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During early postnatal development in the rat hippocampus, synap-
togenesis occurs in parallel with a developmental switch in the
subunit composition of NMDA receptors from NR2B to NR2A. It is
unclear how this switch affects the process of synaptogenesis,
synapse maturation, and synapse stabilization. We investigated the
role of NR2 subunits in synaptogenesis during the period in which
expression and synaptic incorporation of the NR2A protein begins
through the time when it reaches adult levels. We found that early
expression of NR2A in organotypic hippocampal slices reduces the
number of synapses and the volume and dynamics of spines. In
contrast, overexpression of NR2B does not affect the normal number
and growth of synapses; however, it does increase spine motility,
adding and retracting spines at a higher rate. The C terminus of NR2B,
and specifically its ability to bind CaMKlI, is sufficient to allow proper
synapse formation and maturation. Conversely, the C terminus of
NR2A was sufficient to stop the development of synapse number and
spine growth. Our results indicate that the ratio of synaptic NR2B
over NR2A controls spine motility and synaptogenesis, and sug-
gest a structural role for the intracellular C terminus of NR2 in recruit-
ing the signaling and scaffolding molecules necessary for proper
synaptogenesis.

ynaptic connectivity in the brain is the result of a delicate bal-

ance between synaptogenesis and synaptic pruning. Changes in
synaptic connectivity drive the refinement of neuronal circuits
during development (1) and are thought to underlie the formation
of memories and acquisition of behaviors (2). Disruption of this
balance has been linked to abnormal brain development and neu-
ropsychiatric disorders such as Alzheimer’s disease and schizo-
phrenia (3).

In rat hippocampus, during the 2 wk following birth a large
number of synaptic connections are assembled; some subsets of
these are stabilized, and others are lost (4). During the same pe-
riod, NMDA-type glutamate receptors (NMDARs) undergo a
developmental switch from containing the NR2B subunit to con-
taining the NR2A subunit (5). This switch accelerates the kinetics
of NMDAR-mediated excitatory postsynaptic currents (EPSCs)
(6, 7) and decreases the ability of the synapse to undergo potenti-
ation (8, 9). Recent evidence also indicates that NMDARSs play
a structural role in the long-term stabilization of synapses and
spines (10); however, it is not known whether NR2 subunit com-
position influences the process of synaptogenesis, synaptic prun-
ing, and synapse stabilization.

NR2 subunits bind glutamate and determine the functional
properties of NMDAR channels (11). NR2A and NR2B subunits
are closely related in amino acid sequence; however, the large in-
tracellular C terminus exhibits only 54% identical or similar amino
acids (12). Differential interactions between intracellular signaling
complexes and NMDAR C termini have been proposed to play
important roles in synaptic plasticity (8, 9, 13, 14). Importantly, the
interaction of active CaMKII and NR2B C terminus is necessary for
long-term potentiation (LTP) (8,9, 15), a cellular model of memory
formation (2). Conversely, NR2A does not interact with CaMKII
(16). Given the length of their C termini and the potential for dif-
ferential interactions with scaffolding and signaling molecules, the
NR?2 subunits are good candidates to participate in controlling
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the process of synaptogenesis, synaptic pruning, and synapse sta-
bilization. We investigated whether the subunit composition of
synaptic NMDARSs controls the number and structural plasticity of
Schaffer collateral/commissural-CAl synapses in the hippocam-
pus. Cultured slices allowed us to manipulate the subunit compo-
sition of synaptic NMDARSs while maintaining synaptic organiza-
tion critical to understanding synapse development (17).

Our findings show that the ratio of NR2A to NR2B present at
synapses controls the rate of synapse formation and maturation.
We conclude that the developmentally regulated expression of
NR?2 subunits is a key component to controlling normal devel-
opment of synapses through interactions mediated by the C ter-
minus, in particular with CaMKII. We propose a model in which
NR2A acts as a stabilizing force in the synapse, making both
functional and structural change more difficult, whereas NR2B is
required for structural changes, such as new spine formation and
spine retraction, to occur.

Results

Development of Synapses in Cultured Hippocampal Slices. We char-
acterized the development of synapses in CA1 pyramidal cells from
organotypic hippocampal slices prepared at postnatal day 6 (p6)
and cultured for 4-5, 7-8, or 11-12 d. This allowed us to establish
the normal rate of synaptogenesis with which to compare experi-
ments where expression of NR2 subunits was manipulated. These
age groups were chosen to bracket the developmental period in
which expression and synaptic incorporation of NR2A begins
through the time that it reaches adult levels (Fig. S14) (18, 19).
We determined the frequency of a-amino-3-hydroxyl-5-methyl-4-
isoxazole-propionate glutamatergic receptor (AMPAR)-mediated
spontaneous miniature excitatory postsynaptic currents (mEPSCs)
as a measure of functional synapses present at different stages of
development. Importantly, paired pulse facilitation, an indicator of
presynaptic release probability, did not change among the ages
studied (Fig. S1B). A large increase in the frequency of mEPSCs is
observed between 4-5 days in culture (dic) and 7-8 dic, indicating
a period of strong synaptogenesis in hippocampal slices during the
first week in culture. Between 7-8 dic and 11-12 dic, a smaller but
still significant increase in mEPSC frequency is observed (Fig. 1 4
and B). The average interevent interval (IEI) per cell was also cal-
culated and pooled with age-matched cells, and a group average
taken (Fig. 1B, Inset). Cumulative distribution plots were preferred
in further figures to better display the total range of IEIs. Consistent
with previous reports (17), the amplitude of mEPSCs did not change
during the period studied. Only cells in the 7-8 dic group were ob-
served to have slightly larger mEPSC amplitudes (~5 pA), signifi-
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Fig. 1. Development of synapses and spine motility in organotypic hippo-
campal slices. (A Left) Example traces from slices prepared at p6 and cultured
as indicated showing mEPSCs recorded in the presence of 1 pM TTX and 100
pM PTX at —60 mV. (Scale bar, 20 pA and 1.3 s.) (Right) Example of apical
dendritic spines from neurons transfected with GFP in slices as indicated.
(Scale bar, 5 pm.) (B) Cumulative fraction of all IEls of mEPSCs from slices
cultured for 4-5 (n = 12), 7-8 (n = 27), or 11-12 (n = 9) days. Frequency of
mEPSC increases significantly from 4-5 dic to 7-8 dic (KS test D = 0.3053, P <
0.01). A smaller but still significant increase occurs at 11-12 dic (KS test D =
0.0536, P < 0.01). (Inset) IEI cell average. Error bars represent SEM. *P < 0.05,
Student’s t test. (C) Quantification of dendritic spine density from cells from
slices 4-5 dic (n = 9), 7-8 dic (n = 8), and 11-12 dic (n = 14). (D) Total spine
motility decreases with age. Quantification of all spine motility events
(filopodia extension + new spine emergences + spine retraction) per mi-
crometer from cells transfected with GFP from slices 4-5 dic (n = 8), 7-8 (n =
8), and 11-12 dic (n = 6). Confocal live images were taken at intervals of
10 min for 2 h. (E-G) Quantification of filopodia extension (E) and new
spines appearing per micrometer of dendrite (F), and percentage of spines
retracting (G) from cells, as in D.

cantly different from the 11-12 dic group but not the 4-5 dic group,
with an increase in the skew of the distribution (Fig. S1 E and F).

Because the vast majority of excitatory synapses are located on
dendritic spines (20, 21), we used spine density as a second robust
method to estimate the number of synapses during the de-
velopmental period of interest. Confocal fluorescence microscopy
was used to calculate spine density on apical dendrites of CA1
pyramidal cells transfected with GFP. A large increase in spine
density was observed between 4-5 dic and 7-8 dic. No change in
spine density was observed between 7-8 and 11-12 dic (Fig. 1 4
and C). These changes in spine density parallel changes in mEPSC
frequency. Both methods underestimate the number of synapses
because of our inability to detect events below the noise of our
recordings (5-7 pA) and synapses made directly onto the dendritic
shaft or spines that are normal to the imaging plane; however,
they provide good and independent estimates of the relative
number of synapses. Together, these experiments indicate that the
number of synapses in CAl pyramidal cells in cultured hippo-
campal slices increases rapidly during the first week in culture and
stabilizes thereafter.
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Normal Spine Motility in Cultured Hippocampal Slices. To charac-
terize the mechanism responsible for the observed increase in
number of synapses, time-lapse fluorescence confocal microscopy
was used to establish the normal dynamics of dendritic spines in
CAl pyramidal cells. Cultured hippocampal slices were trans-
fected with GFP, and CA1 pyramidal cells imaged live 3 d later.
Images were obtained every 10 min for a period of 2 h, and spine
motility quantified. Motility events were defined as new spines
appearing, spines retracting, and extension of filopodia (Materials
and Methods). The total number of motility events observed in
neurons from organotypic slices 4-5 dic and 7-8 dic was similar;
however, at 11-12 dic, total motility events decrease significantly
(Fig. 1D), consistent with reports indicating that spine motility
decreases with age (22). In neurons from slices 7-8 dic, it was
common to observe filopodia growth or extension; however, in
cells 11-12 dic, the occurrence of filopodia movements or ap-
pearance decreased significantly (Fig. 1E), consistent with pre-
vious reports (23). The number of new spines added during the
period of observation per unit of length decreased slightly be-
tween 4-5 and 7-8 dic. A large reduction in the number of new
spines added is observed in cells 11-12 dic (Fig. 1F). Because the
probability of observing spines retracting during imaging sessions
is a function of the number of spines present, we normalized the
number of spines retracted to the number of spines at the be-
ginning of the imaging session and expressed it as a percentage.
Similarly to new additions, spine retractions decrease slightly
between 4-5 and 7-8 dic, and a large reduction in the number of
spines retracted is observed in cells 11-12 dic (Fig. 1G and Fig.
S1C). These data indicate that spine motility in general decreases
drastically after the first week in culture. However, in cells from
slices 4-5 and 7-8 dic, the number of new spines added is larger
than the number of spines being retracted per unit of length (net
gain; Fig. S1D), explaining the increase in the number of synapses
and spine density observed during the first week in culture. In
slices 11-12 dic, where spine motility is significantly lower, new
spines can still be observed; however, the number of additions and
retractions is equivalent, producing a net gain close to zero, and
therefore maintaining a stable number of synapses (Fig. S1D).

This period of synaptogenesis and synapse stabilization in cul-
tured organotypic hippocampal slices coincides with the beginning
of expression and synaptic incorporation of NR2A subunits. We
next manipulated the level of synaptic NR2A-containing NMDARs
to test the hypothesis that NR2A controls the ratio of spine addi-
tions to retractions.

Early Expression of NR2A Decreases Number of Synapses. Organo-
typic hippocampal slices 4-5 dic were transfected with GFP-tagged
NR2A and NR1 and cultured for an additional 3 d. Only a few cells
in the slice were transfected; therefore, we could not determine
whether the total level of NMDARSs was affected, but electro-
physiological assays allowed us to determine whether the subunit
composition of synaptic NMDARSs was altered. Transfected CA1
pyramidal cells were compared with age-matched cells, i.e., 7-8 dic.
At this age, evoked NMDAR EPSCs in CA1 pyramidal cells are
dominated by NR2B-containing receptors. Ro25-6981, an NR2B-
specificblocker (24), decreases the amplitude of NMDAR currents
by ~63% (Fig. S1G) and accelerates the decay kinetics (Fig. S1H),
consistent with a larger proportion of NR2B-containing receptors
and some synaptic incorporation of endogenous NR2A at this age.
In cells transfected with NR2A, Ro025-6981 does not block
NMDAR currents significantly (Fig. S1G) and has no effect on the
decay kinetics of NMDAR currents (Fig. S1H). These experiments
confirm that expression of recombinant NR2A significantly
increases the proportion of NR2A-containing receptors at synap-
ses (25).

Early expression of the NR2A subunit resulted in a significant
decrease in mEPSC frequency compared with age-matched non-
transfected cells (Fig. 24). No change in the average amplitude of
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Fig. 2. Early expression of NR2A in hippocampal slices decreases synapse
number. (A) Cumulative fraction of all IEls of mEPSCs from neurons
cotransfected with NR1 and NR2A (n = 9), NR1 and NR2B (n = 8), or non-
transfected age-matched neurons (black; n = 27). NR2A significantly
decreases mEPSC frequency (KS test P < 0.01, D = 0.4989 vs. Ctrl and D =
0.51226 vs. NR2B). (B) Spine density from neurons cotransfected with GFP,
NR1, and NR2A (n = 13), or NR2B (n = 12) and control age-matched neurons
transfected with GFP (n = 8). (C) Quantification of all spine motility per
micrometer from control age-matched neurons transfected with GFP (n = 8)
or cells cotransfected with GFP, NR1, and NR2A (n = 13) or NR2B (n =9). (D-F)
Quantification of filopodia extension (D) and new spines per micrometer of
dendrite (E), and percentage of spines retracting (F) from cells, as in C. (G)
Quantification of spine volume from control neurons transfected with GFP
from slices cultured for 4-5 (n = 4), 7-8 (n = 5), or 11-12 (n = 7) dic, and
neurons cotransfected with GFP, NR1, and NR2A (n = 7) or NR2B (n = 4). Error
bars represent SEM.

mEPSCs was observed (Fig. S1 E and F). To study the effect of
early NR2A expression in spine density, mCherry-NR2A and NR1
were cotransfected with GFP. Cells expressing NR2A earlier than
normal exhibit a significantly lower number of dendritic spines
compared with cells expressing only GFP (Fig. 2B). Thus, in-
creasing the level of NR2A during a period of synaptogenesis
reduces the number of synapses formed. In contrast, coexpression
of NR2B and NR1 did not affect the frequency of mEPSCs (Fig.
2A) nor the number of spines observed per unit length (Fig. 2B; for
examples, see Fig. S2).

Early Expression of NR2A Blocks Addition of New Spines. Cells
expressing NR2A exhibit a significant decrease in the total num-
ber of motility events observed (Fig. 2C). A small nonsignificant
decrease in the normal extension of filopodia is observed (Fig. 2D)
as well as a significant decrease in the number of new spines added
(Fig. 2E). Importantly, the number of spine retractions does not
differ significantly from age-matched control cells (Fig. 2F; P =
0.4035). In contrast, expression of NR2B increases the total
number of motility events observed (Fig. 2C). This increase in
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motility is due to a small increase in the number of filopodia
appearing or extending and to significant increases in addition of
new spines and spine retractions (Fig. 2 D-F). Interestingly, ex-
pression of NR2B does not alter the total number of synapses (Fig.
2 A and B), indicating that additions and retractions are occurring
with similar frequency. In cells transfected with GFP, the average
spine volume increases between 4-5 dic and 7-8 dic, but stabilizes
between 7-8 dic and 11-12 dic (Fig. 2G). Early expression of
NR2A decreases the volume of spines compared with age-
matched (7-8 dic) control cells (Fig. 2G). The resulting decreased
spine volumes are similar to those seen in 4-5 dic cells. Expression
of NR2B does not affect the spine volume (Fig. 2G).

Thus, the decreased number of synapses seen with early syn-
aptic incorporation of NR2A is not the result of a change in the
rate of spine retractions, but rather due to a decrease in the ap-
pearance of new spines. Though NR2B does not change the total
number of synapses, it stimulates motility of spines and filopodia.
This suggests that NR2B may be critical for the initial setup of the
synapse, because it allows spines to move and find appropriate
presynaptic partners. To test whether NR2B is necessary for
synapse formation, we next decreased the level of expression of
endogenous NR2B.

NR2B Is Required for Synaptogenesis. To selectively knock down
NR2 subunits, we used a plasmid that coexpresses GFP and
asiRNA directed against the sequence of either NR2A or NR2B, as
previously described (13). Electrophysiological measurements
were made to confirm knockdown of the corresponding NR2
subunit. Knockdown of NR2B reduces the peak amplitude of
NMDAR-mediated EPSCs by ~61%, compared with nearby non-
transfected cells stimulated under the same conditions (Fig. 34).
Asexpected, the kinetics of decay of remaining NMDAR-mediated
responses are faster, indicating that at 7-8 dic, a small amount of
endogenous NR2A-containing receptors have been incorporated
into synapses (Fig. 3B). Knockdown of endogenous NR2B reduces
the number of functional synapses, as indicated by a significant
reduction in the frequency of mEPSCs (Fig. 44), and significantly
lowers spine density (Fig. 4B). In contrast, knockdown of NR2A has
no major effect, because the level of expression of endogenous
NR2A and synaptic incorporation at this age, 7-8 dic, is low.
Knockdown of NR2A produces only a small, nonsignificant de-
crease in the peak amplitude (~16%) compared with nearby con-
trol cells (Fig. 34). However, the decay kinetics of evoked
NMDAR-mediated EPSCs are significantly slower (Fig. 3B), in-
dicating removal of what NR2A subunits were present from syn-
aptic NMDARs. Knocking down expression of endogenous NR2A
slightly increases the frequency of mEPSCs (Fig. 44) and spine
density (Fig. 4B), although not significantly. Scrambled control
siRNA had no effect on mEPSCs frequency or spine density.

Our findings suggest that NR2B is necessary for spinogenesis/
synaptogenesis. Our model predicts that this decrease in the
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Fig. 3. Expression of NR2B-siRNA reduces synaptic NMDAR currents. (A)
Peak amplitude of NMDAR-mediated EPSCs at +40 mV from neurons trans-
fected with NR2B-siRNA (white; n = 14 pairs) or NR2A-siRNA (gray; n = 11)
and adjacent nontransfected neurons (black bars). Values are normalized to
the peak amplitude of the nontransfected cell in the pair. (B) Time to half-
decay of NMDAR-mediated responses from neurons, as in A. Error bars
represent SEM.
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Fig. 4. Knockdown of NR2B in hippocampal slices decreases synapse number
and reduces spine motility. (A) Cumulative fraction of all IEls of AMPAR-
mediated mEPSCs from neurons transfected with 2B-siRNA (n = 8; KS D =
0.4876 vs. Ctrl), 2A-siRNA (n = 11; KS D = 0.1176 vs. Ctrl), or scrambled siRNA
(dashed line; n = 11) and age-matched control neurons (black; n = 4 cells). (B)
Quantification of dendritic spine density in control neurons (n = 8), scrambled
siRNA (n = 6), and neurons cotransfected with GFP and NR2B-siRNA (n = 10) or
NR2A-siRNA (n = 6). (C) Quantification of all spine motility events per mi-
crometer from control neurons transfected with GFP (n = 8), scrambled siRNA
(n =6), 2B-siRNA (n = 8), or 2A-siRNA (n = 6). (D-F) Quantification of filopodia
extension (D) and new spines per micrometer of dendrite (E), and percentage
of spines retracting (F) from cells, as in C. Error bars represent SEM.

number of synapses formed is due to a lack of structural plasticity
in the absence of NR2B subunits. Therefore, we used time-lapse
fluorescence imaging to estimate spine motility. As predicted, a
decrease in the total number of motility events in cells expressing
siRNA-NR2B is observed (Fig. 4C). Knockdown of NR2B de-
creased the number of filopodia extensions and the number of
spine additions (Fig. 4 D and E) but did not alter the number
of retractions (Fig. 4F; P = 0.4428). In contrast, knockdown of
NR2A caused a small, nonsignificant increase in the total num-
ber of motility events observed (Fig. 4C) with a trend to increase
both additions and retractions (Fig. 4 E and F). These experi-
ments indicate that the ratio of NR2B to NR2A controls spine
motility, with NR2B subunits increasing motility and allowing
synaptogenesis, and NR2A subunits inducing stability.

NR2B and NR2A exhibit significant dissimilarity in their long,
intracellular C termini, resulting in different binding affinities for
structural and signaling proteins—in particular CaMKII, a key
enzyme responsible for functional plasticity (26). We next tested
the hypothesis that the C termini of NR2 subunits are responsible
for the differences observed in synapse formation.

NR2 Subunits C Termini Control Synaptogenesis. We created chi-
meric NR2 subunits with swapped intracellular C termini to test
whether the C terminus of NR2A was responsible for preventing
the normal increase in number of synapses when expressed pre-
maturely, and whether the C terminus of NR2B was sufficient to
allow normal development of synapses.

As mentioned, early expression of NR2A decreases the number
of synapses formed at 7-8 dic, measured by decreases in spine
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density and frequency of AMPAR-mediated mEPSCs (Fig. 2;
shown again in Fig. 5 for easy comparison). Expression of chi-
meric NR2B with the C terminus of NR2A (2B-CTA) reduced
the number of spines formed at 7-8 dic (Fig. 54, black bar) and
the frequency of AMPAR-mediated mEPSCs (Fig. 5B, black
line), similar to the effect of expressing WT NR2A. Importantly,
2B-CTA also decreases the volume of spines (Fig. SE, black bar).
Confirming the importance of the C terminus, cells expressing
chimeric NR2A with the C terminus of NR2B (2A-CTB) ex-
hibited normal spine density (Fig. 5C, black bar) and normal
frequency of AMPAR-mediated mEPSC:s (Fig. 5D, black line). In
addition, the presence of the NR2B C terminus allowed spines to
grow properly, as the spine volume was not different from cells
expressing GFP or WT NR2B (Fig. 5F, black bar). These findings
indicate that the C terminus of NR2B is sufficient to allow
proper synaptogenesis.
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Fig. 5. Ctermini of NR2 subunits control synaptogenesis and spine growth.
(A) Quantification of dendritic spine density in control neurons (n = 8), neu-
rons cotransfected with GFP, NR1, and NR2A (gray; n = 13), chimeric NR2B
with the C terminus of NR2A (2B-CTA; black; n = 13), or NR2B RS/QD mutant
(hatched; n = 15). (B) Cumulative fraction of IEls of AMPAR-mediated mEPSCs
from nontransfected neurons (n = 27) or neurons cotransfected with NR1 and
NR2A (n =7), NR1 and 2B-CTA (black; n = 8), or NR1 and NR2B RS/QD mutant
(dashed; n = 8). NR2B-CTA reduces frequency compared with control cells (KS
test D = 0.3794) and shows no difference with NR2A (KS test D = 0.0785). NR2B
RS/QD decreases frequency compared with control (KS test D = 0.4286). (C)
Quantification of dendritic spine density in control neurons (n = 8), neurons
cotransfected with GFP, NR1, and NR2B (gray; n = 12), chimeric NR2A with the
C terminus of NR2B (2A-CTB; black; n = 6), or NR2AAIN mutant (hatched; n =
14). (D) Cumulative fraction of IEls of AMPAR-mediated mEPSCs from non-
transfected neurons (n = 27) or cotransfected with NR1 and NR2B (n = 8), NR1
and NR2A (n = 9), NR1 and 2A-CTB (black; n = 10), or NR1 and NR2AAIN
mutant (dashed; n = 8). NR2A-CTB recovers frequency and is not different
from control cells (D = 0.0002) but different from WT NR2A (D = 0.36).
NR2AAIN partially recovers frequency (D = 0.1543 vs. NR2A). (E) Quantifica-
tion of spine volume from control neurons (n = 5), or cotransfected with NR1
and NR2A (n =7), NR1 and 2B-CTA (n = 7), or NR1 and NR2B RS/QD (n = 6). (F)
Quantification of spine volume from control neurons (n = 5), or cotransfected
with NR1 and NR2B (n = 4), NR1 and 2A-CTB (n = 6), or NR1 and NR2AAIN
(n = 7). Error bars represent SEM.
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An important difference between the C termini of NR2A
and NR2B is their ability to interact with CaMKII. NR2B interacts
with CaMKII, and NR2A does not; therefore, NR2A decreases
functional synaptic plasticity (8, 9). In light of this, we next
tested whether the interaction of CaMKII with the NR2 subunits
is necessary for normal synaptogenesis. Expression of a mutant
NR2B that cannot bind CaMKII, NR2B RS/QD (8, 16), decreased
spine density (Fig. 54, hatched bar) and frequency of AMPAR-
mediated mEPSCs (Fig. 5B, dotted line). Disruption of NR2B
interaction with CaMKII also decreased spine volume (Fig. 5E,
hatched bar). These results indicate that recruitment of CaMKII to
synapses is essential for proper spine growth and synapse forma-
tion. To test whether the interaction of CaMKII with NMDARs
was sufficient for normal synaptogenesis, we used a mutant of
NR2A that is able to bind CaMKII, NR2AAIN (8). Cells expressing
NR2AAIN exhibited normal spine density (Fig. 5C, hatched bars)
compared with cells expressing GFP or WT NR2B. Expression of
NR2AAIN also results in a small increase in AMPAR-mediated
mEPSC frequency, although this increase does not represent a full
recovery to the frequency seen in age-matched control cells (Fig.
5D, dotted line). Increasing the ability of NR2A to bind CaMKII
also increased spine volume to values not significantly different
from age-matched control cells expressing GFP or WT NR2B (Fig.
SF, hatched bar). Thus, lack of interaction between CaMKII and
NR2A C terminus seems to explain the diminished spinogenesis/
synaptogenesis observed when NR2A is overexpressed, although
other effects, such as the total charge transferred, may also play
arole.

Finally, we performed a molecular replacement experiment to
confirm that NR2B is necessary for formation of the proper
number of spines and synapses and that this property resides in
the C terminus. This experiment is also the best control to rule
out possible off-target effects of the siRNA used. Endogenous
NR2B was knocked down using siRNA and simultaneously re-
covered with WT NR2B carrying a silent mutation that renders it
resistant to the siRNA (NR2B*). As shown in Fig. 6, the mEPSC
frequency and spine density values are recovered with NR2B*.
However, replacement of endogenous NR2B with a chimeric
NR2B* with the C terminus of NR2A (2B-CTA*) was not able
to recover the mEPSC frequency or spine density.

Together, these results indicate that the intracellular C-termini
portion of NR2 subunits control the rate of synaptogenesis and
spine growth. Interaction of CaMKII with NR2B C terminus is
necessary for synapse formation and maturation, presumably by
allowing synaptic plasticity to proceed and stabilize the connection.
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Fig. 6. Molecular replacement of endogenous NR2B. (4) Cumulative frac-
tion of all IEls of AMPAR-mediated mEPSCs from control neurons (n = 23),
transfected with 2B-siRNA (n = 8 cells), and neurons cotransfected with 2B-
siRNA and WT-resistant NR2B* (n = 13) or chimeric-resistant NR2B-CTA* (n =
12). (B) Quantification of dendritic spine density in control neurons (n = 8),
neurons transfected with 2B-siRNA (n = 10 cells), and neurons cotransfected
with 2B-siRNA and WT-resistant NR2B* (n = 4) or chimeric-resistant NR2B-
CTA* (n = 7). Error bars represent SEM.
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Discussion

Hippocampal CAl pyramidal neurons in rat organotypic slices
undergo a rapid process of synaptogenesis between 4-5 dic and
7-8 dic (equivalent to pl0-11 and p13-14), a process that is
stabilized by 11-12 dic (equivalent to p17-18). During the first
week in culture, spines are highly mobile with a larger number
of new spines appearing than the number of spines retracting,
producing a net increase in the overall number of synapses. In
general, spine motility decreases significantly after 11-12 dic, in
agreement with previous reports that indicate that in vivo spine
motility decreases with age (22).

During the period studied, expression of the NR2A subunit
begins and is followed by gradual incorporation into synapses in
hippocampus and other brain regions (5). NR2A incorporation
into synapses replaces NR2B-containing receptors (25) and re-
duces CaMKII-mediated synaptic potentiation (8, 9, 15) because
of the lack of interaction between CaMKII and NR2A and possible
inhibitory effects of the C terminus of NR2A (8, 9). Our results
show that the balance of NR2A and NR2B in the synapse strongly
affects the number of synapses formed. Increasing the expression
of NR2A decreases the number of synapses, suggesting that NR2A
prevents the process of synaptogenesis. Conversely, expression of
NR2B does not affect the number of synapses (this study), or
synaptic responses mediated by NMDARs or AMPARsS (8).

Previous reports indicate that overexpression of NR2A at an
age when NR2B normally dominates NMDARs decreases the
amplitude of NMDAR and AMPAR-mediated EPSCs (8). Our
results indicate that this reduction of glutamatergic synaptic
transmission following early NR2A expression is due to a reduc-
tion in the number of synapses. In addition, NR2A and NR2B-
CTA cause spines to have smaller volumes. Spine volume has been
positively correlated with the strength of AMPAR-mediated
synaptic transmission (27); thus, the small volume of these spines
suggests that the synapses present have not undergone synaptic
potentiation, as this process increases both AMPAR content and
spine volume (28). This result is consistent with the observation
that NR2A reduces LTP (8, 9, 15).

However, expression of NR2B increases spine motility via
increasing spine additions and retractions, as well as filopodia
motility. It has been suggested that the role of filopodia is to
establish synaptic connections (4, 23, 29). Thus, we conclude that
NR2B induces spinogenesis/synaptogenesis by providing greater
structural plasticity that allows the neuron to find and establish
appropriate synaptic contacts.

Another possibility is that spine motility is regulated by spine
density. Several lines of evidence suggest this is not the case. (i)
Spine density at 7-8 dic and 11-12 dic is the same (Fig. 1);
however, spine motility is significantly lower at 11-12 dic than at
7-8 dic. (ii) Expression of NR2B does not alter synapse density;
however, it clearly increases spine motility. (iii) Manipulations
that decrease synapse density (early expression of NR2A and
knockdown of NR2B) do not increase spine motility as expected if
synapse density determines spine motility and we take into ac-
count the basic observation that low synapse density correlates
with high spine motility, as in Fig. 1.

In addition to the ionotropic function of NMDARs, it has
been proposed that NMDARSs play a structural role in synaptic
and spine stabilization (10, 30). Our results show that the C ter-
minus of NR2 subunits confers a different role to each subunit in
the process of synapse formation and stabilization. The C terminus
of NR2A is sufficient to prevent synapse formation, presumably by
decreasing motility and blocking induction of plasticity. In con-
trast, the C terminus of NR2B is sufficient to induce normal syn-
apse formation. NR2B knockout mice exhibit a reduction in
globular actin and in the density of dendritic spines (30), consistent
with a role for NR2B in the organization of postsynaptic macro-
molecular complexes and spine formation.
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The important difference between the C termini of NR2
subunits seems to be the ability to interact with CaMKII. Dis-
ruption of NR2B interaction with CaMKII reduced the number
of spines and the number of functional synapses. It is important
to note that this effect was not as pronounced as the one exerted
by WT NR2A, suggesting that the rapid kinetics of NR2A, and
therefore less Ca*? influx, may also contribute to the inability of
NR2A to form new synapses. On the other hand, a mutant of
NR2A with increased CAMKII binding capability restores spine
density to control levels but does not increase the frequency of
AMPAR-mediated mEPSCs. It is possible that those spines
are “silent” (31, 32), suggesting that NR2A C-tail could prevent
the addition of AMPA-type receptors and/or that the amount of
Ca?* influx is not enough to drive AMPARS to the synapse.

NR2B interaction with CaMKII seems to be important for
structural plasticity leading to the formation of new spines and
synaptic contacts. It has been described that CaMKII has the
ability to bundle actin filaments (33), a process required to modify
the structure of synaptic protrusions (34). When functional syn-
aptic plasticity is induced, the presence of NR2B and CaMKII
allows structural modification and the incorporation of AMPARSs
while simultaneously, NR2A-containing receptors are replacing
NR2B-containing receptors. This replacement increases struc-
tural and functional stability, and presumably stabilizes synapses.
Whether a fraction of NR2B/CaMKII must remain in the spine is
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not clear. Similarly, whether NR2A also contributes other struc-
tural elements that confer stability remains to be determined.

Materials and Methods

Cultured organotypic hippocampal slices were prepared from Sprague
Dawley rats 6-7 d old and cultured as described (35). Slices were transfected
with proteins of interest using biolistics 60-72 h prior to experiments, or
5-6 d for siRNA. AMPAR-mediated mEPSCs were recorded in the presence
of 1 uM TTX and 100 pM PTX at —60 mV as described (9). For all experi-
ments, an equivalent number of control nontransfected and transfected
cells from the same slice were recorded. For imaging, slices were either
fixed after 3 d of expression using 4% PFA and 4% sucrose or perfused
with artificial cerebrospinal fluid (ACSF) for live imaging at 32-34 °C. All
images were taken on apical dendrites of first or second branching order.
Spines were defined as protrusions more than 0.5 pm and less than 3 um
long and with a round head. Filopodia were defined as protrusions over
3 pm in length, with no visible head. A Kolmogorov-Smirnov test was used
to analyze cumulative distribution of IEl. All other analysis used mean +
SEM, and Student’s t test. Significance was set at P < 0.05 (see Table S1 for
specific values). For constructs and details, see SI Materials and Methods.
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