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Abstract

In cultured spinal neurons, NMDA receptors are absent from excitatory synapses under basal
conditions, but can be made to appear at excitatory synapses following blockade of excitatory
synaptic activity. The activity dependent synaptic localization of NMDA receptors is critically
dependent on both the gradual, global accumulation of the NR2A and NR2B subunits and on a rapid,
surface redistribution phase that is primed by the accumulation of NR2A and NR2B and inhibited
by synaptic activity. Global changes in NR2A and NR2B accumulation and heterogeneous increases
in synaptic NMDA receptor localization can also result from inhibitors of proteasomal processing,
from manipulations of proteasomal subunit composition and from media conditioned by neurons
undergoing synaptic scaling. While proteasomal processing is a mechanism shared with AMPA
receptor scaling in cultured spinal neurons, diffusible factors, heterogeneity, and a rapid surface
redistribution phase appear to be unique to activity dependent synaptic NMDA receptor localization.
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Introduction

The mechanisms governing glutamate receptor aggregation at central synapses is the subject
of intense investigation (Li and Sheng 2003). In addition to the mechanisms which regulate
their localization during the formation of synapses, glutamate receptors are also dynamically
regulated during experience dependent plasticity (Malinow 2003) and as part of the
homeostatic response of neurons to global changes in synaptic input, a process termed synaptic
scaling (Lissin et al., 1998; Turrigiano et al., 1998; OBrien et al., 1998; Ehlers, 2003). A
growing body of work has implicated synaptic scaling as a necessary component for working
memory (Renart et al., 2003) and activity dependent refinement of cortical connectivity during
development (Desai et al., 2002). In cultured spinal neurons, global alterations of AMPA
receptor half-life were first described as a potential mechanism for synaptic scaling (OBrien
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etal., 1998). Subsequent work by Ehlers (2003) and Burbea et al., (2002) showed that changes
in receptor half-life are mediated by proteasomes.

While the effect of a global scaling of synaptic AMPA receptors on the homeostatic
maintenance of postsynaptic spiking rates (with preservation of relatively weighted synaptic
inputs) is straight-forward (Turrigiano et al., 1998), the activity dependent regulation of other
synaptic proteins such as NMDA receptors have a more indirect linkage to postsynaptic spike
output. Theoretical work (Wang, 2001) has suggested that NMDA receptors, due to their slower
kinetics, may be crucial for the maintenance of networks operating in the alpha and beta
frequency range, and the well documented role of NMDA receptors in initiating second
messenger systems (Vanhoutte and Bading, 2003; Ehlers 2003), may also lead to changes in
postsynaptic spike output.

Studies of the effect of chronic changes in synaptic activity on synaptic NMDA receptor
accumulation have yielded inconsistent results (Watt et al., 2000; Ehlers, 2003; Lissin et al.,
1998). In cultured spinal neurons, nearly 100% of excitatory synapses have clustered surface
AMPA receptors (O’Brienetal., 1997) with little synaptic NMDA receptor clustering (O’Brien
et al., 1997). The preferential clustering of AMPA receptors at spinal synapses in vitro occurs
in spite of high level expression of the ubiquitous NMDA receptor subunit NR1 (Mi et al.,
2002) and robust chemosensitivity to exogenous NMDA (O’Brien et al., 1997).

In this paper we show that the lack of basal synaptic NMDA receptor expression in cultured
spinal neurons is a function of basal glutamate receptor activation. NMDA receptors become
localized to excitatory synapses with blockade of AMPA and NMDA receptors, a phenomenon
which can be mimicked in part by the addition of inhibitors of proteasomal processing and by
media conditioned by neurons undergoing synaptic scaling. Evidence is presented that the
global accumulation of NR2A and NR2B is regulated robustly by synaptic activity and is
necessary for synaptic localization of NMDA receptors. Moreover, an additional, rapid phase
of synaptic receptor localization involving surface translocation of NR2A and NR2B
containing NMDA receptors is also present and modulated by synaptic activity. The time
course, the role of soluble factors, the heterogeneity of the effect, and the rapid, activity
dependent phase distinguish activity dependent synaptic NMDA receptor localization from
AMPA receptor scaling.

The Effect of Glutamate Receptor Activation on Synaptic NMDA Receptor Localization

As shown in Figure 1 and Table 1A, control ventral spinal neurons showed little evidence of
clustered NMDA receptors at excitatory synapses, identified by antibodies to the vesicular
glutamate transporter (VGLUT), in spite of the presence of clustered post-synaptic MAGUK
(membrane-associated guanylate kinase) proteins, identified with a pan-PDZ monoclonal, at
nearly all excitatory synapses (Table 1A). Almost all excitatory synapses also have AMPA
receptor clusters under these same conditions (OBrien et al., 1997). Treatment of cultured
spinal neurons with APV plus CNQX (Figure 1 and Table 1A) or TTX (not shown) for 36 to
48 hrs resulted in a significant increase in the number and intensity (Table 1B) of synaptic
NMDA receptor clusters but caused no change in the number of VGLUT or PDZ positive
synapses or in the intensity of post synaptic MAGUK protein associated immunofluorescence
(designated as PDZ fluorescence) at those synapses.

Blocking NMDA receptors with APV alone also resulted in an increase in the mean number
of synaptic NMDA receptor clusters per cell compared to controls (Figure 1Table 1), but, in
contrast to APV and CNQX, left about half of all excitatory presynaptic terminals with no

discernable postsynaptic NR1 clusters (Arrows in Figure 1). We saw no evidence that APV
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was acting by modulating AMPA receptor function, as no increase in synaptic GIuR2
immunofluorescence was seen in the presence of APV (Table 1B), implying that both AMPA
and NMDA receptors are involved in the full expression of activity dependent synaptic NMDA
receptor localization.

Studies of neurons transfected with N-terminal myc-epitope tagged versions of NR1 indicated
that cell surface NMDA receptors responded to synaptic inhibitors in a manner similar to the
total pool of NMDA receptors. As shown in Figure 1, neurons transfected with an N-terminal
myc epitope tagged NR1 construct, grown for 36 hrs in APV and stained live with anti-myc
antibodies, showed the same heterogeneous pattern of activity dependent synaptic NMDA
receptor localization as that determined by C-terminal antibodies. Quantitatively, 178 of 396
VGLUT positive synapses from 33 transfected neurons grown for 36 hours in APV had
clustered surface synaptic NR1 staining while the remainder did not (Figure 1; arrows in
overlap). In contrast, under control conditions only 42 of 379 VGLUT positive synapses had
detectable surface synaptic NR1 clusters while neurons from cultures treated with APV and
CNQX had synaptic NR1 clusters in 293 of 354 VGLUT positive synapses on 23 neurons.
Each of these differed from APV treated cultures at the 0.01 level.

NMDA Receptor Subunit Accumulation Correlates with Synaptic Localization

When APV and CNQX were added to cultured spinal neurons, a robust increase in the
accumulation of the NMDA receptor subunits NR2A and NR2B was seen (Figure 2A) along
with a more modest increase in NR1. NMDA receptor subunit accumulation peaked in the first
24 hrs following blockade of excitatory synaptic transmission and then decayed over the next
72 hrs in the presence of continued receptor blockade (Figure 2A and 2B). In contrast, GIuR2
expression peaked at 72 hrs. Untreated cultures showed no change in NR2A, NR2B or GIuR2
accumulation over the same period (not shown). The time course for the synaptic localization
of NMDA receptors in response to activity blockade, calculated by the mean synaptic
fluorescence intensity for NR1 (Figure 2C), corresponded closely with the incremental
accumulation of NR2A and NR2B. Activity blockade caused little change in the accumulation
of NR2C, NR2D, PSD-95 or Chapsyn-110 (Table 2). APV also increased the accumulation of
NR2A and NR2B but to a lesser extant than APV plus CNQX (Table 2).

The Role of NR2A and NR2B in Activity Dependent Synaptic Localization

Previous work (Mi et al., 2004; Rao and Craig 1997; Barria and Malinow 2002) has shown
that NR2A and/or NR2B accumulation plays a crucial role in the synaptic localization of
NMDA receptors while NR2C and NR2D accumulation does not. In order to directly implicate
the increased expression of NR2A and NR2B in the activity dependent synaptic localization
of NMDA receptors, we used a series of previously characterized dominant-negative NMDA
receptor mutants, whose disruptive effect is mediated by saturating sites essential for synaptic
NMDA receptor localization (OBrien et al., 2002). These constructs express well in neurons
and are distributed throughout the dendritic tree of transfected neurons (not shown). As shown
in Figure 3A and 3B, the effect of glutamate receptor blockade on synaptic NMDA receptor
localization could be abrogated by overexpression of the soluble C-terminus of NR2A and
NR2B but not by overexpression of NR2ACTA10, a C-terminal NR2A construct lacking the
terminal IESDV motif responsible for binding to the PDZ domains of synaptic MAGUK
proteins. Overexpression of C-terminal constructs from NR1 (C2 and C2'), NR2C and NR2D
had no effect on activity regulated synaptic NMDA receptor localization.

No Evidence for Increased Transcription of NR2A and NR2B mRNA During Activity
Dependent Synaptic NMDA Receptor Localization

The increase in NR1, NR2A and NR2B protein accumulation observed in the presence of APV
and CNQX was notaccompanied by an increased accumulation of the mRNA for these subunits
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(Figure 2D; Table 2). Moreover, a 14 hr incubation with the transcription inhibitor actinomycin
D (longer incubations were non-specifically toxic) did not alter the accumulation of the NR2A
subunit in response to APV and CNQX (Table 3B). Also consistent with a post-translational

regulation of activity dependent synaptic NMDA receptor localization, the surface half-life of
NMDA receptors, measured by quantitating the decay of biotinylated surface NR1 (Figure 2E),
increased from 13.2 +/— 3.4 hrs (control) to 27.8 +/— 5.9 hrs following exposure to APV and

CNQX (n=6 experiments; p<0.002).

Media Conditioned by Neurons Experiencing Synaptic Activity Blockade Modulates Synaptic
NMDA Receptor localization

While activity mediated synaptic glutamate receptor localization could be due solely to
postsynaptic depolarization (Leslie et al., 2001), it is equally possible that activity modulates
the pre or postsynaptic secretion of additional signaling molecules. To investigate this, we
collected the media from neurons grown in the presence of APV and CNQX for 48 hrs, dialyzed
it to remove residual APV and CNQX, and added it to naive cultures every 12 hrs for a total
of 36-48 hrs. As shown in Figure 4A and Table 3A, conditioned media (CM), but not media
taken from neurons growing under control conditions (Control CM), caused a significant
increase in synaptic NMDA receptor localization compared to untreated cultures (Control) but
had no effect on synaptic AMPA receptor or MAGUK protein localization, either when
expressed as the number of synaptic clusters per neuron, or as the amount of protein specific
immunofluorescence per synapse.

Similar to activity blockade, conditioned media taken from neurons grown in the presence of
APV and CNQX for 48 hrs (CM) but not from control cultures (Control CM) caused a
significant increase in NR2A and NR2B subunit accumulation, with no effect on GIuR1
accumulation (Figure 4B,C and Table 3B). No change in NR2A or NR2B mRNA was seen
and the effect was not abrogated by actinomycin D (Table 3B).

Combining APV and CNQX with conditioned media for a 36 hr incubation caused no increase
in the maximal synaptic NR1 localization or NR2A and NR2B accumulation over APV and
CNQX alone (Table 3A). However, performing a complete media change with fresh
unconditioned media containing APV and CNQX every 8 hrs for a total of 36 hrs (designated
APV/CNQX 8 hr) significantly abrogated the effect of APV and CNQX on synaptic NR1
localization (Table 3A) as well as on NR2A and NR2B accumulation (Table 3B) but had no
effect on GIuR1 localization or accumulation. When conditioned media was included with
APV and CNQX in these frequent change experiments (designated CM + APV/CNQX 8 hr),
the full effect of activity blockade was reproduced. These observations suggest that conditioned
media and activity blockade share a mechanism that can be saturated and that activity blockade
requires the presence of diffusible extracellular factors. In addition to its mechanistic
implications, these results also suggest that NMDA and AMPA receptor scaling are regulated
by different mechanisms. Members of the family of neurotrophins do not mediate the effect of
conditioned media (See Supplemental Data).

When the conditioned media was concentrated 5 fold (by volume), a further increase in NR2A
accumulation was seen, which, at higher doses, mimicked the effect of APV and CNQX on
NR2A and NR2B accumulation (Figure 4C, Table 3B). Importantly, even though the levels of
NR2A and NR2B could be increased by conditioned media to levels observed in cultures
treated with APV and CNQX, synaptic NR1 localization still fell short of that seen with APV
and CNQX (Table 3A). As detailed below, we feel this is likely due to the continued presence
of synaptic activity in conditioned media treated cultures.
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The Role of Proteasomal Processing in NMDA Receptor Localization

As shown in Figure 5A and Table 4A, we found that the increase in NR1, NR2A and NR2B
accumulation caused by APV and CNQX or conditioned media could be quantitatively
mimicked by the addition of inhibitors of proteasomal processing (Lee and Goldberg 1998;
Myung et al., 2001) such as lactacystin (1 uM) and MG132 (10 uM). These same proteasomal
inhibitors also caused an increase in the synaptic localization of NMDA receptors (Figure 5B
and Table 4B). Other synaptic and non synaptic proteins, aside from glutamate receptors, were
only modestly affected by the 36 hr incubation with lactacystin and MG132, a pattern similar
to that evoked by APV/CNQX incubation (Table 2). The lysosomal inhibitor leupeptin used
at 50 uM had no effect on NR2A or NR2B accumulation or on synaptic NR1 localization (Table
4). Combining proteasomal inhibition with synaptic blockade had no additive effect or NR2A
and NR2B accumulation (Table 4A) but significantly increased synaptic NMDA receptor
localization compared with proteasomal inhibitors alone (Table 4B).

Like conditioned media, proteasomal inhibitors could increase NR2A, NR2B and NR1 levels
to that seen with blockade of excitatory synaptic activity (Table 4A), but their effect on synaptic
localization of NMDA receptors was incomplete both qualitatively (Figure 5B arrows) and
quantitatively (Table 4B).

Proteasome Subunit Composition Effects Synaptic NMDA Receptor Localization

The importance of proteasomes in synaptic NMDA receptor localization was revealed not only
by the use of proteasome inhibitors but also by examining the effect of altering proteasome
subunit composition on synaptic NMDA receptor localization. As shown in Figure 6A and 6B,
the proteasomal subunit LMP2, which alters proteasomal processing in lymphocytes (Van den
Eynde and Morel 2001), is distributed in a reticulated pattern throughout the dendrites of
transfected neurons and significantly alters synaptic NMDA receptor localization in neurons
grown in the presence of APV and CNQX. No change was noted in the synaptic distribution
of PDZ domain containing proteins under similar conditions. In contrast overexpression of the
C2 subunit, which is expressed constitutively in spinal neurons, had no effect on synaptic
NMDA receptor accumulation in the presence of activity blockade (Figure 6B). Expression of
the LMP2 subunit is very low in spinal cultures but always detectable (Figure 6C). In the
presence of APV and CNQX LMP2 becomes undetectable (n=3 repetitions). No change was
noted in expression of C2. The very low expression of LMP2 in spinal neurons makes it
doubtful that it has a physiological role in the process described in this paper. These results do
however further highlight the potential role of proteasomes in this process. Interestingly, the
expression of LMP2 goes up in aged human brains and in some disease states (Mishto et al.,
2006) raising the possibility of an alteration of the process of activity dependent synaptic
receptor localization with aging.

A Spatially Heterogeneous Pattern of Synaptic NMDA Receptor Localization is Seen
Following Exposure to Proteasomal Inhibitors or Conditioned Media

In a series of 452 individual neurons from lactacystin treated cultures, the percentage of
VGLUT positive synapses per individual neuron which were NR1 positive was 51.1 +/— 19%,
using a blinded assay and a forced choice (yes/no) paradigm. A histogram of these results is
shown in Figure 5D. For conditioned media treated neurons, the number was 61.1 +/— 24%.
Since this result is derived by generating a histogram of the percentage of excitatory synapses
which were NR1 positive on each of the 452 neurons, the small size of the standard deviation
and the shape of the histogram in Figure 5D indicates that the process reflects heterogeneity
within synapses on individual neurons and is not due to 2 populations of neurons, one
responsive and one unresponsive to lactacystin or conditioned media.

Mol Cell Neurosci. Author manuscript; available in PMC 2009 August 31.
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In contrast to the results obtained with NR1, the mean percentage of VGLUT positive synapses
which are GIuR2 positive, expressed on a per neuron basis, is 65.1 +/— 45% in control cultures,
67.9 +/— 41% in APV/CNQX treated cultures, and 71 +/— 40% in lactacystin treated cultures
(Figure 5D), based on a minimum of 200 neurons for each condition (p<0.002 compared to
NR1 heterogeneity). The large standard deviation in these latter 3 experiments and the shape
of the histograms in Figure 5D is due to the fact that GIUR2 positive synapses in spinal neurons
are distributed among two populations of neurons (OBrien et al., 1997). One group of neurons,
reflecting 64% of the total population, has GIuR2 localization at 90-100% of its excitatory
synapses. A second group of neurons (36% of the population) has almost no GluR2
immunopositive synapses.

Quantitative Immunofluorescence Also Reveals Heterogeneity in Synaptic NMDA Receptor
Localization in Cultures Exposed to Lactacystin and Conditioned Media

A separate method for expressing the synaptic NR1 heterogeneity seen in the presence of
lactacystin or conditioned media is by plotting a histogram of individual synaptic NR1
fluorescence intensities at all the excitatory synapses on a series of neurons. In Figure 7 (A—
D) we display the histograms of synaptic NR1 fluorescence intensities from all the excitatory
synapses on a series of 30-40 consecutive neurons from a single coverslip for each
experimental condition. In Figure 7E, the mean synaptic fluorescence intensity for four such
experiments plus the standard deviations of those means is shown. The data is divided into all
the VGLUT positive synapses and into those judged to be NR1 immunopositive (Figure 7F).
As shown, the coefficient of variation (SD/Mean) of individual synaptic NR1 fluorescence
intensities in the lactacystin (1 uM) and conditioned media (5x) treated cultures is twice as
high as that seen in APV and CNQX treated cultures and significantly greater that that seen
for synaptic AMPA receptor clusters under similar conditions, reflecting the significant
heterogeneity in the response of individual synapses to the lactacystin induced increase in
NR2A and NR2B accumulation. Adding TTX (10 uM) alters the pattern of synaptic NR1
accumulation in lactacystin treated cultures (Figure 7E), approaching that seen in APV and
CNQX treated cultures. This observation argues that ongoing synaptic or spiking activity is
the source of the heterogeneity seen in lactacystin treated cultures.

When only the NR1 immunopositive synapses are considered (using a forced choice (yes/no)
paradigm on blinded coverslips), those synapses judged to be NR1 immunopositive are still
significantly smaller in lactacystin and conditioned media treated cultures compared to APV/
CNQX treated cultures (Figure 7F). The coefficient of variation of the synaptic NR1
fluorescence intensities in lactacystin and conditioned media treated cultures is not
significantly different from those in APV/CNQX treated cultures, implying that most of the
heterogeneity in excitatory synapses as a whole results from a large population of NR1
immunonegative synapses.

Synaptic Heterogeneity is not a Detection Threshold Phenomenon

The increased coefficient of variation seen in lactacystin and conditioned media treated cultures
is not simply a threshold effect due to the lower mean synaptic NR1 fluorescence intensities
in these cultures. Prior work with synaptic AMPA receptor accumulation in the presence of
picrotoxin and strychnine showed mean synaptic fluorescence intensities in the range of 3500
units but a mean coefficient of variation of only 0.68 (OBrien et al., 1998). Moreover, in
experiments done as part of the time course for synaptic NMDA receptor accumulation
following activity blockade (Figure 2) the 12 hour time point resulted in a mean synaptic NR1
immunofluorescence of 2145 units but a coefficient of variation of only 0.68 +/— 0.17 (n=6
experiments).
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NMDA Receptor Surface Accumulation Correlates with Synaptic Localization

While the total accumulation of NR2A and NR2B subunit protein induced by proteasomal
inhibitors and maximal doses of conditioned media was not different from that induced by
APV and CNQX (Table 4A), the synaptic localization of NR1, expressed either as the number
of NR1 immunopositive excitatory synapses per neuron or as the amount of synaptic NR1
immunofluorescence (Table 4B) differed significantly between the APV/CNQX treated
cultures and those treated with proteasomal inhibitors or conditioned media.

Unlike total receptor levels however, the surface accumulation of NR1, NR2A and NR2B
correlated closely with synaptic NMDA receptor localization (Figure 5A, Table 4A and 4B).
While lactacystin clearly increased surface NMDA receptors, the amount of surface
accumulation was also further influenced by synaptic activity. This was most easily seen when
proteasomal inhibitors were combined with picrotoxin (100 uM) and strychnine (2 uM) to
increase overall synaptic excitation and when TTX was used to block synaptic activity. The
synaptic localization of NMDA receptors always tracked the surface rather than the total
accumulation of NR1, NR2A and NR2B.

In contrast to the activity regulated surface accumulation of NMDA receptors observed in
cultures with high levels of expression of NR2A and NR2B (Figure 5A), basal NR1 surface
expression was not diminished by chronic incubation with picrotoxin and strychnine (Figure
5C; 0.93 +/-0.17, n=4, p=0.7), consistent with prior results showing a constitutive, non-
synaptic, NR2C and NR2D mediated pathway for surface NR1 accumulation under these
conditions (Mi et al., 2004). Surface GIuR1 accumulation, in contrast, was significantly
affected by picrotoxin and strychnine under the same conditions (Figure 5C; 0.61 +/— 0.15,
p=0.03).

Preincubation with Proteasomal Inhibitors or Conditioned Media Reveals a Second, Rapid,
Activity - Dependent Redistribution Process

When lactacystin or conditioned media primed (36 hrs) cultures were briefly treated with APV
and CNQX (30 minutes), the number of excitatory synapses with postsynaptic NR1 clusters
and the amount of NMDA receptors at individual excitatory synapses rapidly increased
compared to cultures treated only with lactacystin or conditioned media (Table 5A). No effect
on AMPA receptor localization was seen. The rapid synaptic localization of NMDA receptors
was accompanied by increased surface NMDA receptor subunit accumulation but no change
in total levels (Table 5B). No change was noted in surface AMPA receptor subunit
accumulation. A brief exposure to APV and CNQX in the absence of the prolonged priming
incubation had no effect (not shown). These results suggest a two step process for chronic
activity regulated synaptic NMDA receptor localization, a slow component, dependent on the
accumulation of NR2A and NR2B and a second, rapid component, involving surface
translocation and synaptic localization.

Discussion

Synaptic NMDA Receptor Localization is Regulated by Chronic Changes in Synaptic Activity

Several stages appear crucial to activity dependent synaptic NMDA receptor localization in

spinal neurons. The first involves a slow global accumulation of NR2A and NR2B, influenced
by synaptic activity and conditioned media, and mediated by proteasomes. In stage 2, NMDA
receptors, as part of NR1/NR2 oligomers (Mi et al 2004), are directed to the surface. This stage
is also regulated by synaptic activity. Moreover, it appears that the particular NR2 subunit to
which NR1 is complexed determines the ability of synaptic activity to regulate this stage. Under
basal conditions in which NR2A and NR2B accumulation is low, chronic or acute changes in
synaptic activity have little effect on surface accumulation of NR1. Prior work had shown that
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1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rosen et al.

Page 8

under these conditions NR1 is complexed to NR2C and NR2D and is constitutively directed
to the surface but not the synapse (Mi et al., 2004).

The final stage of activity dependent synaptic NMDA receptor localization involves an
interaction between the terminal PDZ binding domain on the C-terminus of NR2A and NR2B
and synaptic MAGUK proteins (Kim and Sheng 2004). Importantly, the synaptic localization
of MAGUK proteins does not appear to be regulated by synaptic activity.

Synaptic Localization of NMDA Receptors is Dependent on NR2A and NR2B Accumulation
and Proteasomal Activity

Previously, we (Mi et al., 2004) and others (Rao and Craig 1997; Barria and Malinow 2002)
have shown that the synaptic localization of NMDA receptors is dependent on the NR2A and
NR2B subunit (although see Mu et al., (2003) for a different mechanism). In the current paper
we show that synaptic activity regulates the accumulation of NR2A and NR2B, which in turn
mediates synaptic NMDA receptor localization. Dominant negative mutants showed that the
C-terminal tail of either NR2A or NR2B could block the activity dependent localization of
NMDA receptors, while similar mutants constructed from other NMDA receptor subunits were
without effect. Like others (Mi et al., 2004; Mori et al., 1998; Steigerwald et al., 2000), we
have found that the C-terminal IESDV motif on NR2A and NR2B is crucial for synaptic
localization of NMDA receptors.

The increase in NR2A and NR2B subunit accumulation in response to activity blockade or
proteasome inhibition is accompanied by an increase in surface NR1 accumulation and an
increase in NMDA receptor half-life. The time course for NR2A and NR2B accumulation is
similar to the slow phase of activity dependent synaptic NMDA receptor localization and likely
underlies this phase. The preexisting synaptic MAGUK protein clusters, which are resistant to
modification by changes in synaptic activity, provide the appropriate scaffolding for the NR2A
and NR2B subunits to mediate their effect on NMDA receptor localization through an
interaction between their PDZ binding domains and the terminal IESDV of NR2A and NR2B.

The demonstration that inhibitors of proteasomal but not lysosomal processing can both
reproduce and saturate the effects of synaptic blockade confirms Ehlers’ (2003) contention that
proteasomal function is pivotal in connecting changes in synaptic activity to changes in the
localization of synaptic proteins. Further, the demonstration that overexpressing specific
proteasomal subunits can alter synaptic NMDA receptor accumulation reinforces this notion.
The LMP2 subunit has been shown to alter the protein specificity of proteasomes in
lymphocytes (Groettrup et al., 2001) and elucidating the role of proteasome subunit
composition in neurons will now be a priority. Moreover, detecting the precise ubiquitination
sites on the NMDA receptor complex that control the NR2 dependent process will also be
important (Kato et al., 2005). While our current work demonstrates the importance of
proteasomes, our prior work (Mi et al., 2004) has shown that any mechanism which increases
NR2A or NR2B will increase synaptic NMDA receptor accumulation. While proteasomal
effects on NR2 subunit accumulation are key to NMDA receptor subunit accumulation and
subsequent synaptic localization, it is unlikely that proteasomes can account for all aspects of
synaptic NMDA receptor localization. In particular, the marked dissociation between total
NR2A and NR2B levels, surface NR1 accumulation, and synaptic NMDA receptor localization
in the presence of differing amounts of ambient synaptic activity argue that NR2A and NR2B
accumulation is necessary but not sufficient for synaptic NMDA receptor localization. The fact
that proteasomal inhibition alone can increase surface and synaptic NMDA receptor
localization in the presence of differing ambient synaptic conditions suggest that the
accumulation of the NR2A and NR2B subunits alone can increase synaptic NR1 localization
independent of differences in local synaptic activity, although the latter can influence the
amount of synaptic localization. This is consistent with our prior observations that simply
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overexpressing NR2A or NR2B can increase synaptic NMDA receptor accumulation (Mi et
al., 2004).

NMDA Receptor Localization is Mediated in Part by Diffusible Substances in Conditioned

Media

The demonstration that media from neurons grown in the presence of synaptic blockade can
increase the synaptic localization of NMDA receptors implies that certain features of activity
regulated synaptic NMDA receptor localization are not dependent on postsynaptic
depolarization. Similarly, Rutherford et al (1998) have shown that BDNF blocks synaptic
AMPA receptor scaling in cortical cultures, while Stellwagen and Malenka (2006) have
recently shown that TNFa, secreted by glia, can upregulate AMPA receptor scaling. Neither
BDNF nor TNFa had an effect on NMDA receptors but others have shown that other
neurotrophins can modulate the expression of NMDA receptor subunits (Small et al., 1998;
Choietal., 2004). The specificity of the conditioned media for certain NMDA receptor subunits
is reminiscent of the role of neuregulins at the neuromuscular junction (Loeb, 2003). The
demonstration that soluble factors can interact with local synaptic activity to induce
heterogeneities in receptor localization at the neuromuscular junction may be an important
model for our system as well (Zhang and Poo, 2002). Our inability to demonstrate an effect of
conditioned media on AMPA receptor scaling may reflect an effect of the growth factor rich
media in which our neurons are grown, or may represent intrinsic differences between spinal
and cortical neurons.

A Rapid Surface Accumulation of NMDA receptors Accompanies Activity -Dependent
Synaptic NMDA Receptor Localization

In spite of the role played by NR2A and NR2B accumulation in synaptic NMDA receptor
localization, there is not a direct relationship between the total accumulation of these subunits
and global synaptic localization, The disconnect appears to be related to a second effect of
synaptic activity on inhibiting surface (or synaptic) NMDA localization. This effect is rapidly
reversed once residual synaptic activity is suppressed. This is similar to the pattern of AMPA
receptor insertion/subtraction seen in LTP and LTD (Malenka and Bear 2004; Rumpel et al.,
2005), but in contrast to those mechanisms, rapid NMDA receptor insertion in spinal neurons
is induced by activity blockade. We do not yet have data on whether either surface translocation
effect is as rapid as that seen in LTP/LTD and whether it is a localized or perisynaptic
phenomenon.

Differences between Activity - Dependent Synaptic NMDA Receptor Localization and
Synaptic AMPA receptor Scaling and Potential Implications

That NMDA receptors undergo activity dependent synaptic localization is clear from this and
other work (Lissin et al., 1998; Ehlers 2003; Watt et al., 2000). What is not clear is the
relationship between the activity-induced regulation of NMDA receptors and that of AMPA
receptors. Our data suggests that in spinal neurons the 2 classes of glutamate receptors have
different time courses for activity-dependent synaptic localization (Figure 2) as well as
different mediators (Figure 4). In addition, the effect of synaptic activity on the acute surface
translocation of NMDA receptor subunits, independent of tetanic stimulation, appears unique
to NMDA receptors (Table 5).

Another important aspect of activity-dependent synaptic NMDA receptor localization is the
heterogeneity in synaptic NMDA receptor localization seen in the presence of proteasomal
inhibitors and conditioned media. This heterogeneity was reflected morphologically in the
appearance of excitatory synapses with NMDA receptor clusters next to synapses without
them, as well as in a large coefficient of variation of individual synaptic NR1 fluorescence
intensities. The cause of the heterogeneity is not clear but could be related to differences in the
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molecular properties of the synapses or to differences in local synaptic activity. The fact that
the excess heterogeneity is eliminated by TTX implies that the source of the heterogeneity lies
in the frequency of, or response to, presynaptic glutamate release. It should be pointed out that
in the current study heterogeneities in synaptic NMDA receptor localization were brought out
by relatively artificial circumstances. However, variations in synaptic activity as may exist in
vivo may make these heterogeneities manifest under more physiologic conditions. Given that
AMPA receptor scaling is assumed to be a homogeneous process, preserving the relative
weights of individual synapses (Turrigiano and Nelson 2004), the possibility of localized
heterogeneities in synaptic NMDA receptor regulation and differing mechanisms for activity
dependent synaptic NMDA and AMPA receptor accumulation suggests that the ratio of AMPA
to NMDA receptors at individual synapses may be neither fixed nor static with important
implications for local variation in the threshold for synaptic plasticity (Bear, 2003).

Experimental Methods

Cell Cultures

Low and high-density ventral spinal neurons from E15 rat embryos were grown as described
(OBrien et al., 1997). When pharmacologic agents were added, the growth media was
completely changed to fresh glial conditioned media with the indicated agents. Half the media
was then changed every 24 hrs with media containing the pharmacologic agents at a 1x
concentration. APV and CNQX were used at 0.1 to 0.3 mM and 10 to 20 uM respectively.
Picrotoxin and strychnine were used at 200 pM and 2 uM respectively, leupeptin at 50uM,
TTX at 10 puM, lactacystin at 1 pM, MG132 at 10 uM and actinomycin D at 10uM.

Conditioned Media

10 cm dishes containing high-density spinal or glial cultures were switched to 6 ml of fresh
growth media with or without APV (.3 mM) and CNQX (20 uM). The media was left in place
for 48 hrs with a 50% change at 24 hrs. Control conditioned media was derived from cultures
grown for 48 hrs in fresh media without APV and CNQX. After collection, the control neuronal
media had APV and CNQX added to a final concentration of 1mM and 60 uM respectively.
The media were dialyzed overnight against several changes of complete growth media with
10 mM HEPES buffer at 4 degrees using a 1 kDa cutoff dialysis membrane (Spectra/Por). The
dialyzed media was then frozen, thawed, filtered through a 0.2 uM filter and used in a 1:1
dilution with preexisting growth media. The conditioned or control media was refreshed every
12 hrs with a 50% change for 36 to 48 hrs.

Neuronal Transfections

Spinal neurons were transfected after 7 or 8 days in vitro as described (Mi et al., 2004). A GFP
expression construct was included with the test construct at a 1:4 ratio. In experiments looking
at the surface localization of NR1, N-terminal tagged myc-NR1-1A (C2 cassette) was
transfected into neurons alone and surface staining assayed as described below. In experiments
with the proteasomal subunits LMP2 or C2, neurons were transfected with an equal mixture
of GFP tagged and untagged LMP2 or C2 and assayed for synaptic NR1 clusters 36 hrs after
transfection. Neurons were grown in the presence of APV and CNQX during that time.

Immunohistochemistry

Neuronal cultures were fixed and processed for immunocytochemistry as described (Mi et al.,
2004). Live immunostaining prior to fixation was carried out for 30 minutes at 37 degrees in
MEM plus APV (100 uM) and CNQX (10 uM). Synaptic localization of NR1 and GIuR2 was
performed by colocalizing the combined polyclonal VGLUT1 and VGLUT2 antibodies (each
at 1:1000) with the monoclonal pan NR1 antibody (S3C11) at 0.5 pg/ml or the GIuR2 specific
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monoclonal (Chemicon; MAB 397) at 1 pg/ml. For conditioned media experiments we
tabulated synaptic GIuR1 rather than GIuR2 clusters using a C-terminal polyclonal GluR1
antibody (OBrien et al., 1997).

Clustering Assay

The number of synaptic glutamate receptor clusters on individual neurons was determined by
staining for VGLUT1/2 (polyclonal) and NR1 or GIuR2 monoclonals and then observing their
correlation in a blinded assay. The technical details of the assay have been published (OBrien
et al., 2002). In all cases, the numbers expressed are the mean +/— S.D. of the mean of 3 or 4
separate experiments.

In experiments looking at the effect of dominant-negative mutations on endogenous synaptic
NR1 clustering, serial GFP positive neurons were identified in a blinded assay and the number
of VGLUT (Blue) associated NR1 clusters (Red) determined. In experiments looking at the
surface localization of NR1, N-terminal myc-tagged NR1-1A (C2 cassette) was transfected
into neurons. Cultures were stained live with mouse monoclonal anti myc (0.5 pg/ml, 30
minutes at 37°), fixed in sequential paraformaldehyde and methanol and then stained with
polyclonal anti VGLUT followed by rhodamine anti mouse and FITC anti rabbit. Sequential,
surface myc-positive neurons were identified and scored for synaptic NR1 as described above.

Quantitation of Proteins at Individual Synapses

Antibodies

Quantitative estimates of synaptic NR1, GIuR1, GIuR2 or PDZ immunofluorescence were
performed as described (5). In most cases, except when specifically designated, we analyzed
synaptophysin or VGLUT associated immunopositive clusters of the indicated protein (i.e.
synapses that appeared immunonegative were not analyzed). Each data point represents all the
synapses visible in a single (cell centered) 100 x visual field from a minimum of 30 randomly
and sequentially selected neurons taken from a minimum of 3 separate experiments. The data
is expressed (unless otherwise noted) as the mean of the means of the separate experiments +/
— the SD of those means.

VGLUT1 and VGLUT? antibodies were purchased from Synaptic Systems and were used by
diluting each 1:1000 in the same tube for immunochemistry and 1:1000 (individually) for
western blotting. The pan-PDZ monoclonal antibody K28/86.2 was purchased from Upstate
Biotech and used at 2 ug/ml. This antibody recognizes the PDZ domains on PSD-95,
Chapsyn-110 and SAP 97. Other antibodies used in this study have been described before
(OBrien et al., 1997; Mi et al., 2002). For NR1 half-life experiments, biotinylated and
streptavidin immunoprecipitated material was probed with the pan-NR1 monoclonal 05-432
(Upstate). This same pan NR1 monoclonal was used for most quantitative assessments of NR1
levels (immunoblots) unless otherwise specified. Antibodies to the proteasomal subunits C2
(#3325) and LMP2 (#3328) were purchased from abcam and used for immunoblotting at 1:500
and 1:100 respectively.

Immunoblotting and Quantitation of Relative Protein Levels

Immunoblots were performed as described (Mammen et al., 1997). For receptor half-life

experiments, cell surface proteins were biotinylated and streptavidin immunoprecipitated as a
function of time (Mammen et al., 1997). The volume of sample loaded for each half-life

experiment was adjusted such that all time points would be within the linear range of the film.
Serial dilutions of the t = 0 sample were run on each gel to provide a standard curve for each
experiment. Material from APV and CNQX treated cultures was diluted so that the total NR1
signal at t=0 would be equivalent to the control samples. All proteins were visualized by ECL
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and analyzed using a Molecular Dynamics Personal Densitometer Sl. To calculate half-lives,
we plotted the natural logarithm of the percentage of protein remaining as a function of time.
Quantitation of protein levels in total cell material was performed by generating a standard
curve for each film using serial dilutions of either the control or APV/CNQX sample such that
individual band intensities could be expressed as a percentage of the control or APV and CNQX
treated sample.

Northern Blots

Constructs

Total RNA or mRNA was extracted using Totally RNA (Ambion) or Oligotex Direct (Qiagen)
respectively and processed for Northern blotting and quantitation as described (Mi et al.,
2004), running 5 pg of total RNA or 2 ug mRNA per lane. Probes consisted of a 1.2 kb Pst1
fragment of rat NR2A, an 800 bp PCR fragment (3677-4470) of rat NR2B, and a 1.4 kB Xho1l
— Hind3 fragment of NR1 labeled with 32P by random priming.

All constructs used in this study have been described (Mi et al., 2004) except for the following:
The cytoplasmic tail of NR2B, consisting of the terminal 256 amino acids of the rat NR2B C-
terminus, was inserted in-frame with an N-terminal myc tag into the EcoR1 and Not1 sites of
pCMV-Myc. NR2BCTA10 was similar to NR2BCT, minus the final 10 amino acids. Rat
NR2CCT was generated from the terminal 248 amino acids of the rat NR2C C-terminus,
inserted in frame with an N-terminal myc tag using the EcoR1 and Not1 sites of pCMV-Myc.
NR2DCT and NR2DCTA10 were generated from the terminal 322 amino acids of the rat NR2D
C-terminus minus the terminal 10 amino acids for NR2DCTA10. Mouse LMP and LMP2-GFP
(after Reits et al., 1997) was obtained by RT PCR from mouse brain polyA RNA using the
primers (SENSE) GCTAGCCTTGCAGGGATGCTGCGGGCAGGAGCACC and
(ANTISENSE) ACCGGTGGCTCATCGTAGAATTTTGGCAGCTC (LMP2-GFP) or
(ANTISENSE) ACCGGTGGTCATCACTCATCGTAGAATTTTGGCAGCTC (LMP2), TA
cloned into PCR4 (Invitrogen), digested with Nhel and Agel, subcloned into pPEGFPN1
(Clontech) and sequenced completely. Mouse Proteasome subunit C2 was obtained by RT PCR
from mouse brain polyA RNA using the primers (SENSE)
GCTAGCCTTGCAGGGATGTTTCGAAACCAGTATGACAA and (ANTISENSE)
ACCGGTGGATGTTCCATTGGTTCATCGG (C2-GFP) or (ANTISENSE)
ACCGGTGGTTATTAATGTTCCATTGGTTCATCGG (C2) and subcloned similar to
LMP2.

Statistical Comparisons

Comparisons between the number of clusters per neuron under different experimental
conditions or between the intensity of those synaptic clusters was performed using a paired t-
test of the means of a series of at least 3 separate experiments, each including all the appropriate
and indicated conditions. Comparisons between total or surface subunit protein accumulation
were performed by comparing the relative increase or decrease of the indicated subunits
compared to control over a minimum of three experiments each including all the appropriate
and indicated conditions using a paired t-test. For the most part no corrections were made for
multiple comparisons as the results were neither post-hoc nor independent (i.e. an increase in
NR2A would be expected to be associated with a change in NR1, or an increase with activity
blockade would be expected to be accompanied by a decrease with activity augmentation).
Moreover the results are physiologically plausible. Lastly, almost all the significantly different
results mentioned in the text (with the notable exceptions mentioned in the legend to Table 2
and Figure 3) were either replicated in non-overlapping experiments, or resulted in
confirmatory data in downstream experiments.
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Figure 1. Synaptic Activity Regulates the Localization of NMDA Receptors

Ventral spinal neurons were treated with the indicated pharmacologic agents for 36 to 48 hrs.
Excitatory synapses were identified by staining with antibodies to the presynaptic vesicular
glutamate transporters VGLUT1 and VGLUT?2. Synaptic clustering of NR1 could be brought
out by APV plus CNQX or to a lesser extent by APV. Live staining indicates a neuron
transfected with an N-terminal myc tagged NR1 construct and stained live with anti myc prior
to fixation. Arrows indicate the presence of NR1 immunonegative synapses on neurons with
nearby NR1 immunopositive synapses. Scale bars = 10 pum.
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Figure 2. The Effect of Synaptic Activity on NMDA Receptor Subunit Accumulation

In A, immunoblots of cultures solubilized at different times after exposure to APV and CNQX
were probed with the indicated antibodies. In B, the quantitative results of 4 such experiments
are expressed as the mean +/— S.D of 4 experiments. In C, the mean synaptic fluorescence
intensity for NR1 and GIuR2 obtained over 6 experiments are shown at the indicated time
points after APV and CNQX addition. In D, equivalent amounts of mRNA from cultures 36
hrs after addition of the indicated agents were run along with an equivalent amount of MRNA
from untreated cultured hippocampus neurons. The arrows in D indicate the position of the
28S and 18S ribosomal RNA bands. In E, biotinylated surface NR1 was streptavidin
immunoprecipitated and probed with a pan-NR1 antibody as a function of time after
biotinylation. The APV and CNQX treated samples were diluted 1/1.5 so that the signal at t=0
would be equivalent to the control sample.

* p<0.05 compared to prior time point for the same subunit in a paired comparison.
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B Synaptic NR1 VGLUT
Clusters / Neuron Clusters / Neuron

Transfected with:
Control 15.3 +/- 3.7 16.9 +/- 4.1
NRZACT 4.7 +/-2.1* 14.0 +/-3.4
NR2BCT 5.6 +/- 3.0 14.7 +/- 3.3
NR2ACT A10 159 +/-24 16.8 +/- 3.0
NR1CT C2 14.5 +/- 3.6 15.5+/-3.9
NR1CT C2' 15.3 +/- 6.1 17.6 +/- 5.3
NR2C CT 14.0 +/- 2.9 15.2 +/- 3.5
NR2D CT 129 +/-42 134 +/-46
Eigurlg S.t_Dominant Negative NR2 Mutants Disrupt Activity Dependent Synaptic NMDA Receptor

Ventral spinal neurons were transfected with constructs expressing the indicated NMDA
receptor subunit C-terminal tails, along with GFP (insert), and were then exposed to APV and
CNQX for 36 hrs. Control isa pCMV-LacZ vector. In A and B, the NR2A C-terminus is shown
to disrupt the APV and CNQX induced synaptic localization of NR1, while the NR2A C-
terminus minus its terminal 10 amino acids (NR2ACTA10) did not. Small residual clusters of
NR1 can sometimes be seen in NR2ACT transfected neurons (arrows). A total of 10 — 20 GFP
positive neurons per transfection were analyzed for each construct and each value is derived
from a minimum of 3 experiments. Scale bar = 10 um.
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* p<0.01 compared to control transfection in a paired comparison. This remains significant
(p<0.03) when corrected for the total number of constructs compared (7).
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Figure 4. Conditioned Media Induces Synaptic Localization of NMDA Receptors

In A, neurons grown in the presence of media conditioned by neurons undergoing activity
dependent synaptic NMDA receptor localization (1x; 50% (vol / vol) dilution) also show
synaptic NMDA receptor localization. Control media consisted of media conditioned by
neurons in the absence of APV and CNQX. Residual excitatory synapses without synaptic
NMDA clusters are indicated with arrows. In B, the effect of media conditioned by spinal
neurons exposed to APV and CNQX on the accumulation of NR2A, NR2B and GIluR1 is shown
using immunoblots of the indicated synaptic proteins after a 48 hr incubation in 1x CM at a
50% (vol / vol) dilution. For comparison, neurons treated directly with APV and CNQX or
with conditioned media plus picrotoxin and strychnine are also shown. In C, the effect of
different concentrations of conditioned media as well the effect of concentrating the
conditioned media on NR2A accumulation is shown. The data is expressed +/— S.D (n=3). The
percentage of conditioned media indicated represents the percentage of the total media in which
the neurons were grown which is conditioned, either 1X or 5X. The 40% conditioned media
is significantly different from the 10% conditioned media at the 0.01 level for both concentrated
and unconcentrated forms.

*p < 0.05 compared to 1x conditioned media at the same dilution

** p <0.05 compared to 1x conditioned media at the same dilution and p <0.05 compared to
APV and CNQX treatment
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Figure 5. Proteasomal Inhibitors Induce the Synaptic Localization of NMDA Receptors

Ventral spinal neurons were treated with the indicated agents for 36 hrs. In A, total and surface
(streptavidin immunoprecipitated) immunoblots from the treated cultures were probed with
the indicated antibodies. In B, synaptic clusters of NR1 induced by lactacystin (1 pM),
lactacystin plus TTX (10 uM), and lactacystin plus picrotoxin and strychnine (P&S; 100 pM
and 2 uM respectively) are shown. Note the VGLUT positive synapses without NR1 clusters
in lactacystin treated cultures (arrows in overlap). In C, surface (streptavidin
immunoprecipitated) NR1 and GIuR1 are shown in cultures grown under control conditions
and following 48 hrs of exposure to picrotoxin and strychnine. In D, histograms of the number
of VGLUT positive synapses per neuron which are NR1 or GIuR2 positive are displayed.
Neurons were exposed to lactacystin. The NR1 data is from 452 neurons, the GIuR?2 data from
247 neurons. Scale bars = 10 pum.
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B Synaplic Clusters | Neuron (+ APV { CNQX)
NR1 PDZ VGLUT
Transfecied with:
alGFP 14.0+/-1.9 14 9+/-2.5 15.5+/-2 8
LMP2 [ LMP2-GFP  BA+-1.8° 133+-27  14.1+43.0
G2/ C2-GFP 144428 187417  158+-24

C C2 LMP2

293 293 Spenal Spinal 293 293 Spinal  Spinal
Tran UnTran Con A&C Tran UnTran Con A&C

Figure 6. Proteasome subunit composition alters synaptic NMDA receptor localization

In A, cultured spinal neurons were transfected with an equal amount of LMP2 and LMP2-GFP
and cultured for an additional 36hrs in the presence of APV and CNQX. Images of the LMP2-
GFP and NR1 signals are shown in isolation and superimposed on the VGLUT signal. A high
power image of the dendritic LMP2-GFP signal is shown in the insert. Arrows indicate
excitatory synapses without NR1 accumulation. In B, results of a series of 3 transfection
experiments for each of the indicated constructs is shown. For each transfection experiment,
25 transfected neurons were analyzed. Data is expressed as the mean +/— SD of the mean for
the 3 experiments per construct. All results reflect the number of clusters seen on neurons
grown in the presence of APV and CNQX for 36 hrs. In C, immunoblots of HEK293 cells
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transfected with the indicated constructs (non GFP tagged) as well as non transfected spinal
neurons grown in the presence or absence of APV and CNQX for 36 hrs are shown after probing
with antibodies to C2 (left) or LMP2 (right). The results shown were replicated in 2 other
similar experiments. Arrows in C indicate the position of the 25 kD molecular weight marker.
* p<0.01 compared to eGFP or C2 transfected neurons.
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Figure 7. Heterogeneity in Individual Synaptic NR1 Fluorescence Intensities Induced by
Pharmacological Manipulation of Ventral Spinal Neurons

In A-D, histograms of individual synaptic NR1 fluorescence intensities, representing all the
VGLUT positive synapses visible in a single 100x field, are displayed from a series of 30 — 40
consecutive neurons per coverslip per condition. In each case the coverslip was treated with
the indicated pharmacological agents or conditioned media for 36 hrs. Note that the 0 — 0.5 bin
is divided into 2 groups. Above the histograms are the mean (+/— S.D.) of the individual
synaptic fluorescence intensities for that experiment and the coefficient of variation of those
individual synaptic fluorescence intensities. In E and F, the mean +/— S.D of the mean for a
minimum of 3 experiments similar to those displayed in the histogram and the coefficient of
variation of the individual synaptic fluorescence intensities for those same experiments are
displayed. In E, all VGLUT (+) synapses were included in the analysis. In F, only those judged
to be NR1 immunopositive (using blinded forced choice) were analyzed. For GIuR1 data in E,
cultures were treated with the indicated agents for 48 hrs.

* p<0.02 compared APV plus CNQX treated cultures.

** p<0.02 compared to lactacystin treated cultures
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Table 1

Synaptic Activity Regulates Synaptic NMDA Receptor Localization

—Ventral Spinal Cultures were grown in the presence of the indicated agents for 36 to 48 hrs. In A, each value represents
data from approximately 200 to 250 neurons gathered over 4 experiments and is expressed as the mean of 4 experiments
+/— SD. PDZ refers to the number of VGLUT positive synapses associated with clusters of postsynaptic PDZ domain
containing MAGUK proteins. In B, only synapses deemed immunopositive for the indicated protein were analyzed.
All immunopositve synapses in a cell-body centered 100x field were analyzed. Each data point in B represents the
mean of the means of a minimum of 4 experiments, each sampling 10-20 neurons.

A
Synaptic Clusters/Neuron
NR1 VGLUT PDZ

Control 2.3+/-1.9 13.6 +/- 4.0 13.7+/-6.1
APV (0.3) 6.6 +—3.7" 13.1+/-3.9 13.0 +- 2.2
APV (0.1) 6.1+-2.4" 143 +/- 26 14.3 +/- 3.7
APV + CNQX 143+/-32"" 150 +/- 3.8 148+/-52

B

Mean Synaptic NR1 Mean Synaptic GIuR2 Mean Synaptic PDZ
Fluorescence Intensity Fluorescence Intensity Fluorescence Intensity

Control 537 +/- 211 5686 +/— 1002 10421 +/- 2655
APV (0.3 mM) 3508 +/— 918* 6030 +/— 1118 11717 +/- 2170
APV (0.1 mM) 3143 +/- 1144" 5325 +/— 1394 10009 +/—- 3941
APV + CNQX 6402 +/- 1027 9051 +/- 1581 12247 +/- 3011

*
p<0.02 compared to control and APV / CNQX treated cultures.

*x
p<0.02 compared to control and APV treated cultures.
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Table 2

Quantitative Assessment of Synaptic Activity and Proteasomal Inhibition on NMDA Receptor Subunit
Accumulation

High density ventral spinal neuron cultures were grown in 60 mm dishes for 7-8 days and were then treated with the
indicated agents for 36 hrs. Cultures were solubilized in M-Per and processed for immunoblotting as described in
Methods, or they had their RNA extracted for northern blotting. For immunoblotting, equivalent percentages of a dish
were run on the gel, while for northern blots, 2 mg of polyA RNA (n=1) or 5 mg of total RNA (n=1) were run. Protein
accumulation data is drawn from four separate experiments while the RNA data is from 2 experiments. Data are
expressed as an increase/decrease relative to control for each experiment.

Relative Expression Levels after 36 hrs

APV/CNQX APV Lactacystin MG132

0.3mM/20pM 0.3mM 1pM 10 pM
NR1-C2 2.4+-03"" 1.7+-03"" 19405
NR1-C2' 2.3+-03"" 1.7+-03"" 1.6+/-03""
NR2A 7.2+1-2.0" 3.6+-1.97" 6.5+/-1.3" 5.8+/-1.8"
NR2B 8.7+-1.6" 44+-13" 7.9+/-1.8" 6.0+/-1.5"
GIuR2 1.7+-0.4" 1.8+-0.2" 1.7+-0.3"
NR2C 0.9+/-0.1 1.1+/-0.1 0.9+/-0.2
NR2D 0.9+/-0.1 1.2+/-0.1 1.0+/-0.2
Stargazin 1.1+/-0.2 1.2+/-0.3 0.9+/-0.3
Chapsyn110 0.9+/-0.1 1.1+/-0.1 1.0+/-0.1
Tubulin 1.04/-0.1 1.0+/-0.2 0.9+/-0.1
PSD-95 1.2+/-0.3 1.3+/-0.4 1.1+/-02
Synaptophysin 1.4+/-02""F 1.3+/-0.3 1.2+/-0.2
VGLUTL 1.3+-0.3 1.1+/-0.1 1.1+/-0.2
VGLUT2 15+-02""" 1.2+/-0.2 1.3+/-0.3
NR1 mRNA 1.1+/-0.04
NR2A mRNA 0.9+/-0.03
NR2B mRNA 1.0+/-0.11

*
p<0.05 compared to control in a paired comparison

**k
p<0.05 compared to control but not compared to APV/CNQX treated cultures in a paired comparison

Fkk

p<0.05 compared to control in a paired comparison but loses significance compared to control for this single experiment when the p value is multiplied
by the number of comparisons made (14) and was not replicated in separate independent experiments.

Mol Cell Neurosci. Author manuscript; available in PMC 2009 August 31.



Page 27

Rosen et al.

S0—-/+C1 L1189 Jde-+el - (XS) WD
T0—/+60 T0-/+0T T0—+TT T0-+TT el CTIHEY ol THES LJO-+8T WO
T0—-/+60 T0-/+60 ¢0—/+80 TO-/+T1 ¢o0—-/+¢1 DO j04u0D
Q0-1+2e 80-1+52 LT 9L ST-1+69 LE0-1+vT XONIIADY
VZdN a¢dN (s4u 96) THNIO TdnIo VZdN 924N TdN

(uoD 01 aANR|eY) S|aAe ] WNHW (j011u0D 01 8AIR[AY) S|oAdT UIB10Ad
d
- L0C—/+118 JT+6S - Ty -1+ 65T Sr -+t (1y 8) XOND/AY + ND
- LT+GL D0/ 6¢ - '€ —/+ L'ST wxl ¢V 0T (14 8) XONO/AdVY
- ST-+8L L1109 - 0V —/+€LT JE-+89T XONI/ADY + WD
- 60—/+GV w00/ LE - TS—/+6'GT wxC 71+ GG (x5) IND parenusouod
0T—/+88 8T—/+GS w00 /+EE L€+ €61 Ty —/+ 6T w7 CHEL ND
9T—-/+18 0c—/+¢S ¢0—/+€0 9EC—-/+EVI EV—/+0V1 0T—-/+€¢ D |0u0)
ST-/+56 LT+ v8 LTS 8C—/+6V1 6'¢—/+8'9T L7 -+87T XONO/AdV
€C—/+901 ET-/+SV 20-/+€0 T+ LET 6'€—/+€'ST 0Z-/+T¢€ [04u0D

Zdad TdnIo TN Zdad TdnIo TYN
poaxv Ansusqu| ondeuAs uesiy 118D s4a1sn|D ondeuAs

v

"S3ININJ 83 JO Y3|eay syl aZIWIXew 0} J3PJO0 Ul BIpaW Pauoiipuod ul uoiregnaul Jnoy 4T e Ajuo sjuasaidal

(M 0T) @ upAwounae Joy erep ay ) Juswiiadxa Yoes 10} [041U0I O] BAIIR|3) 8SLaJI8P/asealaul Ue se passaldxe ale eleq "sluswiiadxa g
wioJy S e1ep WNY 8yl a|1ym siuswiiadxe ajesedas 0T 01 AN0J WOJ) SINSaJ Syuasaidal g ul Julod eyep yoe3 "paurelqo sem juiod awil 1y 96
[euonlIppE Ue 8J13YyM THN|O J0 3Sed 8yl Ul 1da9xa Siy 87 Jaje Bu1llo|q uisyiou 1oy paloeaixs Ny J1ay pey Jo Buimojgounwiwi 10y passado.d
pue Jad-|Al Ul pazijign|os aJam san)jnd Ausuap ybiy pareasy Aprejiwis ‘g uj ‘siuawiiadxs eIpaw pauonipuod syl Se 8jnpayds swes ayl uo
BIpaW PJepueR)IS YIIM Paj SUOINaU 0 SI3)aJ |04U0D 'SPOYISIAl Ul PaqLIdsap Se pateal] pue SUORIPUOd plepuels Japun umolh suoinau jeulds
WIOJJ UdXe] BIPaW 0} SJajal |ND [041u0D "Sluswiiadxa G 10 ¢ JO SaLIas B Ul paulllalap sem ‘Alsusiul 8dusdsalonyy andeuAs uesw Jisy)
se |[am se ‘sutsjold pajealpul ay) Jo s1aisn|o andeuAs Jo Jaquinu ayl (..Jysg,, se pareubisap) siy g Alans sebueyd eipawl 819|dwod Yym siy
9€ 10} pappe Jo (SUoNIpuoI prepuess) siy ZT Alans sabueyd eipaw g/T YUM S1y 87 10} S8IN3NJ aAIeU 01 pappe sem ‘siuabe o1bojoseweyd
payealpul ayl Buiureiuod 1o (JOA/|OA ‘UOITRIIUBIUOD [eul) 9%0S) IND “XOND % AdV 01 pasodxa sainnd Ag pauonipuod eipaw ‘y
uolezijeso 4101dadsy arewein|o a1deuAs uo eIpap\ pauciIpuo) 40 3983 ayL

€ 9|qel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Mol Cell Neurosci. Author manuscript; available in PMC 2009 August 31.



Page 28

Rosen et al.

auofe @ uiAwounde 0} pasedwod 1o 0>d
XXX

‘uostiedwod paired e Ul sainynd pareasl XONI/AJY pue |01u0d 0] pasedwod go'o>d

xx

‘uosiedwod paited e Ul [0J3u03 03 pasedwod G0'0>d
*

20 -/1+610 (uyT) @ uAwounay
(uvt)a
ey TTHTE uAWoUNdY + XONI/ADY
1'0—/+9C (4 #T) XONO/ADY
e V'0-/+1¢C (Y ¥T) @ UPAWOUNIY + IND
€0—/+8'T (4 ¥T) WO
*v.o —/+2C K.N —/+278 *m.m —/+ G, (4ug) XONIIACY + IND
90-/+22 WET+0S wL T (44 8) XONO/ADY
LO0-1+12 Je-+98 L0T-1+61 XONO/ALV + WD
VZdN gzuN (s1y 96) THNID peslalfo) VZdN gz4dN TN

(uoD 01 8A1EIRY) S[9AeTT YNHW

(jo42u0D 01 BAIIR[BY) S[8AST UIBI0Id

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Mol Cell Neurosci. Author manuscript; available in PMC 2009 August 31.



Page 29

Rosen et al.

‘uostiedwod paired e Ul sUoINaU paleal) unsAdeloe| 01 patedwod o o>d

xx

‘uostiedwod palred e ui suoinau pajessl XOND/AY 01 pasedwod 19 0>d
*

(£0TX) asdeuAs Jad

- STy 9'T—/+6'8 €1-/+5'8 WL 507110 LOTHTS LTy 90Ud2salon|d TYN

uoJnaN Jad

B THET LEE/+08 Tv—/+2'ST 8'¢—/+0'9T wnl OHTET b OO L8469 el sasdeuAs (+)THN
undadna (XG) eIpaIA pauonIpuoD XOND/AdV+ unsAaeioe] XONI+ AdV X 11+ unsAoeioe] S9d+ unsAoeioe unsAoeloe] ZETON

d

- LTl 8'€—/+€'TT 9'€—/+5CT 801166 A AT L0+l - gzyN 9%euns

- LST+8Y r—/+0vT 0'G—/+T'E€T LV YT sV 1110C BT-/+8Y - V24N 8%ejns

- - S'0—/+V'E y&n.o\?m.m yc,m.o\?m.o *N.o\\in..ﬁ - TYN 82epns

- - €0-/+0¢C - - €0-/+L7T 7'0-/+8'T N[O [eloL

wx0 071160 ¥'2—/+¥'9 ST-/+9°L 6'T-/+6'9 £'¢-/+0'6 9'C-/+8'L T'e-/+€'8 ET-/+¥'G 924N [el0L

00T TC-/+69 €¢-/+0'8 TC/+L'L 8T-/+¥'9 €C-+CL 7'2—/+9°9 6 T-/+09 VZUN [eloL

- - - L'0-/+LC 7'0—-/+0°€ §'0-/+5¢C 7'0-/+9'C 9'0-/+6'C TYN [el0L
undadnaT (xg) e1paiN XONO/AdV+ XONO+ X11+ S®d + unsAoeyoe] ZETON

pauonipuo) unsAoeloe] NdV unsAoeloeT] unsAoeloe]
v

NIH-PA Author Manuscript

‘SjuswiIadxe € Jo wnwiuiw e wody paAeldsip st TYN Joj aanisodounwiwi pabpnl sesdeuAs 1e TYN Joj Alsusiul
80uadsaIon|y a1ndeuAs ueaw a8yl ‘g U] "|9A3] 20°0 BY1 T8 [041U0I W) JuaIalIp Ajuediyubis s 3nsal yoeg ‘sjuswilIadxs 7 JO wnwiulw e Jussaidal pue Juswiadxa yoes J0j [0J1U0I 0 dAIe|l
passaldxa ale ele@ "UMOUS ale siy 9¢ 10} sluabe [ealbojodewreyd payedlpul syl Ym patessl sainind jeulds wody s|aAs] 1ungns 1oldadal QAN 89.4INS pue [e101 JO SasA[eue aAleluenb ‘v uj
UOI1eZI[e307] pUe UoIRINWNIJY HuNgns 101dsday WVAIAIN 40 uonejnbsy

v o1qeL
NIH-PA Author Manuscript

NIH-PA Author Manuscript

Mol Cell Neurosci. Author manuscript; available in PMC 2009 August 31.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Rosen et al. Page 30

Table 5
Acute Regulation of NMDA Receptor Subunit Accumulation and Localization
A, the number of synapses immunopositive for the indicated protein as well as the mean synaptic fluorescence intensity
for that protein is displayed after a 36 hr priming incubation with lactacystin (1 uM) or conditioned media (5x; 50%
vol/vol) and following a subsequent secondary (30 min) exposure to APV and CNQX. Data represent a minimum of
3 experiments. B, quantitative analyses of total and surface NMDA receptor subunit levels from neurons treated with
a 36 hr priming incubation with lactacystin (1 uM) and following a subsequent secondary (30 min) exposure to APV
and CNQX. Data represent a minimum of 4 experiments.

A
Primary Incubation (36 hr) Secondary Incubation (30 min)
Lactacystin Lactacystin + APV/CNQX Lactacystin Only

NR1 Positive Synapses 8.4+/-3.3 14.6+4/-5.0" 8.8+/-2.7
VGLUT Positive Synapses 15.8+/-2.8 16.7+/-3.5 16.3+/-2.8
NR1 Synaptic Fluorescence 4.0+/-0.8 7,2+/71,5* 3.7+/-1.1
(x10%)

(130IlaJ)R1 Synaptic Fluorescence (x 10.1+/-3.6 8.8+/-2.5 9.7+/-2.2

Primary Incubation (36 hr) Secondary Incubation (30 min)
Conditioned Media (5x) CM (5x) + APV/CNQX CM (5x) Only

NR1 Positive Synapses 10.9+/-2.8 14.6+/73.O* 8.8+/-2.7
VGLUT Positive Synapses 17.3+/-3.6 17.0+/-2.9 16.3+/-3.4
NR1 Synaptic Fluorescence 5.6+/-1.4 8.5+/72.3* 4.9+/-1.0
(x10%)

GIuR1 Synaptic Fluorescence 9.3+/-2.5 9.6+/-1.7 8.5+/-2.8
(x10%)

B

Primary Incubation (36 hr) Secondary Incubation (30 min) (Relative to 1° 36 hr Incubation)
(Relative to Baseline)
Lactacystin Lactacystin + APV/CNQX Lactacystin Only

Total NR1 2.3+/-0.8 0.9+/-0.2 1.0+/-0.1
Total NR2A 6.6+/-2.7 1.1+/-0.1 1.0+/-0.2
Total NR2B 5.8+/-2.4 1.1+/-0.2 0.9+/-0.1
Total GIuR1 1.74/-0.7 1.0+/-0.1 1.1+/-0.2
Surface NR1 15+/-0.3 35+/-09" 0.8+/-0.2
Surface NR2A 5.3+/-1.9 3.94/-05" 1.2+/-0.3
Surface NR2B 6.0+/-1.8 2,7+/—0,4* 1.1+/-0.2
Surface GIuR1 2.3+/-0.6 1.1+/-0.2 1.2+/-0.2

*
p<0.02 compared to primary incubation.
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