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Abstract

Past in vitro studies have used immunofluorescence to show increased clustering of the NR1 subunits of NMDA receptors (NMDAR)
following NMDAR blockade, indicating that NMDARs self-regulate trafficking to and from spines. However, since a substantial portion
of spinous NMDAR subunits can reside at sites removed from plasma membranes, whether or not these immunofluorescent clusters are
synaptic remains to be shown. Also, the NR2A/B subunits undergo activity-dependent switching at synapses, indicating that their
subcellular distribution may be regulated differently from the NR1 subunits. We examined the issue of NMDAR autoregulation by
determining whether in vivo NMDAR blockade enhances trafficking of the NR2A subunits toward spines and more specifically to
postsynaptic densities (PSDs) of already mature synapses. Seven adult rats received unilateral intra-cortical infusion of the NMDAR
antagonist,D-AP5 for 1/2–2 h and the inactive enantiomer or the solvent, alone, in the contralateral cortex. Using an electron microscope,
|5600 cortical spines originating from the two hemispheres of the seven adult animals were analyzed for the location of NR2A subunits.
In six out of the seven cases analyzed, theD-AP5-treated neuropil exhibited increased immunolabeling at PSDs and a concomitantly great
increase at non-synaptic sites within spines. NR2A subunits also increased presynaptically within 1/2 h but not after 1 h. These findings
indicate that NR2A subunits in intact, adult cortical neurons are prompted to become trafficked into spines and axon terminals by
NMDAR inactivity, yielding an increase of a readily available reserve pool and greater localization at both sides of synapses.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction knowledge about the mechanisms linking sensory ex-
perience to modified cortical circuits will require under-

NMDA receptor (NMDAR) activation is a key step standing of the NMDAR activity-dependent trafficking of
linking sensory experience to maturation and strengthening glutamatergic receptor subunits to and from synapses.
of glutamatergic synapses. Such synaptic changes modify The cellular mechanisms underlying glutamate receptor
receptive field properties of individual cortical neurons and clustering at synapses have been elucidated using disso-
cortical maps to reflect sensory experiences [23,26]. ciated neonatal neurons. Here, the pharmacological bloc-
Synaptic strength is determined by intracellular mecha- kade of NMDAR causes a large increase in the density of
nisms that jointly regulate transmitter release and post- NR1-immunoreactive fluorescent clusters along dendrites
synaptic concentration of receptors [38,48]. Ultimately, while blockade of AMPA-type receptors (AMPAR) leads to

increases of AMPAR subunits without changes in
NMDARs [36,37,46]. These clusters are assumed to be*Corresponding author. Tel.:11-212-998-3929; fax:11-212-995-
synaptic, based on their proximity to the presynaptic4011.

E-mail address: chiye@cns.nyu.edu(C. Aoki). marker, synaptophysin. On the other hand, NR1-immuno-
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reactive fluorescent clusters are observed within dendritic minimize background immunolabeling arising from silver
shafts as well, i.e. prior to their trafficking towards axo- enhancement of endogenous metals [52].
spinous excitatory synapses [47], indicating that NR1
subunits can form clusters at non-synaptic sites. Moreover,2 .2. Anesthesia
a possibility remains that some NMDARs are synaptic
even if not detectable as immunofluorescent clusters, Rats were anesthetized using Nembutal (50 mg, i.p.).
because they occur at concentrations too low to be Anesthesia was maintained throughout the 30-min to 2-h
detectable. surgical procedure and the perfusion that followed.

Thus, while these elegant immunofluorescent studies
have allowed for direct visualization of NMDAR activity- 2 .3. Drug application
dependent NMDAR-trafficking, they also raise interesting
new questions. One point is that the clustered fluorescence, The drug treatment of each animal is summarized in
presumed to be synaptic, also represents the presence of Table 1. All procedures followed a protocol approved by
receptor subunits in spine cytoplasm. These may be the NYU Animal Care and Use Committee.
reserves that are inserted into synaptic membranes in For animal[51799, intracortical infusion ofD-AP5 was
response to reduced synaptic transmission under a variety achieved by using a stereotaxic apparatus to position the
of physiological states. This idea is prompted by our tip of the Hamilton syringe at the coordinate AP25.0 mm,
previous electron microscopic immunocytochemical ML63.0 mm and V 1.7 mm. The volume infused was 400
studies, in which we noted that the PSD-scaffolding nl, delivered over 5 min. An identical procedure was
protein, PSD-95, and NR1 subunits occur not only at followed to deliver the control solution into the contralater-
synapses but also along non-synaptic membranes within al hemisphere. In six subsequent animals, ID Nos.
spines and dendritic shafts of mature neurons [5,17]. The[52699-1,[52699-2,[1, [7, [8 and[9, D-AP5 was
same and other studies also revealed NMDAR subunits in applied by placing a piece of gelfoam,|1 mm31–3 mm
axon terminals [1–3,12,17] which could participate in and saturated with the drug, gently over the sensory area of
activity-dependent regulation of neurotransmitter release cortex. The area to be superfused in this way was exposed
[6,8–10,13,20] and axon sprouting [15]. using a dental drill to remove a small portion of the skull,

Another question is whether the activity-dependent then using a 26-gauge hypodermic needle to pierce the
NMDAR trafficking into spines is a mechanism reserved dura mater. Care was taken to avoid nicking blood vessels
for neonatal neurons undergoing synaptogenesis, or is also or touching the cortical surface directly with the needle.
triggered within adult neurons of intact tissue, even though Again, the contralateral hemisphere was treated identically,
these already possess stable, mature synaptic sites for except that the gelfoam piece was saturated with the
anchoring NMDAR subunits. This question is particularly control solution.
pertinent for the NR2A subunits, shown during develop- Animals[52699-1 and[52699-2 were treated with
ment to confer adult phenotypes of NMDAR currents in D-AP5 for 2- and 1-h, respectively. All others were treated
response to experience [34,43]. withD-AP5 for 1/2 h before sacrifice by transcardial

To address these questions, we employed immuno-gold perfusion with fixatives.
as a non-diffusible electron microscopic label to localize For animals[51799,[52699-1 and[52699-2, the data
NR2A subunits of NMDAR precisely at pre-, post- and collection and analyses were performed by an experimen-

¨peri-synaptic sites of intact, mature, cortical neurons. ter who was not naıve to the surgical manipulation. For
NMDAR activity-dependence was determined by assessing animals[52699-1 and[52699-2, the data collection and

¨whether NMDAR blockade increases the relative fre- analyses were re-run by experimenter naıve to the surgical
quency of NR2A-immunopositive synapses. manipulation. For all subsequent cases, i.e. animals[1,

[7, [8, and [9, the hemisphere receivingD-AP5 was
randomized and data collection and statistical analyses

¨2 . Materials and methods were performed by an experimenter naıve to the surgical
manipulations.

2 .1. Drugs
2 .4. Tissue preparation

D-AP5, the NMDAR antagonist, and its inactive enantio-
mer, L-AP5, were purchased from RBI-Sigma. The con- The transcardial perfusion was preceded by i.p. in-
centrations of the drugs were 5 mM, dissolved in sterile jections of DEDTC (Sigma) at a dose of 1 g/kg, to
saline. The solution was prepared within 2 h prior to minimize background labeling arising from silver enhance-
application. ment of endogenous metals [52]. While still anesthetized,

Diethyldithiocarbamic acid (DEDTC) was purchased animals were sacrificed by perfusion with a fixative
from RBI-Sigma. This drug was administered 15 min prior consisting of 4% paraformaldehyde and 1% glutaral-
to sacrifice, while the animal was anesthetized, so as to dehyde. Following perfusion, the brain was excised, pre-
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pared into 3-mm thick coronal blocks using a razor blade, 2 .6. Data analysis
then post-fixed in the same fixative. For each animal, one
hemisphere was marked by hole punches, so as to allow2 .6.1. Sampling area
identification of the left and right sides of free-floating The area for quantitative analysis was judged to be
sections (see below), but randomized with respect to drug suitable for sampling at a magnification less than 30003.
treatment, so as to avoid disclosure of the experimental At this magnification, identification of the layer 1/ layer 2
hemisphere to the experimenter performing tissue process- boundary was possible, using the appearance of pyramidal
ing. The 3-mm thick blocks were sectioned using a neuron somata in layer 2 as the indicator. The surface-most
vibratome set at a thickness of 40mm. Aldehyde-fixation portions of 40-mm vibratome sections also could be
was terminated within 24 h following perfusion by treating visualized by the abrupt transition between neuropil and
vibratome sections with a reducing agent, sodium boro- embedding matrix. An example of such transitions can be
hydride (1%), dissolved in 0.1 M phosphate buffer (pH seen in Fig. 1 (panels A and B, left). Neuropil regions
7.4). These sections were rinsed repeatedly with 0.1 M exhibiting metabolic stress were detectable, based on
phosphate buffer to remove excess sodium borohydride, dendritic shafts that were swollen and vacuous. Such
then stored free-floating for up to 4 months in a buffer portions of the neuropil were not included in the analysis.
consisting of 0.01 M PB (pH 7.4) with 0.9% sodium At the magnification of 30003, individual synapses were
chloride (saline) and 0.05% sodium azide (PBS-azide), at not detectable. This was an important aspect of the
an ambient temperature of 48C. procedure for selecting areas to sample, particularly for the

cases that were not performed blind, because this step
2 .5. Immunocytochemistry assured against biased selection of neuropil regions differ-

ing in density of spinous or axonal labeling prior to
The immunocytochemistry procedure used silver-inten- performing statistical analyses.

sified colloidal gold (SIG) to mark antigenic sites [4,11]. The one animal,[51799, that received AP5 infusion by
The SIG procedure differs from the most commonly used the Hamilton syringe, showed metabolic stress within a
protocols, in that it was designed to amplify antigen distance of 0.2 mm from the cannula shaft and traversing
detection by employing gold-conjugated anti-biotin (GAB1 throughout the depth of cortex. This region was avoided in
from Ted Pella) to recognize biotinylated secondary anti- sampling. Thus, sampling was performed within a range of
bodies [4]. In brief, six to eight sections from each 0.2mm–2 mm from the infusion site of both experimental
hemisphere containing the treated zone of the somato- and control hemispheres. For gelfoam-treated hemispheres,
sensory cortical area were incubated for 30 min in PBS- identification of layer 1 was important, because this region
azide containing 1% bovine serum albumin (BSA; Sigma) was expected to have received maximal exposure to the
to block background staining. Then, the sections were drugs. In general, ultrastructure changes reflecting meta-
incubated in the following sequence, always interleaved by bolic stress was less for the gelfoam-treated hemispheres.
rinses: 3 days at 48C in PBS-BSA-azide containing 10 For this reason, drug application using gelfoam was
mg/ml of rabbit anti-NR2A-antiserum (Upstate); 30 min in favored over the Hamilton syringe. For all cases, portions
biotinylated goat anti-rabbit IgG (Vector), diluted at a of the neuropil containing less than ten silver-intensified

2concentration of 1:200 using PBS-azide; 3-h in goat anti- gold particles (SIGs) per 5mm were not included in the
biotin conjugated to 1-nm colloidal gold particles (GAB1, analysis.
Ted Pella), diluted to 1:200 using PBS-BSA, without The areal density of spines was estimated for each case,
azide; 10 min in PBS containing 2% glutaraldehyde to so as to ascertain whether the drug treatment might have
cross-link antibodies to antigenic sites; 1 min in 0.1 M induced tissue swelling, shrinkage, spinogenesis or spine
citrate buffer (pH 7.4); 12 min in a silver-intensification pruning. Spine density varied between animals and be-
solution, at room temperature (Amersham). The silver- tween hemispheres, but these differences were insignificant
intensification step was terminated by rinsing sections with and not correlated with drug treatments or NR2A immuno-
the citrate buffer. The sections were processed osmium- labeling.
free, using Phend’s published procedure [41], also detailed
in Aoki et al. [4], so as to minimize loss of silver- 2 .6.2. Sampling procedure
intensified gold particles by oxidation. This osmium-free Once a suitable area was chosen, usually contained
procedure uses tannic acid, iridium tetrabromide, and within a square of 400-mesh thin bars of grids (55mm355

2uranyl acetate to preserve membrane and cytoskeletalmm53025 mm ), systematic sweeps were performed to
ultrastructure. After embedding these vibratome sections in collect non-overlapping electron microscopic images at
resin (Embed 812), ultrathin sections from the surfaces of final magnifications ranging from 30,000 to 100,0003.
vibratome sections were prepared at a thickness of 85 nm. These magnifications permitted visualization of an area

2The ultrathin sections were further counterstained for 10– that was at least 6mm and resolution of the presynaptic
30 s using Reynold’s lead citrate and examined using a versus postsynaptic membranes. The initial phase of
JEOL 1200XL electron microscope. analyses was done on-line, i.e. while looking on the
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Fig. 1. Electron micrographs showing NR2A SIG immunolabeling within intact, adult cerebral cortex. The electron micrographs show examples of NR2A
immunolabeling by the SIG procedure at synaptic and peri-synaptic sites. Some of the synapses occurring within the field are labeled by arrowheads that
point to postsynaptic densities (PSD). The neuropil was sampled strictly from the surface of vibratome sections, where the borders between brain tissue and
tissue-free, resin-only zone are evident (to the lower left, in both panels). SIG labeling, generated by the pre-embed procedure, is most abundant within
such zones. In panel A, a cluster of SIG particles occurs near the postsynaptic density (PSD). In the center of panel B, a spine forming a synapse with a
terminal shows NR2A labeling directly at the PSD. The same spine also shows SIG particles that are neither near nor at PSDs (‘in spine’). Additional SIG
particles occur near but not at the PSD. The spine to the lower left shows an SIG particle near but not directly over the perforated PSD. The same field
shows two presynaptic axon terminals with SIG particles within.

electron microscope. The subsequent analyses were done2 .6.3. Identification of synapses, presynaptic axon
off-line, by first capturing the images either photographi- terminals and spines
cally or using a CCD camera (AMT, MA). Since NMDARs subserve excitatory synapses, and these
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are exclusively asymmetric within adult cortex [2], the [52699-2, and was 30 for the subsequent cases. This
localization of NR2A subunits was analyzed in relation to tallying within groups was repeated at least five times (for
asymmetric synapses on spines. Asymmetric axo-spinous animal[51799) and at most 30 times ([52699-1).
synapses were identified using the following criteria [14]: Outcome of this analysis indicated that, for the gelfoam-
(i) presence of synaptic vesicles (at least one) adjacent to a treated cases, the drug effect was not detectably varying
plasma membrane, and at least three more vesicles within within layer 1 and a 1-mm radius from the infusion site.
the same profile, allowing identification of the profile as a Similarly, for the case that received the drug via a
presynaptic terminal; (ii) parallel alignment of the spine Hamilton syringe, NR2A labeling was not detectably
plasma membranes with that of the terminal; (iii) presence varying within the range 200–750mm from the vertically
of the electron-dense postsynaptic density (PSD) opposing oriented injection path. Once this pattern was ascertained,
the terminal. Clear visualization of synaptic cleft was not analysis of neuropil from later cases (animals[1, [7, [8,
considered a necessary criterion. and[9) and the re-analysis of neuropil from animals

[52699-1 and[52699-2, were standardized to ten groups
per hemisphere and the group was standardized to 30

2 .6.4. Categorization of SIG labels
axo-spinous synaptic junctions (i.e. 300 axo-spinous

Each encountered axo-spinous synaptic junction was
synaptic junctions from the experimental hemisphere E in

given an ordinal number, and the sites of SIG particles
Tables 1 and 2 and 300 more axo-spinous synaptic

occurring in their vicinity were categorized as one or more
junctions from the contralateral, control hemisphere (C in

of the following: within the cytoplasm of a presynaptic
Tables 1 and 2). The mean and S.E.M. values of labeled

terminal but not near or at presynaptic membrane; near the
axo-spinous synaptic junctions per group were derived for

presynaptic membrane; precisely at presynaptic membrane;
each hemisphere, using this procedure.

precisely at PSDs within spine; near but not at PSDs
The working hypothesis of the study was that NMDAR

within spine (near PSDs), and within spine but not near or
blockade up-regulates net influx of NMDAR subunits

at PSDs. SIG particles were considered to reflect labeling
towards synapses. Our prediction was that NR2A-immuno-

‘at’ PSDs or synaptic plasma membranes when SIG
labeling of synapses would be greater following a 30-min

particles were found directly overlying these organelles
NMDAR-blockade by the antagonist,D-AP5, compared to

(Fig. 1B). SIG particles were considered to reflect labeling
control conditions, in which NMDAR activation is allowed

‘near’ PSDs or synaptic membranes when they did not
to occur at a basal level. The directional nature of this

touch the organelles but were within a distance equal to the
hypothesis led us to adopt a one-tailed (unpaired)t-test in

thickness of PSDs. Examples of this category are shown in
which we made allowances for unequal group variances.

Fig. 1A,B. Those categorized under the most inclusive
We evaluated allP-values against ana level of 0.05.

category, ‘anywhere within spines’ (Table 1) or ‘anywhere
within axon terminals’ (see Fig. 1B for an example) were
SIG particles that occurred within the membrane-delimited
cytoplasm of spines or terminals and included those that

3 . Results
were not ‘near’ or ‘at’ pre- or postsynaptic plasma
membranes.

3 .1. Light microscopy reveals robust NR2A
immunoreactivity in both experimental and control

2 .7. Statistical analysis and quantification hemispheres

We wanted to determine whether the NR2A-immuno- Somata and apical dendrites were labeled for NR2A
labeling or the drug effect was homogeneous over the area throughout the layers of the sensory cortex. The dis-
sampled. This question was particularly important during tribution of NR2A immunoreactivity detectable by the SIG
the initial phase of the study, since the depth of penetration procedure resembled the cortical distribution pattern re-
of the drug from the infusion site was not known. Starting ported earlier for NR2A by peroxidase-based methods
from the region closest to the drug-infusion site but still [39], indicating successful silver-intensification of 1-nm
clearly out of the metabolically stressed region, we moni- colloidal gold labels. The portion of layer 1 immediately
tored for potential changes in immunolabeling. Rather than underlying the duratomy exhibited blood clots and dense
combining data arising from a large neuropil area, a series acellular aggregates of SIG particles indicative of high
of smaller neuropil areas, each containing 30–33 axo- background labeling. These regions were not subjected to
spinous synaptic junctions, were quantitatively assessed for ultrastructural analyses. Instead, blocks for ultramicrotomy
SIG labeling. The 30–33 axo-spinous synaptic junctions were designed to include portions of layer 1 within the
encountered within small sampled areas will be referred to primary sensory cortex that were adjacent to but clearly
as ‘groups’. Labeling in spines and the presynaptic termi- non-overlapping with these darkened portions. At the light
nals were tallied for every group. The number of synapses microscopic level, inter-hemispheric differences in im-
per group was 33 for cases[51799, [52699-1 and munolabeling were not apparent, thus allowing EM sam-
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pling to proceed without knowledge of the surgical ma- 3 .3. Postsynaptic labeling for NR2A is greater within
nipulation. D-AP5-treated neuropil

3 .2. Electron microscopic visualization of the neuropil The number of spines exhibiting SIG particles precisely
shows no correlation between spine density and drug over PSDs varied across the control hemispheres (Table
treatment 1). However, within-animal, inter-hemispheric differences

were greater than this: six out of seven animals exhibited
Immunolabeled spines and presynaptic terminals were greater than two-fold increase of labeling at PSDs within

tallied for each group of 30–33 axo-spinous synaptic the experimental (E) hemispheres that receivedD-AP5
junctions encountered, following systematic sweeps of infusion (P,0.05, unpairedt-test). Within the cortex of
ultrathin sections exhibiting tissue–resin interface. For animal[51799, which receivedD-AP5 via a Hamilton
both the control andD-AP5-treated neuropil, the areal syringe, augmentation of NR2A-labeling was evident
density of synapses varied by|50% above and below the within a column of tissue at a distance less than 750mm
mean, without any pattern that varied consistently across from the infusion site (columns labeled ‘E-nr’ in Table 1).
drug treatments. For this reason, the labeling was not At a distance greater than 750mm from the infusion site
normalized to the area surveyed, but rather, to a set (E-far in Table 1), the neuropil labeling was not sig-
number of axo-spinous junctions encountered (30 or 33). nificantly different from the values obtained in the con-

By electron microscopy, the positions of SIG labels tralateral, control hemisphere near injection of solvent,
relative to synaptic junctions could be resolved with ease alone (C-Nr in Table 1).
at a magnification of 12,0003 and higher. Moreover, In Table 1, the values are means6S.E.M. of the number
several distinct clusters of SIG could be resolved within of immunolabeled spines encountered per group of axo-
single spines. SIGs were not confined to PSDs or even spinous synaptic junctions. For animals[51799,[52699-
within spines, but were also present in axon terminals and 1 and[52699-2, each group contained 33 axo-spinous
spines (Fig. 1B). synaptic junctions. For animals[1, [7, [8 and[9, each

Table 1
NR2A immunolabeling within spines forming axo-spinous synaptic junctions

Animal ID AP5 Spines labeled at PSDs Spines labeled at or near PSDs Spines labeled anywhere within
duration (h)

E C E C E C

[51799 1/2 E-nr 2.260.6* C-Nr 1.060.3 E-nr 3.060.6* C-nr 1.060.3 E-nr 4.060.7* C-nr 1.060.3
(891 spines) E-far 0.860.4 E-far 0.960.4 E-far 2.160.6
E5right

[52699-1 2 1.460.3* 0.160.6 2.360.45* 0.360.1 3.960.8* 1.560.3
(1584 spines)
E5left

52699-2 1 5.260.5* 2.760.7 9.460.7* 6.361.4 13.461.0* 8.760.9
(792 spines)
E5left

[1 1/2 0.860.3 0.760.25 1.860.4 2.360.3 3.060.5 4.260.6
(600 spines)
E5right

[7 1/2 0.560.2* 060 1.760.5* 0.660.3 3.960.8* 2.160.7
(600 spines)
E5left

[8 1/2 4.761.1* 1.860.5 7.761.5* 3.760.5 9.461.8* 6.560.7
(600 spines)
E5right

[9 1/2 4.460.5* 2.460.45 10.260.7* 5.160.7 13.760.54* 8.760.7
(600 spines)
E5left

The values are means6S.E.M.s of the number of immunolabeled spines encountered within an area of neuropil per group-unit of synapses (group-unit533
synapses for animals[51799,[51699-1 and[51699-2; group-unit530 synapses for animals[1, [7, [8 and[9). E indicates mean and S.E.M. of
immunolabeling obtained from the experimental neuropil; C indicates corresponding values obtained from the control neuropil. E-nr and E-far indicate
values obtained from neuropil near and far from the injection site ofD-AP5; C-nr and C-far indicate values obtained from the neuropil near and far from the
injection site of the solvent in the contralateral hemisphere. The total number of spines (labeled and unlabeled) encountered from both hemispheresof each
case are indicated in parentheses under the column ‘Animal ID’. Bolded numbers and the asterisks indicate that the means for the experimental neuropil,
shown under columns ‘E’ were statistically different by a one-tailed (unpaired)t-test. All P-values were evaluated against ana level of 0.05.
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group contained 30 axo-spinous synaptic junctions. The We sought to determine whether the presynaptic pool of
number of groups per hemisphere varied from five to 30. E NR2A subunits might also be regulated by NMDAR
indicates mean and S.E.M. of immunolabeling obtained activity. Thus, the last four cases that underwent quantita-
from the experimental neuropil; C indicates corresponding tive analyses (animals[1, [7, [8 and[9) were subject-
values obtained from the control neuropil. E-nr and E-far ed to tests to determine whetherD-AP5 treatment corre-
indicate values obtained from neuropil near and far from lated with elevation of NR2A immunoreactivity within
the injection site ofD-AP5; C-nr and C-far indicate values presynaptic axon terminals.
obtained from the neuropil near and far from the injection The results revealed that all four cases showed increases
site of the solvent in the contralateral hemisphere. The total in synapses with presynaptic labeling (Table 2, right-most
number of spines forming axo-spinous synaptic junctions column), although the increase was not statistically signifi-
(labeled and unlabeled) encountered from both hemi- cant for animal[9 (P50.07). This increase of synapses
spheres of each case are indicated in parentheses under the with presynaptic labeling was accompanied by increases in
column ‘Animal ID’. The experimental hemisphere is the number of SIG particles within axonal cytoplasm.
indicated as ‘left’ or ‘right’. However, of the four cases, only two reached statistical

Bolded numbers and the asterisks indicate that the significance in the differences (animals[1 and [8).
means for the experimental neuropil, shown under columns Interestingly, increased labeling at or near presynaptic
‘E’ were statistically different by a one-tailed (unpaired) membranes occurred even for the case that did not exhibit
t-test. All P-values were evaluated against ana level of postsynaptic elevation (animal[1).
0.05. The table shows mean and S.E.M. of the number of

Inter-hemispheric differences in synaptic labeling by presynaptic axon terminals and of the number of SIG
SIGs were detectable in the same six cases, even after particles within these terminals per group of axo-spinous
expanding the categorization of synaptic labeling to in- synaptic junctions. Each group contained 30 synapses. The
clude those with SIG labeling near but not precisely over number of groups per animal was ten per hemisphere. See
PSDs. These spines exhibited SIG particles at positions the legend to Table 1 for further explanations.
within 25 nm from the edge of PSDs, or a distant The analysis of presynaptic axon terminal labeling was
equivalent to the width of one PSD (column labeled extended to animals[52699-1 and[52699-2, which
‘Spines labeled at or near PSDs’, in Table 1). For these received longerD-AP5 treatments. These animals exhibited
animals, labeling within experimental hemispheres was no inter-hemispheric differences in presynaptic membrane
still evident under the third criterion, designed to match labeling or SIG particles within axon terminals (Table 2).
those of published studies that used immunofluorescence
for detection: namely, labeling at, near or far from PSDs
but still within spines. In Table 1, the values are shown 4 . Discussion
under the column, ‘Spines labeled anywhere within’. The
increases in labeled spines were accompanied by increases4 .1. Methodological considerations
in the number of SIG particles per spine (not shown).

More SIG particles occurred at sites away from PSDs To our knowledge, our study is the first to directly
than strictly near or at PSDs. Similarly, twice as many examine the effect of NMDAR blockade upon the ultra-
spines showed SIGs at sites away from PSDs, compared to structural distribution of NMDAR subunits within intact
those spines with SIGs precisely at PSDs (compare the adult cortex. This assessment was made using a non-
values ‘Spines labeled anywhere within’ to the values diffusible, electron-dense marker, colloidal gold, to maxi-
‘Spines labeled at PSDs’ within Table 1). This difference mize precision in NR2A localization. The colloidal gold
in labeling between PSDs and the intracellular matrix of particles were applied in parallel to the two hemispheric
spines indicates that a large number of NR2A subunits sides of vibratome sections, still connected to one another
occur as part of a reserve pool, and this non-junctional by fibers of the corpus callosum, prior to embedding in
pool of NR2A subunits is responsive to NMDAR-bloc- resins required for electron microscopy. The pre-embed-
kade. ding procedure minimized loss of antigenicity as well as

Of the seven cases, animal[1 was the exception. The inter-hemispheric differences in the immunocytochemical
two hemispheres exhibited no difference in the number of procedure. These advantages allowed for easier isolation of
labeled synapses, labeled spines or SIGs within spines drug effects. The size of colloidal gold was small (1 nm),
(Table 1). so as to optimize penetration of the label into fine

processes. Subsequent to the formation of antibody-antigen
3 .4. Presynaptic labeling for NR2A is enhanced by D- complex containing 1-nm colloidal gold particles, the 1-nm
AP5 treatment particles were enlarged by silver-intensification (SIG) to

facilitate immunodetection.
The initial observations indicated that NR2A immuno- With this SIG method, we detected NR2A immuno-

labeling occurs within axon terminals as well as spines [2]. reactivity in|10% of the spines forming morphologically
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Table 2
NR2A immunolabeling in presynaptic axon terminals

Animal ID AP5 SIGs in terminals Synapses labeled near
treatment presynaptic membrane
duration (h)

E C E C

52699-1 2 14.563.1 14.262.3 2.160.4 2.160.3
(600 terminals)
E5left

52699-2 1 14.165.7 25.165.7 1.060.4 1.360.5
(600 terminals)
E5left

[1 1/2 6.861.9* 0.760.4 1.560.4* 0.460.2
(600 terminals)
E5right

[7 1/2 2.261.3 0.860.8 0.460.2* 0.160.1
(600 terminals)
E5left

[8 1/2 19.364.4* 1.560.6 6.161.5* 0.660.3
(600 terminals)
E5right

[9 1/2 661.9 4.961.9 1.860.4 160.3
(600 terminals) P50.07
E5left

The table shows mean and S.E.M. of SIG particles within axon terminals and of presynaptically labeled synapses per unit-group of synapses. The
unit-groups were 30 synapses for both hemispheres in all cases. See the legend to Table 1 for further explanations.

identifiable, asymmetric synapses. Although this value cases analyzed for presynaptic labeling following a 1/2-h
must reflect some detection failures, thedegree of failure treatment. This finding indicates that animal[1, together
is difficult to assess, since the number of spines remaining with all others, received an effective dose of the blocker
silent cannot be known physiologically and anatomical within the analyzed neuropil. There may be inter-animal
findings of the past have had constraints similar to ours differences in the amplitude, rate and subcellular sites for
[2,17,22,24,39]. Post-embed gold (PEG) results indicate response to NMDAR blockade or zinc chelation by
that approximately three-fourths of synapses express NR1 DEDTC.
subunits [24,40] and a similar proportion contains NR2A
and/or NR2B subunits [40] (Fujisawa and Aoki, unpub- 4 .2. Increase of spines immunoreactive for NR2A
lished observations). As for the NR2A subunits, specifical- subunits
ly, no data other than ours are available. Comparisons of
the above values suggest that a large fraction of NR2A- Earlier studies had examined trafficking of NR1 subunits
negative synapses may be endowed with NR1/NR2B following NMDAR blockade within cultured neurons. Our
heteromers and, thus, participate in synaptic transmission. procedure differed from that of earlier studies in several

We sometimes encountered difficulty categorizing the other important ways: (i) we examined adult neurons,
SIG labeling as being ‘precisely at’ versus ‘near’ PSDs. while previous studies analyzed neonatal neurons; (ii) we
Despite this ambiguity, the outcomes were consistent examined neurons still embedded within intact cortical
across animals and across the tallying performed by three circuits, while previous studies examined dissociated neu-
observers, indicating that such variabilities were suffi- rons in cultures; (iii) we were able to resolve membranous,
ciently small, allowing for detection of patterns related to cytoplasmic and synaptic localizations by EM, while the
the drug treatment. The drug treatment yielded strong earlier ones could not, due to limitation of immuno-
effects, in that some produced several-fold increases in fluorescence; (iv) earlier studies applied pharmacological
NR2A-immunoreactivity, and the smallest increases were blockade for longer periods (as long as 40 days), while
doubling. ours ranged from 1/2 to 2 h; (v) we examined NR2As,

We do not know why one out of the seven animals did while previous studies examined NR1s. Despite of these
not exhibit a rise in postsynaptic labeling (animal[1). differences, we are in agreement with the earlier immuno-
However, the same animal exhibited an increase in axon fluorescent findings, namely that NMDAR blockade in-
terminal labeling for NR2A within the hemisphere receiv- creases the net flux of NMDAR subunits towards spines.
ing the NMDAR blocker, as was observed for three other Our findings provide the first demonstration that labeling



C. Aoki et al. / Brain Research 963 (2003) 139–149 147

specifically at PSDs is elevated by NMDAR blockade. An there is at least one report of a subtle to no effect, or both
unexpected and thus more interesting finding is that an increase and decrease in synapses [30]. Even if pruning
NR2As predominate at non-synaptic portions of spines. or addition of spines took place in response to NMDAR
These may serve as the reserve pool. Such non-synaptic blockade in vivo, this process was apparently not selective
pools of the NMDAR subunits also are negatively con- for or against the NR2A-containing spines and insufficient
trolled by NMDAR activation, indicating that an intracellu- to explain the observed increases in NR2A-immuno-
lar, diffusible messenger arising from activation of synap- reactive spines.
tic NMDARs may mediate regulation of non-synaptic While the pharmacological blockade of NMDAR is far
NMDARs. from physiological, what this finding suggests is that

Our previous view had been that activation of synaptic smaller and more transient decreases in synaptic transmis-
NMDARs might be linked to trafficking of non-membran- sion that occur during normal physiological states may
ous NMDAR subunits within spines, because dendritic trigger net influxes of NMDAR subunits from shafts to
spines are regarded as independent functional units of spines. Conversely, increases in synaptic transmission may
neuronal integration [33,49,55,56] and contain PSD-pro- trigger net effluxes of NMDAR subunits out of spines.
teins that bind NMDAR subunits [5,18,27,50]. We sur-
mised that trafficking of subunits within spines could be

21regulated more directly by a rise in intracellular Ca , 4 .3. Increases of presynaptic labeling following NMDAR
confined to spines following NMDAR activation. How- blockade
ever, if the NMDAR-dependent regulation of NMDAR
subunit trafficking were confined to the spine cytoplasm, The presence of axonal labeling for NR2A subunits is
one would have observed a decline of NR2A subunits not surprising, in light of past observations of presynaptic
within the spines’ non-synaptic pool, accompanying a rise labeling for members of the MAGUK family [5], NR1
at or near PSDs. Instead, we observed a net rise both subunits [2,12,17] and NR2 subunits [12,54]. However, to
within spine cytoplasm and at PSDs. This finding suggests our knowledge, the present observation is the first to report
that NMDAR blockade may be linked to trafficking of on an increase of presynaptic NMDAR subunits in re-
NMDAR subunits arising from shafts. Since shafts contain sponse to NMDAR blockade. Assuming that these can
ribosomes and mRNAs [51], trafficking that originates form functional receptors, such an increase in the pre-
from shafts may accompany de novo synthesis of NR2A synaptic expression of the NR2A subunits will allow for

21subunits. Moreover, proteins required for protein synthesis increased basal presynaptic Ca concentration (i.e. in-
have also been detected in spines [42]. Thus, if NR2A dependent of action potentials) which, in turn, can enhance
subunit-mRNAs occur within spines, then spines may also evoked release of transmitters from axons [9,13,28]. Thus,
become recruited in the de novo synthesis of NR2A a feedback mechanism can boost synapses that have
subunits following NMDAR blockade, independently of undergone transient or long-term decreases in excitatory
synthesis and trafficking from dendritic shafts. In support synaptic transmission. Interestingly, the timing of this
of these views, increases in NR2A protein levels within presynaptic response is slightly different from the post-
homogenates have been reported as early as 20 min synaptic one. Moreover, only two of the six animals
following LTP-inducing tetani [53]. analyzed show concerted increases both pre- and post-

Even prior to de novo synthesis, there may be NR2A synaptically. These differences suggest that the mecha-
subunits on reserve within dendritic shafts that can be nisms regulating the trafficking of NR2A subunits on the
trafficked into spines. Earlier studies [5,7] have detected two sides of synapses are likely to be different. One
NMDAR subunits as well as members of the MAGUK possible difference is that the presynaptic mechanism may
family of PDZ domain-containing proteins within dendritic or may not involve de novo synthesis of NR2A subunits
shafts. These members of the MAGUK family of proteins from local (within terminal) sources. Ribosomes have not
are able to link NR2A subunits with the microtubule yet been visualized in axon terminals [51], but mRNAs for
machinery residing in dendritic shafts (and not in spines) the enzyme, tyrosine hydroxylase, have been detected [31].
[7,18,35,50]. Perhaps NMDAR activity-dependent traffick- Whether or not NR2A-mRNA also occur in terminals has
ing of NR2A subunits into spines involves mobilization of yet to be determined. On the other hand, increased
a reserve pool that is reversibly tethered by members of the trafficking from preterminal portions of axons or from
MAGUK family of proteins within shafts. somata may be possible, particularly since certain mem-

We detected no consistent change in spine density bers of the MAGUK family are reported to be enriched in
following drug treatment. This was somewhat contrary to axons [5,25,27,32].
expectation, since earlier studies had shown both increases Findings of the present study indicate that activity-
[16,19,29,57] and decreases [21,44,45] in spine density dependent binding of NR2A subunits with proteins of the
following pharmacological blockade of glutamate recep- MAGUK family and their trafficking together or separately
tors. On the other hand, previous studies had used in vitro within axons and dendrites would be fruitful topics for
systems, which may differ from our in vivo states, and future studies.
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