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ABSTRACT The distribution and expression of mRNAs for different subunits of the N-methyl-D-
aspartate receptor (NMDAR) were examined in the cochlear nucleus (CN) of the rat using
radioactive in situ hybridization methods. Heavy labeling for NMDAR1 subunit mRNA was
observed in all major CN neuronal types with lower labeling for NMDAR2A, 2B, 2C, and 2D mRNA.
Silver grain counting was used to compare expression of different NMDAR2 subunits between six of
the major CN cell types. Small cells of the small cell cap/shell area had the highest expression of
NMDAR2A–C subunit mRNAs of the cell types assessed. These small cells as well as fusiform and
corn cells of the dorsal cochlear nucleus had higher NMDAR2C than other NMDAR2 subunits,
providing these neuron types with a distinct expression pattern or profile. The other three cell types
assessed, spherical bushy cells, granule cells, and octopus cells had relatively equivalent levels of
NMDAR2A–C subunit expressions, providing a second distinct profile. NMDAR2D mRNA had low
expression in all six cell types assessed. Microsc. Res. Tech. 41:217–223, 1998. r 1998 Wiley-Liss, Inc.

INTRODUCTION
Excitatory amino acids (EAA) are believed to be the

major neurotransmitter(s) for rapid neuronal excita-
tion. They act via excitatory amino acid receptors often
termed glutamate receptors (GluR) since glutamate is
the most prominent candidate for the natural ligand
(e.g., Collingridge et al., 1988; Cotman and Iversen,
1987; Esclapez et al., 1993; Monaghan and Cotman,
1985; Monaghan et al., 1989; Monyer et al., 1992;
Petralia et al., 1994a,b; Tölle et al., 1993). EAA neuro-
transmission is also related to neuronal plasticity and
neurotoxicity and plays an essential role in brain
function and dysfunction (Cik et al., 1993; Collingridge
et al., 1988; Cotman and Iversen, 1987; Hollmann et al.,
1993; Monaghan et al., 1989; Monyer et al., 1991, 1992;
Nakanishi et al., 1990; Nakanishi, 1992; Watkins et al.,
1990).

There are both ionotropic glutamate receptors with
an integral ion channel and metabotropic receptors
that use G proteins as second messengers. Ionotropic
glutamate receptors have been categorized as a-amino-
3-hydroxy-5 methyl-4 isoxazolepropinate (AMPA)-kain-
ate receptors (Nakanishi et al., 1992) or N-methyl-D-
aspartate receptors (NMDARs) based on their
sensitivities to selective agonists. These NMDARs have
an integral ion channel containing a Mg21 ion, which
can block the receptor action unless removed as a result
of post-synaptic changes, such as specific levels of
depolarization. High-frequency stimulation is often nec-
essary to produce sufficient post-synaptic depolariza-
tion to remove the Mg21 ion and render the NMDAR
active (Collingridge et al., 1988). Since the NMDAR is
not always active, pharmacological studies may not
detect it under all conditions. It is, therefore, useful to
examine expression of the receptor (subunits) to detect
the presence of the receptor. The ionotropic NMDAR
also has other interesting properties, including poten-

tial for modulation by glycine, polyamine activation,
and Zn21 inhibition.

NMDARs are involved in many central nervous
system (CNS) synapses (e.g., Collingridge et al., 1988;
Cotman and Iversen, 1987; Monaghan et al., 1989;
Watkins et al., 1990). The current literature has identi-
fied five subunits of the ionotropic NMDAR: NMDAR1
and NMDAR2A through NMDAR2D (Kutsuwada et al.,
1992; Monyer et al., 1992; Moriyoshi et al., 1991;
Nakanishi et al., 1992). The NMDAR1 subunit can exist
in several different splicing isoforms (Durand et al.,
1993; Kusiak and Norton, 1993; Laurie and Seeburg,
1994; Standaert et al., 1993). NMDAR1 subunits by
themselves confer many of the characteristic properties
of the NMDAR, including Ca21 permeability, voltage-
dependent block by Mg21, and glycine enhancement
(Kutsuwada et al., 1992; Monyer et al., 1992). The
NMDAR1 subunit, however, naturally forms a hetero-
meric configuration with NMDAR2 subunits (Monyer
et al., 1992; Nakanishi, 1992). The addition of different
NMDAR2 subunits provides functional variability in
physiological and pharmacological properties of the
NMDAR (Cik et al., 1993; Durand et al., 1993; Holl-
mann et al., 1993; Monyer et al., 1992; Raditsch et al.,
1993).

Pharmacological, physiological, and anatomical stud-
ies provide evidence that excitatory amino acids acting
at glutamate receptors are the major excitatory influ-
ence in the ascending auditory pathways (see reviews
by Adams, 1993; Altschuler et al., 1986; Caspary, 1986;
Caspary and Finlayson, 1991; Caspary et al., 1985;
Eybalin, 1993; Godfrey et al., 1988; Helfert et al., 1991;
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Juiz et al., 1993; Manis et al., 1993; Morest, 1993;
Wenthold, 1991; Wenthold et al., 1993). In the present
study, the distribution of NMDAR subunits in the rat
cochlear nucleus (CN) was examined using in situ
hybridization methods. General mapping studies
(Monyer et al., 1992; Moriyoshi et al., 1991; Nakanishi
et al., 1992; Shigemoto et al., 1992; Tölle et al., 1993;
Watanabe et al., 1993) have shown the presence of
NMDAR in neurons in several auditory brain stem
regions, including the CN, but did not differentiate
among cell types. Watanabe et al. (1993) assessed
relative expression of NMDAR subunits in brain stem
areas of the 21-day-old rat, including examination of
several cell types in the cochlear nucleus. Our studies of
glycine receptor subunits in the auditory brain stem,
however, found that at 21 days of age the immature
subunit (alpha 2) of the glycine receptor was more
highly expressed than the mature (alpha 1) subunit
(Sato et al., 1995a), with the mature composition not
occurring until 8–10 weeks of age. There have been prelimi-
nary reports of NMDAR1 expression in the rat CN (Hunter
et al., 1995; Sato et al., 1995b) and a recent report showing
NMDAR1 immunolocalization and expression in the mouse
CN (Bilak et al., 1996). In the present study, we used
nonradioactive and radioactive in situ hybridization meth-
ods to examine NMDAR1 and NMDAR2A–D receptor
subunit mRNA expression in the CN of 250–300 g (8–10-
week-old) rats. Radioactive in situ hybridization methods
were used to quantitate and compare NMDAR2A–D sub-
unit mRNAexpression between selected neuronal types by
counting silver grains over somata.

MATERIALS AND METHODS
Male Sprague-Dawley rats (250–300 g) were used in

this study. Oligonucleotide probes were made of the
antisense codon of Moriyoshi et al.’s (1991) sequence
(NMDAR1, 58-GAA CAG GTC ACC CGT GGT CAC
CAG ATC GCA CTT CTG TGAAGC CTC-38), Monyer et
al.’s (1991, 1992) sequences (NMDAR2A, 58-AGA AGG
CCC GTG GGA GCT TTC CCT TTG GCT AAG TTT
C-38; NMDAR2B, 58-GGG CCT CCT GGC TCT CTG
CCA TCG GCT AGG CAC CTG TTG TAA CCC-38;
NMDAR2C, 58-TGG TCC ACC TTT CTT GCC CTT
GGT GAG GTT CTG GTT GTA GCT-38), and Tölle et
al.’s (1993) sequence (NMDAR2D, 58-CGT GGC CAG
GCT TCG GTT ATA GCC CAC AGG ACT GAG GTA
CTC-38). The synthesized oligonucleotide probes were
purified using high pressure liquid chromatography.

In Situ Hybridization
Animals were heavily anesthetized with chloral hy-

drate, decapitated and brains rapidly removed. The
auditory brain stem was frozen onto a cryostat chuck;
cryostat sections were cut at 15–18 µm and mounted
onto glass slides. Mounted unfixed sections were then
fixed in 4% paraformaldehyde in 0.1 M phosphate
buffer (PB) for 2 hours, rinsed in phosphate buffered
saline (PBS), and then treated with 20 µg/ml proteinase
K at 37°C. This was followed by a wash in 2 mg/ml
glycine in 0.1 M PBS. Sections were then incubated in
0.25% acetic anhydride in 0.1 M triethanolamine 0.9%
NaCl solution. After dehydration through graded etha-
nols and delipilization in chloroform, sections were
air-dried. Probes were end-labeled with a-35S dATP
New England Nuclear (NEN, Boston, MA) using a 38

end-labeling kit (NEN). The labeling of probes was
carried out with 35S dATP in labeling reaction buffer
with cobalt chloride and terminal transferase at 37°C.
Hybridization was carried out overnight at 37°C with
35S-labeled oligonucleotide of 2 3 105 cpm/µl concentra-
tion in hybridization buffer containing 0.02 M dithio-
threitol, 10% dextran sulfate, 1 3 Denhardt’s solution,
4 3 standard saline citrate (SSC), 0.2% sodium dodecyl
sulfate (SDS), 250 µg/ml yeast tRNA, 250 µg/ml salmon
testis DNA, and 50% deionized formamide. Slides were
then washed in 2 3, 1 3, and 0.5 3 SSC at room
temperature followed by washing in 0.5 3 SSC at 37°C.
Sections were air-dried and dipped with autoradiogra-
phy emulsion (Kodak NBT-2; Kodak, Rochester, NY)
diluted 1:1 with water. The dipped slides were exposed
for 4 weeks in a dark box at 4°C and developed. Slides
then received a light Nissl counter stain (Toluidine
Blue) to assist in differentiation of neuronal cell types.
Control sections were prepared with the labeled probe
in the presence of 200-fold excess of unlabeled probe in
the hybridization mixture. Control sections showed no
appreciable amount of hybridization signal.

Quantitative Analysis
Quantitative analysis of NMDAR2 subunits was

accomplished by silver grain counting over identified
neurons using the MetaMorphy Image Acquisition and
Analysis System (Universal Imaging, West Chester,
PA). Images were acquired with a Dage-MTI (Michigan
City, IN) Precision 81 video camera from a Leitz
(Wetzlar, Germany) Dialux microscope and digitized
with a Matrox LC board (Matrox Electronic Systems,
Quebec, Canada). Six comparable sections of each CN
region were assessed from four rats for each subunit.
Criteria were established for each cell type to be
assessed based on the categorizations of Cant and
Morest (1984) and Moore (1986). Chosen neurons had
to be counterstained clearly, located in the central
portion of the appropriate CN region, contain a nucleus,
and meet size, shape, and location criteria. Neurons
that were assessed in the small cell cap portion of the
shell region (Hutson and Morest, 1996) were termed
small cells and could correspond to either Hutson and
Morest’s (1996) definition of small stellate cells or
mitral cells. They had a round shape, were 75–175 µm2

in size, and were in the shell region overlying ventral
CN (VCN) dorsolaterally; they were larger than neu-
rons identified as granule cells. Neurons identified as
spherical bushy cells had a round-polygonal shape,
were 250–500 µm2 in size, and were located in the
mid-to-rostral anteroventral CN (AVCN). Octopus cells
had a round-polygonal shape, were 300–600 µm2 in
size, and were located in the octopus cell region of
posteroventral CN (PVCN). Granule cells had a round
shape, were 50–100 µm2 in size, and were located
between the VCN and the dorsal CN (DCN). Fusiform
cells had fusiform shapes, were 300–500 µm2 in size,
and were located in the middle layer of DCN. Corn cells
(also called elongate, tuberoventral, or fan cells) had an
oval shape, were 150–300 µm2 in size, and were located
in the deep layer of the DCN. Stellate multipolar cells
were viewed as a heterogeneous group that could not be
easily differentiated with the counterstain utilized and
were, therefore, not counted. Cells of the molecular
layer of the DCN were not counted for similar reasons.
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Ten cells per selected section, meeting cell typing
criteria, were chosen from fields in the center of the
appropriate CN region. The average silver grain den-
sity in each cell type for each subunit was therefore
based on 240 representative neurons from four rats.
Labeling in neuropil without cells was used to set the
background levels of silver grains and subtracted from
counts to equilibrate between sections. The somata of
cells meeting the criteria were outlined using a mouse,
and the number of silver grains over the somata was
determined. This was then divided by the cell area to
give density of labeling for each neuron in counts/µm2.
Silver grain counts were compared between cell types
for each subunit using a one-way ANOVA test, with a P
value below 0.05 necessary for a difference to be deemed
significant.

The care and use of animals reported in this study
was approved and supervised by the University of
Michigan Committee for the Use and Care of Animals.
All subjects were treated with care under appropriate
NIH Guidelines for the Care and Use of Laboratory
Animals, and meeting AAALAC requirements.

RESULTS
General

NMDAR1 subunit mRNA was detected in all major
neuronal cell types of the CN with a very high density of
silver grains over all cells (Fig. 1). NMDAR2 subunit
mRNA expression was also detected in all major CN cell
types, although at lower levels than NMDAR1. Levels
of NMDAR2A–D labeling varied among cell types and
subunits. In general, labeling was greatest in small
cells of the small cell cap/shell overlying the VCN (Fig.
1a) and lowest in PVCN octopus cells (Fig. 1c) and
granule cells (Fig. 1d) located between the VCN and the
DCN. NMDAR2C showed the highest labeling of any
NMDAR2 subunit and was greatest in the small cells of
the shell region as well as in DCN fusiform cells (Fig.
1e), and lower in the remaining cells types assessed.
NMDAR2A showed the highest labeling in small cells of
the shell region and in spherical and globular bushy
cells of the VCN. NMDAR2B showed the highest label-
ing in small cells of the shell region. NMDAR2D had
low labeling in all CN cell types.

Quantitative Analysis
NMDAR2A–D labeling was assessed quantitatively

in six CN cell types: small cells of the small cell
cap/shell area, spherical bushy cells of the AVCN,
octopus cells of the PVCN, granule cells between the
DCN and PVCN, and fusiform cells and corn cells of the
DCN. Labeling between 3–4.9 3 1022 counts/µm2 was
considered low (1), from 5–6.9 3 1022 counts/µm2 was
considered moderate (11), from 7–8.9 3 1022 counts/
µm2 was considered high (111), and over 9 3 1022

counts/µm2 was considered very high (1111) (see
Table 2). It should be kept in mind that these are
relative figures, and even very high labeling for an
NMDAR2 subunit is substantially less than the
NMDAR1 labeling.

NMDAR2A labeling fell into 2 groups (Tables 1, 2).
The first group had moderate to high labeling with
small cell cap cells showing high (111) and spherical
bushy cells moderate (11) label. The second group
contained fusiform cells, corn cells, granule cells, and

octopus cells, all with low (1) label. Expression of
NMDAR2A mRNA in spherical bushy cells or small cell
cap cells was significantly greater than expression in
octopus cells, fusiform cells, granule cells, or corn cells.
There was no significant difference in labeling within
either of the two groups.

NMDAR2B also could be divided into two different
groups (Tables 1, 2). Small cell cap cells had high
(111) label while all other cells assessed had low (1)
label. Small cell cap cells labeling was significantly
higher than any of the other cell types assessed. Within
the second group, there were significant differences
between labeling of granule and corn cells and between
octopus and granule cell labeling.

Three categories of labeling for NMDAR2C mRNA
were observed (Tables 1, 2) with significant differences
between the groupings. Fusiform cells and small cell
cap neurons both had very high (1111) label, while
corn cells had only a moderate (11) level, and spherical
bushy cells, octopus cells, and granule cells had low
levels (1) (Tables 1, 2). There were no significant
differences within the groupings.

The density of NMDAR2D was comparable in all six
cell types. It was at a low (1) level in all CN cells
assessed, highest in spherical bushy cells and lowest in
octopus cells (Tables 1, 2). In all but corn cells, it had the
lowest expression of the four NMDAR2 subunits.

On the basis of these patterns, it is possible to divide
the six cell types assessed into three groups, as is done
in Table 2. The small cells of the small cell cap/shell,
fusiform cells, and corn cells of deep DCN all have
relatively high NMDAR2C compared to other NMDAR2
subunits with the level lower in corn cells. Spherical
bushy cells, on the other hand, have relatively higher
NMDAR2A compared to other subunits. Granule cells
and octopus cells both have low levels of all subunits.

DISCUSSION
The finding that NMDAR subunits are expressed in

all major rat cochlear nucleus neurons is consistent
with recent results in the mouse CN (Bilak et al., 1996)
and not unexpected since all these cells receive excita-
tory amino acid input and have been shown to express
AMPA receptor mRNA (Hunter et al., 1993). The find-
ing of both NMDAR1 and R2 expression is also consis-
tent with general CNS mapping studies (Monyer et al.,
1992; Moriyoshi et al., 1991; Nakanishi et al., 1992;
Watanabe et al., 1993) as well as immunocytochemical
studies in the CNS and CN (Petralia et al., 1994a,b,
1996; Rubio and Wenthold, 1997; Schwartz and Eager,
1995). While there is general expression of NMDAR1
and R2 in neurons, there are quantitative differences
between neurons in the expression of NMDAR2 sub-
units (e.g., Moriyoshi et al., 1991; Nakanishi et al.,
1992; Watanabe et al., 1993). The differences in
NMDAR2 subunit expression appear to provide a mo-
lecular basis for generation of heterogeneity in physi-
ological and pharmacological properties. Results of
Buller et al. (1994) and Mishina et al. (1993) show that
high expression of NMDAR2A correlates with antago-
nist preferring pharmacology and that high 2B expres-
sion correlates with agonist preferring pharmacology.
High NMDAR2C expression confers high sensitivity to
7-chlorokynurenate (7CK) and high NMDAR2A high

219NMDA RECEPTOR IN RAT CN



Fig. 1. Typical expression of NMDAR subunit mRNAs in the rat CN using the radioactive in situ
hybridization method. a: Small cells in AVCN. b: Spherical bushy cells in AVCN. c: Octopus cells in PVCN.
d: Granule cells located between ventral cochlear nucleus and DCN. e: Fusiform cells in middle layer of
DCN. f: Corn cells in deep layer of DCN. Scale bar 5 10 µm.
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sensitivity to D-2-amino-5-phosphonovalerate (APV)
(Mishina et al., 1993). High expression of NMDAR2D
confers sensitivity to glycine and L-glutamate (for
review see Mishina et al., 1993). The differential expres-
sions of subunits in CN may, therefore, predict pharma-
cological properties.

In the present study, at least three distinct patterns
of NMDAR2 expression were observed in the CN cells
assessed. Small cells of the small cell caps/shell, fusi-
form cells, and corn cells of deep DCN all have rela-
tively high NMDAR2C compared to other NMDAR2
subunits, with the level lower in corn cells (one could
possibly consider these still another distinct group).
Relatively high levels of NMDAR2C would confer in-
creased sensitivity to 7CK (Monaghan et al., 1989).
Spherical bushy cells had higher NMDAR2A than the
other subunits, which correlates with antagonist prefer-
ring pharmacology in other regions (Buller et al., 1994;
Mishina et al., 1993). Granule cells and octopus cells
had relatively equivalent low levels of the four NMDR2
subunits. The NMDAR2D subunit was expressed at
relatively low levels in all CN neurons, which would
suggest that glycine modulation is not a prominent
feature of any CN neuron. Nitric oxide synthase (NOS),
an enzyme for nitric oxide formation, has recently been
shown to be associated with neurons showing high
expression of the NMDAR2B subunit (Brenman et al.,
1996; Kornau et al., 1995). None of the CN neurons that
we assessed had NMDAR2B labeling higher than the
other NMDAR2 subunits, as we have observed to be the
case in MNTB principal cells (Altschuler et al., 1997).
NMDAR2B was, however, at high (111) levels in
small cells of the small cell cap although relatively
lower than NMDAR2C (1111). It would be interest-
ing to see if NOS is preferentially associated with these
or any specific CN cells.

Our results and those of Watanabe et al. (1993) are
comparable for both small cells of the small cell cap and
spherical bushy cells. Both studies show higher 2C and

lower 2A, 2B, and 2D in small cells, and higher 2A and
lower 2B–D in spherical bushy cells. Watanabe et al.
(1993) found lower levels in globular bushy than spheri-
cal bushy cells. We did not quantitate levels in globular
bushy cells but found qualitatively similar labeling in
globular and spherical bushy cells. In our studies,
fusiform cells of the DCN had high NMDAR2C and
lower 2A and 2B while Watanabe et al. (1993) found
high 2B and 2C and lower 2A. These differences could
result from differences in the method of assessment
(silver grain counting on emulsion dipped slides in the
present study vs. intensity measures from film overlay
by Watanabe et al., 1993) from other methodological
differences or from differences in the age of rats as-
sessed.

Bilak et al. (1996) recently showed diversity in the
expression of NMDAR1 between CN neurons in the
mouse using both immunocytochemistry and in situ
hybridization. They reported the highest regional stain-
ing levels for NMDAR1 in the small cell shell and
molecular layer of the DCN. We find that these small
cells also have the highest levels of 2A–C expression
(we did not assess any cell types of the DCN molecular
layer). Bilak et al. (1996) did not observe NMDAR1
expression in DCN granule cells. They also reported
high levels of NMDAR1 immunostaining in the somata
of stellate/multipolar and octopus cells of the VCN, in
cartwheel, fusiform, corn, and several types of small
cells of the DCN and in granule cells of the shell areas.
Moderate immunostaining was observed in spherical
and globular bushy cells of the VCN. For these neurons,
there is no obvious correlation with the patterns we
observe with any of the NMDAR2 subunits. It is also
important to consider the recent results of Rubio and
Wenthold (1997), which show different receptor sub-
units can be targeted to different synapses within a
single neuron. Thus, for CN neurons that receive more
than one source of excitatory amino acid input, high
expression of a subunit could either reflect a great
contribution to the composition of the receptor apposing
a single input type or the fact that it has a role in the
composition of receptors apposing multiple input types.

The NMDAR is, of course, just one component of
excitatory amino acid transmission in CN neurons. The
AMPA receptor plays a major role in fast excitatory
transmission and the properties of such transmission
can, therefore, also be greatly influenced by AMPA
subunit composition. When NMDAR results from our
study are compared with AMPAR results of Hunter et
al. (1993), no obvious correlation is seen between
diversity in NMDAR2A–D subunit and diversity in
GLUR1–4 subunit expressions.

Differences in NMDAR1 isoforms also influence prop-
erties of EAA synapses, such as agonist and antagonist

TABLE 1. Mean silver grain density labeling of NMDAR2A-D mRNA for each of six cochlear nucleus cells types (31022 counts/mm2)1

SCC SBC OC GC FC CC

NMDAR2A 7.0 6 0.9 5.2 6 0.3 3.7 6 0.2 4.4 6 0.6 4.3 6 0.5 3.8 6 0.5
NMDAR2B 7.3 6 0.9 3.9 6 0.3 4.6 6 0.3 3.9 6 0.2 3.8 6 0.3 4.9 6 4.9
NMDAR2C 9.6 6 0.8 4.2 6 0.2 4.7 6 0.1 4.9 6 0.7 9.1 6 1.1 6.8 6 0.9
NMDAR2D 4.5 6 0.4 4.9 6 0.2 3.5 6 0.4 3.7 6 0.4 3.9 6 0.5 4.0 6 0.7
1The average silver grain density labeling of NMDAR2A–D mRNA for each of six cochlear nucleus cell types. SCC, small cells of cap overlying AVCN; SBC, spherical
bushy cells in rostral AVCN; OC, octopus cells in PVCN; GC, granule cells between ventral and dorsal cochlear nucleus; FC, fusiform cells in middle layer of dorsal
cochlear nucleus; CC, corn cells in deep layer of dorsal cochlear nucleus.

TABLE 2. Expression of NMDAR2 subunits in the rat CN

Cell type 2A 2B 2C 2D

SBC 11 1 1 1
SCC 111 111 1111 1
FC 1 1 1111 1
CC 1 1 11 1
GC 1 1 1 1
OC 1 1 1 1

1Comparison of relative labeling for NMDAR2A–D subunits in six cochlear
nucleus cells types. SCC, small cells of cap overlying AVCN; SBC, spherical bushy
cells in rostral AVCN; OC, octopus cells in PVCN; GC, granule cells between
ventral and dorsal cochlear nucleus; FC, fusiform cells in middle layer of dorsal
cochlear nucleus; CC, corn cells in deep layer of dorsal cochlear nucleus. Labeling
between 3–5 3 1022 counts/µm2 was considered low (1), between 6–8 3 1022

counts/µm2 considered medium (11), and over 9 counts/µm2 considered heavy
(111).
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potency, phosphorylation, and potentiation by protein
kinase C (PKC) activators (Anantharam et al., 1992;
Durand et al., 1993; Hollmann et al., 1993; Tingley et
al., 1993). Preliminary reports by Hunter et al. (1995)
predict diversity in expression of these isoforms in the
CN. It will be interesting to see how NMDAR1 isoform
distribution correlates with diversity in expression of
NMDAR2 subunits.

The results of the present study, showing different
patterns in expression of NMDAR2 subunits in the rat
CN, add to other studies of the NMDAR1 and AMPA
receptors to show a diversity in expression between CN
neuronal types and suggest that EAA synapses in the
CN are ‘‘fine-tuned’’ to provide the properties best
suited for their functional requirements. Moreover,
recent preliminary studies on changes with deafness
suggest that subunit expression and functional proper-
ties of auditory brain stem neurons may be able to react
and adapt to changes in inputs (Altschuler et al., 1997;
Hunter et al., 1995; Sato and Altschuler, 1996).
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