (100 nM) inhibited by the presence of 100 PM NMDA. Values are the averages obtained 
from three to eight animals + SEM. 

NMDA-specific binding 
(fmollma of orotein) 

NMDA-specific binding 
(fmol/mg of protein) 

Cortex 
Frontal: outer (I-III) 

middle (IV, V) 
inner (VI) 

Parietal: outer 

middle 
Inner 

Pyriform: outer 
middle 
deep 

ACg”: outer 
inner 

PCg: outer 

inner 
Subiculum 

Other forebrain regions 

Caudate nucleus/putamen 
Nucleus accumbens 
Globus pallrdus 
Vent. pall./sub. innom 

Lateral septum 
Medial septum 
Olfactory bulb EPL 

Olfactory bulb deep layers 
Bed nut. str. term. 
Anterior olfactory nucler 
Olfactory tubercles 

Thalamic regions 
Anterior/lateral dorsal 
VPn/VL 

Midline nuclei 
Reticular nucleus 
Lateral geniculate nucleus 
Med. gen. nut. dorsal 
Med. gen. nut. ventral 

Zona incerta 

1047 + 130 
690 f 34 
645 + 45 

838 rt 40 
516+ 25 
5192 22 
693 f 37 

726-t 54 
563 + 69 
772 f 29 
615k 74 

478 f 87 
343 + 100 
442 + 84 

652 + 37 
787kll6 
105* 15 

18Ok 31 
582 f 49 
246 Z!I 30 

436 + 153 
260 + 75 
298+ 16 

998 + 107 
7621k 9 

401 f 16 

342 k 35 
503 + 45 
200 +- 31 
455+- 19 

576 f 29 
388 f 40 
172+ 18 

Lateral hypothalamus 
Preoptic 
Habenula 

Htppocampus 
CA1 statum radiatum 
CA3 stratum radratum 
Dentate gyrus outer mol. 

Dentate gyrus Inner mol. 
Hilus 

Amygdaloid region 

LOT 
Basolateral/lateral 
ACo/CE/Me 

AHi/PCo 
Midbrain/Brainstem 

Midbrain retrcular 
Superficial superior colliculus 

Deep superior coll~culus 
lnferror colliculus 
Substantia nigra 
Cuniform nucleus 

Central gray 
Pons 
lnterpeduncular nucleus 
Facial nucleus 

Brainstem reticular 
Medial vestibular nucleus 
Nucleus of solitary tract 

Inferior olive 
Substantia gelatinosa 
Spinal cord ventral horn 

Cerebellum 
Granule cell layer 
Molecular layer 

Deep nuclei 
White matter 

146f 22 

217+ 40 
123+ 42 

1285+ 81 
686 f 39 
916+ 23 

1094& 94 
286k 88 

782 + 75 
654 + 142 
326k 78 

655 f 150 

62 f 26 
231 -I- 18 
131 + 26 
127f 16 

104+ 38 
197k 73 
175+ 6 

93* 17 
l73+ 64 

96 -t 47 
44+ 14 

158+ 23 
16Ok 48 

179* 29 
1845 31 
92+ 14 

307 + 28 
78 + 28 
83k 29 

642 26 

a ACg, anterior cingulate cortex; ACo, anterior cortical amygdaloid nucleus; AHI, amygdalohippocampal area; Bed nut. str. term., bed nucleus of the stria 
terminalis; CE, central amygadaloid nucleus; EPL, external plexiform layer; LOT, nucleus of the lateral olfactory tract; Me, medial amygdaloid nucleus; Med. 
gen. nut., medial geniculate nucleus; mol., molecular layer; PCg, posterior cingulate nucleus; PCo, posterior cortical amygdaloid nucleus; sub. innom., 

substantia innominata; Vent. pall., ventral pallidurn; VL, ventral lateral nucleus of thalamus; VPn, ventral posterior nucleus of thalamus. 

clearly higher levels of binding (Fig. 7C). The cerebellum has higher 

levels of binding in the granule cell layer than in the molecular layer 
and deep nuclei (Fig. 7, D to F). The spinal cord is low in these 
binding sites with the exception of the substantia gelatinosa of the 

dorsal horn (Fig. 7F). It is notable that the red nucleus, the pons, 
and the mamillary bodies exhibit low binding similar to the midbrain 
and brainstem reticular regions. 

Discussion 

NMDA recognition sites are distributed throughout the CNS with 
a marked anatomical specificity. In agreement with studies using D- 

[3H]AP5 to label NMDA receptors (Monaghan et al., 1984b; Olverman 
et al., 1984) highest levels are found in the hippocampus. Other 
high density regions include the outer layer of cerebral cortex, 
nucleus accumbens, striatum, anterior olfactory nuclei, and various 

thalamic, brainstem, and amygdaloid nuclei. Exceptionally low bind- 
ing levels are found in the presumably GABAergic globis pallidus 
and habenula, as well as in the reticular formation and other hindbrain 
regions. 

Others have recently described the autoradiographic pattern fol- 

lowing the incubation of rat brain tissue sections with radiolabeled 
glutamate (Greenamyre et al., 1983; Halpain et al., 1984). The 
conditions used by these authors, most notably the presence of Cl- 

ions in the incubation buffer, result in an increase in apparent binding 
which does not have the same pharmacological or anatomical 
characteristics as the NMDA-sensitive sites (Monaghan et al., 
1983a). This explains why neither of the other papers reported 

significant displacement by NMDA. 
The distribution of binding largely corresponds to that of other 

markers for glutamate-using pathways (for reviews, see Cotman and 
Nadler, 1981; Watkins and Evans, 1981; Fagg and Foster, 1983; 

Fonnum, 1984). Dj3H]Aspartate or Lj3H]glutamate uptake shows 
high levels in the hippocampus, striatum, nucleus accumbens, lateral 
septum, and cerebral cortex (especially the outer layers). In general, 

these systems have been shown to exhibit a decrease in either 
endogenous glutamate levels or evoked release of glutamate follow- 
ing lesions which eliminate the presynaptic terminals. Furthermore, 
there is electrophysiological/pharmacological evidence for glutamate 

being a transmitter in many of these regions-e.g., striatum, hippo- 
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F/gure 3. Tntrum-sensrtrve film autoradrograms of Lj3H]glutamate brndrng printed directly; regions of hrgh brndrng sate densrty appear bright. A and f3 are 
sagrttal sections of rat brarn mounted on mrcroscope slides and incubated with 100 nM Lj3H]glutamate as described In the text. In 13, radroligand was 
incubated in the presence of 100 PM NMDA, which inhibited the brndrng In nearly all brain regions with the major exception of the hippocampal stratum 
lucidurn, termination zone of the mossy fiber system (Mf). 

campus, cortex, solitary tract nucleus, and dorsal horn of spinal 
cord. Other recent reports have provided further correspondence 
between glutamate-using pathways and regions with a high density 
of NMDA sites, for example, the nucleus of the lateral olfactory tract 
(Fuller et al., 1984) and the dorsal cochlear nucleus (Potashner, 
1983). 

Most regions proposed to use NMDA receptors in synaptic trans- 
mission exhibit relatively high levels of NMDA site binding. On the 
basis of pharmacological characterization, it has been proposed that 
the stratum radiatum of hippocampus (Collingridge et al., 1983; 
Harris et al., 1984; Wigstrom and Gustafsson, 1984; Hablitz and 
Langmoen, 1984; Coan and Collingridge, 1985) intracortical path- 

ways (Hicks and Geddes, 1981) and olfactory cortex (Collins, 1982) 
use NMDA receptors for synaptic transmission. These regions con- 
tain significant levels of binding sites for NMDA. Using ion-sensitive 
electrodes, Pumain and Heinemann (1981) and Pumain et al. (1984) 
found that L-glutamate and NMDA excitation in the rat cerebral 
cortex exhibited a laminar distribution parallel to the distribution of 
NMDA sites within the cortex; greater L-glutamate and NMDA re- 
sponse was found in the superficial cortical layers. Luini et al. (1981) 
reported that NMDA was the most potent agonist tested in eliciting 
Na+ fluxes in striatal slices. Also consistent with the NMDA receptor 
drstributron described here are the observations of Perkins and 
Stone (1983) who found that the NMDA agonist quinolinate and 
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Figure 4. Computer-generated, color-enhanced Lj3H]glutamate-binding site autoradiogram. The color generation program (Altar et al., 1984) represents 
binding site density by color with high to low values indicated by: red-yellow-green-blue. The autoradiogram was prepared as previously described 
(Monaghan et al., 1983a). With color enhancement, variations within the cerebral cortex become readily apparent; note the relatively low levels of binding in 
the parietal cortex and the lack of lamination within the entorhinal cortex. E, entorhinal cortex; f, frontal cortex; f’, perirhinal cortex; PA, parietal cortex; 7, 
temporal cortex. 

NMDA exhibit higher potencies in cortex, hippocampus, and striatum Given the tentative correspondence between NMDA-binding sites 
than in lower brain structures. It is difficult to compare the autoradi- and regions which use NMDA receptors, one would predict that the 
ographically determined distribution of NMDA sites to various other regions described above which have a high density of NMDA sites 
studies of the blockade of synaptic responses by iontophoretically are likely to use this receptor in excitatory amino acid neurotrans- 
applied NMDA antagonists because the antagonist concentration mission. Although it is often difficult to associate a specific pathway 
and, hence, the specificity are uncertain. Furthermore, extracellularly with a region of high NMDA site density, it is worth noting that some 
recorded EPSP response inhibition by NMDA antagonists may not regions which exhibit variations in NMDA site density also exhibit 
reveal NMDA receptor activity (Collingridge et al., 1983; Hablitz and similar variations in their cortical afferents. For example, regions of 
Langmoen, 1984; Harris et al., 1984; Wigstrom and Gustafsson, high binding site density within the amygdala and the cingulate 
1984; Coan and Collingridge, 1985). Thus, the distribution of NMDA cortex receive cortical inputs different from those in the respective 
sites described here is consistent with that expected for NMDA low density regions (Vogt et al., 1981; Ottersen, 1982). 
sites. Some regions thought to use an excitatory amino acid as a 
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n/Cl 

LSD 

F/gures 5 to 7 Coronal sections of rat brarn L-[‘HIglutamate autoradrograms prepared as described under “Materrals and Methods.” The drstnbutron of 
total glutamate binding (shown) is qualtrtatrvely the same as the NMDA-specrfrc distribution with the exceptron of the lower density of NMDA-specific sites 
found in the stratum lucidurn. Acb, nucleus accumbens; ACg, anterior crngulate cortex; AOi3, accessory olfactory bulb; AON, anterior olfactory nuclei; SST, 
bed nucleus of stna termrnalrs, CI, claustrum; CPU, caudate putamen; Di3, dragonal band nucleus; En, endoprnform nucleus; EPL, external plexiform layer; 
Fr, frontal cortex, GL, glomerular layer of olfactory bulb; GP, globus pallidus; IGr, internal granular layer; PO, lateral preoptrc area; LSD, lateral septum, 
dorsal, LSI, lateral septum, Intermediate; LSV, lateral septum, ventral; MPC, medial preoptrc area; MS, medral septal nucleus; PA, panetal cortex; PO, primary 
olfactory cortex, pynform cortex; Tu, olfactory tubercle; VP, ventral pallrdum. 

transmitter do not have a high density of NMDA-sensitive sites. The sites than the cortical, limbic, and sensory-associated glutamate- 
corticofugal targets, red nucleus and pons, do not have relatively using pathways. If  NMDA receptors have a primarily modulatory 
high levels of binding; neither do the trigeminal nucleus, the mamillar-y function, then their differential localization may reflect regions with 
bodies, the substantia nigra, or the molecular layer of cerebellum. It differing modulatory regulation. 
is possible that there is a trend for motor-associated, ventrally Recent reports have provided interesting evidence regarding the 
located, glutamate-using pathways to have a lower density of NMDA function of NMDA receptors in the CNS. Patch-clamp and voltage- 
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Figure 6. Abbreviations. Acb, nucleus accumbens; AD, anterior dorsal thalamic nucleus; A/-/i, amygdalohippocampal area; AON, anterior olfactory nuclei; 
AV, antenor ventral nucleus of thalamus; BL, basolateral amygdaloid nucleus; BS, brainstem; BST, bed nucleus of stna terminalis; Cblm, cerebellum; CE, 
central amygdalord nucleus; CPU, caudate putamem; DLG, dorsal lateral gentculate; f, formix; Fr, frontal cortex; GP, globus pallrdus; H, hippocampus; Hi/, 
hilus; k/y, hypothalamus; IC, inferior coII~cuIus; La, lateral amygdalord nucleus; LD, lateral dorsal thalamic nucleus; LH, lateral hypothalamus; LOT, nucleus of 
lateral olfactory tract; MB, midbrain; Me, medial amygdaloid nucleus; MF, mossy fiber termination zone; MO/, mol, dentate gyrus, molecular layer; MT, midline 
thalamtc nuclei; 06, olfactory bulb; Or, stratum onens; fCg, posterior cingulate cortex; PCo, posterior cortical amygdaloid nucleus; Pn, pons; Rad, stratum 
radiatum; Rt, reticular thalamic nucleus; SC, superior colliculus; SM, stria medullaris; SN, substantra nigra; SuG, superficial gray layer of the superior coII~cuIus; 
Tb, thalamus; Tu, olfactory tubercle; VL, ventral lateral nucleus of thalamus; VLG, ventral lateral geniculate; VPn, ventral posterior nucleus of thalamus. 
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Fgure 7. Abbrewatrons 72, hypoglossal nucleus; Cblm, cerebellum; CG, central gray; CGD, central gray, dorsal; CGPn, central gray pons; CM, cuneiform 
nucleus; CTX, Ctx, cerebral cortex; DH, dorsal horn; DN, deep nucler of the cerebellum; DT, dorsal tegmental nucleus; GL, granule cell layer of cerebellum; 
GrCo, granule cell layer of cochlear nucleus; IC, rnfenor coII~cuIus; ICDM, inferior coII~cuIus, dorsomedial; ICVL, Inferior coII~cuIus, ventrolateral; 10, inferior 
olrve; IF’, rnterpeduncular nucleus, ML, molecular layer of cerebellum; MVe, medial vestibular nucleus; PB, parabrachral nucleus; Pn, pons; RF, retrcular 
formatron; SG, substantra gelatinosa; SN, substantta nigra; Sol, nucleus of the solrtary tract; SuG, superfrcral gray layer of the superior colliculus; VH, ventral 
horn of spinal cord. 

clamp experiments indicate that NMDA receptors activate a channel 
which exhibits voltage-dependent behavior in the presence of Mg*+ 
(Flatman et al., 1983; Mayer et al., 1984; Nowak et al., 1984). Within 
the region of highest binding site density, the stratum radiatum of 
CA1 hippocampus, NMDA receptor blockade blocks the formation 
of long-term potentiation without blocking the extracellularly recorded 
EPSP. Together these results indicate that NMDA receptor function 
may be more complex than the generation of fast EPSPs. 

A modulatory function could also explain why NMDA-binding sites 
exhibit a largely overlapping distribution with the other excitatory 
amino acid receptors, QA, as labeled by [3H]AMPA (Monaghan et 
al., 1984a; Rainbow et al., 1984) and KA, as labeled by [3H]KA 
(Monaghan and Cotman, 1982; Unnerstall and Wamsley, 1983). 
Thus, one region may have two receptors for the same transmitter. 
In CA1 hippocampus, most evidence favors a KA/QA receptor for 
mediation of the Schaffer collateral EPSP (Koerner and Cotman, 
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1982; Collingridge et al., 1983; Ganong et al., 1984). This is consis- 
tent with the high density of [3H]AMPA-binding sites found within 
this region. In addition, we find a high density of NMDA sites within 
this region, and recent evidence strongly indicates that these sites 
are also physiologically relevant to neurotransmission at this syn- 
apse. With evidence for the presence of both L-glutamate and L- 
aspartate at this pathway (Cotman and Nadler, 1981) it is possible 
that these are both released and L-aspartate interacts predominately 
with the NMDA site, whereas glutamate interacts with both. 

In addition to the significance of the transmitter function of the 
NMDA receptor, Meldrum and colleagues (Croucher et al., 1982; 
Meldrum et al., 1983a, b) have shown that NMDA receptors are of 
clinical importance. Seizures induced by various agents are blocked 
by NMDA antagonists. Furthermore, ischemia-induced cell damage 
in the hippocampus is also blocked by NMDA antagonists (Simon 
et al., 1984). With the findings of this report, that the receptors for 
NMDA show a selective localization to cortical and hippocampal 
regions and a relative low density in hypothalamic, midbrain, and 
brainstem regions, it seems possible that NMDA antagonists may 
have therapeutic potential in that they may be selective for higher 
brain excitatory circuits and not interfere with lower brain vegetative 
functions. 
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