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IN VIVO BLOCKADE OF N-METHYL--ASPARTATE RECEPTORS
INDUCES RAPID TRAFFICKING OF NR2B SUBUNITS AWAY FROM
SYNAPSES AND OUT OF SPINES AND TERMINALS IN ADULT
CORTEX
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Abstract

We investigated the role of in vivo synaptic activity upon trafficking of the N-methyl-o-aspartate
(NMDA) receptor subunit, NR2B, at mature synapses by electron microscopic
immunocytochemistry. In vivo blockade of NMDA receptors was achieved by applying the NMDA
receptor antagonist, o-2-amino-5-phosphonovalerate (o-APV), onto the cortical surface of one
hemisphere of anesthetized adult rats. Inactive .-2-amino-5-phosphonovalerate (.--APV) was applied
to the contralateral hemisphere for within-animal control and to assess basal level of NR2B subunits
at synapses. Within 30 min of o-APV treatment, we observed a decrease in the number of layer | axo-
spinous asymmetric synapses that are positively immuno-labeled for the NR2B subunits. This
decrease was paralleled by reductions in the absolute number of immuno-gold particles found at
these synapses. The decrease of NR2B labeling was detectable in all five animals examined.
Significant reductions were seen not only at post-synaptic densities, but also within the cytoplasm
of spines and axon terminals. The data demonstrate that blockade of NMDA receptors induces
trafficking of NR2B subunits out of synaptic membranes, spines, and terminals. This is in sharp
contrast to a previous observation that NR2A subunits move into spines and axon terminals following
in vivo blockade with o-APV. These findings point to yet unknown, NMDA receptor activity-
dependent mechanisms that separately regulate the localization of NR2A and NR2B subunits at
synapses.
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The N-methyl-o-aspartate (NMDA) subtype of glutamate receptor plays an important role in
experience-dependent plasticity. Calcium influx through this receptor can trigger a variety of
downstream biochemical reactions, contributing to plasticity (Mori and Mishina, 1995; Kind
and Neumann, 2001) and excitotoxicity (Lynch and Guttmann, 2002). One of many
consequences of NMDA receptor activation is altered trafficking of proteins to and from the
activated synapses. For example, long-term potentiation, in which the electrophysiological
response to an input is augmented, is in part produced by NMDA receptor-dependent up-
regulation of synaptic a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (see
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review Malenka and Nicoll, 1999). In vitro and fewer in vivo preparations have been used to
demonstrate that NMDA receptors, too, are removed from or inserted into synaptic membrane
(Rao and Craig, 1997; Liao et al., 1999; Quinlan et al., 1999; Heynen et al., 2000; Barria and
Malinow, 2002; Grosshans et al., 2002; Tovar and Westbrook, 2002). However, since nearly
all of these studies have used neonatal tissues, whether or not such dynamic properties of
NMDA receptor subunits persist at mature synapses, in vivo, is a topic that remains relatively
unexplored.

Among the NMDA receptor subunits, the NR1 is necessary for NMDA receptor function, but
the NR2 subunits may be relatively more central in determining NMDA receptor localization
(Mori et al., 1998; Steigerwald et al., 2000; Mohrmann et al., 2002) because their C-termini
are longer and permit interaction with postsynaptic density (PSD) scaffolding proteins, such
as PSD-95 (Niethammer et al., 1996; Bassand et al., 1999; Sheng and Pak, 2000). Among the
NR2 subunits, the NR2A and NR2B subtypes are the most prevalent in the cerebral cortex
(Watanabe et al., 1992), and of the two, the NR2B subunits are shown to be particularly
influential in learning and memory (Tang et al., 1999; Tang and Schuman, 2002) as they
prolong NMDA receptor currents, thus allowing greater Ca influx (Mori and Mishina, 1995;
Dingledine et al., 1999). Further, Roche et al. (2001) have shown that the C-terminus of NR2B
subunit is sufficient for rapid internalization of the NMDA receptor.

The present study focused on activity-dependent trafficking of endogenous NR2B subunits in
adult rat cortex. We applied a competitive NMDA receptor antagonist, o-2-amino-5-
phosphonovalerate (o-APV), onto one hemisphere of intact anesthetized, adult rat cortices. For
each animal, the contralateral hemisphere served as a control and was treated with inactive .-
APV. Inter-hemispheric differences in the presence of NR2B subunits at presynaptic,
postsynaptic, and non-synaptic sites were detected using colloidal gold as the label for electron-
microscopic immunocytochemistry (EM-ICC).

EXPERIMENTAL PROCEDURES

Surgery and drug treatment

NMDA receptor activity at intact mature synapses of adult cortices was blocked by topical
application of an NMDA receptor antagonist, .-APV, over the cortex while maintaining the
animal anesthetized. Six adult Sprague—-Dawley rats (#9, #10, #11, #12, #52699-1, #52699-2;
five males and one female), weighing 220 g—390 g were used (Hilltop, PA, USA). All rats were
anesthetized with Nembutal (Abbott Laboratories, IL, USA; 25 mg/kg; i.p.). For rats #9—#12,
the anesthesia was followed by an injection of atropine (Elkins-Sinn, Inc., NJ, USA; 0.08 mg/
kg; intramuscular) to minimize respiratory complications. A stereotaxic apparatus was used to
stabilize the animal’s head during neurosurgery. Once the skull was exposed and cleaned,
relatively large holes (1 mm radius) were drilled at the following stereotaxic coordinates, AP:
—1 mm, ML: £2 mm, targeting the somatosensory cortex. The exposed dura mater was
punctured using a 26-gauge needle tip. A small piece of sterile gel foam (approximately 1
mmx3mm) was saturated with 5 mM o-APV (Sigma, OR). The solvent was artificial
cerebrospinal fluid (115 mM NacCl, 3.3 mM KCI, 1 mM MgSQy, 2 mM CaClsy, 25.5 mM
NaHCO3, 1.2 mM NaH,POy4, 5 mM lactic acid, and 25 mM glucose, equilibrated with 95%
0,-5% CO,) for animals #9—#12 and sterile saline (B. Braun Med Inc., CA, USA) for animals
#52699-1 and #52699-2. The drug-soaked gel foam (Pharmacia & Upjohn Co., MI, USA) was
placed directly over the punctured dura. For animals #9—#12, the contralateral cortex was
treated identically, but with the inactive enantiomer, .-APV (Sigma Chem, OR, USA). The
control hemispheres of animals #52699-1 and #52699-2 received sterile saline alone. The
hemisphere treated with o-APV was counterbalanced across the animals. The drug application
lasted for 30 min for animals #9—#12, 1 h for #52699-1, and 2 h for #52699-2. These
methodological details are summarized in Table 1. One animal, #10, suffered respiratory arrest
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during the surgery, and was not included in tissue processing or data analysis. The drug
application period was terminated by perfusing the animals transcardially first with heparinized
saline (heparin; ESI Pharmaceuticals, NY, USA), then with a fixative consisting of 4%
paraformaldehyde mixed with 1% glutaraldehyde (Electron Microscopic Sciences, PA, USA).
All other chemicals listed here and in other sections of the Procedure were purchased from
Sigma Chem (OR, USA) unless otherwise noted. All surgical procedures were in accordance
with the National Institutes of Health Guide for the Care and Use of Experimental Animals
and were approved by the NYU Animal Care and Use Committee. Consideration was made in
the experimental design to minimize discomfort or suffering to the animals and of the number
used.

Preparation of tissue for ICC detection of NR2B subunits

The brain was dissected out of the skull. The region underlying the drilled skull and duratomy
was first cut into 3-4 mm coronal blocks with a razor blade. Then the ventral portion of the
left hemisphere was cut off to mark the left side. The blocks were cut into 40 pum-thick coronal
sections using a vibratome. Aldehyde-fixation was terminated with 1% sodium borohydride
in 0.1 M phosphate buffer (PB), pH 7.4. After rinsing in PB, the free-floating sections were
stored at 4 °C in a buffer consisting of 0.01 M PB with 0.9% sodium chloride and 0.05% sodium
azide.

In preparation for immunogold labeling, the vibratome sections underwent osmium-free
processing (Phend et al., 1995; Aoki et al., 2001) to preserve both antigenicity and
ultrastructure. The vibratome sections were incubated in a series of solutions interleaved by
washes in 0.1 M maleate buffer (pH 6.0). All solutions were dissolved in maleate buffer, and
the procedures were done on ice. The incubations were 40 min in 1% tannic acid (EM Sciences,
PA, USA), 40 min in 1% uranyl acetate (EM Sciences, PA, USA), then 20 min in 0.5% iridium
tetrabromide (Alfa Aesar, MA, USA). Still on ice, the sections were washed in 50% ethanol
and then 70% ethanol. They were incubated for 2 days at 4 °C in 1% uranyl acetate dissolved
in 70% ethanol. Then at room temperature, the sections were dehydrated sequentially in 70%,
90% and 100% ethanol and then in 100% acetone. The sections from animals #9-#12 were
infiltrated with Epon (EM Sciences, PA, USA), while those from the other animals were
incubated in Epon-Spurr (EM Sciences, PA, USA) overnight (see Table 1). The treated brain
area for each animal was capsule-embedded in Epon or Epon-Spurr, flat embedded and then
ultra-thin sectioned at a thickness of approximately 80 nm. The ultra-thin sections spanned the
supragranular and granular layers of cortex.

Immunocytochemical detection of NR2B by the post-embedding colloidal gold labeling
(PEG) procedure

To minimize experimental errors, the grids with tissues from the »-APV treated and control
regions were immuno-labeled simultaneously. All incubations were performed at room
temperature. Formvar-coated grids holding the ultra-thin sections were rinsed in 0.05 M Tris
buffer containing 0.9% NaCl and 0.1% Triton X-100 (TBST, pH 7.4). The grids were then
incubated overnight in droplets containing the primary antibody, rabbit anti-NR2B-antiserum
(Upstate, NY, USA), prepared at a concentration of 10 pug/ml using TBST at pH 7.4. After
rinsing in TBST (pH 7.4), the grids were then incubated for 3 h in goat anti-rabbit 1gG antibody
conjugated to 15 nm colloidal gold particles (Ted Pella, Inc.; Redding, CA, USA). This
secondary antibody was diluted 1:40 using TBST, pH 8.2. The ultra-thin sections were post-
fixed for 15 min using 1% glutaraldehyde. The grids were counter-stained with Reynold’s lead
citrate (EM Sciences, PA, USA) for 20 s. After drying, the grids were examined under the
electron microscope (EM; JEOL 1200XL, Tokyo, Japan).
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Data sampling

Rationale for sampling synapses from layer I—Initially, we sampled 50 synapses from
each of layers | and I1/111 in both the control and experimental hemispheres of animal #9.
Analysis of these synapses (described in detail below) revealed that in layer I, there were
hemispheric differences in the amount of immunolabeling at synapses. In contrast, synaptic
labeling in layer 11/111 of the o-APV-treated region was not significantly different from that in
the contralateral control neuropil, suggesting that o-APV solution might not have diffused into
layer I1/111 within 30 min. For all animals thereafter, data were collected exclusively from layer
l.

Identification of sampling areain layer [—Layer | was easily identifiable as the synaptic
neuropil underneath the pial surface that is devoid of neuronal cell bodies or apical dendrites.
Pia mater was recognized by its smooth, continuous glial lining and its juxtaposition to
embedding material. The presence of large neuronal somata denoted the upper limit of layer
I1. We examined the immunolabeling in regions of layer | that departed from pia by at least 5
pm. Tissue near the punctured dura mater showed swollen mitochondria. We avoided these
regions, but otherwise stayed as close as possible to the duratomy site. Images of this sampling
area were digitally or photographically captured at a magnification of 25,000x.

Criteria used to identify asymmetric synapses—Using the captured micrographs at
25,000x magnification, 100 asymmetric axo-spinous synapses were counted in each
hemisphere of each animal. Asymmetric synapses were presumed to be excitatory, and thus
glutamatergic (DeFelipe et al., 1988; Aoki et al., 1994; Kharazia and Weinberg, 1999). An
asymmetric synapse was identified as such using the following criteria: presence of parallel-
aligned plasma membranes, denoting the synaptic cleft; the presence of vesicles, indicating
that the juxtaposed profile was presynaptic; and the presence of electron-densities without
vesicles, denoting the postsynaptic membrane. Whenever PSDs and vesicles could be identified
together, visualization of the cleft was deemed unnecessary for identification of synapses.

Synaptic sampling procedure—Layer | neuropil was sampled by making systematic
sweeps within the squared area bordered by the thin bars of the grids. In this way, 10 groups
of 10 synapses were sampled in the order of appearance. This procedure was followed to assure
unbiased sampling for statistical analyses and for detecting any trend in immunolabeling that
varied as a function of distance from duratomy site. Synapse and subsequent gold-particle
counts were conducted in a blinded manner.

Data analysis

Quantification of synapse density—We assessed whether »-APV treatment caused
changes in synapse density. To this end, we used all micrographs collected for analysis of
synaptic NR2B immunolabeling. Each micrograph captured 26.60 um of layer I neuropil.
Approximately 20 micrographs were available from each analyzed hemisphere. Using this set,
we determined synapse density within experimental and control hemispheres by counting the
number of synapses found in each micrograph. From these counts, we calculated the mean
value of synapses per unit area, with the unit area set to 26.60 pum.

Quantification of NR2B labeling, using synapses as the unit for counting—We
wanted to examine primarily the changes in the distribution of synaptic NR2B subunits due to
treatment with o-APV. The active zone of a synapse could be subdivided into three mutually
exclusive areas: presynaptic membrane, synaptic cleft, and PSD. However, the pool of 100
synapses contained some that were “tilted” with no visible synaptic cleft. In such synapse, the
gold particles at PSD and at presynaptic membrane cannot be clearly discriminated. Therefore,
a synapse with immunolabeling at the active zone was categorized as a synapse labeled
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anywhere “within pre- and postsynaptic area” (Fig. 1A). Separately, we also recounted the
number of synapses with one or more gold particle anywhere “within terminals” but away from
synapses, anywhere “near PSDs” but not at PSDs, anywhere “within spines” but away from
synapses, and finally anywhere “within total synaptic area” (Fig. 1A). “Near” was defined as
residing within the width equivalent to the thickness of one PSD. One synapse could be counted
several times if it contained gold particles in more than one of these areas. Thus, for each group
of 10 synapses, the maximum possible count within each category was 10.

Consequently, we wanted to separately analyze pre- and postsynaptic sides. In light of that, we
eliminated the “tilted” synapses from the pool, in which the synaptic clefts were not clearly
discernable. For these “non-tilted” synapses, we could determine the specific position of
synaptic gold particles: “at/near presynaptic membranes,” “at clefts” or “at PSDs” (see Fig.
1B). At least five groups of 10 synapses were obtained from each hemisphere. Synapses were
counted into one or more of the following categories according to the position of immunogold
particles with respect to the synaptic cleft. The mutually exclusive categories were (see Fig.
1B): synapses labeled anywhere “within terminals,” “at/near the presynaptic membranes,” “at
clefts,” “at PSDs,” “near PSDs,” and anywhere “within spines.” Progressively inclusive
categories were as follows: “within postsynaptic area” included synapses with one or more
gold “at clefts” or “at PSDs”; “within pre- and postsynaptic area” included synapses with one
or more gold “at clefts,” “at PSDs,” or “at/near presynaptic membranes”; lastly “within total
synaptic area” included synapses with one or more gold anywhere within the profile.

Quantification of NR2B labeling, using gold particles as the unit for counting—
Furthermore, we counted the absolute number of gold particles found for every group of 10
synapses (n = 10 for each hemisphere of each animal). The particles found in each of the
following regions were counted separately (see Fig. 1A): “within terminals,” “within pre- and
postsynaptic area,” “near PSDs,” and “within spines.” In addition, all gold particles found
within the synaptic profile were tallied together in an inclusive category, “within total synaptic
area.”

For the select pool of “non-tilted” synapses only, the gold particles were categorized according
to more specific positions (see Fig. 1B). We used the same mutually exclusive categories as
we did for labeled synapse counts: “within terminals,” “at/near presynaptic membranes,” “at
clefts,” “at PSDs,” “near PSDs,” and “within spines.” The inclusive category of “within
postsynaptic area” was calculated as the sum of gold counts in the “at cleft” and “at PSD”
categories. The values in the “within pre- and postsynaptic area” category were calculated by
taking the sum of gold counts in the “postsynaptic” and “at/near presynaptic membranes”
categories. “Within total synaptic area” category represented all gold particles found in all
areas of the synaptic profile.

Statistical analysis of the intra-animal difference in synaptic NR2B
immunolabeling—Inall analyses, average number of synapse or gold counts for every group
of 10 synapses, and their S.E.M., were calculated. In order to determine the significance of o-
APV-induced changes in synaptic NR2B distribution, we used a two-tailed Student’s t-test
assuming unequal variances, identifying within-animal interhemispheric differences. The
significance level was set at P<0.05.

Analysis of synaptic and non-synaptic NR2B labeling—A subset of micrographs used
for NR2B labeling analysis was also used to assess whether the o-APV application caused

changes in the overall antigenicity of NR2B subunits. The minimum number of micrographs
used was nine per hemisphere per animal. All gold particles, present anywhere in the neuropil,
were counted, and the average number of particles per unit area (26.60 um) was calculated for
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treated and control neuropil. The two-tailed Student’s t-test” was used to assess significance
of differences.

RESULTS

Minimal ultrastructural changes induced by »-APV infusion

The cortex beneath the craniotomy site was indented slightly. The dents were present on both
experimental and control hemispheres. Light microscopic inspection of Nissl-stained sections
of these regions showed compressed cell bodies but there were no noticeably unhealthy cells,
blood clots, or tissue tearing. Using the EM, at a magnification of 25,000%, we observed zones
of neuropil containing swollen dendrites and mitochondria immediately adjacent to the
duratomy site (ca 100 um). We collected data from regions that were as close as possible to
the duratomy site and yet free of such signatures of metabolic stress.

In four out of five animals analyzed, the total area of layer | required to encounter 100 synapses
was slightly less for the o-APV-treated region, indicating a slight increase in the areal density
of synapses (Fig. 2). In only one animal (#52699-2) was this difference statistically significant
(two-tailed t-test, P<0.05). For quantification of changes in NR2B labeling, analyses were
normalized to the number of synapses encountered rather than the area surveyed, so that the
measurement would be independent of spine density changes.

Analysis of NR2B immunolabeling in layer |

All detailed counts and analysis of NR2B immunolabeling was conducted within layer I. It has
been shown that layer | contains more synapses with NMDA receptors than deeper layers
(Aoki et al., 1994); therefore, we predicted that a great amount of synapses would be affected
by the o-APV application in this layer. Earlier published work (Aoki et al., 2003) showed that,
indeed, the effect of o-APV upon NR2A subunits is restricted to layer I during the first 2 h of
surface application of the drug. Pilot studies revealed that o--APV-induced changes in NR2B
distribution also were restricted to the upper-most layer (Figs. 2, 4 and 5). We interpret this
result as the inability of o-APV to diffuse into deeper layers within the treatment duration (30—
120 min.). Due to the high concentration of NMDA-receptor containing profiles in layer I, it
is possible that synapses in this layer are highly responsive to o-APV application when
compared with synapses in other layers.

Immuno-gold NR2B labeling was present at synapses, as well as within the cytoplasm of
postsynaptic spine and presynaptic terminal. Fig. 3 contains examples of representative
synapses that we encountered.

Within a region deemed suitable for analysis, systematic sweeps of the neuropil were made
under the EM. From each hemisphere of all five animals, 10 groups of 10 synapses (total of
100 synapses) from Layer | were analyzed in the order encountered so as to maintain unbiased
sampling.

Reduction in the number of NR2B immuno-labeled synapses

For each group of 10 synapses, we allocated the synapses into one or more of following
categories (Fig. 1a): having one or more gold particles anywhere “within terminals,” “near
PSDs,” “within spines,” “within pre- and postsynaptic area,” and also having one or more
particles anywhere “within total synaptic area” (Table 2). For all of the animals analyzed
(n=5), the o-APV treated hemisphere showed less synaptic profiles with gold particles when
compared with the .-APV treated side (Fig. 4; column E in Table 2). In three animals, the
difference reached statistical significance (two-tailed t-test; P<0.05).
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Similar reduction was seen in the number of synapses with gold particles “within pre- and
postsynaptic area” (column D in Table 2). These results show that o-APV application induced
a decrease in NR2B immunolabeling at and surrounding the synaptic cleft. Robust reduction
was also seen in the number of synapses with gold particles “within terminals” and “within
spines” but clearly removed from the active zone (columns A and C in Table 2 respectively).
The smallest change in the NR2B labeling occurred near PSDs (column B in Table 2). This
analysis showed that o-APV treatment induces a reduction in NR2B-subunit labeling in most
areas of the synaptic profile. A substantial portion of synapses were no longer immunoreactive
for NR2B subunits, even when tallied using the most inclusive criterion: one gold particle at
or near the synapse (Fig. 4, column E in Table 2).

Reduction in the number of synaptic immuno-gold particles

The absolute number of gold particles found within the synaptic profile was recorded for each
of 100 synapses (Table 3). The categories were the same as those for synapse count: “within
terminals,” “near PSDs,” “within spines,” “within pre- and postsynaptic area,” and finally
‘within total synaptic area,” which is a sum of all gold particles within the synaptic profile (Fig.
1A). This procedure of quantification again revealed a marked reduction of NR2B
immunolabeling following o-APV treatment (Fig. 5; also column E in Table 3). Three out of
five animals showed a statistically significant overall decrease associated with o-APV treatment
(Fig. 5), and the P-value for the other animal (#11) was 0.066.

7«

Less but consistent reduction was seen in the number of gold particles “within pre- and
postsynaptic area” (column D in Table 3). The trend is also very clear “within terminals” and
“within spines” (columns A and C in Table 3). As with synaptic counts, the results showed
that there is an overall reduction in immunolabeling not just in the active zones but also within
cytoplasm of spine heads and axon terminals.

Analysis of immuno-labeled “non-tilted” synapses

The pool of 100 synapses analyzed above included those that were sectioned at an angle not
orthogonal to the plane of the cleft; i.e. “tilted.” As a result, their synaptic clefts were not clearly
visible. Analysis above revealed that there is strong reduction in immunolabeling residing at
synapse. In order to discriminate changes in the presynaptic versus postsynaptic sides of the
cleft, we further analyzed a subset of synapses for which the synaptic clefts were clearly visible.
From this select pool, immunolabeling could be grouped into more specific categories (Fig.
1B). This way, we could determine if the reduction in NR2B labeling occurred presynaptically,
postsynaptically, or both. The number of labeled synapse and gold particles were counted and
analyzed again in this new group of synapses.

Immuno-labeled synapses were counted as belonging to one of the following six mutually
exclusive categories, distinguished by the position of the colloidal gold (Fig. 1B): “within
terminals” but away from synapse, “at/near presynaptic membrane,” “at clefts,” “at PSDs,”
“near PSDs,” and “within spines” but away from synapse. In addition, tallying was done using
three progressively inclusive categories (Fig. 1b): synapses with labeling anywhere “within
postsynaptic area,” anywhere “within pre- and postsynaptic area” and finally anywhere “within
total synaptic area.”

Fig. 3 shows examples of the mutually exclusive counting categories. The bottom synapse in
panel A had gold particles within the terminal, within the spine, and at the PSD. Such a synapse
would be tallied in three of the six mutually exclusive categories, i.e. “within terminals,”
“within spines,” “at PSDs,” and also in all three of the inclusive categories. In this manner, we
tallied the number of these labeled “non-tilted” synapses (Table 4).
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Strong reductions were seen postsynaptically (column G in Table 4). Although in only one
animal (#12) were the differences significant, there was a consistent decrease across animals
in the number of synapses immuno-labeled “at clefts” and “at PSDs” (columns C and D in
Table 4). The reduction of synapses labeled “at/near presynaptic membranes” occurred to a
lesser degree (column B in Table 4). When presynaptic and postsynaptic changes were pooled
together, however, the reduction was very robust, with three animals reaching statistical
significance (column H in Table 4).

Analysis of immuno-gold particles in “non-tilted” synapses

Gold count and analysis were also conducted in the pool of “non-tilted” synapses (Table 5).
The mutually exclusive categories were the same was ones used in the synapse counts. The
progressively inclusive categories were calculated as the sum of gold particles present in
corresponding areas of the synaptic profile (Fig. 1B).

When analyzing with gold particles as the unit for counting, we saw stronger reduction
presynaptically than postsynaptically. In two animals (#12 and #52699-1), there was significant
decrease in gold particles “at/near presynaptic membrane” (column B in Table 5). The
reduction of gold counts “at clefts” and “at PSDs” were modest, but it was very consistent
across animals (columns C and D in Table 5).

Combined outcomes of all analyses indicate that o-APV treatment induced strong and
consistent reduction in the NR2B immunolabeling at pre- and postsynaptic active zones of
synapses as well as in the cytoplasm of spines and terminals.

Variability among animals

We observed great variability among animals. For animal #12, the decreases were significant
both in the number of immuno-positive synapses and in the number of gold particles under
most of the categories (Tables 2-5). On the other hand, for animal #11, there were small,
insignificant reductions in all of the subcategories. In some animals, NMDA receptor blockade
caused an increase in the level of NR2B labeling, but these changes were statistically
insignificant (for example, categories “at/near presynaptic membranes” and “at PSDs” of
animal #11, columns B and D in Tables 4 and 5). Although inter-animal variability was
prominent, the most consistent result overall was that o-APV treatment caused reductions in
synaptic subunit labeling for NR2B subunits.

Changes in overall immunoreactivity for NR2B subunits

Toseeif reduction in synaptic NR2B labeling was due to reduction in overall immunoreactivity
for NR2B subunit after o-APV treatment, we quantified immuno-gold density over the entire
neuropil without differentiating synaptic from non-synaptic regions following the standard
PEG procedure. Hemispheric comparison of these data revealed that there were differences in
total immunoreactivity between the o-APV treated and control regions. However, in contrast
to the synaptic immunoreactivity, the inter-hemispheric difference in total immunoreactivity
was much more variable, for some increasing, while for others decreasing within the o.-APV
treated neuropil (see Fig. 6). This outcome indicated that labeling at non-synaptic portions of
neuropil followed a mechanism distinct from that regulating synaptic NR2B localization.

Background immunolabeling

The immunoreactivity for NR2B is relatively low, averaging at about 2.3 gold particles per
synapse in the control neuropil. We determined the degree of non-specific labeling by analyzing
the grids in which the primary antibody was eliminated from the PEG protocol. In the absence
of the primary antibody, the density of colloidal gold was low, averaging 5.2 particles per
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micrograph, spanning 26.60 pum of neuropil, and containing approximately five synapses. None
of these gold particles were located over synapses.

DISCUSSION

NR2B subunits occur both pre- and post-synaptically

Colloidal gold particles allow relatively precise localization of the antigen (Fig. 3). Gold label
occurred postsynaptically, directly over, or near the PSD complex and also within the
cytoplasm of dendritic spines. These locations agree with results from past ultrastructural
studies (Aoki et al., 1994;Charton et al., 1999;Conti et al., 1999;Kharazia and Weinberg,
1999;Valtschanoff and Weinberg, 2001). In addition, NR2B subunit labeling was prominent
in the cytoplasm and along membranes of presynaptic terminals. This observation is also not
unexpected, since NR2A and NR2B subunits have been seen presynaptically (Charton et al.,
1999;Conti et al., 1999;Valtschanoff and Weinberg, 2001). Moreover, electrophysiological
studies have shown that these presynaptic receptors function as autoreceptors, facilitating
glutamate release (Berretta and Jones, 1996;Woodhall et al., 2001).

0-APV causes trafficking of NR2B subunits away from synapses

The present study showed that 30 min of NMDA receptor blockade induces a reduction in the
synaptic labeling of NR2B subunit in adult rat cortex. This reduction was most consistent at
synaptic portions of neurons. Our interpretation of the reduced synaptic immunoreactivity is
that the NMDA receptor blockade causes net trafficking of NR2B subunits away from the
active zone of synapses and also out of spines and terminals. NR2B subunits are known to be
rapidly internalized in immature neurons (Roche et al., 2001). Activity-dependent trafficking
of synaptic NR2B-containing receptors has been shown anatomically using in vitro fluorescent
preparations (Rao and Craig, 1997), electrophysiologically (Tovar and Westbrook, 2002), and
biochemically (Grosshans et al., 2002). While none of these methods or our EM-ICC have
examined single synapse over time, a decrease consistent across a large population of synapses
supports the idea that there is a mechanism for NR2B subunits to be trafficked out of the o-
APV treated synapses. It is likely that these receptors are endocytosed in clathrin-coated
vesicles (Roche et al., 2001; Carroll and Zukin, 2002). We did not encounter any NR2B-
labeling gold particle associated with a pit. However, it is likely that internalization occurs so
rapidly that it is rarely captured by electron microscopy.

Could o-APV treatment cause an overall reduction in the subunit’s antigenicity? The aldehyde-
conjugated drug could potentially interact with the antibodies, since the o-APV binding site
(Nakanishi, 1992; Mori and Mishina, 1995) resides near the antigenic site (Sheng et al.,
1994). However, there are several reasons why we think this interpretation is unlikely. The
immunoreactive and non-immunoreactive synaptic junctions were found within few microns
of one another: it is unlikely that synapses so close to one another would have had different
exposures to o-APV. Such differences in immunoreactivity across synapses are more likely to
arise from differences in the concentration of NR2B subunits. Second, the overall
immunoreactivity of the drug-treated and control neuropil was assessed by counting the number
of immunogold particles per unit area (Fig. 6). This analysis showed that in some animals, o-
APV treated neuropil showed greater overall immunoreactivity while synaptic labeling still
decreased.

An alternate explanation for the reduced NR2B immunolabeling is that the NR2B subunits

were degraded instead of being trafficked out of spines or terminals. This remains a possibility.
If so, receptors may be proteolyzed while still in the synaptic membrane or else are proteolyzed
while being trafficked away from plasma membrane into the cytoplasm. Whether or not rapid
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degradation of NR2B subunits is activity-dependent is an interesting subject that can be
addressed in future studies using biochemical approaches.

NR2B subunit trafficking occurs quickly

Our o-APV treatment was brief (ca. 30 min) compared with other experiments studying the
effects of o-APV on the trafficking of NMDA receptor subunits. These results suggest that
trafficking of NR2B subunits out of spines and terminals is rather fast, allowing for the
concentration of synaptic NR2B subunits to become altered within minutes following changes
in synaptic activity.

After being trafficked out of spines terminals, where might the NR2B subunits go? One
prediction is that a decline of synaptic labeling would be accompanied by a rise of
immunoreactivity within non-synaptic portions of axons and dendrites. In order to test this
hypothesis, one would need to measure the immunoreactivity within dendritic shafts and axons
contiguous with the synapse showing NR2B reduction. Studies are under way to examine
whether a decrease in the amount of NR2B subunits within layer | spines might be accompanied
by elevations of NR2B subunits in other dendritic locations of the same population of neurons.

NR2B and NR2A subunits are regulated differently

Changes in the distribution of NR2B subunits, seen in this study, are in sharp contrast to the
regulation of NR2A subunits. Our laboratory has previously shown that 30-120 min of NMDA
receptor blockade by o-APV causes a significant increase in the number of NR2A subunits at
synaptic sites as well as in spines and terminals (Aoki et al., 2003). The difference in the
outcome of the two studies suggests lack of cross-reactivity of the NR2B and NR2A antibodies.
More significantly, these results suggest that reduced activity of NMDA receptors may shift
the overall distribution of NMDA receptor subunits, favoring greater localization of NR2A
and less of NR2B subunits at synapses. This may cause subtle changes in the physiological
properties of glutamatergic transmission. NR2B-containing receptors have slower receptor
kinetics compared with NR2A-containing receptors (Mori and Mishina, 1995; Dingledine et
al., 1999; Yamakura and Shimoji, 1999). Our findings predict that 30-120 min of NMDA
receptor blockade could cause increases of NR2A-containing receptors, resulting in overall
shortening of NMDA receptor current. Electrophysiological studies are needed to clarify
whether sensitivity to ifenprodil, the antagonist selective for heteromers containing NR2B
subunits, decreases after 30 min of NMDA receptor blockade by o-APV.

There are studies, besides ours, showing that NR2A and NR2B subunits are regulated
differently (Williams et al., 1998; Quinlan et al., 1999; Barria and Malinow, 2002). How might
this subunit-specific trafficking be achieved? The anchoring protein, PSD-95, binds to the
PDZ-binding domain that is common to all NR2 subunits (Niethammer et al., 1996; Sheng,
2001). One possible mechanism for trafficking the NR2A- and NR2B-containing NMDA
receptors in opposite directions is that PSD-95 responds to NMDA receptor blockade with
intramolecular structural changes, leading to an increased affinity of PSD-95 for the NR2A
subunits and decreased affinity for the NR2B subunits. Carroll and Zukin (2002) propose that
phosphorylation of NR2B subunits by PKC disrupts its association with PSD-95, leading to
its internalization. At the same time, Lan et al. (2001a) showed that activating PKC results in
insertion of NR1-NR2A receptors. This phosphorylation step may have been enhanced by o-
APV blockade of NMDA receptors. Furthermore, others have shown that metabotropic
glutamate receptor activation results in trafficking of NR2 subunits (Lan et al., 2001b). Since
o-APV does not prevent endogenous glutamate to bind to metabotropic glutamate receptors,
this receptor may be involved in the phosphorylation-dependent switching of subunits from
NR2B to NR2A subunits at synapses. It will be interesting to learn whether levels of
phosphorylated NR2A and NR2B subunits following blockade of NMDA receptors are altered.
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The experiments reported here are the first to visualize activity-dependent NMDA receptor
regulation at an ultra-structural level of resolution, following short-term in vivo blockade of
NMDA receptors in the adult sensory cortex. Only a few other studies have examined
trafficking of NR2B subunits following NMDA receptor blockade of varying durations. Both
Tovar and Westbrook (2002) and Rao and Craig (1997) demonstrated that inactivation of
NMDA receptors results in an elevation of NMDA receptors at synapses, with no preference
between NR2A- and NR2B-containing receptors. On the other hand, Barria and Malinow
(2002) showed that while NR2A subunits are trafficked into the spine after o-APV treatment,
NR2B subunits are not affected by it. The outcome of our study differs from theirs, in that we
observe different directions of trafficking between NR2A and NR2B subunits. These
differences may be as ascribable to our in vivo versus their in vitro preparations. Moreover,
since they examined young hippocampal synapses in slice or culture while we studied mature
cortical synapses, the set of proteins and mechanisms mediating receptor trafficking may be
different. Yet another difference between their studies and ours is that the NMDA receptor
blockade was greater than 24 h for theirs, but much shorter for ours. As the presence of o-APV
is prolonged, secondary mechanism may start to take effect that reverse the effect we observed
during the first 2 h.

Note that the decrease in immunoreactivity for NR2B subunits seen in our study was small and
confined to spines and terminals. In our hands, these localized changes were not detectable by
light microscopy. It is not surprising that our results differ from the above mentioned and other
physiological findings that may have overlooked the changes in silent synapses (e.g. see ref
Quinlanetal., 1999) or the biochemical measurements that, like our light microscopic analyses,
examines changes that are averaged over larger volumes (Rao and Craig, 1997; Williams et
al., 1998; Grosshans et al., 2002).

In conclusion, the combination of using an in vivo adult model, a pharmacological treatment
confined to layer 1, and the precision afforded by EM makes this study unique. Although the
pharmacological blockade of synaptic NMDA receptors by o-APV is hardly physiological, the
responses evoked by this treatment reveals a rapid subcellular mechanism that can be recruited
in response to varying degrees of synaptic activity. Specifically, our results from probing the
NR2A and NR2B subunits predict that decreased synaptic activity, accompanied by decreased
activation of NMDARS, leads to increases in temporal and spatial fidelity of NMDAR currents.
In the future, we plan to determine whether local application of o-APV affects synapses in layer
I only, or may activate intracellular mechanisms that influence other synapses of the same
neuron residing in layers beyond reach of extracellularly applied »-APV.

Abbreviations

o(L)-APV o(L)-2-amino-5-phosphonovalerate
EM electron microscope
EM-ICC electron microscopic immunocytochemistry
NMDA N-methyl-o-aspartate
phosphate buffer
PEG post-embedding colloidal gold labeling
PSD postsynaptic density
TBST Tris-buffered saline containing Triton X-100
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B. Categorization for “non-tilted” synapses only

Mutually Exclusive
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Within Terminals
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Synaptic Area

(Aand B) Schematic drawing of a synaptic profile shows the exclusive and inclusive categories
used in the analysis. (A) Categories used to group NR2B immunolabeling in 10 groups of 10
synapses from each hemisphere of each animal. Category “within pre- and postsynaptic area”
was used, because this pool contained synapses whose synaptic clefts were not clearly visible.
In these synapses, presynaptic and postsynaptic membranes could not be distinguished. (B)

For the more selective pool of “non-tilted” synapses only, in which synaptic clefts can be
distinctly observed, immunolabeling for NR2B subunit was categorized into one of the

mutually exclusive ultrastructural categories, and one or more of the progressively inclusive

categories.
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Fig. 2.

o-APV-treatment has minimal effect on synapse density. The number of synapses encountered
per unit area (26.60 um? captured in one electron micrograph) was counted for all animals
analyzed. Except where noted (first group of bars), tallies are shown for synapses from layer
I. In four of the five APV-treated regions, there was a slight increase in synapse density when
compared with the contralateral control side. Only in one animal (#52699-2) was this difference
significant, as indicated with a star (two-tailed t-test; P<0.05). Error bars denote S.E.M.
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Fig. 3.

Electron microscopy reveals a variety of perisynaptic localizations for NR2B subunits. Images
of NR2B-labeled neuropil were taken from layer | of adult somatosensory cortex. Presynaptic
terminals are identified by the presence of vesicles. Bold arrows point to postsynaptic densities
(PSDs) of spines. The 15 nm gold particles label NR2B subunits. (A) Animal #12, control
region. This micrograph captured atilted, en face plane of PSD (top arrow) along which clusters
of gold particles are visible. These gold particles were categorized as “within pre- and
postsynaptic area” since we cannot discern whether they are presynaptic or postsynaptic
labeling. Synapses such as this top one were eliminated in later analysis that sought to
differentiate changes in NR2B immunolabeling in presynaptic and postsynaptic area. (B)
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Animal #52699-1, control region. Usually, synapses are observed as profiles with clearly
visible synaptic clefts, such as the ones seen in this micrograph. Gold particles “at PSDs” are
seen clearly. (C) Animal 12, o-APV region. The “near PSDs” category was defined as
comprising those particles residing not on top of a PSD, but within the distance equal to the
width of that PSD. NR2B subunit labeling was also found “within spines” and “within
terminals” (see panel A for more examples). In addition, particles are present directly above
the presynaptic membrane (“at/near presynaptic membranes”). (D) Animal #52699-2, o-APV
region. In this micrograph, the spine appears contiguous with the dendritic shaft, contains a
prominent spine apparatus, and exhibits a PSD darkening. Particles “at clefts” may be on the
presynaptic or postsynaptic side, but for the analysis, labeling “at clefts” (a mutually exclusive
category) was included, together with “at PSDs” category, in an inclusive “within postsynaptic
area” category. Scale bar=200 nm for all panels.
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Fig. 4.

APV-treated neuropil exhibits reduction of NR2B-immunoreactive spines and terminals in
layer 1. For every 10 synapses encountered, the number of synapses with at least one gold
particle in the spine and/or the terminal was tallied. Except where noted (first group of bars),
tallies are shown for synapses from layer 1. Consistently across all animals, there were fewer
synapses labeled for NR2B subunits in the o-APV treated neuropil compared with the control
tissue from the contralateral hemisphere. In three animals, this reduction in immunoreactive
synaptic profiles reached statistical significance, as indicated using stars (two-tailed t-test;
P<0.05). Error bars denote S.E.M. These values are represented in column E of Table 2.
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Fig. 5.

APV-treated neuropil shows reduction of NR2B subunit labeling at synapses. For every 10
synapses, the total number of gold particles found in spines and/or terminals was counted.
Except where noted (first group of bars), tallies are shown for synapses from layer I. For all
five animals, layer | of the drug-treated tissue exhibited a marked reduction in the number of
gold particles. The difference was significant in four of the animals, as indicated with a star
(two-tailed t-test; P<0.05). Error bars denote S.E.M. These values are represented in column
E of Table 3.
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Fig. 6.

Changes in the overall immunoreactivity for NR2B do not always follow the reduction of
synaptic NR2B labeling. The percent change in NR2B labeling in layer | after o-APV treatment
at synaptic portions only (light gray) and throughout the neuropil (dark gray) are compared. In
two animals (#9 and #52699-2), synaptic labeling decreased despite increases in non-synaptic
immunoreactivity.
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Summary of experimental procedures

Table 1

Animal Right hemisphere  Left hemisphere Duration Embedding material
#9 5mM L-APV 5mM D-APV 30 min Epon

#10™ 5mM D-APV 5mM L-APV 30 min Epon

#11 5mM L-APV 5mM D-APV 30 min Epon

#12 5mM D-APV 5mM L-APV 30 min Epon

#52699-1  Sterile saline 5mM D-APV 1h Epon-Spurr
#52699-2  Sterile saline 5mM D-APV 2h Epon-Spurr

*
Data from this animal were not analyzed due to respiratory arrest during the surgery.
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