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ABSTRACT

The localization of the N-methyl-D-aspartate receptor subunit NR2A was studied, by using
light microscopic immunocytochemistry, in the retina of adult rat, rabbit, cat, and monkey.
Strong, punctate immunolabeling was observed in the inner plexiform layer indicating a
synaptic localization of the NR2A subunit. The punctate labeling was concentrated in two
bands corresponding to the on- and off-sublaminae of the inner plexiform layer.

The punctate character of immunofluorescence suggested a synaptic localization of the
receptor. This was confirmed by electron microscopy of immunostained adult rat retina. The
staining was localized postsynaptic to cone bipolar cells, and only one of the two postsynaptic
elements of the dyad was labeled. Staining was not observed at extrasynaptic plasma

membranes.

In situ hybridization of adult rat retina showed expression of the NR2A subunit in virtually
all ganglion cells and displaced amacrine cells in the ganglion cell layer and in a subset of

amacrine cells in the inner nuclear layer.

The postnatal developmental expression of the NR2A subunit was studied in rat retina by
light microscopic immunocytochemistry. Punctate immunolabeling appeared prior to eye
opening, and the developmental profile of NR2A could be compatible with a role in development

of circuitry in the inner plexiform layer.
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In the retina, there is strong evidence that glutamate is
the neurotransmitter of the vertical signal pathway, both at
the photoreceptor-to-bipolar cell synapse in the outer plexi-
form layer (OPL; Copenhagen and Jahr, 1989) and at the
bipolar cell-to-ganglion cell synapse in the inner plexiform
layer (IPL; Tachibana and Okada, 1991). In addition,
glutamate released from photoreceptors and bipolar cells
also acts on horizontal cells in the OPL and on amacrine
cells in the IPL, respectively (for review, see Massey, 1990).
Pharmacological investigations have revealed that there
are three major classes of ionotropic glutamate receptors
(reviewed by Monaghan et al., 1989) defined by selective
interaction with their specific agonists N-methyl-D-aspar-
tate (NMDA), «-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionate (AMPA), and kainate. AMPA and kainate receptors
are often collectively referred to as non-NMDA receptors.
Glutamate also acts at different metabotropic receptors
that mediate their effects through guanosine triphosphate-
binding proteins (Monaghan et al.,, 1989). Two metabo-
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tropic receptors have been defined pharmacologically by
interaction with their respective agonists (1S,3R)-1-amino-
cyclopentane-1,3-dicarboxylic acid (ACPD) and amino-
phosphonobutyrate (APB).

There is evidence that all these types of glutamate
receptor are present at various locations in the retinal
circuitry (reviewed by Massey, 1990). Due to their unique
biophysical and pharmacological properties, such as Mg2*-
dependent voltage block (Nowak et al., 1984), Ca?* perme-
ability (MacDermott et al., 1986), potentiation by glycine
(Johnson and Ascher, 1987), and slow kinetics (Collingridge
et al., 1988; Forsythe and Westbrook, 1988), particular
attention has been devoted to the NMDA receptors, which
seem to be involved in neuronal signalling in the IPL

Accepted May 10, 1994.

Address reprint requests to Heinz Wassle, Max-Planck-Institut f. Hirnfor-
schung, Neuroanatomische Abteilung, Deutschordenstrasse 46, D-60528
Frankfurt a.M., Federal Republic of Germany.



NMDA RECEPTOR SUBUNIT NR2A IN MAMMALIAN RETINA

(Slaughter and Miller, 1983b; Aizenman et al., 1988; Cole-
man and Miller, 1988; Massey and Miller, 1988, 1990; Boos
et al., 1990; Mittman et al., 1990; Linn and Massey, 1991,
Dixon and Copenhagen, 1992; Gottesman and Miller, 1992).

Recently, it has become clear that, for each pharmacologi-
cally defined type of glutamate receptor, there is consider-
able heterogeneity at the molecular level. Several groups
have cloned and characterized a large series of different
subunits of non-NMDA receptors (Hollmann et al., 1989;
Keinidinen et al., 1990; Bettler et al., 1990; Boulter et al.,
1990; Nakanishi et al., 1990; Egebjerg et al., 1991; Werner
et al,, 1991; Bettler et al., 1992; Herb et al., 1992),
metabotropic receptors (Houamed et al., 1991; Masu et al.,
1991; Tanabe et al., 1992), and NMDA receptors (Moriyoshi
et al., 1991; Ikeda et al.,, 1992; Kutsuwada et al., 1992;
Meguro et al., 1992; Monyer et al., 1992; Ishii et al., 1993).
In expression systems, different combinations of subtypes
give rise to glutamate receptors with markedly different
biophysical and pharmacological properties (Boulter et al.,
1990; Keinénen et al., 1990; Nakanishi et al., 1990; Holl-
mann et al., 1991; Burnashev et al., 1992; Herb et al., 1992;
Tkeda et al., 1992; Kutsuwada et al., 1992; Meguro et al,,
1992; Monyer et al., 1992; Ishii et al., 1993), and it is
assumed that different subunits coassemble in different
combinations to form heterooligomeric receptors.

It is not clear which NMDA receptor subunits are em-
ployed in the retinal circuitry. The expression of NMDA and
non-NMDA receptor subunits has been studied by in situ
hybridization to the respective mRNA species (Hughes et
al., 1992; Miiller et al., 1992; Hamassaki-Britto et al., 1993;
Brandstitter et al., 1994; Watanabe et al., 1994). At best,
however, in situ hybridization can only show that a given
cell expresses a specific set of different receptor subunit
mRNAs (Hamassaki-Britto et al., 1993). It cannot be used
to determine where in the cell the corresponding receptor
subunits are localized, and it does not show which subunits
are localized together in the complex that constitutes the
functional receptor. These limitations can be overcome by
employing specific antibodies against the receptor subunits.
As a first step toward understanding the role of NMDA
receptors at a molecular level in the retinal synaptic
circuitry, we report here on the expression and localization
of the NMDA receptor subunit NR2A (Kutsuwada et al.,
1992; Meguro et al., 1992; Monyer et al., 1992) in mature
and developing retina as examined by in situ hybridization
and light and electron microscopic immunocytochemistry.

MATERIALS AND METHODS
Generation of monoclonal antibody

Monoclonal antibody 2F6.3D5 was raised against a C-
terminal sequence of the rat NMDA receptor subunit
NR2A. In brief, the nucleotide sequence encoding amino
acids 886-1,029 (NR2A.C1C2) was amplified via polymer-
ase chain reaction (PCR) and subcloned into the bacterial
expression vector pRSET7a (Schoepfer, 1993). The bacte-
rial strain BL21.DE3.pLysS was transformed with the
plasmid, and production of the protein was induced by 0.4
mM isopropyl-B-thiogalactopyranoside (Studier et al., 1990).
After purification, the NR2A.C1C2 polypeptide was used to
immunize mice and generate monoclonal antibody cultures
(performed by K. Naujoks and 1. Bartke, Boehringer
Mannheim, Federal Republic of Germany). The specificity
of the 2F6.3D5 antibody was assessed by immunoblotting
of rat forebrain proteins (Amersham ECL). The antibody
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was employed as a 1:2,000 dilution of tissue culture super-
natant in 10% bovine serum albumin/0.01 M phosphate-
buffered saline (PBS). On Western blots of rat forebrain
proteins, the 2F6.3D5 monoclonal antibody labeled a band
of 163 kDa (Fig. 1A), which corresponds closely to the
predicted molecular weight of the NR2A subunit (approxi-
mately 160 kDa; Monyer et al., 1992). Labeling was pre-
vented by coincubation with 10 pg of the antigenic polypep-
tide (Fig. 1A). This antibody also labeled a similar band in
Western blots of NR2A-transfected human embryonic kid-
ney (HEK) 293 cell proteins, labeled only NR2A-transfected
HEK 293 cells in immunofluorescence experiments (not
NR2B-, NR2C-, or NR2D-transfected cells) and, in peroxi-
dase immunohistochemical experiments, indicated a distri-
bution of the antigen in rat brain (not shown) very similar
to that of the NR2A mRNA (Monyer et al., 1992).

Immunocytochemistry

For light microscopy, young [postnatal day (P)4-P23]
and adult albino rats were deeply anesthetized with halo-
thane (4% in O,) and decapitated. The eyes were removed
and opened along the ora serrata by an encircling cut. The
cornea, lens, and vitreous body were removed, and the
posterior eyecup was fixed by immersion in 4% paraformal-
dehyde in phosphate buffer (PB; 0.1 M, pH 7.4) for 4-60
minutes. Recognition of the antigen by 2F6.3D5 was very
sensitive to fixation, and the best results for adult animals,
taking into account both preservation of histological struec-
ture and intensity of staining, were obtained with fixation
times of about 10 minutes. Because the labeling was very
weak in the youngest animals, the fixation time was
reduced to 4-5 minutes in this part of the study.

After fixation, the retina was carefully dissected out of
the eyecup and cryoprotected by immersing in PB with
increasing sucrose concentrations (5-30%) overnight at
4°C. Vertical sections (14 um) were cut on a cryostat and
collected on silanized and glutaraldehyde-activated slides.

The cat, rabbit, and macagque monkey eyes were obtained
from animals used in other experiments. The animals were
all deeply anesthetized with pentobarbitone sodium. For
cat and rabbit, the rest of the procedure was as for the rats.
The monkey was transcardially perfused with 4% parafor-
maldehyde in PB, and the eyes were removed after 10
minutes of perfusion. The retina was dissected from the
posterior eyecup without further fixation, washed in PB,
and cryoprotected as described above.

For immunolabeling, the sections were rinsed two times
for 10 minutes each in PBS and preincubated in PBS with
10% normal goat serum (NGS) and 0.5% Triton X-100 for 1
hour. Thereafter, the sections were incubated overnight
with the primary antibody diluted 1:20 or 1:100 in PBS
with 3% NGS, 0.5% Triton X-100, and 0.05% sodium azide.
The sections were then rinsed three times for 10 minutes
each in PBS, incubated with the secondary antibody (goat
anti-mouse IgG coupled to CY3 (carboxymethylindocya-
nine; Dianova, Federal Republic of Germany), and washed
again in PBS. Finally, the sections were embedded in
Mowiol (Hoechst, Federal Republic of Germany) and exam-
ined under epifluorescence.

For the developmental study, pilot experiments were
carried out on animals at various ages taken from different
litters. In the more detailed analysis, animals from the
same litter were killed at daily intervals. This procedure
was carried out for three different litters (n, = 15, ny = 7,
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Fig. 1. A: Western blot of rat forebrain proteins probed with the
2F6.3D5 antibody. (-) and (+) indicate the absence and presence,
respectively, of the antigenic polypeptide NR2A.C1C2 in the incubation
solution. B,C: Absence of punctate immunofluorescence in vertical
cryostat sections of rat retina [B: adult; C: postnatal day (P)10], when

nz= 7). For all litters, the day of birth was observed by one
of the authors and was taken as P0.

Control sections were processed as described above,
except that the first antibody was omitted. In the adult
animals, the background labeling in the IPL was very weak
(Fig. 1B). In the young, postnatal animals, there was
stronger, diffuse immunofluorescence in the IPL but never
of a punctate character (Fig. 1C). We do not know why the
background labeling in the IPL was stronger during devel-
opment than in the adult. For unknown reasons, we also
found labeling of photoreceptor inner segments and blood
vessels (Fig. 1B,C). This is often observed in immunocyto-
chemical investigations of the retina.

For electron microscopy, the same procedure for immer-
sion fixation as described above for light microscopy was
used, except that the fixation time was prolonged to 30
minutes and picric acid was added at a concentration of
0.2%. This relatively long fixation time strongly reduced the
intensity of labeling as observed in the light microscope, but
shorter fixation times were not compatible with electron
microscopic examination. After cryoprotection with sucrose
in PB, small pieces of tissue were repeatedly frozen and
thawed, embedded in agar, and sectioned vertically at 70
pwm on a vibratome. Free-floating sections were collected in
cold PBS, immersed for 2 hours in 10% NGS in PBS, and
then incubated in the primary antibody diluted 1:100 in the
same dilution medium used for light microscopy (omitting
Triton X-100) for 4 days at room temperature. Thereafter,
the sections were rinsed in PBS (three times for 10 minutes
each) and incubated for 2 hours at room temperature in
biotinylated sheep anti-mouse IgG (Amersham, Federal
Republic of Germany; 1:100), rinsed again in PBS, and
transferred to a solution containing the extravidin-peroxi-
dase complex (Sigma, Federal Republic of Germany; 1:100)
for 1 hour at room temperature. After rinses in PBS and in
0.05 M Tris-HC1 (pH 7.6), the sections were reacted in
3,3'-diaminobenzidine (DAB; 0.05% in 0.05 M Tris-HC], pH
7.6) with 0.01% H;0, for 10 minutes. Subsequently, the
sections were rinsed in 0.1 M cacodylate buffer (pH 7.4),
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the primary antibody (2F6.3D5) was omitted. Borders of the inner
plexiform layer are indicated by horizontal lines. Arrows point to stained
blood vessels. IS, inner segments of photoreceptors; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
plexiform layer; GCL, ganglion cell layer. Scale bars = 30 pm.

postfixed in glutaraldehyde (2.5% in cacodylate buffer; 2
hours at 4°C), and washed in cacodylate buffer overnight at
4°C. The DAB reaction product was silver intensified and
treated with 0.05% gold chloride (Sigma) using a modified
version of a procedure described previously (Leranth and
Pickel, 1989). The sections were then postfixed with 2%
0s0, in cacodylate buffer for 1 hour, dehydrated in a graded
series of acetone (30-100%), and flat-embedded in Epon
812 (Serva, Federal Republic of Germany). Serial ultrathin
sections were stained with uranyl acetate and lead citrate
and examined with an EM 10 electron microscope (Zeiss,
Federal Republic of Germany).

In situ hybridization

Adult rats were anesthetized with pentobarbitone so-
dium (i.p.) and fixed by transcardial perfusion with 250 ml
4% paraformaldehyde in PB. The eyes were enucleated, the
cornea, lens, and vitreous body were removed by an encir-
cling cut along the ora serrata, and the eyecups were
postfixed in the same fixative with 5% sucrose added for 1
hour. They were then washed in PB with 10% sucrose for 1
hour, and the retina was carefully dissected out of the
eyecup and cryoprotected with 30% sucrose in PB for 2-3
hours. Vertical sections were cut at 14 pm on a cryostat and
collected on silanized and glutaraldehyde-activated slides.
Sections were postfixed for 5 minutes in 4% paraformalde-
hyde in PB containing 0.1% diethylpyrocarbonate (DEPC),
washed in PB with 0.1% DEPC, and treated for 10 minutes
in 0.9% NaCl with 0.1 M triethanolamine and 0.25%
acetanhydride. Finally, the sections were dehydrated in
graded ethanol series and stored in 95% ethanol at 4°C until
hybridization. Before hybridization, the sections were air
dried and defatted in chloroform for 5 minutes.

Hybridization was performed as described by Wisden et
al. (1991). A 45-mer nucleotide antisense probe was labeled
3'-end using [a%S]dATP (1,200 Ci/mmol; DuPont) and
terminal transferase (Boehringer Mannheim). The probe
was the same as that used by Monyer et al. (1992).
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Hybridization was performed at 42°C overnight in hybrid-
ization buffer [50% formamide, 4Xx standard saline citrate
(SSC; 1x SSC = 0.15 M sodium chloride, 0.015 M sodium
citrate), 10% dextran sulfate]. After hybridization, sections
were washed twice for 20 minutes in 1x SSC at 55°C. The
slides were then dipped in Ilford L-4 emulsion and stored
with desiccant at 4°C for 10-12 weeks. After exposure, the
slides were developed in Kodak D19, washed, fixed, and
counterstained with toluidine blue before being dehydrated
in a graded series of ethanol and coverslipped with Per-
mount (Fisher Scientific, Fair Lawn, NdJ). Incubation with a
20-fold excess of unlabeled probe in addition to labeled
probe resulted in no detectable signal (cf. Miiller et al.,
1992). The expression of NR2A in rat brain has been
documented with the same probe by Monyer et al. (1992),
and we routinely hybridized brain sections as positive
controls. The sections were cut sagittally at 18 pum from
freshly frozen brains and processed in the same way as the
retina sections.

RESULTS

Immunocytochemical localization of the
NR2A subunit in rat retina

Labeling obtained with the 2F6.3D5 antibody was charac-
terized by strong, distinctly punctate fluorescence distrib-
uted throughout the IPL. The intensity of labeling was
stronger in two relatively broad bands in the upper two-
thirds of the IPL (Fig. 2A). The upper band was located
close to the inner nuclear layer, and the lower band was
slightly below the middle of the IPL. Between the two
bands, there was a region of weaker immunoreactivity. At
some locations, the outermost band was subdivided into
two regions of higher density of punctate labeling, but there
was always some label between these two subregions. Below
the innermost labeled band, the intensity of the immunola-
beling decreased and reached very low levels in the inner-
most part of the IPL, close to the ganglion cell layer. Most
likely, this corresponds to the area of termination of axons
from rod bipolar cells (Chun et al., 1993), suggesting that
the NR2A subunit is not involved in the output from these
cells. In no cases did we observe punctate immunofluores-
cence in the OPL.

Immunocytochemical localization of the NR2A
subunit in rabbit, cat, and monkey retina

With a few differences, the general pattern of labeling in
rabbit, cat, and monkey strongly resembled that in the rat
(Fig. 2B-D). In the rabbit retina (Fig. 2B), the band-like
pattern of the punctate label was more pronounced than in
the rat (Fig. 2A), but there was no evidence of a substruc-
ture, i.e., that each band could be divided into subregions.

In the cat retina (Fig. 2C), labeling in the IPL was also of
a distinctly punctate character, but the demarcation into
two bands was not as pronounced as for rat (Fig. 2A) and
rabbit (Fig. 2B). The intensity of labeling was, however,
perceptibly lower in the innermost part of the IPL. The
major distinctive feature of immunolabeling in cat retina,
compared with rat, rabbit, and monkey, was the occurrence
of sparse and irregularly distributed, but still distinct,
punctate labeling in the OPL (Fig. 2C). This was never
observed in any of the control sections and was well
differentiated from nonspecific labeling corresponding to
blood vessels. Another unique feature of the cat retina was
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the clear labeling of the outer limiting membrane in the
experimental, but not in the control, sections (not shown),
suggesting that the antibody may cross-react with an
unknown antigen. Similar labeling has also been observed
with antibodies against glycine receptors (Griinert and
Wissle, 1993).

The macaque monkey retina displayed strong punctate
labeling in the IPL (Fig. 2D). The organization in two bands
was quite pronounced, comparable to the rabbit retina.

Electron microscopic localization of the
NR2A subunit in rat retina

The punctate character of the immunofluorescence seen
in light microscopy indicated that the NR2A subunit is
distributed in an aggregate pattern, suggesting a synaptic
localization. In order to investigate this more closely, we
examined the ultrastructural localization of the NR2A
subunit by electron microscopic immunocytochemistry.
The major findings were that the staining was localized at
synaptic regions, that it was postsynaptic to cone bipolar
terminals in the outer two-thirds of the IPL, and that only
one of the two postsynaptic elements in each dyad (Dowling
and Boycott, 1966; Dubin, 1970) was stained. More than 30
NR2A-immunoreactive synapses were observed; all were
cone bipolar cell dyads (determined from their relative
location in the IPL), and no conventional synapses were
found to be immunoreactive. Both examples in Figure 3A,B
show a cone bipolar terminal forming a ribbon synapse with
two profiles that constitute the dyad. Silver-intensified
DAB reaction product can clearly be seen in one of the
postsynaptic profiles, where it is located at the cytoplasmic
face of the postsynaptic membrane density. In no case did
we observe extrasynaptic localization of the reaction prod-
uct, i.e., reaction product located at the plasma membrane
but outside the synaptic region. Typically, some reaction
product could be observed in the cytoplasm near the
postsynaptic membrane density. We do not know whether
this represents diffusion of reaction product or labeling of
antigen present in the cytoplasm. The postsynaptic process
without reaction product contained a large number of
synaptic vesicles (Fig. 3A,B). On this basis, it could be
securely identified as belonging to an amacrine cell (Dowl-
ing and Boycott, 1966; Dubin, 1970; Kolb, 1979). The
labeled process did not contain vesicles and is therefore
most likely a ganglion cell dendrite (Fig. 3A,B). Similar
results were seen for other dyads postsynaptic to cone
bipolar cells. With our material, fixed for only 30 minutes, it
was not always possible to identify clear synaptic vesicles in
one of the postsynaptic profiles, a necessary condition for
identifying it as belonging to an amacrine cell. It is there-
fore possible that some of the stained profiles belong to
amacrine cells.

Localization of mRNA for the NR2A subunit

The results from light and electron microscopic immuno-
cytochemistry suggested expression of the NR2A subunit
by cells with processes in the IPL. The localization and
character of the labeled bands in the IPL could not by itself
directly answer the question concerning which cells express
this subunit. We therefore performed in situ hybridization
with an oligonucleotide probe specific for the NR2A subunit
mRNA. The results suggested that the NR2A subunit is
expressed by virtually all cells of the ganglion cell layer
(ganglion cells and displaced amacrine cells) as well as by
some cells in the inner part of the inner nuclear layer (INL),
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Fig. 2. Localization of NMDA receptor subunit NR2A immunoreac-
tivity in vertical cryostat sections of rat (A), rabbit (B), cat (C), and
monkey (D) retina. In all species, strong punctate immunofluorescence
is concentrated in two major bands in the inner plexiform layer. In the
cat retina (C), there is also sparsely distributed punctate labeling in the

i.e., closest to the IPL (Fig. 4A). Based on their relative
location in the INL, these cells are most likely amacrine
cells. Furthermore, the label in the INL was discontinuous
and distributed in patches with clear examples of unlabeled
cells between the labeled ones. This strongly suggests that
only a subset of amacrine cells expresses the NR2A subunit.

Development of the NR2A subunit in rat retina

Taken together, the expression and localization of the
NMDA receptor NR2A subunit in the adult rat, rabbit, cat,
and monkey strongly suggest that this receptor is involved
in synaptic transmission from cone bipolar cells to ganglion

outer plexiform layer. Borders of the inner plexiform layer are indicated
by horizontal lines. Arrows point to stained blood vessels. ONL, outer
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer;
IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar = 30 pm.

cells and a subset of amacrine cells. As a next step, the
development of immunoreactivity for the NR2A subunit
was examined in relation to the development of the retina,
in particular to the period of synaptogenesis in the IPL. We
were interested to see whether the appearance of the NR2A
subunit would suggest a role in the development of the
circuitry in the IPL, in particular, whether the intensity of
immunofluorescence in the IPL would increase in a mono-
tonic fashion, or whether it would be higher at some
developmental stage than in the adult.

During the postnatal period from P4 (the earliest day
examined) to P9, no specific, punctate labeling could be
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Fig. 3. Electron microscopic localization of NMDA receptor subunit  intensified diaminobenzidine reaction product is located at the cytoplas-
NR2A immunoreactivity in vertical sections through the rat retina. In  mic face of the postsynaptic membrane density of the ganglion cell.
both A and B, a cone bipolar cell (bc) makes a ribbon synapse on a  Arrowhead marks the presynaptic ribbon in the cone bipolar cell. Scale
ganglion cell (gc) and an amacrine cell (ac). Gold-toned and silver- bar = 0.2 pm.
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detected (Fig. 5A). The background labeling, seen when the
primary antibody was omitted, was quite strong, of a diffuse
character, and indistinguishable from the labeling in the
experimental sections (not shown). It is therefore not
possible to exclude that the NR2A subunit could be ex-
pressed at very low levels in this period. At P10, there was
sparse but distinctly punctate labeling in the IPL, and it
was already organized in two bands that could be clearly
separated from areas of lower intensity of labeling (Fig. 5B).
In the corresponding control sections, there was moder-
ately strong, diffuse background labeling in the IPL (Fig.
1C) indistinguishable from the labeling in the experimental
sections prior to P10 (compare Figs. 5A and 1C).

Starting from P10, the density of labeled puncta rapidly
increased (Fig. 5B-D), and, at the time of eye-opening, P14
or P15, the IPL exhibited already quite strong punctate
labeling organized in two bands (Fig. 5D). The intensity and
pattern of labeling increased in a monotonic fashion from
the level at P10, until adult levels were reached at about 3
weeks after birth (not shown). No transient expression of
the NR2A subunit in other areas of the retina than the IPL
was observed.

DISCUSSION
Expression of the NR2A subunit in the retina

The combined results from the in situ hybridization and
the light and electron microscopic studies suggest that the
majority of ganglion cells but only a subset of amacrine cells
express the NR2A subunit. From recombinant expression
studies, it is known that the different types of NR2 subunits
(A-D) must be coexpressed with the NR1 subunit in order
to be responsive to NMDA receptor agonists and that the
resulting receptor complexes differ in their kinetic, pharma-
cological, and biochemical properties (Kutsuwada et al,,
1992; Meguro et al., 1992; Monyer et al., 1992; Mori et al.,
1993). Therefore, it is likely that the NR1 subunit is also
present at the synaptic sites labelled here with an antibody
against the NR2A subunit. However, because NR1 subunits
can also combine with other NR2 subunits, one would
expect their distribution in the retina to be more wide-
spread as recently confirmed by Brandstitter et al. (1994)
and Watanabe et al. (1994).

A point to consider is whether the observed distribution
of NR2A is sufficient to account for known physiological
effects of NMDA receptor agonists and antagonists in the
retina. Electrophysiological studies indicate the presence of
NMDA receptors on all on- and off-center brisk sustained
(X) and brisk transient (Y) ganglion cells in the cat retina,
although NMDA antagonists seem to have only limited
effects on visual responses (Boos et al., 1990). In the rabbit,
there is also physiological evidence of NMDA receptors on
all ganglion cells (Bloomfield and Dowling, 1985b; Massey
and Miller, 1988, 1990) and NMDA antagonists have a

Fig. 4. A: Autoradiographic localization of NR2A mRNA in a
vertical cryostat section of the rat retina. NR2A mRNA is found in
virtually all cells in the ganglion cell layer and in a subset of cells in the
innermost part of the inner nuclear layer. B: Absence of labeling when
the incubation included a 20-fold excess of unlabeled probe in addition
to labeled probe. Counterstained with toluidine blue. Borders of INL
indicated by horizontal lines. ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer;
GCL, ganglion cell layer. Scale bar = 30 pm.
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clear, although relatively weak, suppressive action on the
visual response {Massey and Miller, 1990). In the monkey,
Cohen and Miller (1994) recently reported that all ganglion
cells recorded could be excited by NMDA and that the
light-evoked response could be moderately suppressed by
NMDA antagonists.

In recordings from dissociated ganglion cells from rat
retina, Aizenman et al. (1988) found that NMDA-evoked
inward currents were practically abolished by the presence
of 1 mM Mg?* in the extracellular fluid. This is consistent
with our results because coexpression of NR1 and NR2A
results in receptors with high sensitivity to Mg?* (Kutsu-
wada et al., 1992; Meguro et al., 1992; Monyer et al., 1992).
Aizenman et al. (1988) detected NMDA-evoked currents in
only 68% of dissociated cells. Our finding that the immuno-
reactivity is localized on ganglion cell dendrites in the IPL
suggests that the absence of NMDA responses in some
dissociated cells could be an artefact due to loss of dendrites
during the dissociation procedure.

Because NMDA receptors do not seem to be differentially
involved with regard to the excitatory input to on- and
off-center ganglion cells, on- and off-stratifying ganglion
cells may account for significant parts of the two major
bands of punctate labeling in the IPL. It is known that the
dendrites of off-center ganglion cells stratify closer to the
INL, whereas the dendrites of on-center cells stratify closer
to the ganglion cell layer (Nelson et al., 1978; Bloomfield
and Miller, 1986; Watanabe and Rodieck, 1989; see also
Peichl et al., 1987). In the rat, there is also evidence for two
stratification levels (Bunt, 1976; Famiglietti and Vaughan,
1981; Peichl, 1989), although it has not yet been demon-
strated physiologically that they correspond to on- and
off-center cells.

For amacrine cells in the mammalian retina, the evidence
for an involvement of NMDA receptors in the synaptic
input from bipolar cells is more limited. Boos et al. (1990)
suggested that some GABAergic (gamma-aminobutyric aci-
dergic) amacrine cells in cat retina might express NMDA
receptors. In the rabbit retina, Massey and Miller (1988)
recorded from unidentified amacrine cells that could be
excited by NMDA, and Linn and Massey (1991) found
evidence of NMDA receptors on cholinergic amacrine cells.
This is consistent with the expression of the NR2A subunit
mRNA by virtually all neurons in the ganglion cell layer
(Fig. 4). Many of these cells are displaced amacrines, some
of which are cholinergic (Voigt, 1986). Although we did not
observe immunolabeling of processes positively identified
as belonging to amacrine cells, the results from the in situ
hybridization strongly suggest that some amacrine cells
express the NR2A subunit. Accordingly, it might be ex-
pected that immunoreactivity for NR2A should also be
detected at some cone bipolar cell-to-amacrine cell syn-
apses. Whether the subset of amacrine cells in the INL that
expressed NR2A mRNA consists of one or more populations
of amacrine cells, remains to be investigated. The preferred
location of the NMDA receptors at profiles postsynaptic to
cone bipolar ribbon synapses is not surprising because cone
bipolar cells are thought to release glutamate and the vast
majority of conventional synapses in the IPL are glycinergic
or GABAergic amacrine synapses (reviewed by Vaney, 1990).

Because there was only weak labeling in the innermost
part of the IPL, it is unlikely that the NR2A subunit is
abundant at the synapses made by rod bipolar cells that
have their terminals in this region (Kolb and Famiglietti,
1974; Famiglietti and Kolb, 1975; Strettoi et al., 1990;
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Fig. 5. Localization of NMDA receptor subunit NR2A immunoreac-
tivity in vertical sections of the rat retina during development. At P9
(A) no punctate label is present. At P10 (B), weak and sparse punctate
labeling can be observed in the inner plexiform layer with evidence of
organization in two bands. At P12 (C) and P14 (D), punctate labeling

Griinert and Martin, 1991; Chun et al., 1993). Correspond-
ingly, the rat AIl amacrine cell, generally one of the cells in
the pair of amacrines innervated by a rod bipolar cell, has
been found by combined electrophysiological and pharmaco-

increases in both intensity and density of distribution. Border of the
inner plexiform layer are indicated by horizontal lines. Arrows point to
stained blood vessels. ONL, outer nuclear layer; OPL, outer plexiform
layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,
ganglion cell layer. Scale bar = 30 pm.

logical experiments not to express NMDA receptors (Boos
et al., 1993).

The lack of immunofluorescence in the OPL of rat,
rabbit, and monkey retina is consistent with previous
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physiological evidence that the output from the photorecep-
tors is mediated via ionotropic non-NMDA receptors (to
horizontal cells and off-cone bipolars; Slaughter and Miller,
1983a,b; Bloomfield and Dowling, 1985a; Massey and Miller,
1987) and metabotropic receptors (to rod bipolars and
on-cone bipolars; Slaughter and Miller, 1981; Bloomfield
and Dowling, 1985a; Miiller et al., 1988; Yamashita and
Wissle, 1991). However, we unexpectedly observed sparse
but distinctly punctate labeling in the OPL of the cat retina
(Fig. 2C). This could suggest that part of the input to
bipolar or horizontal cells in the cat is mediated by NMDA
receptors consistent with physiological findings in some fish
retinas (Ariel et al., 1986; O’Dell and Christensen, 1986).
Alternatively, the labeling might be related to the presence
of vesicles and sometimes even ribbons in dendritic pro-
cesses of cone bipolars in the OPL (Kolb, 1977) or to the
presence of inverted bipolar axon terminals making ribbon
synapses in the OPL (Kolb and West, 1977).

Differential localization at postsynaptic
targets of cone bipolar cells

The NR2A subunit was differentially distributed at the
profiles postsynaptic to cone bipolar ribbon synapses with
one profile being positive and the other negative (Fig. 3).
This result is suggestive of an important principle for
mechanisms of signal processing in the central nervous
system. Both postsynaptic cells receive the same input
signal from the cone bipolar terminal, but, because they are
equipped with different transmitter receptors, the signal
will be processed differently. From our results, we cannot
know whether the unstained profile employs only non-
NMDA receptors or whether it employs NMDA receptors
with subunits other than the NR2A. However, because
postsynaptic amacrine cells at bipolar cell dyads quite often
provide a reciprocal synapse back onto the bipolar cell,
there could be an interesting molecular specification: cells
that make reciprocal synapses express different receptors
than cells that do not make such synapses.

Synaptic vs. extrasynaptic localization

The punctate character of immunofluorescence, similar
to that previously observed with antibodies against glycine
receptors (Griinert and Waissle, 1993), indicates that the
receptor is distributed in an aggregate manner most likely
corresponding to a synaptic localization. Although light
microscopic observations cannot prove that the punctate
labeling corresponds to staining of receptors located at
synapses, this hypothesis is strengthened by our results
from the immunoelectron microscopy. The reaction prod-
uct was exclusively located postsynaptically, and we never
observed reaction product at extrasynaptic plasma mem-
branes.

The strict synaptic localization of the NR2A subunit is
relevant for the interpretation of the slow time course of
NMDA receptor evoked currents. Although the ion channel
is an integral part of the NMDA receptor complex, the
evoked currents have remarkably slow rise and decay rates
(Collingridge et al., 1988; Forsythe and Westbrook, 1988).
One possible explanation is that synaptically released gluta-
mate must diffuse to extrasynaptic NMDA receptors (see
Hestrin et al., 1990). However, recent investigations have
provided strong evidence that the time course of NMDA-
evoked currents can be accounted for by the kinetic proper-
ties of the NMDA channels themselves (Hestrin et al., 1990;
Lester et al., 1990; Monyer et al., 1992). This is consistent
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with our results, showing that, at least for synapses in the
IPL, extrasynaptic localization of receptors cannot be in-
voked to explain slow rise times of NMDA current.

Based on hydrophobicity analysis of the receptor amino
acid sequence, it was initially proposed that NMDA receptor
subunits have four transmembrane spanning regions and
that both the N-terminal and the C-terminal domains are
located extracellularly (Moriyoshi et al., 1991; Kutsuwada
et al., 1992; Meguro et al., 1992; Monyer et al., 1992) in
accordance with the current model for ligand-gated ion
channels (reviewed by Betz, 1990). However, the immuno-
reactivity caused by the anti-NR2A-C-terminus antibody
was located at the cytoplasmic face of the postsynaptic
density, not at the extracellular face (see Fig. 3), suggesting
that the C-terminal domain is located intracellularly. This
finding resembles previous ultrastructural observations
with antibodies directed against AMPA-receptor subunits
(Petralia and Wenthold, 1992; Martin et al., 1993; Molnar
et al, 1993) and supports C-terminal phosphorylation
studies that suggest that the topological model for NMDA
receptors has to be revised (Tingley et al., 1993).

Development of glutamatergic circuitry
in the IPL

We found evidence of punctate labeling in the IPL of rat
retina starting from P10 (Fig. 5). At this early stage, the
labeling was sparse with relatively few puncta. The pattern
of labeling with regard to distribution and intensity reached
adult levels at about 3 weeks postnatally. These findings are
consistent with a recent developmental in situ hybridiza-
tion study in the mouse retina where NR2A mRNA was
detected at P7 and P14 but not at P1 (Watanabe et al,,
1994). We also observed a gradual transition from the
neonatal to the adult pattern similar to that observed by in
situ hybridization in the mouse brain and retina (Watanabe
etal,, 1992, 1994). These results raise the question whether
the NR2A subunit could play a specific role in the establish-
ment of excitatory connections in the IPL.

The relationship between the first occurrence of punctate
labeling and synapse formation in the IPL is somewhat
surprising. Previous investigations of synaptogenesis in the
rat report that a few conventional synapses can be observed
at P11 and P12, whereas ribbon synapses are first observed
at P13 (Horsburgh and Sefton, 1987). Using criteria for
classification of synapses in the adult, the conventional
synapses would be considered to arise from amacrine cells
and the ribbon synapses from bipolar cells (Dowling and
Boycott, 1966; Dubin, 1970). Punctate labeling was there-
fore observed shortly before the occurrence of synapses
from bipolar cells, presumably the only elements presynap-
tic to NMDA receptors in the IPL. There are at least two
explanations for this potential discrepancy. First, some of
the earliest conventional synapses could arise from bipolar
cells if the ribbons themselves form only after synaptic
vesicles are present (cf. Nishimura and Rakie, 1987). Sec-
ond, at the earliest stages, many of the fluorescent puncta
could correspond to aggregates of receptors but without any
corresponding presynaptic elements. Postsynaptic aggre-
gates of receptors without presynaptic elements have been
described from developmental studies on the neuromuscu-
lar system (Fischbach and Cohen, 1973; Hartzell and
Fambrough, 1973). In our case, the question cannot be
gettled by light microscopy. Because recognition of the
antigen was very fixation sensitive, the fixation time was
only 4--5 minutes in the developmental experiments. We did
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not attempt electron microscopic examination because this
would have required considerably longer fixation times.

Whereas the distribution and expression of the NR2A
subunit in the adult retina could, in principle, be sufficient
to account for the known effects of NMDA receptor agonists
and antagonists on ganglion cells, this does not seem to be
the case for the neonatal retina. In ganglion cells of the rat,
NMDA can evoke currents as early as P4 (Rorig and
Grantyn, 1993b). There is also evidence of glutamatergic
input to retinal ganglion cells as early as P5, possibly by
vesicular release from growth cones, but this seems to be
mediated entirely by non-NMDA receptors (Rorig and
Grantyn, 1993a). It is possible that the early responses to
NMDA are mediated by diffusely distributed receptors
similar to the development of the GABAergic circuitry,
where responses to exogenously applied GABA could be
evoked before synaptically mediated GABAergic currents
could be observed (P5; Rérig and Grantyn, 1993a). Alterna-
tively, the effects of NMDA could be mediated by hetero-
meric assemblies containing NR2 subunits other than
NR2A, most likely NR2B, which, in mouse retina, is
expressed at increasing levels from embryonic stages (Wa-
tanabe et al., 1994).

In other regions of the vertebrate central nervous sys-
tem, NMDA receptors have been implicated in pruning of
exuberant connectivity during development (see, e.g., Hahm
et al., 1991). In the retina, ganglion cells go through a
transient phase with profuse branching and an excessive
number of spine-like dendritic processes (cat: Dann et al.,
1988; Ramoa et al., 1988; rat: Yamasaki and Ramoa, 1993;
hamster: Lau et al., 1992b). It has been suggested that
these spine-like processes are the initial targets for synaptic
input from bipolar and amacrine cells, but this has not been
confirmed at the ultrastructural level (Wong et al., 1992).
There is evidence, however, that intraocular injection of an
NMDA antagonist prevents the elimination of the spine-
like processes on some ganglion cells in hamster retina (Lau
et al., 1992a). Because the number of these processes in rat
reaches maximum at P12 and declines thereafter (Yama-
saki and Ramoa, 1993), our results are compatible with a
role for the NR2A subunit in this developmental process.

Initially, the dendritic processes of ganglion cells are not
only profuse, but they are also diffusely distributed and
only gradually become confined to the IPL, first bistratified
and finally unistratified, with processes restricted to either
the outer or inner part of the IPL, corresponding to
off-center or on-center responses, respectively. The refine-
ment occurs at the time when ribbon synapses form in the
IPL (Maslim and Stone, 1986, 1988). If the ganglion cells
receive functional connections from bipolar cells during the
bistratified stage, one could imagine that a use-dependent
mechanism is involved in the transition to a unistratified
pattern. Interestingly, Bodnarenko and Chalupa (1993)
recently reported that intraocular injections of APB in
neonatal kittens, supposedly blocking the activity of on-
bipolar cells, disrupted stratification of ganglion cell den-
drites. Unfortunately, the sequential development of strati-
fication has been described in detail only for the cat (Maslim
and Stone, 1988; cf. also Dann et al., 1988; Ramoa et al.,
1988), and no information is available for the rat other than
a remark by Maslim et al. (1986) that the segregation of
ganglion cell dendrites occurs from P6 to P14. If this is
correct, it leaves open the possible involvement of the NR2A
receptor subunit, clearly expressed during the latter half of
this period.
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