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Development/Plasticity/Repair

Roles of NR2A and NR2B in the Development of Dendritic
Arbor Morphology In Vivo

Rebecca C. Ewald, Kendall R. Van Keuren-Jensen, Carlos D. Aizenman, and Hollis T. Cline
Watson School of Biological Sciences and Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724

NMDA receptors (NMDARs) are important for neuronal development and circuit formation. The NMDAR subunits NR2A and NR2B are
biophysically distinct and differentially expressed during development but their individual contribution to structural plasticity is un-
known. Here we test whether NR2A and NR2B subunits have specific functions in the morphological development of tectal neurons in
living Xenopus tadpoles. We use exogenous subunit expression and endogenous subunit knockdown to shift synaptic NMDAR compo-
sition toward NR2A or NR2B, as shown electrophysiologically. We analyzed the dendritic arbor structure and found evidence for both
overlapping and distinct functions of NR2A and NR2B in dendritic development. Control neurons develop regions of high local branch
density in their dendritic arbor, which maybe important for processing topographically organized inputs. Exogenous expression of either
NR2A or NR2B decreases local branch clusters, indicating a requirement for both subunits in dendritic arbor development. Knockdown
of endogenous NR2A reduces local branch clusters, whereas knockdown of NR2B has no effect on branch clustering. Analysis of the
underlying branch dynamics shows that exogenous NR2B-expressing neurons are more dynamic than control or exogenous NR2A-
expressing neurons, demonstrating subunit-specific regulation of branch dynamics. Visual experience-dependent increases in dendritic
arbor growth rate seen in control neurons are blocked in both exogenous NR2A- and NR2B-expressing neurons. These experiments
indicate that NR2A and NR2B have subunit-specific properties in dendritic arbor development, but also overlapping functions, indicat-

ing a requirement for both subunits in neuronal development.
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Introduction

Synaptic activity mediated by NMDA receptors (NMDARs) plays
key roles in brain development including refining topographic
projections, organizing functional circuits and regulating den-
dritic growth (Li et al., 1994; Cline, 2001; Ruthazer and Cline,
2004). The effects of NMDAR-mediated synaptic activity on den-
dritic arbor growth have been intensely investigated, motivated
by an interest in understanding the mechanisms by which
NMDAR-activity affects developmental plasticity. Synaptic
NMDAR-mediated responses promote dendritic arbor growth
(Dailey and Smith, 1996; Sin et al., 2002; Niell et al., 2004; Lee et
al., 2005), whereas blocking NMDARs reduces dendritic growth
(Rajan and Cline, 1998; Rajan et al., 1999). Furthermore, genetic
disruption of individual NMDAR subunits impairs map forma-
tion (Li et al., 1994; Kutsuwada et al., 1996; Iwasato et al., 1997,
2000; Lee et al., 2005), possibly by affecting dendrites of target
neurons. Although these studies establish a role for NMDARs in
dendrite development, and suggest specific roles for particular

Received July 27, 2007; accepted Dec. 13, 2007.

This work was supported by the National Institutes of Health and a Watson School of Biological Sciences En-
gelhorn Fellowship. We thank past and present members of the Cline laboratory for valuable discussions.

Correspondence should be addressed to Dr. Hollis T. Cline, Cold Spring Harbor Laboratory, 1 Bungtown Road, Cold
Spring Harbor, NY 11724. E-mail: cline@cshl.edu.

K. R. Van Keuren-Jensen'’s present address: TGen, 445 North Fifth Street, Phoenix, AZ 85004.

C. D. Aizenman’s present address: Department of Neuroscience, Brown University, Box G-LN, Providence, RI
02912.

DOI:10.1523/JNEUR0SCI.5078-07.2008
Copyright © 2008 Society for Neuroscience  0270-6474/08/280850-12$15.00/0

subunits (Kutsuwada et al., 1996), the role of NMDAR types,
defined by their subunit composition, is unclear.

NMDARs consist of two obligate NR1 subunits and two
NR2A-D or NR3A-B subunits, whose expression is spatially and
developmentally regulated (Cull-Candy and Leszkiewicz, 2004).
NR2A and NR2B have different biophysical properties, resulting
in fast decay times for NR2A- and threefold to fourfold slower
decay times for NR2B-containing receptors (Monyer et al., 1994;
Vicini et al., 1998), and consequently in different Ca** influx
(Sobczyk et al., 2005). NR2A and NR2B also differ in their inter-
actions with different postsynaptic density proteins (Sans et al.,
2000; Krapivinsky et al., 2003; Barria and Malinow, 2005; Kim et
al., 2005; Al-Hallaq et al., 2007). During development, NMDAR
decay kinetics shorten because NR2B is expressed in immature
neurons, whereas NR2A-containing receptors become the elec-
trophysiologically predominant subunit at later stages of devel-
opment (Carmignoto and Vicini, 1992; Hestrin, 1992; Monyer et
al., 1994; Cline et al.,, 1996; Shi et al., 1997; Kew et al., 1998;
Roberts and Ramoa, 1999).

Although NMDAR subunit composition is hypothesized to
confer distinct roles in nervous system development (Cull-Candy
and Leszkiewicz, 2004), the functional significance of the devel-
opmental change in NR2A and NR2B expression remains un-
clear. The proposed role in regulating critical period plasticity
(Carmignoto and Vicini, 1992; Flint et al., 1997; Roberts and
Ramoa, 1999) was not supported by the normal barrel cortex
critical period observed in NR2A knock-out mice (Lu et al.,
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2001). Evidence for opposing roles of NR2A- and NR2B-
containing receptors in regulating synaptic plasticity (Liu et al.,
2004; Massey et al., 2004) was complicated by drug specificity
(Neyton and Paoletti, 2006) and conflicts with other findings,
including data showing overlapping roles of NR2A and NR2B in
synaptic plasticity (Tang et al., 1999; Lu et al., 2001; Kohr et al.,
2003; Barria and Malinow, 2005; Berberich et al., 2005; Toyoda et
al., 2005; Weitlauf et al., 2005; Morishita et al., 2007).

We tested whether subunit composition of synaptic NMDARs
affects dendritic arbor development in vivo by controlling expres-
sion of NR2A and NR2B in single optic tectal neurons in the
visual circuit of intact albino Xenopus tadpoles and visualized
their development and experience-dependent plasticity by two-
photon time-lapse imaging. We find that although some features
of dendritic arbor development are more strongly affected by
NR2A or NR2B, others indicate overlapping roles for the two
subunits in neuronal development.

Materials and Methods

Expression vectors and morpholinos. The Xenopus laevis cDNA sequences
of NR2A and NR2B were cloned from a cDNA library screen (GenBank
accession numbers EU275164 and EU275165). Based on the complete
sequences of X. laevis NR2A and NR2B cDNA, the amino acid sequence
and all major functional regions and residues are conserved between
Xenopus and rat NR2 subunits (R. Ewald and H. Cline, unpublished
observation). X. laevis NR2A and rat NR2B ¢cDNA (a gift from Dr. Robert
Malinow, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY)
were subcloned in the bidirectional double-promoter expression vector
BiCs2GFP (a generous gift from Dr. Dave Turner, University of Michi-
gan, Ann Arbor, MI). BiCs2GFP contains two cytomegalovirus promot-
ers on opposite strands. One promoter drives the expression of enhanced
green fluorescent protein (EGFP) and the other drives one of the NR2
subunits or nothing for control cells. Protein expression from
BiCs2GFPNR2A and BiCs2GFPNR2B was verified by Western blot. The
NR2A and NR2B morpholino (MO) sequences and their respective five-
mispair controls (Gene-Tools, Philomath, OR) were based on the cloned
X. laevis NR2A and NR2B cDNA sequences and tagged with carboxyfluo-
rescein or lissamine.

The NR2A and NR2B morpholino sequences are as follows: NR2A-
MO, AAACAAACATCCCCATCTTGTCCAG; MisNR2A-MO, AAA-
gAAAgATCCCgATCTTCcTCgAG; NR2B-MO, GCCTCATCTTCAA-
CTCTTACACTCC; MisNR2B-MO, GCgTCATgTTCAAGTCTTAaAC-
TaC. The plasmid pBaact-Gal4VP16-UAS-EGFP (Koster and Fraser,
2001) (a generous gift from Dr. Scott Fraser, California Institute of Tech-
nology, Pasadena, CA) was used to visualize the morphology of MO-
transfected cells.

Electrophysiology. Cells in stage 47 tadpole brains were transfected with
the expression vectors (2-4 ug/ul) or the carboxyfluorescein-labeled
MOs (500 uMm) by whole-brain electroporation (stimulation settings, five
pulses, 1.4 ms duration, 50V) (Haas et al., 2002). After 3 d, the brains
were prepared for electrophysiological recordings as described by Wu et
al. (1996). Animals were anesthetized in 0.02% 3-aminobenzoic acid
(MS-222; Sigma, St. Louis, MO). The brain was dissected into HEPES-
buffered extracellular saline. For recordings of evoked NMDA receptor
mediated synaptic currents, the composition of the saline was (in mm)
115NaCl, 2 KCl, 3 CaCl,, 3 MgCl,, 5 HEPES, 10 glucose, 0.01 glycine, 0.1
picrotoxin, and 20 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo|f]-
quinoxaline-2,3-dione (NBQX), pH 7.2 with NaOH, and osmolarity 255
mOsm. For recordings of AMPA mEPSC, the composition of the saline
was the same except we used 4 KCI and included 1 um tetrodotoxin
(TTX). Ifenprodil (9 um) was added as stated. The brains were stabilized
in a submerged perfusion chamber and maintained at room tempera-
ture. Cells were visualized with a Nikon (Tokyo, Japan) E600FN fluores-
cence microscope and a 60X water-immersion lens. Recordings were
limited to GFP-expressing or carboxyfluorescein-labeled cells except for
recordings from control AMPA mEPSCs that were recorded from un-
transfected cells. Recordings were taken from cells located in the middle
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region of the optic tectum, avoiding the extreme caudal and rostral
boundaries where developmental differences in expression of NR2A and
NR2B subunits affect synaptic NMDA responses (Cline et al., 1996). No
difference was seen in recordings from cells electroporated with control
MOs for NR2A and NR2B, therefore, results were pooled. Whole-cell
voltage-clamp recordings were made with glass micropipettes (8-10
MQ) filled with intracellular saline [(in mm) for evoked recordings: 90
Cs-methane sulfonate, 5 MgCl,, 20 TEA, 10 EGTA, 20 HEPES, 2 ATP, 0.3
GTP, pH 7.2 with CsOH, osmolarity 255 mOsm; for AMPA mEPSC record-
ings: same except 80 Cs-methane sulfonate, osmolarity 250 mOsm]. Input
resistances averaged ~1.5 G(), and series resistances ~50 M) (Wu et al.,
1996; Aizenman et al., 2002). For the evoked NMDA responses, a bipolar
stimulating electrode (FHC, Bowdoinham, ME) was placed in the optic chi-
asm to evoke retinotectal synaptic responses. The NMDA responses were
recorded at +55 mV with 6 s between stimuli. The AMPA mEPSCs were
recorded at a holding potential of —600 mV. Signals were measured with an
Axopatch 2-D amplifier, and digitized with a Digidata 1200 A-D board (all
equipment was from Molecular Devices, Palo Alto, CA). Traces were re-
corded with P-Clamp8 software, and digitized at 10kHz. NBQX was ob-
tained from Tocris (Ellisville, MO), picrotoxin and ifenprodil from Sigma,
and TTX from Alomone Labs (Jerusalem, Israel).

Data analysis: electrophysiology. The data were analyzed with Axograph
software (Molecular Devices). To obtain the decay time constant 7, a
single exponential was fitted to the digitized data (Monyer et al., 1992)
within a window from the peak to 50% of the peak. Al AMPA mEPSC
events were analyzed that were detected within the first 4 min of record-
ing or the first 100 events, whichever came first. For the cumulative
frequency plots the first 20 events of each recorded cell were used.

Image acquisition. Stage 46—47 X. laevis tadpoles were anesthetized in
0.02% MS-222 (Sigma) and single cells were electroporated (Haas et al.,
2001; Bestman et al., 2006) via a glass electrode (tip diameter =1 pum)
filled with the BiCs2 expression vectors (1-1.5 ug/ul), or a mixture of
MOs (500 uMm) and the Gal4VP16-UAS-EGFP plasmid (1-1.5 ug/ul).
Electroporation settings for DNA constructs alone were 1 s train, 1 ms
pulse, 200 Hz at 1-2 pA, negative voltage; and for Mos plus DNA were
(twice) 1 s train, 1 ms pulse, 200 Hz at 1-2 pA, first train at negative,
second train at positive voltage. The tadpoles were imaged the next day,
and then imaged again according to their time-lapse imaging protocol,
with a custom-built two-photon laser-scanning microscope that was
modified from an Olympus Fluoview confocal scan box mounted on an
Olympus (Center Valley, PA) BX50WI microscope. The light source was
a Tsunami femtosecond-pulsed Ti:sapphire laser pumped by a 10 W
solid-state Millenia X laser (both from Newport Spectra, Physics, Moun-
tain View, CA) at 905-910 nm. Images were acquired with the Olympus
Fluoview acquisition software and a 40X water-immersion lens, and
images were collected to capture the entire extent of the dendritic arbor at
1.5 wm steps in the z direction.

Imaging protocols. Before and after electroporation and in between the
daily imaging sessions the tadpoles were kept on a 12 h dark/light cycle in
Steinberg’s rearing solution. In between all imaging points the tadpoles
were allowed to swim freely, and in case of the branch dynamics experi-
ment they were left at ambient light during the imaging session. Before
imaging the animals were anesthetized in 0.02% MS-222 (Sigma) and
placed into a Sylgard imaging chamber with a glass coverslip on top. For
the daily imaging experiments, the tadpoles were imaged once daily over
3 d, 1 d after electroporation. For the branch dynamics experiment, the
tadpoles were imaged every 2 h over 8 h the day after electroporation. For
the visual stimulation experiments we used the setup and imaging pro-
tocol described by Sin et al. (2002). The light stimulus intensity was
0.031mW/cm? as measured with an IL1400BL photometer (Interna-
tional Light Technologies, Peabody, MA). The tadpoles were imaged the
day after electroporation (t0), placed in a dark box for 4 h and imaged
again (t4). Then they were put into a chamber with four rows of light-
emitting diodes flashing in sequence to simulate a continuous motion-
stimulus for 4 h before a final image was taken (t8).

Image analysis. The three dimensional dendritic arbor of the cells was
manually reconstructed from the raw two-photon z-stack series using the
drawing program ObjectImage (http://simon.bio.uva.nl/object-image.
html). Custom macros developed by Dr. Edward Ruthazer (McGill Uni-
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versity, Montreal, Canada; http://clinelab. A
cshl.edu/methods. html) were used to deter-
mine total dendritic branch length and branch

tip number, and for the three-dimensional @ 1
(3D) Sholl analysis (1 wm radius interval, aver- 3
. ) . Zos
aged over 5 um bins). For the pixel density 8
analysis, a square of 63 X 63 pixels was centered 0
on a single pixel within the 512 X 512 pixel g
c

image window of the drawn object, and the total
number of pixels in the square was counted to
determine the density value of the pixel in the cen-
ter. The box was moved across the image window
to determine a density value for every pixel. The
individual slices were then convolved to yield den-
sity values for the 3D stack. For interbranch tip
distance and interbranch point distance analyses,
the x, y, z coordinates of the branch tips and
branch points were determined and the distances
were calculated with the formula d = \/[(x —
x,)2+ (y—y,)*+ (z—z,)%], wherex, y, zare the
coordinates of one branch tip/point, and x,,, y,,, z,,
are the coordinates of all other branch tips/points.
To avoid oversampling branch points, distances
smaller than 0.5 um (the maximum x—y resolu-
tion) were not counted. The normalized change in
branch tip number (BTN) in the knockdown ex-
periment was calculated as the difference between
the branch tip numbers on day 3 and day 1, and
was normalized to the initial branch tip number
onday 1.

For the branch dynamics experiment, branch
identities were assigned to follow individual
branch behavior across time points. Branch dy-
namics were analyzed with custom macros (Dr.
Edward Ruthazer, McGill University, Mon-
treal, Canada). We analyzed branch behavior
according to dynamic events that occurred in
relation to a reference time point. In this anal-
ysis, addition events appear at one time point
and persist through the next, retraction events
are branches that were present before the time
point and are lost at the reference time point,
maintained branches are present before, during, and after the time point,
and transient events are branches that are only present at the reference time
point. The fraction of these events of all branches at every single time point
was calculated, and then averaged across all cells. To determine the persis-
tence of branches present at t0, we calculated the fraction of branches that
were present at t0 and were still present at any other time point. We calcu-
lated the fraction of transient branches at any single time point by determin-
ing the fraction of transient branches (as categorized over the entire 8 h
imaging period) of all branches present at t2, t4, and t6. The number of
appearances of transient branches counted how often transient branches
appeared during the experiment as a fraction of all transient branches.

For the visual stimulation experiment, the growth rate in the dark and
light was calculated as total dendritic branch length [TDBL(t4—t0)] and
TDBL(t8—t4), respectively. Branch identities were assigned so behavior
of individual branches could be followed in response to the dark or the visual
stimulation. To calculate total branch length addition, the lengths of newly
added branches and the extension of existing branches were added. To cal-
culate total branch length retraction, the lengths of lost and the shortening of
existing branches were summed. Branch extensions and retractions were
calculated by subtracting branch lengths of branches present at least at two
time points and that changed more than *=1.5 wm.

Results

Exogenous expression and knockdown of NR2A and NR2B
shifts synaptic NMDAR responses in tectal neurons

The X. laevis cDNA sequence information for NR2A and NR2B
demonstrate a high degree of conservation of NMDAR subunits
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Exogenous expression or knockdown of NMDAR subunits shifts the kinetics of NMDAR-mediated EPSCs. A, Normal-
ized averaged traces of evoked NMDAR-mediated EPSCs recorded from control tectal neurons and cells exposed to ifenprodil.
Retinal ganglion cell axons were stimulated at the optic chiasm and responses from tectal cells were recorded by whole-cell patch
clamp. B, Quantification of the decay time constant 7 (control, 0.244 = 0.023s; Ifenprodil, 0.167 = 0.02; *p << 0.03,n = 9-14
cells in each group). ¢, Normalized averaged traces of evoked NMDAR-mediated EPSCs from control and exogenous NR2A- and
NR2B-expressing tectal neurons. D, Quantification of the decay time constant T (control, 0.251 % 0.027; NR2A, 0.142 = 0.018;
*p << 0.02; NR2B, 0.632 = 0.097, *p << 0.01; n = 5-9 cells in each group). E, Normalized averaged traces of evoked NMDAR-
mediated EPSCs from cells expressing control-, NR2A- and NR2B-MOs. F, Quantification of the decay time constant  (control MO,
0.253 = 0.046; NR2B MO, 0.155 == 0.019, *p << 0.05; NR2AMO, 0.4 == 0.045, *p << 0.05; n = 11-25 cells in each group). Error
bars are SEM and all statistical tests are Mann—Whitney U tests.

across species, and electrophysiological recordings and biochem-
ical data provide strong evidence for the expression of both NR2A
and NR2B subunits in tectal neurons of stage 47 X. laevis tadpoles
(Cline et al., 1996; Aizenman and Cline, 2007) (Ewald and Cline,
unpublished observation). We recorded evoked whole-cell re-
sponses from stage 47 tectal cells using an open brain prepara-
tion, where retinal axons in the optic chiasm are stimulated (Wu
et al., 1996). The decay time constant 7 in control neurons was
0.244 = 0.023 s (Fig. 1A, B), consistent with previous studies in
Xenopus tectal neurons (Cline et al., 1996). To test the relative
contribution of NR2B-containing NMDARs to synaptic
NMDAR currents, we applied the NR2B-specific antagonist ifen-
prodil at 9 uM. At this concentration, ifenprodil effectively blocks
NRI1/NR2B-only-containing NMDARs, but not NR1/NR2A-
only-containing receptors. However, inclusion of the NR2A sub-
unit in the receptor to generate NR1/NR2A/NR2B-containing
heteromers significantly reduces effectiveness of the ifenprodil
block (Williams, 2001). We found a small but significant acceler-
ation of the decay time constant 7 (0.167 = 0.02 s) (Fig. 1A, B),
suggesting that the majority of synaptic NMDAR contain the
NR2A subunit and are composed of either NR1/NR2A/NR2B or
NR1/NR2A receptors.

To shed light on the respective contribution of NR2A- and
NR2B-containing receptors to the morphological development
of tectal cells, we shifted the synaptic NMDAR composition
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within these neurons to become more NR2A- or NR2B-like with
exogenous expression of recombinant vectors or morpholino an-
tisense oligonucleotide-mediated knockdown of the endogenous
subunits. Previous experiments suggest that the endogenous lev-
els of the other NMDAR subunits remain unaltered despite such
manipulations (Morikawa et al., 1998; Tang et al., 1999; Philpot
etal., 2007). To assess the effect of NR2 subunit manipulation on
synaptic NMDAR composition, we recorded evoked retinotectal
synaptic currents from transfected cells, identified by EGFP co-
expression or by the carboxyfluorescein label of the MOs.

Sample traces of responses of isolated NMDAR currents show
that exogenous NR2B-expressing cells have significantly longer
decay times than NR2A-expressing cells or control neurons, ex-
pressing only EGFP (Fig. 1C). The decay time constant 7 is sig-
nificantly longer in recombinant NR2B-expressing neurons than
for control cells (Fig. 1 D). In contrast, NR2A-expressing cells
have a much shorter decay time compared with NR2B transfected
neurons (Fig. 1C) and their 7 is significantly faster than that of
control cells (Fig. 1 D). The responses of exogenous NR2A- and
NR2B-expressing cells are characteristic of each receptor subunit,
as seen for example in recordings from thalamocortical slices
from wild-type and NR2A —/— mice (Lu et al., 2001). These
results indicate that retinotectal synaptic responses in control
cells are mediated by NMDARs composed of both NR2A and
NR2B subunits, and that it is possible to shift their relative ratio in
the synapse to show more NR2A- or NR2B-like features by exog-
enous expression of the receptor subunits. The recordings also
indicate that both recombinant NR2A and NR2B associate with
endogenous NR1 to form functional NMDARs that are incorpo-
rated into synapses.

We further tested whether we could shift the endogenous
NMDAR composition by targeted knockdown of NR2A and
NR2B subunits with MOs. Compared with neurons that were
transfected with 5-mispair control MOs, knockdown of NR2A
results in evoked NMDAR synaptic responses with longer decay
times (Fig. 1E,F) typical of NR2B-containing receptors. Simi-
larly, knockdown of the NR2B subunit results in evoked synaptic
NMDA currents with significantly shorter decay time constants
than control cells (Fig. 1 E,F). These results show that it is also
possible to shift the synaptic NMDAR subunit composition to-
ward NR2A- or NR2B-like electrophysiological phenotypes by
MO-mediated knockdown.

Exogenous NR2A and NR2B expression regulates the local
dendritic arbor architecture

To investigate whether the different NMDAR subtypes play dis-
tinct functional roles in dendritic arbor development we used a
daily imaging protocol that captures gross morphological
changes of the dendritic tree in vivo (Wu and Cline, 1998). Single
neurons were transfected by electroporation (Haas et al., 2001;
Bestman et al., 2006) with recombinant NMDAR subunits or
MOs, and coexpressed EGFP as a morphological marker. Cells
were imaged once daily for three consecutive days starting the day
after electroporation (Figs. 2A, 3A).

Neurons that express exogenous NR2A or NR2B look mor-
phologically different from control cells. Dendritic arbors of con-
trol neurons form local clusters of branches, whereas the
branches of recombinant NR2A- and NR2B-expressing cells ap-
pear more evenly distributed along the arbor, as illustrated by the
example cells (Fig. 2A). Pixel-density analysis highlights the areas
of local branch clusters. Yellow and green colors indicate areas of
high pixel density and thus branch clustering, whereas turquoise
and blue colors show areas of low pixel density and therefore little
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clustering. Figure 2B illustrates a representative control cell
showing areas of high branch density, whereas exogenous NR2A-
and NR2B-expressing cells lack these local branch clusters and
are clearly more sparsely branched.

We quantified local branch clusters in dendritic arbors by
analyzing interbranch tip distances (IBTD), where the distances
from one branch tip to every other branch tip of the arbor are
calculated. If a branch terminates further away from other
branches, it will have longer interbranch tip distances and if it is
in a cluster of branches it will have shorter interbranch tip dis-
tances (Fig. 2C, diagram inset). Control cells have shorter inter-
branch tip distances compared with exogenous NR2A- and
NR2B-expressing cells and the phenotypes become more pro-
nounced over the imaging period (Fig. 2C). This indicates that
control cells have dendritic regions that become more densely
arborized over a 3 d period, resulting in more local clusters of
branches. Both recombinant NR2A- and NR2B-expressing cells
have longer interbranch tip distances than control cells, indicat-
ing that their branches are more spaced out and less clustered
(Fig. 2C). The median interbranch tip distance was calculated for
every cell and the average for each group further shows that ex-
ogenous NR2A- and NR2B-expressing cells have significantly
larger interbranch tip distances than control cells (Fig. 2 D). Be-
cause branch tips are organized in the three-dimensional space
around the dendritic shaft, there is the possibility that the ar-
rangement of branch points could be similar between groups
despite the branch tips being organized differently. We deter-
mined the distance of every branch point to every other branch
point (Fig. 2 E, diagram inset) and find that, consistent with the
interbranch tip distance analysis, recombinant NR2A- and
NR2B-expressing cells have fewer short interbranch point dis-
tances and many long interbranch point distances, whereas con-
trol cells have many short and fewer long inter branch point
distances (Fig. 2 E). Both analyses therefore show that exogenous
NR2A- and NR2B-expressing cells develop a dendritic arbor of
lower branching complexity, compared with control cells that
develop local branch clusters.

To further analyze the distribution of branches across the
complete dendritic arbor we performed a three-dimensional
Sholl analysis, where a set of concentric spheres is drawn around
the cell soma and the number of branch intersections at each
sphere is counted, revealing arbor complexity (Fig. 2 F, diagram
inset). Over 3 d, recombinant NR2A- and NR2B-expressing cells
develop a different dendritic structure than control neurons.
They start branching closer to the cell body and tend to extend
branches further into the neuropil than control cells (Fig. 2 F).
Control cells in contrast are characterized by a gradual increase in
branch density with increasing distances from the cell body and a
sharp drop in branches at approximately 100 wm from the soma
(Fig. 2 F) indicating a perimeter of maximal branching and ex-
tension into the tectal neuropil.

These data demonstrate that shifts in the synaptic NR2A and
NR2B ratio by exogenous expression lead to similar structural
changes in dendritic arbors in vivo. To determine whether these
structural changes are caused by changes in the growth behavior
of tectal cells we assessed their general growth parameters. Total
dendritic branch length and branch-tip number are good indica-
tors of the growth behavior of a neuron (Wuetal., 1999). Over 3d
the cells of the three groups grew comparably and there was no
difference in their total dendritic arbor size (Fig. 2G) or branch
tip number (Fig. 2 H). Notably, the starting size of the total den-
dritic arbor and branch tip number was similar for all groups
(Fig. 2G,H, day 1). Therefore, recombinant NR2A- and NR2B-
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expressing cells cannot be distinguished
from control cells according to these general
growth parameters, indicating that exoge-
nous expression of NR2A and NR2B sub-
units neither stunts nor promotes dendritic
arbor growth, but rather increases the maxi-
mal extent of the dendrites and modifies the
branching pattern within the arbor.

These data show that exogenous ex-
pression of either NR2A or NR2B controls
the establishment of local branch clusters
within the dendritic arbor without affect-
ing the growth of the neuron. This suggests
that signaling through NR2A- and NR2B-
containing receptors impacts the mecha-
nisms controlling sites to form and main-
tain dendritic branches, which results in a
clustering of branches in control neurons.
Exogenous expression of either NR2A or
NR2B results in similar phenotypes, where
branches are not clustered, despite the dif-
ferent underlying synaptic electrophysiol-
ogy. Therefore, we conclude that the pro-
cess that results in branch clustering
depends on finely tuned NMDAR signal-
ing achieved by the mixture of NR2A-,
NR2B-, and NR2A/NR2B-containing
NMDARs in the neuron.

Knockdown of endogenous NR2A and
NR2B affects dendritic

branch clustering

Analysis of dendritic arbor development
in cells where endogenous levels of NR2A
and NR2B were knocked down with MOs
reveals additional insights into the roles of
the two subunits, which differentiate be-
tween NR2A- and NR2B-containing re-
ceptors. As illustrated by the example cells
and the pixel-density analysis (Fig. 3A, B),
control neurons transfected with five-
mispair MOs and cells transfected with
NR2B MOs appear to have more clustered
branches than cells electroporated with
NR2A MOs. Indeed, interbranch tip dis-
tance analysis shows that cells where NR2B
is knocked down have more short and
fewer long interbranch tip distances, indi-
cating a clustered branch phenotype (Figs.
3C,D). Neurons with knocked down levels
of NR2A, in contrast, have fewer short and
more long interbranch tip distances,
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are not shown in the drawings. B, Pixel density analysis shows areas of high pixel density with yellow and green colors, and areas
of low pixel density with turquoise and blue colors, and highlights the differences in dendritic arbor architecture between control
and NR2-expressing neurons. The inset shows the entire reconstructed cell and a red box surrounds the area seen in the pixel
density analysis. €, Analysis of the IBTDs (see inset diagram) as neurons develop over 3 d. The distances are measured for every
branch tip from one branch tip to every other branch tip on the dendritic tree. D, The median IBTD of each cell was calculated and
the average per group is shown. NR2A- and NR2B-expressing cells have longer IBTDs than control cells (control, 37.94 == 3.80 um;
NR2A, 56.30 = 6.32 m, *p << 0.03; NR2B, 56.45 = 5.23 um, *p < 0.02). E, Analysis of the interbranch point distance
measured from one branch point to every other branch point (see diagram inset) confirms the different branch arrangement. F,
Three-dimensional Sholl analysis (see diagram inset) characterizes arbor structure and complexity. G, H, Quantification of the
average TDBL (G) and of the total BTN (H). The general growth parameters are similar between the groups on all 3 d: TDBL on days
1,2, and 3, respectively (in wm), control, 412.97 = 62.88, 889.40 = 55.3, and 1156.08 = 81.26; NR2A, 488.96 * 62.87,
984.43 = 80.11,and 1369.29 == 139.58; NR2B, 406.57 = 61.58,896.54 = 61.03, and 1236.25 = 103.37; BTN on days 1,2, and
3, respectively, control, 46.3 = 6.83, 102.6 = 6.54,and 128.8 = 9.07; NR2A, 50.6 = 4.8,103.8 = 9.38,and 125.2 = 9.8; NR2B,
45.8 = 4.35,92.6 = 6.59,and 122 == 13.74; n = 10 cells per group. Error bars are SEM and all statistical tests are Mann—Whitney
Utests.

which is indicative of a dendritic arbor where branches are more
spaced apart (Fig. 3C,D). Cells expressing control MOs have a
phenotype that is in between the two experimental groups (Fig.
3C) and significantly different from each one, as shown by the
cumulative frequency plot (Fig. 3D). The median interbranch tip
distances (Fig. 3E) further demonstrate the difference in pheno-
type between cells with knocked down levels of NR2A or NR2B.
Three-dimensional Sholl analysis shows that neurons expressing
NR2A MOs start branching closer to the cell body than NR2B
MO and control MO cells (Fig. 3F). These data support the con-

clusion that NR2A- and NR2B-containing NMDARs play a role
in the structural plasticity of dendritic arbors in vivo.

As seen with exogenous expression of the NR2 subunits, general
growth parameters of cells electroporated with MOs are similar be-
tween the groups (Fig. 3G—I ). The neurons have comparable starting
sizes of their dendritic arbor and show similar growth rates so they
remain close in size at day 3 (Fig. 3G,I). This is also true for the
number of branch tips of control and NR2B MO-expressing cells
(Fig. 3H,I). The absolute number of branch tips at day 3 is signifi-
cantly smaller for NR2A MO electroporated neurons than controls
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Axons present in the images are not shown in the drawings. B, Pixel density analysis of the dendritic arbor highlights areas of high
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NR2A MO have longer IBTDs. Control cells have IBTDs that are in between the two groups. D, Cumulative frequency plot of the
IBTDs (control MO vs NR2A MO, *p << 0.01; control MO vs NR2B MO, *p << 0.05; NR2A MO vs NR2B MO, *p << 0.0001). E,
Quantification of the averaged median IBTD for each group (control MO, 45.40 = 3.31 m; NR2A MO, 52.19 = 4.77 um; NR2B
MO, 38.78 = 3.62 um; *p = 0.05). F, Three-dimensional Sholl analysis of dendritic arbor structure and complexity. G, TDBL is
similar at day 1and day 3 for all three groups [days 1and 3, respectively (in pum): control MO, 509.77 = 55.1,1280.69 = 166.77;
NR2B MO, 511.06 == 63.15, 1007.61 == 144.48; NR2A MO, 462.49 = 63.29, 1208.19 == 118.39; n = 914 cells per group]. H,
BTNs are smaller for cells expressing NR2A MO compared with controls on day 3 [days 1and 3, respectively: control MO, 47.29 =
5.71,131.21 = 16.97; NR2B MO, 49.6 == 5.94,109.9 = 16.1; NR2A M0, 39.89 = 6.21,85.33 = 6.13; *p < 0.05)./, The change
in TDBL and BTN over 3 d normalized to the starting size at day 1 shows no significant difference in growth rate or rate of branch
tip additions [TDBL and BTN, respectively: control, 1.94 = 0.4, 2.64 = 0.66; NR2B MO, 1.21 = 0.25, 1.3 = 0.19; NR2A MO,
2.04 = 0.46,1.98 == 0.77]. Error bars are SEM. The statistical tests are Mann—Whitney U tests, and the Kolmogorov—Smirnov test
for the cumulative frequency plots.
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Exogenous NR2B expression decreases
dendritic branch stability

Small local changes in neuronal branch
dynamics can add up to have a big global
impact on the structure of a neuron
(Ruthazer et al., 2003; Javaherian and
Cline, 2005; Haas et al., 2006). Therefore,
we tested whether changes in branch dy-
namics can account for the observed rear-
rangement of the dendritic arbor in cells
where the NMDAR subunit composition
is shifted. We imaged single neurons every
2hover 8 h, 1 d after electroporation (Fig.
4A) and examined the dynamic behavior
of their branches. Growth rates between
time points were comparable and not dif-
ferent between groups. We analyzed the
dynamic events at every time point and
categorized branches into stable, added,
lost and transient branches (Fig. 4B, dia-
gram inset with time point t4 as an exam-
ple). This analysis revealed that at any in-
dividual time point exogenous NR2B-
expressing cells have significantly fewer
stable branches than exogenous NR2A-
expressing cells (Fig. 4 B), and they show a
trend to have fewer stable branches than
controls ( p = 0.06). In addition, cells ex-
pressing recombinant NR2B have more
transient events than control neurons (Fig.
4 B). These data show that branches of ex-
ogenous NR2B-expressing cells are not as
stable as branches of control or exogenous
NR2A-expressing cells.

To examine the stability of branches
further, we analyzed the persistence of
branches that were present at the first
time point t0, and were still present at
later time points (Fig. 4C, diagram in-
set). Exogenous NR2B-expressing cells
lose their branches at a more rapid rate
than control or exogenous NR2A-
expressing neurons (Fig. 4C). This sug-
gests that branches of recombinant
NR2B-expressing cells have shorter life
times and is consistent with the observa-
tion, above, that the branches in NR2B-
expressing cells are not as stable as con-
trols. We further examined for each time
point the fraction of transient branches
that are added and lost during the 8 h
experiment and whose life times could

(Fig. 3H). However, the rate of change in branch tip number is not
different (Fig. 3I).

Together, these data demonstrate a more differentiated pic-
ture of how NR2A- and NR2B-containing NMDARs impact den-
dritic structural development. Knockdown of endogenous NR2A
protein levels decreases local branch clusters, whereas neurons
with knocked down levels of NR2B, but endogenous levels of
NR2A develop regions of clustered branches. This suggests that
signaling through NR2A-containing receptors in particular is
critical for the establishment and maintenance of higher order
branch structure in dendrites.

therefore be captured (Fig. 4 D, diagram inset). We found that
exogenous NR2B-expressing cells have slightly, but signifi-
cantly, more of these transient branches than recombinant
NR2A-expressing or control cells (Fig. 4 D). Because this tran-
sient category consists of a heterogeneous population of tran-
sient branches with different life times (Fig. 4 E, diagram inset)
we analyzed their duration by counting their number of ap-
pearances during the imaging protocol. We found that, al-
though ~90% of all transient branches in all three experimen-
tal groups appear only at one time point, both exogenous
NR2A- and NR2B-expressing cells have fewer transient
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branches with long life times (Fig. 4E).
This in turn suggests that branches of
recombinant NR2A- and especially
NR2B-expressing cells are maintained
over different time spans than branches
of control cells.

Together, the branch dynamics data
show that exogenous NR2B-expressing
cells are more dynamic than control and
exogenous NR2A-expressing cells because
they lose their branches at a faster rate,
have more transient and fewer maintained
branches at single time points and have
fewer transient branches with longer life
times. In contrast, the dynamics of recom-
binant NR2A-expressing cells resemble
control cells, which is perhaps not surpris-
ing given that synaptic NMDAR in control
cells seem to be predominated by NR2A
(Fig. 1).

Exogenous NR2B expression blocks
experience-dependent

structural plasticity

Despite the differences in branch dynam-
ics, recombinant NR2A- and NR2B-
expressing cells acquire similar structural
phenotypes over time. NMDAR-mediated
synaptic activity is important for dendritic
growth (Rajan and Cline, 1998; Sin et al.,
2002) and appears to be important for
branch location within the arbor (Figs. 2,
3), which can potentially impact a neu-
ron’s function within the neuropil. There-
fore, we examined the effect of exogenous
expression of NR2A or NR2B on activity-
dependent dendritic structural plasticity.
We used an experimental protocol in
which tadpoles reared in a 12 h ambient
light/dark cycle are placed in the dark for
4hand then are subjected to a4 h period of
visual stimulation (Sin et al., 2002). In re-
sponse to the visual stimulation, the den-
dritic arbor growth rate increases com-
pared with 4 h of light deprivation (Sin et
al., 2002) (Fig. 5A-C, control). The tad-
poles were freely swimming during the vi-
sual stimulation, so there is no consistent
directionality to the stimulus. We assessed
the total branch length that was added,
which consists of new branch additions
and existing branch extensions, as well as
the total branch length that was retracted,
which consists of lost branches and the
shortening of existing branches, during 4 h
periods in the dark and the light (Fig. 5D).
Control cells add significantly more
branch length during the light period, and
this is mainly because of the contribution

of newly added branches (Fig. 5D). Exogenous NR2B-expressing
cells do not show increased growth rates in the light compared
with the dark (Fig. 5B, C) and the total branch length added and
retracted was similar in both conditions (Fig. 5D). This is consis-
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NR2B, 57.55 = 2.0%; *p << 0.05). E, Analysis of the life times of transient branches according to their number of appearances
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tent with our results showing that exogenous NR2B expression
decreases branch stability (Fig. 4). The population of exogenous
NR2A-expressing cells shows a heterogeneous response to visual
stimulation with 8 of 15 neurons increasing and 7 of 15 decreas-
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ing their growth rate with visual stimula-
tion (Fig. 5B), canceling out any net effect
in the group of cells imaged (Fig. 5C,D).
Neither initial total dendritic branch
length, nor initial branch tip number
correlated with the growth behavior of
the recombinant NR2A-expressing cells.
The reason for the heterogeneous re-
sponses to visual stimulation therefore
remains unclear. These results demon-
strate that exogenous NR2B expression
prevents cells from exhibiting normal
experience-dependent structural plas-
ticity, suggesting that recombinant
NR2B expression restricts dendritic ar-
bor growth and branch clustering in re-
sponse to sensory input.

Shifting NMDAR subunit composition
weakens synaptic strength

We investigated whether exogenous ex-
pression or targeted knockdown of NR2A
and NR2B subunits impacts glutamatergic
synaptic transmission. AMPA receptor
(AMPAR) trafficking plays a key role in
regulating synaptic strength and is at least
partially dependent on NMDAR activity
(Malinow and Malenka, 2002). We there-
fore recorded AMPAR-mediated minia-
ture EPSCs (mEPSCs) and found that ex-
ogenous expression of either NR2A or
NR2B  significantly reduces AMPA
mEPSC amplitudes by ~21-25%, respec-
tively, compared with control cells (Fig.
6A-C). We did not observe a significant
change in the average AMPA mEPSC fre-
quency (Fig. 6 D). Similarly, knockdown
of the endogenous NR2B and NR2A sub-
units significantly decreases AMPA
mEPSC amplitude by ~14-22%, respec-
tively, compared with cells electroporated
with control MO (Fig. 6 E-G). Again the

<«

groups of cells imaged in the dark and in the light [dark and
light, respectively (in em): control, 60.99 = 11.67,95.27 =
12.73, *p < 0.05; NR2A, 82.35 = 17.36, 77.53 = 14.58;
NR2B,46.98 == 12.27,45.92 = 15.18;n = 15 cells per group].
D, Total branch length additions and retractions in the dark
and in the light. The average branch length added by new
branches or retracted through the loss of old branches is high-
lighted in gray. The remaining difference to the total repre-
sents the branch length that was added or retracted through
extension or shortening of existing branches [dark and light,
respectively (in wm): total branch length addition, control,
162.72 = 10.55, 223.17 = 21.06; NR2A, 177.59 = 15.40,
181.56 = 15.42; NR2B, 151.4 £ 18.61, 174.95 = 20.63,
*p < 0.02; total branch length retraction, control,
—17231 £ 154, —204.97 = 21.92; NR2A, —183.67 =
17.82, —200.23 = 18.61; NR2B, —164.04 = 18.65,
—190.47 = 18.191. D, Dark, L, light. Error bars are SEM. The
Wilcoxon signed-rank test was used to compare growth rates
and the Mann—Whitney U test to compare branch length ad-
ditions and retractions.
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average frequency of the events was not A
significantly different between groups
(Fig. 6H). The reduction in AMPA
mEPSC amplitude without a change in fre-
quency indicates that the number of syn-
aptic AMPARs is reduced whereas the
number of synapses is unchanged. There-
fore, glutamatergic synaptic strength is
weakened in neurons that have a shifted

Control
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NMDAR composition. —r

N
*
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Discussion

Shifting NMDAR subunit composition
and its effect on structural plasticity

We manipulated NMDAR subunit com-
position directly by exogenous expression
or knockdown of NR2A or NR2B sub-
units.  Electrophysiological recordings
demonstrated that evoked NMDAR-
mediated synaptic currents were shifted to
be more NR2A- or more NR2B-like. In
control neurons, when synaptic NMDAR
composition is regulated by endogenous
mechanisms, dendritic arbors develop ar-
eas of high local branch density. In con-
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by signaling through endogenous recep-
tors composed of both NR2A and NR2B.
Knockdown of NR2A leaves synaptic re-
sponses dominated by NR2B; structur-
ally these dendrites do not develop areas
of high branch density. In contrast,
knockdown of NR2B results in endoge-
nous NR2A becoming the main compo-
nent of synaptic NMDARs. This is the
only manipulation that results in den-
dritic arbors with areas of high branch
density comparable with controls, and is
consistent with the observation that syn-
aptic NMDAR are predominantly medi-
ated by NR2A-containing receptors. It is
surprising that the morphological effect of NR2B knockdown
does not match the effect seen with NR2A expression. How-
ever, the morphological phenotype is likely a read-out of mul-
tiple intracellular signaling events impacting neuronal devel-
opment over the 3-d period of the experiment. This suggests
that the mechanisms guiding the development of the dendritic
arbor are more intricate than direct signaling from NMDARs
to a uniform downstream signaling pathway. Shifting the
NMDAR composition by either exogenous expression or MO-
mediated knockdown could have different effects on cellular
processes like synapse development, receptor trafficking,
postsynaptic density assembly and signaling within the
postsynaptic density that ultimately result in different struc-
tural phenotypes.

Figure 6.

Exogenous expression and knockdown of NR2A and NR2B decrease AMPAR-mediated synaptic transmission. A4,
Representative traces of AMPAR-mediated mEPSCs in cells expressing exogenous NR2A or NR2B. B, The average AMPA mEPSC
amplitudes of exogenous NR2A- and NR2B-expressing neurons are smaller compared with controls (control, 9.75 = 0.61 pA;
NR2A, 7.67 £ 0.37 pA, *p << 0.02; NR2B7.31 = 0.41 pA, *p << 0.01; n = 1220 per group). €, Cumulative frequency plot of the
AMPA mEPSC amplitudes shows the distribution toward smaller amplitudes in exogenous NR2-expressing cells (*p << 0.001 for
both NR2A and NR2B vs control). D, The average frequency of AMPA mEPSC events is similar between control and exogenous
NR2A- and NR2B-expressing cells (control, 0.96 == 0.2 Hz; NR2A, 0.96 == 0.31Hz; NR2B, 1.08 == 0.23 Hz). E, Representative traces
of AMPA mEPSCs in cells expressing control-, NR2B- and NR2A-morpholinos. F, AMPA mEPSC amplitudes are reduced in NR2B MO
and NR2A MO expressing cells (control MO, 9.12 == 0.49 pA; NR2B MO, 7.80 == 0.35 pA, *p << 0.05; NR2A MO, 7.08 == 0.39 pA,
*p << 0.01;n = 1020 per group). G, Cumulative frequency plot of the AMPA mEPSC amplitudes shows the distribution toward
smaller values for neurons expressing NR2B MO (*p << 0.001) and NR2A MO (*p << 0.001). H, The average frequency of AMPA
mEPSC events is not significantly different between cells expressing control-, NR2A-, or NR2B-MO (control MO, 1.04 == 0.22 Hz;
NR2B MO, 0.68 == 0.12 Hz; NR2A MO, 1.25 == 0.79 Hz). Error bars are SEM. The Mann—Whitney U test was used to compare the
amplitudes and frequencies, and the Kolmogorov—Smirnov test to compare the cumulative frequency plots.

Functional implications of structural changes in dendritic
arbor architecture

The impact of shifting NMDAR subunit composition on the for-
mation of local branch clusters has important functional impli-
cations. In the retinotectal projection, axons from neighboring
retinal ganglion cells terminate in adjacent and partially overlap-
ping regions of the tectal neuropil, producing a well described
topographic map (Sakaguchi and Murphey, 1985). Previous
work showed that synaptic inputs stabilize tectal cell dendritic
branches (Niell et al., 2004). Furthermore, areas with more con-
vergent coactive inputs have enhanced dendritic branching, for
example, in the optic tectum and in the columnar organization of
the barrel and visual cortex (Harris and Woolsey, 1981; Katz and
Constantine-Paton, 1988; Katz et al., 1989; Kossel et al., 1995).
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Indeed, experiments examining axonal arbor refinement have
shown that correlated activity promotes branch stabilization,
whereas uncorrelated activity promotes branch elimination, and
both dynamic processes are NMDAR-dependent (Ruthazer et al.,
2003). Here, we show that neurons expressing exogenous NR2
lack local areas of clustered dendritic branching. As a result, these
cells are less likely to form synapses with convergent coactive
axons, and more likely to form synapses with axons from more
disparate parts of the retina. Furthermore, modeling studies sug-
gest that the location of coactive synapses and NMDAR-
mediated synaptic responses play a significant role in determin-
ing the response of a neuron to synaptic inputs (Mel, 1993; Niell,
2005). This suggests that these cells are not receiving topograph-
ically organized inputs, consistent with their inability to show
experience-dependent structural plasticity. Therefore the devel-
opment of local branch clusters in neuronal dendritic arbors
likely reflects the recognition of and responses to patterns of syn-
aptic inputs.

NMDARs as coincidence detectors

The NMDAR functions as a coincidence detector in which the
decay time of the synaptic current is thought to determine the
time window over which inputs would be recognized as coinci-
dent. Receptors with NR1/NR2A or NR1/NR2B subunit compo-
sition decrease or increase this integration window, respectively.
The long decay time of NR1/NR2B receptors allows detection of
relatively uncorrelated inputs, whereas the short decay time of
NRI1/NR2A receptors would detect only precisely coincident in-
puts (Fig. 7). Control cells with NR1/NR2A/NR2B subunit com-
position detect a wider range of correlated inputs (Fig. 7), which
may be important for the development of clusters of dendritic
branches. Our data suggest that heterotrimeric receptors pro-
mote the development of dendritic arbors with local branch
clusters.

NMDAR subunit composition and experience-dependent
structural plasticity

Neurons that express exogenous NR2A and NR2B fail to show a
consistent increase in dendritic growth rate with visual stimula-
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tion, suggesting a deficiency in the proper integration of synaptic
information. This is consistent with the idea that exogenous ex-
pression of NR2A and NR2B impairs the neuron’s ability to dis-
tinguish signal from noise. Visual stimulation produces highly
correlated synaptic activity. NR2A-expressing neurons may only
respond to precisely correlated inputs, therefore extensions into
areas of high afferent coactivity would be expected to promote
increased growth rates, whereas branching into areas of low co-
activity would lead to branch elimination, consistent with the
heterogeneous growth rates seen with visual stimulation in these
cells. NR2B-expressing neurons may not distinguish changes in
synaptic coactivity with visual stimulation compared with dark,
resulting in a similar growth response under both conditions.
Consequently, these data support a model where NR2A and
NR2B together fine tune NMDAR responses.

NMDAR subunit composition and branch dynamics
Examination of dynamic branch behavior shows that NR2A- and
NR2B-containing NMDARs have preferred functional roles in
the structural development of a neuron. Analysis of branch addi-
tions and losses indicates that exogenous NR2B-expressing neu-
rons have more transient branches with shorter life times than
control and recombinant NR2A-expressing cells. Normally,
NR2B-containing receptors predominate early in development
(Carmignoto and Vicini, 1992; Hestrin, 1992; Monyer et al.,
1994; Cline et al., 1996; Roberts and Ramoa, 1999), perhaps en-
abling immature neurons to detect temporally imprecise inputs.
The branch dynamics of exogenous NR2B-expressing neurons
are reminiscent of the rapid and dynamic growth characteristic of
immature neurons (Wu et al., 1999), where exploratory branch-
ing predominates over branch stabilization. As maturing neurons
add NR2A-containing receptors, NMDAR decay kinetics tighten,
and like exogenous NR2A-expressing neurons, mature cells show
less dynamic behavior (Wu et al., 1999), suggesting a preferred
role for NR2A in branch stabilization. Support of this idea is also
provided by our NR2A knockdown experiments, suggesting that
NR2A promotes branch clustering.

Downstream signaling candidates of NMDARs

Shifting the NMDAR composition by either exogenous expres-
sion or knockdown weakens AMPAR-mediated synaptic
transmission, indicating that signaling through both subunits is
important for the establishment of AMPAR-mediated glutama-
tergic transmission because neither has a subunit-specific effect
on AMPAR-mediated transmission. This result also suggests that
NMDARs may be important for at least two distinct events: the
establishment of AMPAR-mediated transmission and the orga-
nization of dendritic branch clusters. Previous work demon-
strated that AMPAR-mediated synaptic transmission is required
for the stabilization of newly added dendritic branches (Haas et
al., 2006), and therefore normal arbor development. It is unlikely
that the effect of NMDARs on arbor development that we report
here is an indirect effect of impaired AMPAR transmission be-
cause neurons with NR2B knocked-down acquire a dendritic ar-
bor with normal local branch clusters despite reduced AMPAR-
mediated transmission.

Several downstream targets of NMDAR-signaling that might
affect structural plasticity have been identified, including
CaMKII and Rho GTPases. Expression of constitutively active
CaMKII in tectal neurons decreases dendritic growth rate and
stabilizes the dendritic arbor (Wu and Cline, 1998), whereas in-
hibiting CaMKII increases dendritic growth rate (Wu and Cline,
1998; Zou and Cline, 1999). NMDAR subunit composition does
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not appear to affect overall dendritic growth rate, suggesting that
CaMKII signaling is not a predominant player in the structural
phenotype we observe. The Rho family of small GTPases are also
downstream targets of NMDAR-signaling that control cytoskel-
etal rearrangements and dendritic arbor development in optic
tectal neurons (Li et al., 2000, 2002; Sin et al., 2002). Previous
studies demonstrated that NMDAR-mediated synaptic activity
enhances dendritic arbor growth by decreasing RhoA activity and
increasing Rac and Cdc42 activity (Li et al., 2000, 2002; Sin et al.,
2002). Although the structural modifications we report here
must include cytoskeletal rearrangements, there is no clear cor-
relation between the structural effects of changing NMDAR sub-
unit composition and effects of Rho GTPase activity. Despite
reports of preferential interactions of several postsynaptic density
proteins with either NR2A or NR2B (Sans et al., 2000; Kim et al.,
2005; Al-Hallaq et al., 2007), subunit-specific signaling pathways
that link individual NMDAR subunits to structural plasticity ef-
fectors have not yet been characterized.

In conclusion, our results support aspects of two models that
have been proposed for the functional roles of NR2A and NR2B.
One model explaining experience-dependent synaptic plasticity
focuses on the dynamic regulation of the ratio of NR2A and
NR2B (Bear, 2003). This is consistent with our evidence that
signaling through both NR2A and NR2B is required for normal
dendritic arbor development and experience-dependent struc-
tural plasticity, supporting the concept that the relative ratio of
NR2A and NR2B is important for fine-tuning NMDAR re-
sponses. The second model assigns distinct functions to NR2A
and NR2B underlying synaptic plasticity (Liu et al., 2004; Massey
et al., 2004; Barria and Malinow, 2005; Kim et al., 2005), and we
find subunit-specific differences, for example, in the regulation of
branch dynamics. Our study suggests that features of both mod-
els regulate dendritic arbor development. Furthermore, our re-
sults emphasize the interdependence of receptors and signaling
molecules such as NR2A and NR2B and stress the importance of
analyzing single molecules within the complex context of their
intact biological environment.
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