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Development/Plasticity/Repair

Switching of NMDA Receptor 2A and 2B Subunits at
Thalamic and Cortical Synapses during Early
Postnatal Development

Xiao-Bo Liu,* Karl D. Murray,* and Edward G. Jones

Center for Neuroscience, University of California, Davis, California 95616

Switching of the NMDA receptor 2A (NR2A) and NR2B subunits at NMDA receptors is thought to underlie the functional changes that
occur in NMDA receptor properties during the developmental epoch when neural plasticity is most pronounced. The cellular expression
of NR2A and NR2B and the NR2 synaptic binding protein postsynaptic density-95 (PSD-95) was examined in the mouse somatosensory
cortex and thalamus from postnatal day 2 (P2) to P15 using reverse transcription-PCR, in situ hybridization histochemistry, and immu-
nocytochemistry. The localization of NR2A and NR2B subunits and PSD-95 was then studied at synapses in layer IV of somatosensory
cortex and in the ventral posterior nucleus of the thalamus using high-resolution immunoelectron microscopy. At both cortical and
thalamic synapses, a quantitative switch in the dominant synaptic subunit from NR2B to NR2A was accompanied by a similar change in
the cellular expression of NR2A but not of NR2B. Synaptic PSD-95 developed independently, although both NR2A and NR2B colocalized
with PSD-95. Displacement of NR2B subunits from synapses was not accompanied by an increase in an extrasynaptic pool of this subunit.
Thus, the switch in synaptic NR2 subunit predominance does not occur by changes in expression or displacement from synapses and may
reflect the formation of new synapses from which NR2B is lacking.
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Introduction
Proper nervous system function depends critically on appropri-
ate development and maturation of synaptic connections. The
mechanisms underlying these processes are uniquely sensitive to
manipulations during early postnatal development. Limiting
sensory activity during this “critical” period skews the distribu-
tion of synaptic inputs in favor of remaining, more active con-
nections (Bear et al., 1990; Li et al., 1994; Kutsuwada et al., 1996;
Iwasato et al., 1997; Rema et al., 1998; Roberts and Ramoa, 1999).
Excitatory glutamatergic transmission, governed by the NMDA
receptor (NMDAR), has been implicated in this process (Katz
and Shatz, 1996; Crair, 1999). NMDARs dominate glutamatergic
transmission in early development, and pharmacological or ge-
netic blockade of NMDAR function prevents normal formation
and plasticity of sensory maps (Schlaggar et al., 1993; Li et al.,
1994; Iwasato et al., 1997). Despite a central role in synaptic re-
finement, the molecular basis for this NMDA-dependent mallea-
bility is not known.

During early postnatal development, coincident with the crit-
ical period, the characteristics of NMDAR-mediated synaptic
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transmission are dramatically altered, raising the possibility that
the NMDAR itself is a substrate of activity-dependent plasticity
(Constantine-Paton and Cline, 1998; Quinlan et al., 1999b; Cull-
Candy et al., 2001; Townsend et al., 2003). Functional NMDARs
are heteromeric complexes, permissive for calcium, and com-
posed of at least one obligatory NMDA receptor 1 (NR1) subunit
and one or more NR2A-D subunits, the presence of which mod-
ulates channel functional properties (McBain and Mayer, 1994;
Wenthold et al., 2003). Another subunit, NR3A, was recently
characterized in association with neuronal development and also
influences NMDAR channel function (Sucher et al., 1995; Wong
etal.,2002). Shortly after birth, cortical neurons display relatively
large and long-duration NMDAR-mediated EPSCs (Flint et al.,
1997; Barth and Malenka, 2001; Lu et al., 2001). However, during
the early critical period of postnatal development, the decay ki-
netics of the NMDAR becomes faster, resulting in much shorter
EPSCs (Barth and Malenka, 2001; Lu et al., 2001; Townsend et al.,
2003). These changes are accompanied by a decline in the ability
of the specific NR2B antagonist ifenprodil to inhibit NMDAR
function (Barth and Malenka, 2001; Lu et al., 2001). This is con-
sistent with a developmental change in the composition of the
NMDAR from predominantly NR1/NR2B to NR1/NR2A and is
supported by a well-documented developmental increase in the
expression of NR2A. Both the kinetics and the pharmacological
profile of NMDAR activation during the critical period are sen-
sitive to sensory manipulations (Feldman and Knudsen, 1998;
Quinlan et al., 1999a,b), suggesting that perturbations that in-
duce neuronal plasticity do so by affecting the nature of the
NMDAR complex at central synapses.
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It has been assumed that the developmental shortening of
NMDAR EPSCs is mediated by an exchange of synaptic NR2B for
NR2A, but this has not been directly confirmed. Moreover, trans-
genic mice devoid of NR2A do not exhibit a developmental
change in NMDAR biophysical properties but exhibit normal
synaptic plasticity in barrel cortex (Lu et al., 2001). Thus, the
central role of NMDAR in early developmental plasticity has been
called into question. Despite a shortening of the NMDAR current
and a decrease in ifenprodil sensitivity during early development,
expression of NR2B remains relatively high (Zhong et al., 1995;
Stocca and Vicini, 1998), raising the possibility that new synapses
rich in NR2A are added to those in which NR2B subunits pre-
dominate instead of switching subunits. We combined RNA and
protein analysis of NR2A and NR2B subunit expression with
high-resolution immunogold electron microscopy (EM) to re-
veal and quantify the “cellular” and synaptic localization of these
subunits during early postnatal development in the mouse so-
matosensory system. Because postsynaptic density-95 (PSD-95),
a major constituent of the postsynaptic density, has been impli-
cated in anchoring and stabilizing NMDARs at synapses (Sheng
and Sala, 2001; Wenthold et al., 2003), we examined its develop-
mental and synaptic expression. Part of the study has been pub-
lished in abstract form (Liu et al., 2002).

Materials and Methods

Tissue preparation. ICR mice (Harlan Sprague Dawley, Indianapolis, IN)
within the ages of postnatal day 2 (P2) to adulthood (P32 or older) were
used. All protocols were approved by the Institutional Animal Care and
Use Committee. Animals were deeply anesthetized by hypothermia (P2—
P4) or by an overdose of Nembutal (after P4). For light microscopy,
animals were perfused through the heart with cold saline followed by 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. After removal, the
brains were cryoprotected in 30% sucrose in 0.1 M phosphate buffer.
Serial frontal sections through the brain were cut at 10 or 25 um on a
freezing microtome and collected in ice-cold 4% paraformaldehyde so-
lution for in situ hybridization histochemistry or in ice-cold 0.1 M phos-
phate buffer for immunocytochemical staining. For electron micros-
copy, animals were perfused through the heart with cold saline followed
by 4% paraformaldehyde plus 0.1-0.15% glutaraldehyde in 0.1 M phos-
phate buffer, pH 7.4. The brain was blocked and cut on a vibratome at
500 wm. Under a dissecting microscope, small pieces of tissue containing
the somatosensory cortex or the ventroposterior (VP) nucleus of the
thalamus were excised with a sharp blade and stored in ice-cold 0.1 M
phosphate buffer.

In situ hybridization histochemistry. Sections from brains at different
postnatal ages (P2, P4, P7, P9, P12, and P15) were processed simulta-
neously for in situ hybridization histochemistry using antisense RNA
probes specific for NR2A and NR2B subunits. Probes were transcribed
from rat cDNAs corresponding to nucleotides 1585-2154 (NR2A) and
1423-1992 (NR2B) of the published sequences (Akbarian et al., 1996;
Munoz etal., 1999). All probes were labeled by in vitro transcription with
a-*’P. Sections were incubated in hybridization solution containing 10*
cpm/pl antisense RNA probes overnight at 60°C. The following day,
sections were sequentially washed in the following solutions: 4X SSC at
60°C twice for 30 min each; ribonuclease A (0.02 mg/ml in 0.01 M Tris
HCl buffer, pH 8.0, and 1 mm EDTA, 2.9% NaCl) at 45°C for 1 hr; 2X
SSC at room temperature, twice, for 30 min each. Finally, sections were
mounted on gelatin-coated glass slides and exposed to Amersham 3-Max
autoradiographic film for 2-10 d at 4°C (Amersham Biosciences, Pisca-
taway, NJ). As controls, sense strand-specific RNA probes were generated
for each gene and hybridized to adjacent sections.

Film autoradiographs were quantified by densitometry using a micro-
computer imaging device (MCID/M6; Imaging Research, St. Ca-
tharine’s, Ontario, Canada). Probe variability was minimized by simul-
taneously processing sections from each postnatal age analyzed. Optical
density readings were taken from superficial and deep layers of the cortex
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and from the VP nucleus. Sampling from white matter served as a mea-
sure of background hybridization. Optical density readings were con-
verted to levels of radioactivity per unit weight by reference to '*C stan-
dards exposed on the same sheet of film. For each probe, in each area,
optical density values were expressed as mean = SD. Sampled areas were
plotted as a function of postnatal age. Direct comparisons of label inten-
sity for different probes were made in the same experimental run. Differ-
ences in label intensity between postnatal ages were analyzed by ANOVA,
and a p value =0.01 was considered significantly different. No hybridiza-
tion was detected on sections incubated with sense RNA probes (data not
shown).

Reverse transcription-PCR. Total RNA was isolated from fresh brains at
different postnatal ages (P2, P4, P7, P9, P12, P15, and P40). Brain regions
including somatosensory cortex and VP nucleus of the thalamus were
dissected, mechanically homogenized, and lysed in guanidium isothio-
cyanate buffer; RNA was column purified according to the directions of
the manufacturer (Qiagen, Valencia, CA). After DNase I digestion,
c¢DNA was prepared from 200 ng of total RNA using an oligo (dT)18
primer and Moloney murine leukemia virus reverse transcriptase (Clon-
tech, Palo Alto, CA). Subsequent PCR were performed using 4% of the
c¢DNA product as starting material.

Generation of PCR products was measured in real time by incorpora-
tion of the fluorescent dye SYBR Green I using a Bio-Rad iCycler real-
time PCR machine (Bio-Rad, Hercules, CA). For each reaction, a master
mix of the following was made: 1 X PCR buffer (Qiagen), 400 mm dNTP,
0.5 mm forward and reverse primers (Qiagen Operon, Alameda, CA),
0.01X SYBR Green I (Molecular Probes, Eugene, OR), 1.5 mm MgCl,, 10
nM FITC (Bio-Rad), and 1 U of TagDNA polymerase (Qiagen). PCR
products of ~250 bp were generated using the following primers: NR2A
sense (5'-CAACGAAGGGATGAATGTGA-3"), NR2A antisense (5'-
ACAAAGGGCACGGAGAAGT-3'), NR2B sense (5'-TGCTACAAC-
ACCCACGAGAA-3’), and NR2B antisense (5'-CTCCTCCAAGGTA-
ACGATGC-3"). All PCRs were performed using the cycle conditions,
94°C (15 sec), 60°C (30 sec), 72°C (30 sec), and were run for a total of 40
cycles. After PCR, a first derivative melting curve analysis was performed
to confirm the specificity of the PCR. In addition, samples from the PCRs
were subjected to electrophoresis, purified, and sequenced to verify
product identity. The relative expression of mRNAs between samples was
calculated by identifying the threshold cycle (Ct) at which product ini-
tially appeared above background and calculating the expression level
relative to a standard curve generated by serial dilutions of previously
purified PCR products.

Western blot analysis. Animals with ages that matched those used for in
situ hybridization and immunocytochemistry were decapitated, and
their brains were rapidly removed to ice-cold 0.1 M phosphate buffer.
Portions of somatosensory cortex were isolated and homogenized on ice
in lysis buffer (150 mm NaCl, 20 mm Tris-Cl, 2 mm EDTA, 1% Triton
X-100, 0.05% SDS, 1 mm PMSF, pH 8) with Complete Protease Inhibitor
Cocktail (Roche, Indianapolis, IN) using a Brinkman Polytron (2 X 20
sec pulses). Tissue homogenates were centrifuged (8000 X g, 10 min, 4°C),
and the supernatants were aliquoted and frozen (—80°C) for later use.

Protein content was estimated using the Bradford Reagent (Sigma-
Aldrich, St. Louis, MO). Equal amounts of total protein (10 pg) were
resolved by 12% SDS-PAGE and electroblotted onto polyvinylidene di-
fluoride membrane (Amersham Biosciences). Membranes were blocked
in TBSTw (140 mm NaCl, 3 mm KCl, 25 mm Tris, 0.05% Tween 20, pH
7.4) containing 10% evaporated milk and then incubated in primary
antibody in TBSTw/5% milk overnight at 4°C. Antibody dilutions were
as follows: 1:1000 for NR2A (rabbit polyclonal antibody; Upstate Bio-
technology, Waltham, MA); 1:1000 for NR2B (rabbit polyclonal anti-
body; Chemicon, Temecula, CA), and 1:20,000 for B-actin (a mouse
monoclonal antibody; Sigma-Aldrich). After incubation in the primary
antibodies, membranes were washed in TBSTw and incubated in
TBSTw/5% milk containing horseradish peroxidase-conjugated second-
ary antibodies (1:2000; Chemicon) for 1 hr at room temperature. After a
brief wash in TBSTw, protein bands were detected using the ECL-plus
chemiluminescent reagent (Amersham Biosciences). Densitometric
analysis of positive immunostaining was measured using a STORM
phosphoimaging system (Amersham Biosciences).
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To characterize neurons that were PSD-95
immunopositive, some sections were processed
for double immunofluorescent labeling using
PSD-95 and GABA-specific antibodies. Sec-
tions were incubated overnight at 4°C in a
mixed solution containing PSD-95 (1:400,
mouse monoclonal antibody; Affinity) and
GABA (rabbit polyclonal antibody, 1:2000;
Sigma) primary antibodies. After several

P2 P4 P7 P9

washes, sections were incubated in fluorescein-
conjugated horse anti-mouse secondary anti-
body (Vector Laboratories) and Cyanine 5
(Cy5)-conjugated donkey anti-rabbit second-
ary antibody (Molecular Probes) for 1 hr at
room temperature and examined with an
Olympus Fluoview laser confocal microscope.
Control experiments in which the primary or
secondary antibodies were omitted revealed
only background staining (data not shown).
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Low temperature cryoembedding and post-
embedding immunogold electron microscopy.
Blocks from P2, P4, P7, P9, P15, P19, and P32
cortex and thalamus were cryoprotected by im-
mersion in increasing concentrations of glyc-
erol at 4°C, plunged into propane cooled to
—180°C by liquid nitrogen in a Reichart KF80
cryofixing unit (Leica, Wien, Austria), trans-
ferred to the precooled chamber (—90°C) of a
Leica Automatic Freeze Substitution cryoem-
bedding unit, and infiltrated in a 1.5% uranyl
acetate/methanol solution at —90°C for 30 hr.
The blocks were then embedded in Lowicryl
HM-20 (Electron Microscopy Sciences, Fort
Washington, PA) and polymerized with ultra-
violet light for 60 hr at 0°C (Liu et al., 2001).

Serial ultrathin sections (70—80 nm) con-
taining layer IV of the somatosensory cortex or
VP nucleus of the thalamus were mounted on
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Figure 1.

Immunocytochemistry. Specific antibodies to NR2A, NR2B, and
PSD-95 were used for immunocytochemical staining. Sections from an-
imals at various postnatal ages (P2, P4, P7, P9, P12, P15, and P25) were
simultaneously processed for immunofluorescent or immunoperoxidase
staining. Sections were incubated in normal blocking serum for 1-2 hr at
room temperature and then transferred to the following primary anti-
bodies: NR2A, NR2B (rabbit polyclonal antibodies diluted 1:500 to
1:1000; Chemicon), and PSD-95 (mouse monoclonal antibody diluted
1:400; Affinity, Golden, CO). Sections were incubated in primary anti-
bodies for 48 hr at 4°C and in appropriate secondary antibodies for 1-2 hr
at room temperature. For immunoperoxidase labeling, biotinylated sec-
ondary antibodies were used (diluted 1:100 to 1:150; Vector Laborato-
ries, Burlingame, CA), followed by the ABC reaction (Vector Laborato-
ries), and immunolabeling was visualized with diaminobenzidine.
Sections were mounted on gelatin-coated glass slides and coverslipped
with DPX (a mixture of distyrene, tricresyl phosphate, and xylene)
mounting medium (BDH, Poole, UK).

Distance (um)

Film autoradiograms from frontal sections through mouse forebrain at P2, P7, and P12 showing hybridization of
33p-labeled RNA probes for NR2A (A—() and NR2B ( D—F) mRNAs. A~C, NR2A expression is low in most regions of the forebrain at
P2 (A) but substantially increases at later ages (8, (). D—E, In contrast, NR2B mRNA is highly expressed at P2 ( D) and remains at or
above this level through P12 (F). Scale bar, 0.5 mm. G, H, Densitometric measures of film autoradiograms from a typical experi-
ment show statistically significant increases in cortical NR2A mRNA at P7, P9, P12, and P15 compared with P2 (ANOVA; *p <
0.0001) (6) and significant increases in cortical NR2B mRNA only at P4 and P7 (H) compared with P2 (ANOVA; *p = 0.0001).
Density readings were obtained from somatosensory cortex and VP nucleus and were calibrated by reference to "C standards
exposed on the same sheet of film. All values are means = SDs. /, J, Developmental changes in cortical layer-specific NR2A (/) and
NR2B (J) mRNA expression measured along the radial axis from pia surface to white matter of somatosensory cortex at P2 (red
lines), P7 (purple lines), and P12 (blue lines). Although changes in NR2B are not observed at P9, P12, and P15, NR2A hybridization
increases dramatically with some preference for superficial cortical layers during early postnatal development.

Formvar-coated, single-slot nickel grids and
processed for postembedding immunogold la-
beling. Sections were incubated in 2% swine
albumin in TBST solution (5 mwm Tris buffer
containing 8 mm NaCl and 0.1% Triton X-100)
and then transferred to TBST containing pri-
mary antibodies for NR2A (1:100 to 1:500;
Chemicon), NR2B (1:100 to 1:500; Chemicon),
or PSD-95 (a goat polyclonal antibody diluted
1:100, Santa Cruz Biotechnology, Santa Cruz,
CA; or a monoclonal antibody diluted 1:400,
Affinity) for 4-12 hr at room temperature. Af-
ter rinsing in TBST, sections were incubated in
secondary Fab fragments coupled to 10 nm
gold particles (BBInternational, Cardiff, UK),
diluted 1:20 in TBST for 2 hr at room temperature. For double immu-
nogold labeling, grids were incubated in a mixture of horse anti-mouse
(PSD-95, 10 nm gold particles) and goat anti-rabbit (NR2A or NR2B, 15
or 20 nm gold particles) secondary antibodies. Grids were lightly stained
with uranyl acetate and lead citrate and examined in a Philips (Eind-
hoven, The Netherlands) CM 120 electron microscope at 80 kV. Electron
micrographs were taken either at 20,000X using a conventional camera
or digitally by a 2K X 2K CCD camera (Gatan, Pleasanton, CA) attached
to the electron microscope and processed using DigitalMicrograph soft-
ware (Gatan). Original electron microscopic negatives were scanned in a
Nikon (Tokyo, Japan) Film Scanner LS-4500AF at 2000 dpi. All digitized
images were processed and composed in Photoshop 6.0 (Adobe Systems,
San Jose, CA). For immunogold quantitative analysis, images showing
labeled synapses were adjusted to a final magnification of 70,000 X.
Quantification of immunolabeled synapses. The methods used to quan-
tify immunogold-labeled EM samples have been reported previously
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(Matsubara et al., 1996; Liu et al., 2001). The
criteria for inclusion to count labeled synapses
were as follows: (1) a clear presynaptic and
postsynaptic membrane, (2) a clear PSD, (3) at
least one gold particle localized within 20 nm of
the plasma membrane, and (4) at least one gold
particle localized between 20 and 500 nm of the
PSD edge. Synaptically localized immunogold

Relative normalised mRMA expression
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two serial sections. An extrasynaptically local-
ized gold particle was counted if it matched the
criteria above, was not localized to the PSD, and
could be detected in at least two serial sections.
At each postnatal age, for each antibody, and in
each region analyzed (layer IV of the cortex and
VP nucleus of the thalamus), ~100 immunola-
beled synapses were selected for quantitative
analysis. These synapses were pooled from
three to five animals at each age. The mean
number of immunogold particles per synapse
was calculated by dividing the total number of
synapse-localized gold particles by the total
number of PSD profiles examined and ex-
pressed as mean * SD. The mean number of
gold particles per synapse was plotted as a func-
tion of postnatal age. Student’s ¢ test was ap-
plied to determine whether statistical signifi-
cance was reached ( p = 0.05).

2A

B

Figure 2.

Results

NR2A and NR2B mRNA expression in
developing cortex and thalamus

In situ hybridization histochemistry using RNA probes for NR2
mRNAs revealed unique expression patterns for NR2A and
NR2B subunits during the first 2 weeks of postnatal life (P2-P15).
Each probe displayed a similar trend of developmental changes in
repeated experiments (n = 4). At the earliest time point exam-
ined, P2, hybridization to NR2A mRNA was only slightly higher
than background and was mainly detected in the most superficial
region of the developing cortex (Fig. 1 A). Hybridization levels in
the thalamus at this age were below detection. From P4 to P7,
hybridization to NR2A mRNA dramatically increased. Densito-
metric analysis demonstrated that the labeling intensity was more
than sixfold higher in cortex at P7 compared with P2 (P2, 377 =
183 nCi/gm; P7, 2430 = 661 nCi/gm) (Fig. 1G). By P9 and P12,
NR2A labeling throughout cortex had declined slightly but re-
mained significantly increased through P15 (P2, 377 = 183 nCi/
gm; P15, 1762 * 437 nCi/gm; n = 8; ANOVA, Fs ,,, = 40.686;
p = 0.0001) (Fig. 1A-C,G). A similar developmental increase in
expression of NR2A mRNA was observed in thalamus. NR2A
mRNA levels were significantly higher at P9 compared with P2 in
VP nucleus (P2, 407 = 102 nCi/gm; P9, 1065 *+ 157 nCi/gm; n =
4; ANOVA, p = 0.0001) and maintained this pattern through P15
(Fig. 1A-C,G).

In contrast to NR2A expression, NR2B mRNA was highly
expressed in all layers of the cortex at P2 and remained so through
P15. Except for a transient twofold significant increase in expres-
sion from P2 to P7 (P2, 3053 * 824 nCi/gm; P7, 6390 * 708
nCi/gm; n = 16; ANOVA, F5 156, = 39.081; p = 0.0001), hybrid-
ization to NR2B mRNA did not significantly change through P15
(P2, 3053 = 824 nCi/gm; P15, 3422 *= 968 nCi/gm; n = 16;
ANOVA, p = 0.2) (Fig. 1 D-F, H). Initially, at P2 and P4, expres-
sion of NR2B mRNA in the thalamus as a whole was stronger
than that of NR2A, as confirmed by densitometry, and was
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Assessment of NR2A and NR2B expression in somatosensory cortex by RT-PCR (4, B) and Western blot analysis (C, D).
A, Asjudged by RT-PCR, the expression of both NR2A and NR2B mRNA is developmentally regulated. NR2A expression is extremely
low at P2 but undergoes a rapid increase in expression from P4 to P12 and maintains this elevated expression through P40. In
contrast, NR2B levels are greater than NR2A at P2 and undergo a slight transient increase from P7 to P15 but remain elevated
through P40. B, RT-PCR amplifies a single band at the predicted size for both NR2A and NR2B. After real-time PCR analysis, samples
were separated by gel electrophoresis and stained with ethidium bromide. H,0, Water only; M, DNA marker. G, NR2A and NR2B
protein levels are also developmentally requlated. A Western blot analysis of NR2A, NR2B, and B-actin illustrates protein expres-
sion at various postnatal ages. The same amount of protein is loaded per lane. D, Densitometric measures of NR2A and NR2B levels
obtained from Western blots are normalized to B-actin levels and expressed relative to levels of NR2B at P9. NR2A shows a
dramatic increase in total cellular protein expression compared with NR2B, for which protein levels remain relatively constant
throughout early postnatal development.

slightly higher in VP nucleus (Fig. 1 H). At later ages, P7, P9, P12,
and P15, whereas NR2A expression rose in VP nucleus, hybrid-
ization to NR2B remained unchanged in VP nucleus (Fig. 1 H).

The developmental changes in NR2A and NR2B mRNA ex-
pression were confirmed by reverse transcription (RT)-PCR. Be-
cause of limitations in the quantity of VP tissue available, we
focused on somatosensory cortex. NR2A expression at P2 was
low, but from P2 to P9, there was a large increase in NR2A mRNA
expression. By P12, levels of NR2A mRNA had risen almost 50-
fold compared with P2 (Fig. 2A). The difference in the fold
change between in situ hybridization histochemistry and real-
time RT-PCR probably reflects the higher sensitivity of the latter.
This high level of expression was maintained at least through P15.
In contrast, at P2, levels of NR2B mRNA were sevenfold higher
than those of NR2A mRNA (Fig. 2A). From P2 to P7, NR2B
mRNA levels rose slightly followed by a rapid increase through
P9, after which levels of NR2B mRNA remained stable through
P15 (Fig. 2A).

Developmental changes in NR2A and NR2B

protein expression

Tissues were collected at different postnatal ages and processed
for Western blot analysis. Because of the small size of the VP
region, we concentrated on somatosensory cortex. Developmen-
tal changes in NR2A and NR2B protein levels were consistent
with changes in mRNA expression. NR2A protein levels were low
at P2 but increased more than threefold by P15 (Fig. 2C,D). In
contrast, NR2B protein levels were relatively high at P2 and in-
creased only slightly through P7, after which levels remained sta-
ble through P15 (Fig. 2C,D).

The cellular expression pattern of NR2 protein was deter-
mined by immunocytochemistry. NR2A and NR2B immuno-
stained neurons were widely distributed throughout the somato-
sensory cortex and thalamus, including the VP nucleus.
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Figure 3.
PSD-95 immunoperoxidase-labeled pyramidal neurons are present in layer V. Note the strong immunolabeled apical dendrites
(small black arrows). Scale bar, 50 wm. B, G, Laser confocal microscopicimages of double immunofluorescent labeling for PSD-95
(B, green, fluorescein) and GABA (C, red, Cy5) show a lack of colocalization in the cortex (white arrowheads). As a point of reference,
small white arrows indicate blood vessels in the section. Scale bar, 60 wm. D, Light micrograph showing PSD-95 immunoperox-
idase labeled neurons in \/P; a few labeled neurons are visible in RTN (small arrow). Scale bar, 100 wm. £, Higher-magnification
image of PSD-95-immunolabeled neurons in VP nucleus (D, boxed region). Scale bar, 50 m.

Developmental changes in immunocytochemical staining for
NR2A and NR2B paralleled those determined by Western blot
analysis (data not shown).

Developmental changes in PSD-95 expression

Western blot analysis showed that, like NR2A, PSD-95 protein
levels were low at P2 and then gradually increased after P4 (data
not shown). However, unlike NR2A, PSD-95 expression did not
change substantially after P7. At P2, PSD-95 immunostaining
was diffuse throughout the cortex and thalamus, and no clearly
identifiable cell bodies were stained. By P4, immunolabeled cell
bodies could be found in both superficial and deep layers of the
developing cortex, along with the diffuse pattern seen earlier in
the cortex at P4. Some lightly labeled neurons were found in the
thalamus as well. After P7, labeled cell bodies in both cortex and
thalamus were clearly identified, and the labeling pattern at P25
was identical to the adult (Fig. 3). PSD-95 was not ubiquitously

Immunocytochemical localization of PSD-95 in the cortex and thalamus. A, In somatosensory cortex, prominent
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expressed in neuronal subtypes. In so-
matosensory cortex, most labeled cells
were pyramidal in shape with somata lo-
cated in layers V-VI and long apical den-
drites extending toward the surface (Fig.
3 A,B). Double immunofluorescent label-
ing revealed that GABA-immunopositive
neurons in the cortex did not colocalize
PSD-95 (Fig. 3 B, C). In somatosensory thal-
amus, a few lightly PSD-95-labeled neurons
were found in the thalamic reticular nucleus
(RTN) (Fig. 3D, arrow), which is exclusively
GABAergic, but the majority of PSD-95-
immunolabeled neurons were found in the
VP (Fig. 3D,E) and other dorsal thalamic
nuclei, where the neuronal population is ex-
clusively glutamatergic in the mouse. The
trend for PSD-95 expression to be restricted
to non-GABAergic neurons was observed in
most brain areas examined (supplemental
material, available at www.jneurosci.org).
However, in some regions (i.e., substantia
nigra), PSD-95 was expressed in a subset of
GABA neurons (supplemental material,
available at www.jneurosci.org).

Synaptic localization of NR2A and
NR2B subunits at cortical and thalamic
synapses during early

postnatal development

To determine whether the overall cellular
changes in NR2 subunit mRNA or protein,
as determined by in situ hybridization,
Western blot, or immunohistochemistry,
were reflected in the synaptic localization,
postembedding immunogold electron
microscopy was used to reveal and quan-
tify changes at morphologically identified
cortical and thalamic synapses.

Layer IV of somatosensory cortex from
P2, P9, P15, and P19 animals was selected
for quantitative immunogold electron mi-
croscopic analysis. The majority of immu-
nogold particles representing NR2A or
NR2B subunits were associated with the
PSDs of asymmetrical synapses and were
rarely detected in presynaptic terminals (Fig. 4).

NR2A

At P2, the majority of cortical synapses exhibited immature fea-
tures characterized by a low number of presynaptic vesicles and
less prominent PSDs (Fig. 4 A). Few NR2A immunogold particles
were detected at PSDs of these immature synapses. After P2, the
likelihood of detecting synapses with a high number of presyn-
aptic vesicles and prominent PSDs significantly increased. Along
with synaptic maturation, the number of NR2A immunogold
particles at PSDs increased rapidly until P9, after which levels
remained fairly constant (3.8 * 1.4 particles per PSD) (Fig.
4 B,E). After P15, synaptic NR2A levels increased again, reaching
apeak at P19 (8.5 = 3.3 particles per PSD) (Fig. 4C-E), the latest
age examined, and the mean number at P19 was significantly
higher than P2 (Student’s f test, p =< 0.0001).
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NR2B

In sharp contrast to NR2A, at P2, a signif-
icant number of NR2B particles were
present at PSDs of immature cortical syn-
apses (2.3 = 0.5 particles per PSD) (Fig.
4F,G,J). The number of particles at each
PSD remained fairly constant (2.4 = 1.2
particles per PSD) until P9 (Fig. 4H,J)
and then progressively declined through
P19 (1.2 £ 0.5 particles per PSD; p =< 0.01
compared with P2) (Fig. 41,]), the latest
age examined.

Thalamic samples containing the VP
nucleus at P2, P4, P7, P9, P15, and P32
were also quantitatively examined by im-
munoelectron microscopy (Fig. 5).

NR2A

Ninety-five percent of immunogold label-
ing for NR2A was associated with PSDs of
asymmetrical thalamic synapses (Fig. 5A—
C). Approximately 5% of immunolabel-
ing was detected in the cytoplasm of den-
dritic profiles (data not shown). Less than
1% of particles was found in presynaptic
terminals and, in most cases, could not be

traced in adjacent thin sections and was  Figure4.
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therefore considered as background label-
ing. Quantitatively, immunogold staining
for NR2A was sparse from P2 to P4, and
few particles were detected at PSDs (0.2 *
0.5 particle per PSD) (Fig. 5A,D). From
P4 to P7, the number of particles increased
almost threefold (Fig. 5B, D). By P9, >10-
fold the number of immunogold particles
at PSDs could be detected compared with
P2 (2.8 = 1.8 particles per PSD) (Fig.
5D,K), and similar values were measured
at P15 (3.0 = 1.5 particles per PSD) (Fig.

layer IV of somatosensory cortex during postnatal development (P2—P19). A-D, Electron micrographs showing changes in the
synaptic localization of NR2A subunit at developing cortical synapses. A, Electron micrograph taken from a P2 mouse cerebral
cortex showing few gold particles at animmature synapse contacting a dendrite (d). Scale bar, 0.2 um. B-D, Electron micrographs
showing a progressive increase in the number of gold particles at PSDs of asymmetrical synapses contacting dendritic profiles (d).
Scalebars, 0.2 m. £, The mean number of gold particles (mean = SD) at each PSD profile as a function of postnatal age. Note that
ahighly significant change is seen between P2 and P19 (Student’s t test; p =< 0.0001). t, Terminal; d, dendritic profile. F—/, Electron
micrographs showing progressive changes in the synaptic localization of NR2B immunogold particles at developing cortical
synapses (P2-P19). £, G, At P2, numerous NR2B immunogold particles are associated specifically with PSD profiles of immature
asymmetrical synapses. Scale bars, 0.2 wm. H, Localization of NR2B immunogold particles at the PSD of a cortical asymmetrical
synapseatP9. Scalebar: 0.2 m;inset, 0.05 pem. /, By P19, few NR2B particles are found at PSDs of asymmetrical synapses (arrow).
The inset is a high-power image showing one particle associated with the postsynaptic membrane. Scale bar: 0.2 pm; inset, 0.02
m. J, Changes in the mean number of NR2B particles at single PSD profiles as a function of postnatal age are plotted. Note that
the number of particles at single PSD profiles declines after P9. The difference between P2 and P19 is significant (Student’s ¢ test;

5C,D) and P32 (3.2 * 1.8 particles per PSD) P= 0.01).

(Fig. 5D). The most dramatic increase in
synaptic NR2A occurred between P4 and P9 when levels increased
more than fivefold (Student’s ¢ test, p = 0.0001) (Fig. 5D).

NR2B

Consistent with the high cellular expression of NR2B at P2, a high
number of NR2B gold particles were detected at PSDs of thalamic
synapses (3.3 = 1.6 particles per PSD) (Fig. 5E,F,J). From P4 to
P7, the number of NR2B particles increased slightly, reaching a
peak level at P7 (3.8 = 1.0 particles per PSD) (Fig. 5G, H, ] ). After
P7,in sharp contrast to cellular NR2B expression levels, the num-
ber of NR2B particles at thalamic synapses began declining and
was reduced by >50% at P15 (1.9 £ 0.9 particles per PSD; Stu-
dent’s t test, p = 0.007) (Fig. 51,]). Reduced synaptic NR2B was
maintained at least through P32 (1.5 particles per PSD) (Fig. 5]).

Extrasynaptic localization of NR2B

Because synaptic expression of NR2B decreased, whereas the
overall cellular expression remained constant, we determined
whether NR2B subunits were redistributed to extrasynaptic sites
at later ages. To do this, plasma membranes within 20-500 nm
from PSD edge were examined for the presence of extrasynapti-
cally localized immunogold particles using criteria outlined in
Methods and Materials. Although some particles were found in

the dendritic cytoplasm, no significant amount of immunogold
particles was detected at extrasynaptic membranes. To determine
whether this was attributable to the sensitivity of the postembed-
ding immunogold technique, we performed two additional anal-
yses of extrasynaptic NR2 receptors. First, we analyzed extrasyn-
aptic labeling using a 2.5-fold higher primary antibody
concentration. Second, we used decreasing concentrations of
NaCl in the TBST buffer solution for immunogold labeling,
which has been suggested for increasing the sensitivity of immu-
nogold labeling (Y. He, W. G. M. Janssen, and J. H. Morrisson,
personal communication). Both methods resulted in a significant
enhancement in the membrane-associated labeling as well as an
increase in the background staining. Despite the increased sensi-
tivity, however, very few extrasynaptically localized NR2B gold
particles were observed (data not shown). In addition to increas-
ing the sensitivity of antibody labeling, we looked for extrasynap-
tically localized NR2B in serial sections from synapses used for
quantitative analysis of synaptic NR2 labeling. A total of 20 im-
munolabeled cortical synapses at P19, stained for NR2B, were
studied in serial sections. Although small clusters of NR2B-
positive gold particles were occasionally observed, they could not
be traced in adjacent sections (supplemental material, available at
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Figure5. Synapticlocalization of NR2A and NR2B subunits demonstrated by postembedding immunogold electron microscopy
at developing synapses in VP nucleus of thalamus. A—C, Progressive changes in the synaptic distribution of NR2A subunit at
developing thalamic synapses. A, Few, if any, NR2Aimmunogold particles are seen at PSDs of asymmetrical synapses at P4 (A), but
by P15 ( (), a number of NR2A gold particles are found concentrated at the PSD of an asymmetrical synapse formed by a terminal
(t). Scale bars, 0.2 um. D, Graph illustrating the increased number of NR2A particles at single PSD profiles of thalamic synapses as
a function of postnatal age. A significant increase occurs between P4 and P9 (Student’s ¢ test; p =< 0.001). £-/, Electron micro-
graphs showing synaptic localization of NR2B subunits at developing synapses in VP nucleus. At P2 (£, F), NR2B immunogold
particles are specifically associated with PSDs of thalamic synapses contacting dendritic profiles (d). Inset in £ is a high-
magnification image showing immunogold particles associated with a PSD profile. At P7 (G, H), electron micrographs show NR2B
immunogold particles concentrated at the PSDs of asymmetrical synapses (t). By P15 (/), few gold particles are detected at
thalamic PSDs. The inset in / shows a high-power image of two gold particles at a PSD profile. Scale bars: £-/,0.2 wm; £, G, insets,
0.1 em; /, inset, 0.05 m. J, Graph showing the progressive change in the mean number of NR2B particles at single PSD profiles
of thalamic synapses as a function of postnatal age; a significant decrease occurs from P7 to P15 (Student's ¢ test; p < 0.001). K,
Graph showing changes in the normalized number of NR2A (filled black circle) and NR2B (filled black square) particles at thalamic
synapses at different postnatal ages. The mean numbers of particles at each age is normalized to the mean numbers at P2. Note the
reciprocal nature of changes in NR2A and NR2B subunits at single PSD profiles after P7.

www.jneurosci.org). In contrast, gold particles at PSDs of asym-
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tion of PSD-95 differed from that of NR2
subunits. When single sections were ex-
amined, PSD-95 immunogold particles
tended to form clusters at the core of the
PSD profiles (Fig. 6A,C), in contrast to
NR2A and NR2B, which were evenly dis-
tributed (Fig. 4). To test whether NR2A or
NR2B and PSD-95 were colocalized at
cortical synapses, double immunogold la-
beling with different sized particles (10 nm
particles for PSD-95, and 15 or 20 nm par-
ticles for NR2A or 2B) was used. Both
NR2A and NR2B were closely associated
with PSD-95 particles at the PSDs of cor-
tical synapses (Fig. 6A,B).

The clustering of PSD-95 particles at
PSD of thalamic synapses was even more
pronounced compared with labeled corti-
cal synapses (Fig. 7A—C). Quantitatively,
at thalamic synapses, the number of
PSD-95 immunogold particles was rela-
tively low at P2 (1.3 = 0.6 particles per
PSD) but increased more than twofold by
P4 (3.8 = 1.9 particles per PSD) (Fig.
7A,D). After P4, the number of PSD-95
particles remained constant at each PSD
profile, at least through P32, the latest age
examined (3.0 * 1.5 particles per PSD)
(Fig. 7B-E).

Discussion

This is the first correlative study in the
mouse somatosensory system comparing
the cellular and synaptic expression of
NR2 subunits during a period of early
postnatal development, critical for the
maturation of thalamocortical circuitry
(Crair and Malenka, 1995; Warren and
Jones, 1997; Feldman et al., 1998). Our
findings confirm morphologically that a
switch in NMDAR subunit expression oc-
curs at cortical and thalamic synapses dur-
ing this developmental period. The major
findings are, first, during early postnatal
development, the cellular expression of
NR2A increased from near background
levels at P2 to adult levels by P15. In con-
trast, adult levels of cellular NR2B expres-
sion were already observed by P2 and, ex-
cept for a transient increase at P7,

metrical synapses could be readily traced in adjacent sections
(supplemental material, available at www.jneurosci.org). For P15
and P19 VP samples, a total of eight labeled synapses were exam-
ined, and the results were similar to cortex (data not shown).
Based on these observations, it seems that the amount of extra-
synaptic NR2B is below detection using the methods used in this
study.

Synaptic localization of PSD-95

To test whether developmental changes in synaptic NR2 expres-
sion were correlated with changes in its major synaptic binding
partner, PSD-95, we examined the developmental localization of
PSD-95 at cortical and thalamic synapses. The synaptic localiza-

remained fairly constant throughout early postnatal develop-
ment. Thus, early in postnatal development, cellular NR2 expres-
sion is dominated by the NR2B subunit, although later, expres-
sion is a mix of both NR2A and NR2B subunits. This occurred in
both cortex and thalamus indicating that NMDA receptors are
under tight regulation in both regions. Second, consistent with
changes in cellular expression, synaptic levels of NR2A increased
gradually during early postnatal development. In contrast, de-
spite relatively high cellular expression levels, synaptic NR2B de-
creased over the same time period. Third, PSD-95 was selectively
localized to non-GABAergic neurons in many brain areas and
invariably colocalized with NR2A and NR2B at cortical and tha-
lamic synapses. However, temporally, the developmental regula-
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Figure 6.  Synaptic colocalization of PSD-95 and NR2 subunits at developing synapses in
layer |V of somatosensory cortex. A, An electron micrograph showing PSD-95 (small particles, 10
nm) and NR2B (large particles, 15 nm) colocalized at the PSD of an asymmetrical synapse (t)
contacting a dendritic profile (d) at P9. 8, PSD-95 (10 nm particles) and NR2A (20 nm particles)
also colocalized ata PSD profile of an asymmetrical synapse (t) contacting dendritic profile (d) at
P15.C, A cluster of PSD-95 particles concentrated at the PSD profile of an asymmetrical synapse
atP19. Scale bars: 0.2 wm; A, inset, 0.05 m.

tion of synaptic PSD-95 did not correlate well with changes in
NR2 subunit, suggesting that these changes occur independently.

PSD-95 is a major component of subcellular fractions en-
riched for excitatory (asymmetrical Type-I) synapses, closely as-
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sociates with NMDA receptor subunits, and modulates gluta-
mate receptor expression at synapses (Kennedy, 1997; Garner et
al., 2000; Tomita et al., 2001). Therefore, it may seem surprising
that many GABAergic neurons, presumably expressing excita-
tory glutamate receptors, do not express PSD-95. However, the
pattern of PSD-95 expression described herein is consistent with
previous reports of PSD-95 protein (Cho et al., 1992; Hunt et al.,
1996) and with the heterogeneous nature of PSD-95 mRNA ex-
pression throughout brain (Fukaya et al., 1999). The nonubiqui-
tous nature of PSD-95 expression implies that it is not an absolute
requirement for mature excitatory synaptic function. Other
postsynaptic scaffolding proteins related to PSD-95 have been
identified recently and may be selectively used at excitatory syn-
apses to generate a diversity of PSD function not yet appreciated
(Jo et al., 1999; Garner et al., 2000; Kennedy, 2000). This could
account for the subtle rather than lethal phenotype resulting
from aloss of PSD-95 (Migaud et al., 1998). This is also consistent
with our observation that the formation of mature NR2 synapses
is independent of PSD-95 expression.

Molecular correlates of functional NR2 subunits

These results are consistent with the view that a change in the
predominant NR2 subunit expressed at developing excitatory
synapses underlies the developmental changes in the biophysical
properties of the NMDAR complex. NMDAR comprised of
NR2A or NR2B are functionally different. Heterogonous cells
coexpressing NR2B and the obligatory NR1 subunit are sensitive
to the NR2B-specific antagonist ifenprodil and display relatively
long-duration EPSC decay times (Stocca and Vicini, 1998). Re-
placing NR2B with NR2A removes ifenprodil sensitivity and
shortens the decay time. Similar changes in NMDAR responses
have been observed during early development. At thalamocorti-
cal synapses in the mouse somatosensory cortex, sensitivity to
ifenprodil decreases significantly in the second postnatal week
(after P7) (Barth and Malenka, 2001). A significant developmen-
tal decline in the duration of NMDA currents also occurs at
thalamocortical synapses in visual and somatosensory cortex
(Carmignoto and Vicini, 1992; Crair and Malenka, 1995). Our
results demonstrate that these changes in NMDAR Kkinetics are
the result of a physical change in the composition of predominant
receptor subunits at developing synapses. Because NR2B cellular
expression remained high, whereas synaptic expression was lost,
we conclude that these changes are not simply the replacement of
one subunit for another but involve a more complex mechanism.

Mechanisms of NR2 switching

Activity-dependent reciprocal changes in NR2 transcription has
been suggested as a model for the observed regulation of
NMDAR function (Fig. 8) (Feldman and Knudsen, 1998; Barria
and Malinow, 2002; Sans et al., 2003). However, our findings are
not consistent with changes in transcription levels as the principal
mode for regulating altered synaptic NR2 expression. Although
the developmental increase in synaptic NR2A was highly corre-
lated with an enhancement in both cellular mRNA and protein
expression, the synaptic decrease of NR2B was at odds with the
constant level of cellular expression into adulthood (Zhonget al.,
1995; Quinlan et al., 1999a; our study). This suggests that devel-
opmental changes in synaptic expression of NR2A and NR2B
subunits are likely to occur through separate mechanisms and
that the developmental reduction in synaptic NR2B expression
occurs independent of transcriptional or translational changes.
Similarly, independent regulation is observed in young hip-
pocampal slice cultures where the synaptic insertion of NR2A is
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Figure7. Developmental changes in the synaptic localization of PSD-95 in the VP nucleus of the thalamus. A, B, At P4 (4) and
P7 (B), PSD-95 immunogold particles are concentrated at the core of PSD profiles of asymmetrical synapses. Scale bars, 0.1 m.
(, Asimilar concentration of PSD-95 immunogold particlesis consistently found at the core of PSDs of asymmetrical synapses (t) at
P32.Scale bar, 0.1 m. D, Graph showing changes in the mean number of PSD-95 immunogold particles (mean == SD) at single
PSD profiles as a function of postnatal age. Note the dramatic increase in the mean particle number at P4 that remains relatively
stable through P32. £, Bar graph showing the distribution of the mean number of PSD-95 immunogold particles at single PSD
profiles of thalamic synapses at P32. Note that approximately two to three particles are localized at each single PSD profile (n = 83).
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Figure8. A schematicdiagram summarizes three potential models for the switching of NR2A and NR2B subunits at developing
synapses. Subunit “Switch” (model 1) results from a dramatic increase in synaptic NR2A (short blue bars) and concomitant
decrease in synaptic NR2B subunits (short red bars) caused by reciprocal changes in the expression of NR2 subunits. Extrasynaptic
displacement (model 2) results in a progressive shift of NR2B subunits from synaptic sites to extrasynaptic sites accompanying an

increase in NR2A at synapses. Redistribution (model 3) in which a dilution of synaptic NR2B subunits is caused by a developmental
increase in synapse number with an increase in NR2A expression but without similar increases in NR2B cellular expression.

dependent on neuronal activity, whereas NR2B insertion is not
(Barria and Malinow, 2002). Moreover, in these cultures, synap-
tic NR2A expression is tightly linked to its cellular expression,
whereas the level of synaptic NR2B is independent of its cellular
expression (Barria and Malinow, 2002). Sensory experience also
differentially regulates NR2A and NR2B synaptic expression. In
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the visual cortex, visual experience during
early postnatal development increased the
synaptic expression of NR2A but not of
NR2B, and this was dependent on protein
synthesis (Quinlan et al., 1999a,b). Simi-
larly, we observed a developmental in-
crease in synaptic expression of NR2A in
the somatosensory cortex and thalamus
that was highly correlated with develop-
mental changes in its mRNA and protein
levels. In contrast, the removal of NR2B
from cortical and thalamic synapses oc-
curred without significant changes in
NR2B mRNA or protein expression at the
cellular level.

What alternative mechanisms might
govern the developmental changes in syn-
aptic NR2B expression? An appealing hy-
pothesis is that synaptic NR2B is displaced
to extrasynaptic sites after the insertion of
NR2A (Fig. 8). Evidence for an extrasyn-
aptic pool of NR2B has been demon-
strated in dissociated cortical and hip-
pocampal neurons (Stocca and Vicini,
1998; Tovar and Westbrook, 1999) where
clusters of NR2B were found at synaptic
and extrasynaptic sites, whereas NR2A
was exclusively localized at the core of syn-
apses (Li et al., 1998). Also, a progressive
decline in the sensitivity of the specific
NR2B blocker, CP101,606, was detected
with whole-cell patch clamp but not on
excised membrane patches from the cell
soma (Stocca and Vicini, 1998), implying
a separate pool of NR2B-containing
NMDA receptors. In the present study, we
were unable to detect a significant pool of
extrasynaptic NR2B subunits, which is not
consistent with this model. It is conceiv-
able, however, that the concentration of
any extrasynaptic pool might be below the
level of reliable detection by immunogold
electron microscopy. For example, al-
though they could not be traced in serial
sections and therefore did not meet the
criteria for inclusion, small clusters of ex-
trasynaptically localized NR2B were ob-
served (supplemental material, available
at www.jneurosci.org). Also, in the
present study, we focused mainly on ex-
trasynaptic regions that were relatively
loose to the PSD (20-500 nm away) and
therefore may have missed clusters of NR2
subunits in other cellular compartments
(e.g., the cell soma).

A second possible mechanism for the
loss of synaptic NR2B is the dilution of the

receptor subunit at synapses as postnatal synaptogenesis occurs
(Fig. 8). From P4 to P16, in layer IV of mouse barrel cortex, there
is a 10-fold increase in the number of excitatory synaptic contacts
(DeFelipe et al., 1997). A marked increase in excitatory synaptic
contacts coupled with the stable expression of NR2B and a con-
stitutive level of synaptic turnover would decrease the density of
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synaptic NR2B subunits (Fig. 8). Significantly, in the present
study, loss of synaptic NR2B was greatest between P9 and P19 in
the cortex, a period exhibiting the highest rate of excitatory syn-
apse generation (DeFelipe et al., 1997).

Thalamic NR2 switching

This is the first report of a developmental switch in synaptic NR2
subunit in the thalamus. A switch in synaptic NR2A and NR2B
subunits at VP synapses suggests a similar developmental change
in NMDAR-mediated excitatory postsynaptic responses occurs
in thalamus as well as in cortex. From P1 through P16, a gradual
decrease in the time constant of decay for NMDA-mediated EP-
SCs at corticothalamic synapses in VP, in vitro, has been reported
previously (Golshani et al., 1998), and this may be a reflection of
the developmental switch in NR subunit expression. Whether
these synapses also lose their sensitivity to ifenprodil is unknown.
However, a developmental decrease in ifenprodil sensitivity was
observed during the critical period of development in the ferret
lateral geniculate nucleus (Ramoa and Prusky, 1997). The timing
of NR2A/NR2B subunit switching is different at thalamic and
cortical synapses; occurring approximately 2 d earlier in VP (P7)
than cortex (P9) (compare Figs. 4] and 5] ). Such a delay may be
important for the maturation of thalamocortical circuitry. The
longer duration and larger amplitude characteristic of NR2B-
dominated currents is likely to result in greater Ca®" entry
through NMDA channels at developing synapses thereby facili-
tating long-term plasticity of synaptic responses and/or promote
the establishment and stabilization of thalamocortical circuitry
(Constantine-Paton and Cline, 1998; Crair, 1999; Cull-Candy et
al., 2001).

NR2B synaptic loss and developmental plasticity

A switch in the subunit expression of NMDAR:s at synapses has
been suggested as a mechanism for establishing the timing of the
critical period for developmental plasticity. Not only are the bio-
physical changes in NMDAR function that occur during devel-
opment temporally linked to critical periods, but there is a po-
tentially dramatic change in Ca*™ signaling brought about by the
faster kinetics, and intracellular Ca>* levels are critical for plas-
ticity (Feldman and Knudsen, 1998). Despite this, no direct link
between changes in NMDAR properties and plasticity has been
established, and in fact, mice devoid of NR2A have normal criti-
cal period timing, raising doubt as to the validity of this argument
(Lu et al., 2001). Given that the mechanism of synaptic expres-
sion for NR2A and NR2B could be different (see above), the
timing of the critical development period may depend on one and
not the other. This fits well with the recent observation that two
opposing forms of synaptic plasticity, long-term potentiation
and long-term depression, are differentially mediated by NR2A
and 2B, respectively, in the hippocampus (Liu et al., 2004). In this
regard, it is interesting to note that while NR2A synaptic insertion
continues beyond the end of the critical period (P2-P7, mouse
somatosensory cortex) (Crair and Malenka, 1995; Lu etal., 2001),
the onset of NR2B removal from synapses coincides with the
close of the critical period (Figs. 4], 5] ). A similar coincidence was
recently reported in ferret visual cortex (Erisir and Harris, 2003),
raising the possibility that the loss of a critical mass of NR2B at
synapses triggers the close of the critical period. Because trans-
genic knock-out of NR2B is lethal (Kutsuwada et al., 1996), it will
be interesting to see whether conditional NR2B knock-out ani-
mals, with restrictive loss of NR2B to cerebral cortex and/or thal-
amus, have disrupted critical period timing.
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