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NMDA receptors are composed of multiple receptor subunit 
proteins, of which NMDARl appears to be a critical com- 
ponent for normal receptor function (Nakanishi, 1992). In this 
study, quantitative immunocytochemical methods were used 
at the light and electron microscopic levels to localize 
NMDARl subunits in the primary motor (Ml) and somatic 
sensory (Sl) cortex of monkeys, and in the primary visual 
cortices (VI) of monkey and human. Three principal features 
of NMDARI subunit organization were examined in detail in 
the monkey cortex: (1) the laminar and cellular distribution 
patterns, relying in part on double-labeling paradigms with 
the calcium-binding proteins parvalbumin (PV) and calretinin 
(CR) as markers for discrete subpopulations of GABAergic 
interneurons; (2) the codistribution of NMDARI subunits with 
non-NMDA ionotropic receptor subunits; (3) a quantitative 
assessment of the percentages of asymmetrical synapses 
in layers ll/lll, IV, and V/VI that were NMDARI immunoreac- 
tive. 

In monkey Ml, Sl, and VI, NMDARI immunoreactivity was 
present in all layers, localized primarily to large numbers of 
pyramidal cell,somata and proximal apical dendrites, to pre- 
sumptive spiny stellate cells in layer IV of VI, and to the 
vast majority (-80-90%) of PV-immunoreactive cells. By 
contrast, NMDARl immunoreactivity was present in only a 
very small percentage of the CR-immunoreactive cells (-8- 
9%). Colocalization with non-NMDA receptor subunits 
showed that all cells (100%) that contained GluR2/3 sub- 
units were also NMDARl immunoreactive. In addition, the 
complete codistribution of GluR5/8/7 subunits with GluR2/3 
subunits suggests, indirectly, that all GluR5/8/7-immuno- 
reactive cells are also NMDARl immunoreactive. The lami- 
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nar and cellular distribution patterns of immunostaining in 
human Vl were very similar to those in monkey Vl. 

Electron microscopy of monkey sections confirmed an ex- 
tensive dendritic and synaptic localization of NMDARI sub- 
units. Labeling of synapses was present on asymmetrical 
postsynaptic densities associated with both dendritic shafts 
and spines. In supragranular layers of Vl, a greater per- 
centage of asymmetrical synapses were NMDARI immu- 
nopositive (44%) in comparison to layer IVCS (34%) or deep 
layers (19%). In contrast, in area 3b of Sl, the percentage 
of labeled synapses was greatest in layer IV (45%) in com- 
parison to superficial (26%) and deep (37%) layers, while 
in Ml, the percentages of labeled synapses were similar 
between superficial (46%) and deep (40%) layers. 

Taken together, these data indicate that NMDARl-im- 
munoreactive cells in neocortex represent a morphologi- 
cally, functionally, and neurochemically heterogeneous pop- 
ulation. In addition, the NMDARl -immunopositive synapses 
represent a major proportion of the asymmetrical synapses 
in primary sensory and motor cortex, and have a distribution 
suggesting that in primates, they play a major role in me- 
diating a diverse set of excitatory afferents. 

[Key words: excitatory synaptic transmission, excitatory 
amino acid receptors, cortical circuitry, primate, immuno- 
cytochemistry, electron microscopy, NMDAR l] 

NMDA receptors comprise one of the three principal classes of 
ionotropic excitatory amino acid (EAA) receptors in the CNS 
(Nakanishi, 1992), and have long been thought to play key roles 
in the cellular mechanisms underlying both activity-dependent 
synaptic plasticity (Collingridge and Bliss, 1987; Kleinschmidt 
et al., 1987; Constantine-Paton et al., 1990; Fox and Daw, 1993; 
Kirkwood et al., 1993) and EAA-induced toxicity and cell death 
(Rothman and Olney, 1987; Choi, 1988). These roles derive, in 
part, from the unique voltage-dependent nature of NMDA re- 
ceptor channel opening (Mayer et al., 1984; Nowak et al., 1984) 
the longer duration and latency of onset of NMDA-induced 
synaptic currents in comparison to those induced by non-NMDA 
receptor activation (Ascher and Nowak, 1987) and the Ca*+ 
permeability of the NMDA receptor channel (MacDermott and 
Dale, 1987). 

More recently, however, it has become apparent that NMDA 
receptors may also contribute to synaptic transmission of sen- 
sory information in a context not necessarily associated with 
“plasticity.” For example, brief cutaneous stimulation leads to 
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both non-NMDA and NMDA receptor-dependent responses in 
the dorsal horn of the spinal cord in monkeys (Evans and Long, 
1989; Dougherty et al., 1992) and in the ventrobasal thalamic 
complex (Salt, 1986; Salt and Eaton, 1989) and the first somatic 
sensory cortex (Armstrong-James et al., 1993) of rats. In the 
visual cortices of cats and kittens, patterned visual stimulation 
results in NMDA and non-NMDA receptor-dependent re- 
sponses in subsets of cortical neurons (Tsumoto et al., 1987; 
Fox et al., 1989; Miller et al., 1989). While it is generally thought 
that alleviation of the voltage-sensitive magnesium block of 
NMDA receptor channels is dependent on prior membrane de- 
polarization due to the faster kinetics of non-NMDA receptor 
activation (Mayer et al., 1984; Nowak et al., 1984), the data 
imply an additional, more fundamental role for NMDA recep- 
tors in sensory neurotransmission than previously assumed. 
Thus, NMDA receptors may be an essential component of a 
large number of the excitatory circuits upon which normal ce- 
rebral cortical function is dependent. 

NMDA receptors are composed of families of multiple sub- 
unit proteins, and in this respect resemble the non-NMDA ion- 
otropic receptors (reviewed in Gasic and Hollmann, 1992). 
NMDAR 1, which was the first subunit identified (Moriyoshi et 
al., 199 l), is present in many neurons throughout a large number 
of regions in the CNS (Nakanishi, 1992), and can exist in several 
isoforms apparently generated by alternative splicing (Anan- 
tharam et al., 1992; Durand et al., 1992; Hollmann et al., 1992; 
Nakanishi et al., 1992; Sugihara et al., 1992). A second family 
of structurally and functionally related NMDA receptpr sub- 
units has been identified (NMDAR2, A-D), the corresponding 
mRNAs of which show a more restricted distribution through- 
out the CNS in comparison to that of NMDARl (Kutsuwada 
et al., 1992; Meguro et al., 1992; Monyer et al., 1992). Expres- 
sion studies in Xenopus oocytes have suggested that functional 
NMDA receptor complexes are composed of heteromeric as- 
semblies of discrete subunit proteins in which NMDARl sub- 
units are an essential component (Kutsuwada et al., 1992; Me- 
guro et al., 1992; Monyer et al., 1992; Nakanishi, 1992). Thus, 
the localization of NMDARl subunits is likely to reflect the 
majority of- if not all- NMDA receptor complexes (Nakanishi, 
1992). 

The present study represents one in a series of studies aimed 
at elucidating the anatomical organization of ionotropic gluta- 
mate receptor subunits in the primate cerebral cortex by using 
immunocytochemical probes to individual EAA receptor sub- 
units. Our previous investigations in monkeys have shown a 
high degree of specificity in the regional, laminar, cellular, and 
neurochemical organization of subunits of the AMPA/kainate 
(GluR l-3) and kainate (GluR5-7) families (Huntley et al., 1993; 
Vickers et al., 1993), some features of which have also been 
demonstrated in the cortices of other species (Rogers et al., 199 1; 
Petralia and Wenthold, 1992; Martin et al., 1993). However, 
no studies to date have examined the laminar and synaptic 
organization of NMDA receptor subunits, or the codistribution 
ofNMDA and non-NMDA receptor subunits, in primate cortex, 
although a recent study has examined NMDARl subunits in 
monkey hippocampus (Siegel et al., 1994). Such immunocyto- 
chemical data supplement and extend previous studies of NMDA 
receptor localization in the cerebral cortex, which relied prin- 
cipally on ligand binding autoradiography (reviewed in Young 
and Fagg, 1990). While autoradiographic studies have been use- 
ful for establishing broad regional and laminar patterns of re- 
ceptor binding, they do not permit the cellular or synaptic res- 

olution whereby cell- and/or circuit-specific details of the 
anatomical organization of NMDA receptors, specific receptor 
subunits, or splice variants may emerge. Therefore, in the pres- 
ent study, quantitative immunocytochemical methods were used 
to examine the sensory-motor cortex of the monkey and the 
visual cortices of human and monkey with respect to the fol- 
lowing features of NMDAR 1 subunit organization: (1) the lam- 
inar distribution of NMDARl-containing cells; (2) the codis- 
tribution of NMDARl subunits with non-NMDA receptor 
subunits or with calcium-binding proteins, which were used as 
markers of discrete subsets of GABAergic interneurons; (3) the 
percentages of asymmetrical synapses in specific layers that are 
NMDARl immunoreactive. These areas were chosen since they 
represent the ones from which most physiological data con- 
cerning NMDA receptor function in cerebral cortex have been 
obtained. 

Materials and Methods 
This study was conducted on the brains of six adult cynomolgus mon- 
keys (Macaca fascicularis) weighing between 2 and 4 kg, and on a single 
human biopsy specimen that included part of the primary visual cortex. 
The treatment of all monkeys was in strict accordance with institutional 
and NIH guidelines for the care and treatment of laboratory animals. 
Monkeys were heavily anesthetized with ketamine (25 mg/kg) and Nem- 
butal (30 mg/kg) and perfused transcardially first with cold 1% para- 
formaldehyde (in 0.1 M phosphate-buffered saline (PBS; pH 7.4) for 1 
min, followed by an S-10 min perfusion with cold 4% paraformaldehyde 
in PBS. The brains were immediately removed, blocked, and postfixed 
in 4% paraformaldehyde for an additional 6 hr. Blocks were taken in 
the frontal plane through the pre- and postcentral gyri and through the 
occipital lobes, in the sag&al plane through the central sulcus at the 
approximate level of the forelimb representation, and in a plane tan- 
gential to the pial surface through visual cortex (Vl) taken from the 
lateral surface just caudal to the lunate sulcus. 

The human biopsy material used in this study was obtained from the 
Division of Neuropathology, The Mount Sinai Medical Center, as part 
of a larger block of tissue excised during the course of a neurosurgical 
procedure to remove a tumor from a 62-year-old patient. The block 
spanned the border between areas 17 and 18. The sections used in this 
study were histologically normal, based on the pattern of cellular or- 
ganization revealed in thionin-stained sections. 

Tissue preparation. Blocks of monkey tissue were sectioned in one of 
two ways: one set of blocks was frozen in dry ice after cryoprotection 
in a graded series of phosphate-buffered sucrose solutions, and sections 
were cut on a freezing sliding microtome at 20 or 40 pm. These blocks 
of tissue were used for generating light-microscopic, immunoperoxidase, 
and double-immunofluorescent preparations. A second set of blocks 
was cut at 50 pm on a vibratome and used for both light and electron 
microscopic, immunoperoxidase-labeled preparations. Blocks of the hu- 
man biopsy material were sectioned at 80 wrn on a Vibratome. From 
all blocks, a series of sections was processed for immunocytochemistry, 
while all other sections were either processed for cytochrome oxidase 
histochemistry (Wong-Riley, 1979) or stained with thionin. 

Immunocytochemistry. The primary antibodies used, the species they 
were generated in, their working dilutions, and the sources for relevant 
specificity and characterization data are given in Table 1. The mouse 
anti-NMDARl monoclonal antibody (mAb 54.1) used in the present 
study was generated against residues 660-8 11 of the NMDAR 1 subunit, 
which correspond to an intracellular segment located between trans- 
membrane regions III and IV. The specificity of mAb 54.1 has been 
verified by immunocytochemistry of transiently transfected human em- 
bryonic kidney 293 cells and by Western blot analyses of monkey CNS 
tissue and rat synaptic plasma membranes (Siegel et al., 1994). 

For single-labeling experiments, sections were transferred to cold PBS 
containing 5% nonfat milk powder and primary antibody 54.1, and 
incubated for 36-72 hr at 4°C. Sections were washed repeatedly, and 
then processed by the avidin-biotin-peroxidase method using Vectastain 
ABC kits (Vector Labs, Inc.). Immunoreactivity was visualized by re- 
acting sections with 3,3’-diaminobenzidine (DAB) and hydrogen per- 
oxide. Control sections consisted of replacing the primary antibody 54.1 
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with nonimmune mouse serum, which yielded only a light, diffuse back- 
ground labeling. 

For double-labeling experiments, sections that had been taken from 
frozen blocks were incubated for 72 hr in cold PBS containing primary 
antibodv 54.1 diluted 1:250 and simultaneouslv with one of the follow- 
ing monoclonal antibodies or polyclonal antisera: Ab25, which recog- 
nizes AMPA/kainate receptor subunits GluR2/3; and anti-calretinin 
and anti-parvalbumin (Swant-Swiss Antibodies, Switzerland). In ad- 
dition, a separate series of sections was incubated simultaneously with 
mAb 4F5, which recognizes kainate receptor subunits GluR5/6/7, and 
Ab25. All sections were then processed for immunofluorescence using 
secondary antibodies of the appropriate FITC-conjugated or Texas red- 
conjugated, species-specific combinations. Control experiments con- 
sisted of omitting the primary antibodies or, to test the specificity of 
the secondary antibodies, incubating sections with only one of the pri- 
mary antibodies of each combination, followed by incubation with the 
secondary antibody appropriate for the primary antibody that had been 
omitted. Finally, sections were processed for only one primary antibody 
of each combination, and then examined with the inappropriate filter 
block to check for artifactual bleed-through of the fluorophores used. 
At the concentrations used, this was determined to be negligible. 

Electron microscopy. Sections were cut at 50 pm on a Vibratome and 
processed for immunocytochemistry using mAb 54.1 exactly as de- 
scribed above. After reaction with DAB, the sections were postfixed for 
1 hr in 1% osmium tetroxide in 7% sucrose, dehydrated, and infiltrated 
with Araldite resin. After polymerization, sections were viewed under 
a dissecting microscope and a scalpel was used to excise either smaller 
pia-to-white matter strips or narrow strips flanking superficial layers (II 
and III), deep layers (V and VI), and either layer IV (from area 3b) or 
layer IVCp (from Vl). The excised pieces were flat embedded in Araldite 
resin, cut at 50-70 nm, collected on loo-mesh grids, and viewed un- 
stained on a Hitachi 7000 electron microscope. In order to increase 
contrast, the aperture was set to the smallest opening. 

Data analysis. Analysis was performed on a Zeiss Axiophot ,photo- 
microscope equipped with an MSP-65 computer-driven stage and a 
high-sensitivity CCD camera interfaced with a DEC 3 100 workstation 
and a Macintosh II microcomputer. Sections were viewed either under 
bright-field optics, or under epifluorescence using a 40 x Neofluor ob- 
jective and filter blocks selective for visualizing FITC or Texas red. 
Immunoperoxidase-labeled cells were plotted and montaged by ex- 
porting digital images of overlapping, individual microscope fields and 
applying morphometry software developed in this laboratory and in 
collaboration with colleagues at Scripps Research Institute. For the gen- 
eration of pia-to-white matter maps, labeled cells were assigned to cor- 
tical lamina by overlaying digitized images of adjacent thionin-stained 
sections. The positions of laminar boundaries were drawn exactly as 
they appeared in the Nissl-stained sections, and were superimposed onto 
the maps of plotted cells. For the tangential visual cortex sections, 
labeled cells were assigned to cytochrome oxidase+Iense/poor com- 
partments by overlaying digitized images of plotted cells with ones of 
adjacent sections processed for cytochrome oxidase histochemistry or 
stained with thionin, using blood vessels and other landmarks common 
to both sets of sections as guides for alignment. An estimate of the 
degree of clustering of labeled cell somata was made from tangentially 
cut sections by first determining the mean density of labeled cells (D) 
and subjecting the plotted distribution of labeled somata to a nearest 
neighbor analysis (m), both relying on standard algorithms. Next, by 
relating m to the mean density (D) by the equation r = 2\/D(m), the 
value of r reflects the randomness of the distribution such that if r = 1, 
the distribution is considered random, r > 1 suggests a nonrandom 
distribution, and r < 1 suggests a clustered distribution (Morrison et 
al., 1984; Huntley et al., 1993). Determination of cortical areas was 
based primarily on the criteria of Brodmann (1905). 

For quantitative analysis of double-immunolabeled sections, the 
numbers of single- and double-labeled cells of each combination were 
determined for each region examined from 10 separate pia-to-white 
matter traverses from each of two animals. 

For the quantitative assessment of immunolabeled synapses, the sec- 
tions that had been excised to include only superficial layers, deep layers, 
or layer IV (see above), taken from two monkeys, were viewed and 
photographed at a magnification of 10,000 x The regions photographed 
were randomly chosen, but care was taken to select regions in which 
immunoreactivity was present throughout, thereby ensuring that counts 
were done on regions in which adequate antibody penetration was ev- 
ident. Two investigators blind to the area and layer(s) counted unam- 

Table 1. Primary antibodies 

Anti- Directed 
body against 

54.1 NMDAR 1 

Ab25 GluR2/3 

Raised in 

Mouse IgG 

Rabbit IgG 

Working 
dilution 

1:500 or 
I:250 

I:100 

4F5 GluR5/6/7 Mouse IgM 1500 

7696 calretinin Rabbit IgG 1:3000 

9064 parvalbumin Rabbit IgG I :2000 

Specificity 
or source 

Siegel et al., 
1994 

Wenthold 
et al., 1992 

Huntley et al., 
1993 

Swant-Swiss 
antibodies 

Swant-Swiss 
antibodies 

biguously identified immunolabeled and unlabeled synapses (asym- 
metrical postsynaptic densities) from photographic prints at a final 
magnification of approximately 3 1,000 x , based on standard morpho- 
logical criteria (Peters et al., 199 1). Structures not clearly identified were 
not counted. A total of 18 17 synapses were counted from the three areas 
(Ml, area 3b of Sl, and Vl), and the percentage of the total that were 
NMDARI immunopositive determined for each laminar sample from 
each region. 

Results 
General light microscopic features and distribution patterns in 
monkey cortex 
NMDAR 1 immunoreactivity was present in each of the monkey 
neocortical areas examined, which included primary motor cor- 
tex (Ml; area 4), primary somatic sensory cortex (Sl; areas 3, 
1, and 2), and primary visual cortex (V 1; area 17). In vibratome- 
sectioned material from monkey cortex, intense immunoreac- 
tivity was localized to the cell somata and proximal portions of 
apical and, to a lesser extent, basilar dendrites of pyramidal cells 
(Figs. l-3). In many cases, the intensity ofthe immunoreactivity 
decreased along more distal apical dendrites (Fig. lB,C), al- 
though in many instances, such lightly labeled apical dendrites 
could still be followed for several hundreds of micrometers from 
their origin into overlying layers (solid arrows, Fig. l&C). In 
other cases, only cell somata were labeled. In all areas, both 
lightly and more intensely labeled cell somata of all sizes were 
present (Figs. l-3). In addition, within the neuropil of most 
layers, a fine meshwork of thin, randomly oriented immuno- 
reactive fibers was present, as well as numerous segments of 
thicker, vertically aligned immunoreactive processes that likely 
correspond to segments of labeled apical dendrites (open arrows, 
Fig. l&C). The reaction product present along the processes 
often had a very punctate appearance, usually interspersed with 
light and more evenly labeled regions. In the underlying white 
matter subjacent to layer VI in each of the areas examined, 
sparsely scattered, well-labeled cells were often present. No ax- 
onal or neuroglial cell labeling was apparent. 

Sensory-motor cortex 

Immunoreactive cells and processes were present in all layers 
of monkey sensory-motor cortex (Figs. lA, 2A). There did not 
appear to be any overt differences in the staining patterns be- 
tween medial and lateral parts of Ml or Sl. Throughout the 
pre- and postcentral gyri, layer I was composed of a plexus of 
obliquely oriented, lightly labeled fibers in the deeper half of 
the layer, which in some cases could be seen to extend from the 
apical dendrites of pyramidal cells (arrowheads, Fig. 2B) and, 
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Figure 1. NMDAR 1 immunoreactivity in M 1. A, Map showing laminar distribution of immunolabeled somata. B-D, Photomicrographs showing 
numerous small- to medium-sized labeled pyramidal cell somata in superficial layers (B, C) and in layer V (D), which also possessed very large, 
labeled Betz cell somata (double arrows). In all layers, apical dendrites were labeled, some of which could be traced to their cell body of origin 
(solid arrows), while in the neuropil were numerous segments of thicker labeled fibers (open arrows) and finer, obliquely oriented ones. In this and 
subsequent figures, Roman numerals refer to cortical layers. Scale bar, 50 pm. 

more superficially, occasional small, lightly labeled cell somata very large, labeled somata of the Betz cells that in some cases, 
(open arrows, Fig. 2B). In motor cortex, layer II through the particularly in the anterior bank of the central sulcus, appeared 
upper half of layer III appeared slightly more densely packed grouped together with intervening spaces between groups com- 
with labeled somata and segments of vertically oriented pro- posed of smaller labeled somata (Fig. 1D). The density of labeled 
cesses in comparison with deeper layers (Fig. 1). Layer V was somata in layer VI appeared similar to that in layer V (Fig. 1A). 
characterized mainly by dense neuropil labeling, the looser over- Layer VI was composed mostly of small, intensely labeled so- 
all packing density of labeled somata, and the presence of the mata. 
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Figure 2. NMDARl immunoreactivity in Sl (area 3b). Map (A) and photomicrographs (B, C) show laminar distribution and cellular labeling 
patterns. Labeled pyramidal cell somata were present in most layers, some of which in layer II gave rise to labeled apical dendrites that could be 
followed into layer I (arrowheads in B). Small, lightly labeled somata were also occasionally present in layer I (open arrows in B). In layer IV, many 
small labeled somata were present, some of which occasionally possessed a faint labeled process (double arrowheads in C). Scale bar, 50 Wm. 

The pattern of labeling was similar across the areas that com- 
pose Sl (areas 3a, 3b, 1, and 2), and thus they are described 
together. Layer II and the upper half of layer III were densely 
packed with intensely labeled pyramidal cell somata and prox- 
imal apical dendrites, and in the neuropil, well-labeled segments 
of vertically oriented processes (Fig. 2B,C). Layer IV possessed 
some lightly labeled, small, round cell somata, although many 
were more intensely labeled (Fig. 2C). Such cells mostly lacked 
prominent dendritic labeling, though occasionally, small seg- 
ments of thin, proximal dendrites could be followed from la- 
beled somata (arrowheads, Fig. 2C). In addition, some small 

pyramidal cell somata with proximal portions of labeled apical 
dendrites were present. The density of labeled cell somata in 
layer V was somewhat lower in comparison to that of layers II 
and III (Fig. 2AC). Layer VI was more densely packed with 
medium-sized, well-labeled cell somata and proximal apical 
dendrites in comparison to layer V (Fig. 24. 

Primary visual cortex 

Labeled somata and fibers were present throughout all layers of 
monkey V 1. There did not appear to be any differences in the 
staining pattern across different retinotopic locations, although 
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this was not systematically examined. Like sensory-motor cor- 
tex, the density of labeling varied by laminae (Fig. 3A). The 
inner half of layer I was composed mostly of thin, randomly 
oriented labeled processes and very occasional, small, labeled 
somata (open arrow, Fig. 3B). Layers II through III possessed 
well-labeled, small- to medium-sized pyramidal somata and 
proximal apical dendrites as well as a rich network of fine neu- 
ropil labeling (Fig. 3B). In many instances, somata in layer II 
gave rise to dendrites that could be followed into the inner half 
of layer I (arrowheads, Fig. 3B). Layer IVA possessed labeled 
somata without prominent dendritic labeling, whose density 
appeared similar to that in layer III (Fig. 3A). In layer IVB, 
labeled somata were more sparsely distributed (Fig. 3A), and 
often larger and ovoid-shaped in comparison with other layers. 
Layer IVC possessed densely packed, mostly well-labeled, small 
round cells that largely lacked any discernible dendritic labeling, 
interspersed with lightly labeled somata of a similar morphology 
and fine neuropil labeling (Fig. 3C). The density of labeled so- 
mata appeared greater in IVCP than in IV& (Fig. 3A). Layer 
V was the least densely and intensely labeled layer in Vl (Fig. 
3A, C). Layer Via possessed numerous, well-labeled somata and 
a rich network of labeled fibers in the neuropil, which, when 
cut obliquely, appeared as clusters ofdots (arrowheads, Fig. 3C). 
Both labeled somata and fibers gradually decreased in density 
through layer VIb (Fig. 3A). 

The relationship between the distributions of labeled somata 
and cytochrome oxidase-rich puffs, which can be used to delin- 
eate functionally and connectionally distinct compartments in 
superficial layers of primate V 1 (DeYoe and Van Essen, 1988), 
was determined from adjacent series of sections cut through 
layer III in a plane tangential to the pial surface (Fig. 4A,B). 
Although labeled somata often appeared aggregated when viewed 
in this plane of section, with small, intervening spaces devoid 
of labeled somata (Fig. 4A), there was no overt indication that 
the immunolabeled cell population was preferentially parcel- 
lated to either cytochrome oxidase-rich or cytochrome oxidase- 
poor compartments (Fig. 4A-C). The results of a cluster analysis 
confirmed that the distribution of labeled somata was likely to 
be random (r = 0.92). 

The overall pattern of immunolabeling in the human biopsy 
sections through Vl was generally similar to that described for 
monkey Vl (compare Figs. 3, 5). The most notable difference 
was less neuropil labeling in the human material, although por- 
tions of labeled, presumably apical dendrites were still evident 
in most layers (open arrows, Fig. 5B). 

Colocalization 
The relationship between the presence of NMDARl subunit 
immunoreactivity and that of immunoreactivities for non- 
NMDA receptor subunits (GluR2/3) or calcium-binding pro- 
teins [calretinin (CR) and parvalbumin (PV)] was examined 
using double immunofluorescence. Although a detailed descrip- 
tion of the pattern of GluR2/3 immunoreactivity in sensory- 
motor and visual cortex is beyond the scope of this study, a 

Figure 4. Pairs of photomicrographs of adjacent sections through layer 
III of monkey Vl labeled immunocytochemically for NMDARl (A) or 
histochemically for cytochrome oxidase activity (B), and a map (C) in 
which a different set of sections were overlain. Labeled somata were 
present in both cytochrome oxidase-rich puffs and in the intervening 
cytochrome oxidase-poor regions, with no overt parcellation to either 
compartment. Arrowheads in A and B denote blood vessels common to 
both sections. Scale bar, 100 pm. 

Figure 3. NMDARl immunoreactivity in monkey Vl. A, Map showing laminar distribution of labeled somata. B and C, Photomicrographs of 
sections cut in the frontal plane through layers I-III (B) or cut obliquely through layers IV@-VI (C). As in other areas, labeled apical dendrites 
could be followed from pyramidal cell somata in layer II into layer I (arrowheads in B), forming a plexus there. Small, faintly labeled somata were 
also present in layer I (open arrow in B). In obliquely cut sections through deep layers, small clusters of cut dendrites were observed in layers V 
and VI (arrowheads in C). Scale bar, 50 pm. 
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beled segments of thick fibers (open ar- 

VI * -*. ; * :( - ‘*I. .‘.T 
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rows in B). Layer WC@ was densely 

. -. 
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packed with small, round stained so- 
mata, similar to the monkey. Scale bar, 
50 pm. 

large number of cells in all cell-dense layers of each of the areas 
examined appeared immunolabeled, similar to the pattern de- 
tailed previously for monkey prefrontal cortex (Vickers et al., 
1993). In each area, all GluR2/3-immunoreactive cells were also 
immunoreactive for NMDARl subunits (Table 2, Fig. 64,B). 
Although the converse relationship was not specifically exam- 
ined, qualitative observations suggest that in sensory-motor cor- 
tex, the two populations were mostly identical. In visual cortex, 

a substantial number ofNMDAR 1 -immunoreactive cells (mostly 
in middle layers) were found that were not GluR2/3 immu- 
noreactive. 

The percentage of GluR5/6/7-immunoreactive cells that were 
NMDAR 1 immunoreactive was determined indirectly, through 
colocalization studies with the polyclonal antisera to GluR2/3. 
The percentage of cells GluR5/6/7 immunoreactive that colo- 
calized GluR2/3 subunits was found to be 100% in each of the 
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Figure 6. Pairs of fluorescence pho- 
tomicrographs taken from single sec- 
tions of monkey cortex showing colo- 
calized combinations of NMDAR 1, 
non-NMDA subunits, and calcium- 
binding proteins. A and B, Section 
through layer III of area 1 showing cells 
(arrows) immunoreactive for both 
GluR2/3 (A) and NMDAR 1 (B). C and 
E, Section through layer III of Ml 
showing cells (arrows) immunoreactive 
for both GluR5/6/7 (C) and GluR2/3 
(E). D and F, Section showing cells in 
layer IVQ of V 1 immunofluorescently 
labeled for parvalbumin (solid arrows; 
D), all ofwhich except one (open arrow) 
are also NMDARl immunoreactive (0. 
Scale bar, 50 pm. 

primary sensory and motor areas examined (Table 2, Fig. 6C,E), 
a figure identical to that found in monkey prefrontal cortex 
(Vickers et al., 1993). The converse relationship was not quan- 
titatively examined, although in each area, qualitative obser- 
vations suggest that GluR2/3-containing cells formed the larger 
population, especially in Vl, where there are relatively fewer 
GluR5/6/7-immunoreactive cells in comparison to other areas 
(see Huntley et al., 1993). In any case, it follows that since 
GluR5/6/7-immunoreactive cells contain GluR2/3 subunits, and 
the latter cells contain NMDARl subunits, then GluR5/6/7- 
immunoreactive cells must also possess NMDARl subunits. 

NMDAR 1 immunoreactivity in the cells labeled by calcium- 
binding protein immunoreactivity was often faint, and generally 
did not extend very far into the proximal dendrites. The vast 

majority of PV-immunoreactive somata in each of the areas 
were NMDARl immunopositive (Table 2, Fig. 6DJ’). In con- 
trast, only a minority of the CR-immunoreactive cells were 
NMDARl immunoreactive (Table 2). In both cases, there did 
not appear to be any overt correlation between the PV- or CR- 
labeled cells not NMDARl immunolabeled and their laminar 
location. 

Electron microscopy 
NMDARl immunoreactivity was present throughout the cy- 
toplasm of both dendrites (Fig. 7A-D) and cell somata (Fig. 7E), 
and was only very rarely localized to presynaptic axon terminals. 
In many cases, especially in dendrites, the clumped and dense 
nature of the precipitate obscured the underlying organelles. 

Table 2. Colocalization of NMDARl subunits with non-NMDA subunits and calcium-binding proteins 

Ml Sla Vl 

PV vs NMDAR 1 89.9 x!I 0.3 87.7 + 1.2 
CR vs NMDAR 1 6.2 k 0.7 6.8 + 0.4 
GluR2/3 vs NMDARl 100 100 
GluR5/6/7 vs GluR2/3 100 100 

Data are given as mean percentages * SD. See Materials and Methods for details. 

“ Data from Sl were taken through area 3b. 

83.4 ? 1.7 
8.5 IL 0.5 

100 
100 
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Figure 7. Ultrastructural localization of NMDARl immunoreactivity in monkey cortex shown in electron photomicrographs of sections taken 
through superficial layers of M 1 (A) or V 1 (0) and through layer IV of area 3b (B) or IVCP of V 1 (C, E). Numerous, intensely labeled asymmetrical 
postsynaptic densities were present in all layers examined (single arrows, A-D), which were located on both dendritic shafts (ds) and spines (s). 
Many unlabeled asymmetrical synapses were also present in all layers (asterisks, A-D). Immunoreactivity often lined the membranes of unstained 
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Occasionally, segments of the plasma membrane of dendrites 
were immunolabeled (double arrows, Fig. 7A,D). Within py- 
ramidal cell somata, immunoprecipitate was often associated 
with stacks of rough endoplasmic reticulum, and could some- 
times be seen lining the outer membranes ofotherwise unstained 
mitochondria, as well. In layer IVC of Vl, the majority of the 
interneuronal cell somata were labeled (Fig. 7E), and many 
possessed ultrastructural features that have been described as 
characteristic of spiny stellate cells (e.g., Lund, 1984; Saint Marie 
and Peters, 1985) including a large and mostly circular nucleus, 
a high nucleus:cytoplasm volume ratio, and minimal cytoplasm 
with fewer organelles. 

Labeled synapses were identified by intense immunolabeling 
of postsynaptic densities, which were asymmetrical and in ap- 
position to presynaptic terminals containing round vesicles (sin- 
gle arrows, Fig. 7A-D), as well as by the presence of reaction 
product within the surrounding cytoplasm. The synaptic clefts 
did not appear to be labeled. The postsynaptic elements in each 
of the layers examined were both small dendritic shafts and 
dendritic spines (Fig. 7A-D), although many shafts and spines 
were unlabeled (asterisks, Fig. 7A-D). Across each of the three 
areas examined, the percentages of the asymmetrical synapses 
that were NMDARl immunoreactive were determined in su- 
pragranular layers, layers IV (area 3b) or IVCP (Vl), and deep 
layers (Table 3). The percentages of NMDAR 1 -immunoreactive 
synapses were similar between superficial and deep layers in 
Ml, but exhibited more pronounced laminar variations in the 
primary sensory areas (Table 3) with a particular prevalence 
for superficial layers in Vl and layer IV in area 3b. No attempt 
was made to determine the proportion of labeled postsynaptic 
elements that were shafts or spines. 

Discussion 

Immunocytochemical methods were used to localize NMDARl 
subunit proteins in primate sensory-motor and visual cortex, 
and to examine, quantitatively, features of their synaptic or- 
ganization and codistribution with non-NMDA ionotropic glu- 
tamate receptor subunits and calcium-binding proteins. The 
principal conclusions that emerge from the present study are (1) 
cortical cells that possess NMDA receptors constitute a mor- 
phologically, functionally, and neurochemically diverse popu- 
lation, and are well represented in all layers of the primary 
somatic sensory, motor, and visual cortex; (2) in each of the 
areas examined, a significant proportion (20-46%) of the asym- 
metrical synapses found in superficial layers, layer IV, and deep 
layers were NMDARl immunoreactive, although the propor- 
tions of immunopositive synapses varied by lamina in Sl and 
Vl while in Ml, the proportions of immunopositive synapses 
were more similar between deep and superficial layers; (3) the 
laminar and synaptic organization of NMDAR 1 subunits sug- 
gests that NMDA receptors can potentially mediate the activity 
of a broad set of excitatory circuits of putative local and extrinsic 
origin, such as thalamocortical afferents, and may underlie the 
kinds of plasticity in motor and sensory maps that have been 
demonstrated in these areas. 

Table 3. Percentages of NMDARl-immunoreactive synapses in Ml, 
Sl, and VI 

Ml Slu VI 

II/III 46.0 (52/l 13, 26.4 (83/3 14) 44.3 (144/325) 
IV” - 45.6 (681149) 34.5 (9 11264) 
V/VI 40.8 (531130) 37.4 (92/246) 19.2 (531276) 

Values represent percentages of total asymmetrical synapses that were NMDARl 
immunoreactive (raw numbers in parentheses) counted from randomly chosen 
fields through the indicated layer(s) and areas. 
I’ Data from Sl were taken through area 3b. 
I’ IVCfl in Vl. 

Cell types exhibiting NMDARI immunoreactivity in neocortex 

NMDARl immunoreactivity was localized to cells of each of 
the fundamental neuronal classes present in cerebral cortex, 
including pyramidal cells, nonpyramidal GABAergic inhibitory 
interneurons-identified by their immunoreactivity for certain 
calcium-binding proteins (Celio, 1986; Hendry et al., 1989)- 
and nonpyramidal spiny stellate cells. The identification of la- 
beled spiny stellate cells was indirect, since no neurochemical 
markers exist that exclusively identify this cell population. How- 
ever, the neuronal composition of layer IVC in monkey area 
Vl consists of only two cell types, approximately 85-95% of 
which are spiny stellate cells (Lund, 1973; Tigges et al., 1977) 
while the remaining number are GABAergic interneurons (Hen- 
drickson et al., 1981; Fitzpatrick et al., 1987; Hendry et al., 
1987), which can be identified by their PV immunoreactivity 
(Hendry et al., 1989; van Brederode et al., 1990). While many 
PV-immunoreactive cells in layer IV of monkey area Vl were 
also NMDARl immunoreactive, the additional numbers of 
NMDAR 1 -immunolabeled cells present suggest that spiny stel- 
late cells were also immunolabeled. Moreover, many of the 
labeled somata in layer IVC of Vl had ultrastructural features 
characteristic of spiny stellate cells (Lund, 1984; Saint Marie 
and Peters, 1985). The presence of labeled spiny stellate cells 
(or “star pyramids”; Lorente de No, 1938) in S 1 was less certain, 
since layer IV contains a more heterogeneous population of cells 
than does layer IV in Vl (Jones, 1975). The morphological and 
functional diversity represented by the cortical neurons pos- 
sessing NMDARl immunoreactivity is consistent with the 
widespread role NMDA receptors are thought to play in a va- 
riety of neuronal functions (Cotman et al., 1988; Constantine- 
Paton et al., 1990). In addition, the patterns of colocalization 
of NMDARl subunits with non-NMDA ionotropic glutamate 
receptor subunits and calcium-binding proteins suggest that 
neurochemically heterogeneous subpopulations of NMDAR l- 
immunoreactive cells are present in neocortex. 

Neurochemically defined subpopulations of 
NMDARI-immunoreactive cells 
Across each of the areas examined, 100% of the cells immu- 
noreactive for AMPA/kainate receptor subunits GluR2/3 were 
also NMDARl immunoreactive. These data suggest that both 

t 

mitochondria (m, B and D), and occasionally the plasma membrane along segments of dendrites (double urrows, A and D) in addition to the more 
diffuse dendritoplasmic labeling. The somata of many interneurons in layer IVCp were also labeled (E). Scale bars: A, 0.5 pm; B and D, 0.3 pm; 
C, 0.2 pm; E, 2 pm. 
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NMDA and non-NMDA ionotropic glutamate receptors may 
be operational in a large majority of neocortical cells, which is 
supported by studies showing that evoked excitatory activity of 
many cells is dependent on both NMDA and non-NMDA re- 
ceptor-mediated components (reviewed in Ascher and Nowak, 
1987). Although the present study did not specifically address 
the issue of whether, at the ultrastructural level, NMDA and 
non-NMDA receptors are present at the same synapses, synaptic 
colocalization is likely, since physiological studies suggest that 
NMDA and non-NMDA receptors are concentrated at the same 
synapses in cultured neurons from rat hippocampus (Bekkers 
and Stevens, 1989) and visual cortex (Jones and Baughman, 
199 1). The immunolabeled plasma membranes found along some 
dendritic segments may reflect extrasynaptic receptors, although 
the density of these is thought to be low (Jones and Baughman, 
199 1). Regardless, the presence and subunit composition of 
colocalized NMDA and non-NMDA receptors may be cell and 
circuit specific, since discrete synaptic currents in cultured hip- 
pocampal cells (Bekkers and Stevens, 1989) or EPSPs generated 
from cortical sensory-motor cells (Thomson, 1986) can be pure- 
ly NMDA receptor dependent, purely non-NMDA receptor de- 
pendent, or dependent on both receptor classes. While it is 
probably unlikely that NMDARl subunits and any of the non- 
NMDA receptor subunits assemble together to form native glu- 
tamate receptor ion channels (Brose et al., 1993) the present 
and previous colocalization data suggest which combinations 
of individual NMDA and non-NMDA receptor subunits coexist 
in single cells. Quantitative studies in monkey prefrontal cortex 
have shown that 100% of the GluR5/6/7-immunoreactive cells 
are also GluR2/3 immunoreactive, with the former population 
representing a subset of the latter population (Vickers et al., 
1993). This pattern is similar in monkey sensory-motor and 
visual cortex (Table 2). Although colocalization of GluR5/6/7 
subunits and NMDAR 1 subunits was not directly examined in 
the present study, the complete colocalization of GluR2/3 with 
NMDARl suggests that all cells in sensory-motor and visual 
cortex that were GluR5/6/7 immunopositive would also be 
NMDAR 1 immunopositive, a conclusion similar to one deter- 
mined from the more direct double-labeling studies of monkey 
hippocampus (Siegel et al., 1994). Thus, there would seem to 
be one cell population in neocot-tex that possesses at least 
NMDAR 1, GluR2/3, and GluR5/6/7 subunits, while a separate 
population possesses NMDARl and GluR2/3 subunits, but not 
GluR5/6/7 subunits. The relative proportions of each of these 
cell populations are likely to vary regionally, since the density 
of GluR5/6/7-immunoreactive cells is much lower in primary 
somatic sensory and visual cortex in comparison with motor 
and higher-order association cortex (Huntley et al., 1993). 

These data indicate that subpopulations of NMDARl-im- 
munoreactive neurons exist in monkey cortex that can be de- 
fined in terms of differential expression of non-NMDA receptor 
subunits. Although both NMDA and non-NMDA receptors have 
been linked to the vulnerability to cell death associated with 
excitotoxicity, neurodegenerative disorders, and ischemia (Choi, 
1988; Greenamyre and Young, 1989) the presence of NMDA 
receptors alone does not seem to correlate significantly with 
regional or cellular patterns of vulnerability (Meldrum and 
Garthwaite, 199 1). For example, visual area Vl is one of the 
cortical areas most resistant to degeneration (Morrison, 1993), 
but NMDAR 1 -immunoreactive cells are present throughout this 
region. Therefore, the individual combinations of NMDA and 
non-NMDA glutamate receptor subunits in cortical neurons and 

the regional patterns in which neurons with different combi- 
nations are distributed may ultimately reflect more accurately 
the degree to which different classes of neurons exhibit vulner- 
ability to glutamate-related cell death (see also Vickers et al., 
1993). 

The role of NMDA receptors in the function of GABAergic 
neurons is unclear. Physiological studies of rat motor cortical 
slices have shown that stimulation of the corpus callosum pro- 
duces, indirectly, both GABA, receptor-mediated IPSPs, which 
could be suppressed by blocking NMDA receptors, and GABA, 
receptor-mediated IPSPs, which could be suppressed by block- 
ing non-NMDA receptors (Kawaguchi, 1992). These data sug- 
gest a differential involvement of NMDA and non-NMDA re- 
ceptors in mediating the excitatory inputs to GABAergic neurons. 
It has been suggested in studies of neocortical slice preparations 
from rat and cat that postsynaptic GABA, receptor-mediated 
IPSPs are most prominent at, or near, cell somata (Connors et 
al., 1988). This would imply that GABAergic cells whose axons 
target somata or nearby regions may have a greater represen- 
tation of NMDA receptors than ones whose axons target more 
distal dendrites. In this regard, it may be significant that the 
majority (-80-90%) of the PV-immunoreactive cells in sen- 
sory-motor and visual cortex were NMDAR 1 immunoreactive, 
while only -6-9% of the CR-immunoreactive cells were. PV- 
immunoreactive cells include basket and chandelier cells 
(DeFelipe et al., 1989; Hendry et al., 1989; Lewis and Lund, 
1990; Williams et al., 1992) subtypes of GABAergic neurons 
whose axons target primarily cell somata and axon initial seg- 
ments, respectively (Jones and Hendry, 1984; Peters, 1984). 
Moreover, a recent study showed that excitation of basket-like 
neurons in entorhinal cortex was mediated largely by NMDA 
receptors (Jones and Btihl, 1993). In rats, the axons of CR- 
immunoreactive cells target distal dendrites (Luth et al., 1993) 
consistent with previous suggestions that both calbindin and 
calretinin label a population that includes double-bouquet cells 
(DeFelipe et al., 1990; DeFelipe and Jones, 1992), a class of 
GABAergic cells whose axons target more distal dendrites (Som- 
ogyi and Cowey, 1984). Whether calbindin-immunoreactive cells 
are NMDAR 1 immunoreactive is not known. Nevertheless, the 
data suggest that NMDA receptors may play a selective role in 
mediating the activity of GABA cells with discrete synaptic 
targets, thereby modulating specific aspects of inhibitory cortical 
circuitry. 

NMDA receptors in human visual cortex 

The inability to achieve adequate immunolabeling in human 
postmortem material restricted the number of human cases that 
could be examined, since acquisition of area 17 biopsy material 
is difficult. Thus, given that only a single case was examined, 
the data should be interpreted with caution, and conclusions 
regarded as tentative. 

NMDAR 1 -immunoreactive cells in human V 1 were distrib- 
uted in a laminar pattern largely similar to the distribution of 
NMDA receptor binding sites in human Vl revealed by auto- 
radiographic methods (Jansen et al., 1989; Albin et al., 199 l), 
which, collectively, supports a role for NMDA receptors as a 
component of the excitatory circuitry of human visual cortex. 
It remains to be determined, however, precisely where, at the 
synaptic level, NMDA receptors are operative. Given that the 
overall laminar distribution of NMDAR 1 -immunoreactive cells 
in human V 1 was mostly similar to that in monkey Vl, the 
synaptic organization may also be similar to that in monkeys. 
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The major difference in the patterns of immunoreactivity at the 
light microscopic level between the two primate species was 
diminished fine-caliber fiber staining in the neuropil of layer I 
and other layers in human V 1, which could be due to differences 
in tissue processing (biopsy vs perfused). The distribution of 
immunoreactivities for non-NMDA subunits (GluR2/3 and 
GluR5/6/7) in several neocortical areas in human (J. C. Vickers 
et al., unpublished observations) also matches very closely that 
in monkeys (Huntley et al., 1993; Vickers et al., 1993), which 
may indicate a basic similarity between the cortices of monkeys 
and humans in the functional organization of excitatory amino 
acid receptors and the circuits in which they participate. 

Laminar and synaptic organization of NMDARl subunits: 
role of NMDA receptors in sensory-motor and visual function 
The laminar distribution of NMDARl immunoreactivity in 
monkey neocortex was largely consistent with, but not identical 
to, the reported distribution of autoradiographically localized 
NMDA receptor binding sites in nonhuman primate neocortex 
(Geddes et al., 1989). The variations between the patterns re- 
vealed by the two methods could reflect the presence of addi- 
tional NMDA receptor subunits (e.g., NMDAR2, A-D), which, 
when combined with NMDARl subunits, yield receptor com- 
plexes with distinct pharmacological properties (Nakanishi, 
1992). In rats, NMDAR2 subunit mRNAs show a more selec- 
tive distribution than NMDARl subunit mRNA (Nakanishi, 
1992) although the distribution of these subunits in monkey 
cortex is unknown. It is also likely that much of the cytoplas- 
mically localized NMDARl immunoreactivity, including, for 
example, that surrounding the outer mitochondrial membranes 
and other organelles, does not reflect functional receptors, but 
rather represents epitope sites associated with receptor assem- 
bly, degradation, or transport. Similar patterns of intracellular 
receptor localization are also evident in immunoelectron mi- 
croscopic studies localizing NMDAR 1 subunits in hippocampus 
(Siegel et al., 1994) and subunits of the kainate and AMPA/ 
kainate receptor classes in neocortex and hippocampus (Petralia 
and Wenthold, 1992; Good et al., 1993; Huntley et al., 1993), 
which may indicate that large cytoplasmic reserves of subunits 
of each of the three major classes of ionotropic glutamate re- 
ceptors enable rapid shifts in the composition of local subunit 
assemblies, as metabolic or functional demands require. 

NMDAR 1 -immunoreactive synapses were distributed in su- 
perficial and deep layers, as well as in layer IV, indicating that 
NMDA receptors are at least anatomically positioned to mediate 
a large share of the activity of the numerous excitatory pathways 
of extrinsic and intracortical origin. Physiological studies in cor- 
tical slices have shown that NMDA receptors contribute to the 
generation of EPSPs following the stimulation of callosal and 
corticocortical pathways as well as of horizontally directed, local 
pyramidal cell axon collaterals (Thomson, 1986; Jones and 
Baughman, 1988; Shirokawa et al., 1989; Sutor and Hablitz, 
1989; Nishigori et al., 1990; Larson-Prior et al., 199 1; Kawa- 
guchi, 1992; Nicoll et al., 1992; but see Hirsch and Gilbert, 
199 1). In the sensory-motor and visual areas of monkeys, such 
projections mainly arise from and terminate in supragranular 
layers (Valverde, 1985; Jones, 1986) targeting predominantly 
dendritic spines, but also dendritic shafts (Colonnier, 1968; Jones 
and Powell, 1970; Winfield et al., 1981; Feldman, 1984; Kis- 
varday et al., 1986; McGuire et al., 199 1; White and Czeiger, 
199 1). These data are consistent with the present anatomical 
findings, in which a significant proportion (-25-45%) of the 

supragranular asymmetrical synapses in sensory-motor and vi- 
sual cortex were NMDARl immunopositive, localized to both 
dendritic spines and shafts. While many of the postsynaptic 
elements in superficial layers were likely to originate from the 
numerous labeled cell somata in layers II and III, the small 
caliber of some of the labeled postsynaptic shafts may reflect, 
in part, the distal apical dendrites that arise from the many 
labeled pyramidal cells present in deeper layers. In addition, a 
large number of the ascending apical dendrites of pyramidal 
cells form their terminal dendritic arbors in the inner half of 
layer I (Feldman, 1984). There is evidence in rats that NMDA 
receptors can mediate the activity of the projections to cortex 
from certain thalamic intralaminar nuclei (Fox and Armstrong- 
James, 1986) which may reflect the plexus of NMDARl-im- 
munolabeled fibers in the inner half of layer I. In the monkey 
cortical areas examined, projections from the intralaminar nu- 
clei terminate mostly in layer I (Jones, 1985). In layers II and 
III, NMDA receptors appear to play a dominant role in the 
generation of naturally elicited, sensorially driven activity in rat 
barrel cortex (Armstrong-James et al., 1993) and in cat and 
kitten visual cortex (Tsumoto et al., 1987; Fox et al., 1989; 
Miller et al., 1989) These data indicate that in primates, NMDA 
receptors in layers II/III probably also contribute substantially 
to the transmission of visual, somatic sensory, or motor infor- 
mation (Shima and Tanji, 1993) possibly in the context of 
experience-dependent synaptic plasticity of the kind thought to 
underlie learning and memory. For example, some forms of 
long-term potentiation (LTP), a type of use-dependent synaptic 
modification that has been linked to such functions (Bliss and 
Collingridge, 1993) are dependent on NMDA receptor acti- 
vation (Collingridge and Singer, 1990) and have been dem- 
onstrated in the supragranular layers of monkey motor cortex 
(Iriki et al., 1989, 1991) and in those of rat and kitten visual 
cortex (Artola and Singer, 1987; Komatsu et al., 1988; Kirkwood 
et al., 1993). It remains to be determined whether, at a finer 
level, NMDA receptors in cortex are selectively engaged by 
excitatory afferents bearing certain components of sensory in- 
formation, or contribute preferentially to the establishment of 
particular receptive field properties. In monkey V 1, the recep- 
tive field properties of neurons that lie within the supragranular 
cytochrome oxidase puffs vary substantially in comparison to 
those that lie between the puffs (Livingstone and Hubel, 1984) 
due largely to the anatomical segregation of thalamic and in- 
tracortical pathways conveying functionally distinct compo- 
nents ofvisual information (Livingstone and Hubel, 1982; DeYoe 
and Van Essen, 1988). The lack of any apparent differential 
parcellation of NMDAR 1 -immunoreactive cells to cytochrome 
oxidase-rich or -poor regions in V 1 may indicate that sensory 
information processing mediated by NMDA receptors in neo- 
cortex is not necessarily restricted to particular receptive field 
properties or pathways (see also Fox et al., 1989). 

In contrast to the close association between NMDA receptor 
localization and functional expression in superficial layers, the 
role of NMDA receptors in layers IV-VI in a functional context 
is more ambiguous. For example, iontophoresis of the NMDA 
receptor antagonist D-2-amino-5-phosphonovaleric acid (APV) 
onto neurons in layers IV-VI of adult cat visual cortex affects 
only their spontaneous activity, but has no effect on visually 
driven responses in these layers (Fox et al., 1989). By contrast, 
whisker deflection results in significant NMDA receptor acti- 
vation in layer IV of rat Sl barrel cortex (Armstrong-James et 
al., 1993). Although these data could reflect species differences 
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in the organization of NMDA receptors within layer IV, they 
could also reflect more fundamental differences in the number, 
density, or organization of NMDA receptor-linked synapses 
across different layers, and perhaps even between different areas. 
This possibility is consistent with the present findings, in which 
the percentages of asymmetrical synapses that were NMDARl 
immunopositive varied across layers, and across areas. The per- 
centages of NMDAR 1 -immunoreactive synapses in superficial 
and deep layers of Ml were relatively similar to each other in 
comparison to the more pronounced laminar differences ob- 
served in the primary sensory areas, which could be a reflection 
of the inherently different cellular organization of motor cortex 
in comparison to sensory cortex that is evident in the lack of a 
clear layer IV in adult M 1. Since thalamocortical axons represent 
a major afferent system targeting layer III in motor cortex and 
mainly layers III-IV in primary sensory areas (Hubel and Wie- 
sel, 1972; Jones, 1986) the observation that 35-45% of the 
asymmetrical synapses in the principal thalamorecipient layers 
were NMDARl immunopositive suggests an important role for 
NMDA receptors in the mediation of thalamocortical activity 
or other excitatory afferents that target these layers, such as those 
from the claustrum, other cortical areas, or local intralaminar 
sources (e.g., Riche and Lanoir, 1978; Lund, 1984; Jones, 1986). 
On the other hand, since local axon collaterals of pyramidal 
cells and spiny stellate cells provide the majority of the excit- 
atory synapses in cortex in comparison to those provided by 
axons from the thalamus or other extrinsic sources (White, 1989) 
the majority of NMDA-immunoreactive synapses may, reflect 
mostly local circuits. Regardless, the origin of the presynaptic 
components of the NMDAR 1 -immunoreactive synapses in lay- 
er IV and in deeper layers, and the precise functional role NMDA 
receptors play there remain to be determined. 

While it would appear that NMDA receptors in granular and 
infragranular layers are at least anatomically poised to mediate 
the activity of a variety of excitatory inputs, it may be the case 
that under most conditions, they are functionally quiescent. 
NMDA receptor-mediated activity is prominent in the mono- 
synaptic thalamocortical response in slices of immature cortex 
(Agmon and O’Dowd, 1992) but is not evident in the earliest 
monosynaptic thalamocortical responses in adult cortex (Fox et 
al., 1989; Larson-Prior et al., 1991; Armstrong-James et al., 
1993). While these data may be accounted for by developmen- 
tally regulated changes in the number or location of functional 
NMDA receptors over time in a manner akin to other neuro- 
transmitter-receptor systems (Pamavelas et al., 1988), the sig- 
nificant numbers of NMDAR 1 -immunoreactive cells and syn- 
apses present in layers IV-VI of adult monkey cortex suggest 
that other modulatory influences may exist that effectively in- 
hibit NMDA receptor activation. GABAergic inhibition, for 
example, has a profound effect on the generation of NMDA 
receptor-mediated responses (Artola and Singer, 1987; Luhmann 
and Prince, 1990a,b; Agmon and O’Dowd, 1992) and the ex- 
pression of NMDA receptor-dependent LTP (Steward et al., 
1990). Thus, relative differences observed between superficial 
and deeper layers in the extent to which NMDA receptors are 
involved in the generation of sensorially driven activity may be 
explained, in part, by differences in the efficacy or organization 
of GABAergic circuits between cells ofdifferent layers or classes. 
Variability in the density and distribution of GABAergic syn- 
aptic contacts upon cortical pyramidal cells that project to dif- 
ferent targets, and that occupy different layers, has been de- 
scribed (Fairen and Valverde, 1980; Freund et al., 1983; DeFelipe 

et al., 1985; Fariiias and DeFelipe, 1991a,b). Regulation of 
NMDA receptor function may also occur at the synaptic level. 
For example, calcium/calmodulin-dependent protein kinase type 
II (CAM II kinase), a major component of asymmetrical post- 
synaptic densities (Kennedy et al., 1983; Kelly et al., 1984) and 
present throughout sensory-motor and visual cortex (Benson et 
al., 1991; Jones et al., 1994), can induce phosphorylation of the 
NMDA receptor channel leading to increased Ca*+ influx (Ki- 
tamura et al., 1993). In addition, zinc can potentiate agonist- 
induced currents through homomeric NMDA receptors assem- 
bled from certain NMDARl splice variants (Hollmann et al., 
1992). Taken together, the integration of these data with those 
of the present study may bear on recent experiments suggesting 
that in S 1, the functional reorganization of the cortical sensory 
map that occurs following selective deafferentation is dependent 
on NMDA receptor activation (Kano et al.,’ 199 1). Since alter- 
ations in sensory input can modulate levels of GABA, its syn- 
thesizing enzyme GAD, GABA, receptors, and CAM II kinase 
in cortical neurons (Hendry and Jones, 1986,1988; Hendry and 
Kennedy, 1986; Welker et al., 1989; Hendry et al., 1990; Benson 
et al., 199 l), changes in GABAergic inhibition or second mes- 
senger systems could unmask previously silent NMDA recep- 
tor-mediated inputs and/or change the functional properties 
associated with such inputs, thus possibly representing one 
mechanism for the rapid activity-dependent changes that can 
be induced in the representational maps of sensory-motor and 
visual cortex (e.g., Merzenich et al., 1983, 1984; Donoghue and 
Sanes, 1988; Donoghue et al., 1990; Kaas et al., 1990; Nudo et 
al., 1990; Garraghty and Kaas, 1991; Jacobs and Donoghue, 
1991; Pons et al., 1991). 
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