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Abstract

We generated expression vectors for N-terminally green fluorescent protein -tagged NR2A and NR2B subunits (GFP-NR2A and
GFP-NR2B). Both constructs expressed GFP and formed functional NMDA channels with similar properties to untagged controls
when co-transfected with NR1 subunit partner in HEK293 cells. Primary cultured hippocampal neurons were transfected at five
days in vitro with these vectors. Fifteen days after transfection, well-defined GFP clusters were observed for both GFP-NR2A and
GFP-NR2B subunits being co-localized with endogenous NR1 subunit. Whole-cell recordings showed that the GFP-NR2A subunit
determined the decay of NMDA-mediated miniature spontaneous excitatory postsynaptic currents (NMDA-mEPSCSs) in transfected
neurons. Live staining with anti-GFP antibody demonstrated the surface expression of GFP-NR2A and GFP-NR2B subunits that
was partly co-localized a presynaptic marker. Localization of NMDA receptor clusters in dendrites was studied by co-transfection
of CFP-actin and GFP-NR2 subunits followed by anti-GFP surface staining. Within one week after plating most surface NMDAR
clusters were distributed on dendritic shafts. Later in development, a large portion of surface clusters for both GFP-NR2A and
GFP-NR2B subunits were clearly localized at dendritic spines. Our report provides the basis for studies of NMDA receptor location
together with dendritic dynamics in living neurons during synaptogenesis in Vitr@2002 Published by Elsevier Science Ltd.
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1. Introduction and endow the NMDA receptor with distinct channel
properties, and the predominantly expressed NR2 sub-
A crucial step in synaptic development and plasticity units in hippocampus and neocortex are NR2A and
is the clustering, targeting and accumulation of receptorsNR2B (Cull-Candy et al., 2001).
at the postsynaptic site. In excitatory hippocampal syn- The relative contribution of NR2A and NR2B sub-
apses, N-methyl-D-aspartate (NMDA) receptors are units to native NMDA receptor channel varies develop-
expressed before AMPA receptors and are required formentally with functional consequences (Cull-Candy et
activity-dependent rearrangements of synapses duringal., 2001). A change in functional properties of the
CNS development (Sheetz and Constantine-Paton,NMDA receptors has been proposed as a potential mech-
1994). Three gene families (NR1, NR2 and NR3) that anism contributing to the loss of synaptic plasticity dur-
encode NMDA receptor subunits have been identified ing brain maturation (Daw et al., 1993; Sheetz and Con-
(Dingledine et al., 1999; Cull-Candy et al., 2001 for stantine-Patton, 1994; Fox et al., 1999 for review). Thus,
review). The NR2 genes encode four subunits namedit is important to understand the structural and functional
NR2A, NR2B, NR2C and NR2D. Different NR2 sub- diversity of NMDA receptors in relationship to NMDA
units have specific developmental expression profilesreceptor subunit composition and spatial distribution at
excitatory synaptic sites during development.
Receptor protein dynamics in living cells can be stud-
" Corresponding author. Tel#1-202-687-6441: fax#1-202-687- ied with fluorescent microscopy_, photobleaching and res-
7407. onance energy transfer by taking advantage of tagging
E-mail address: svicin01@georgetown.edu (S. Vicini). receptor subunit proteins with a fluorescent protein. To
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this aim, the green fluorescent protein (GFP) from the
jellyfish Aequorea victoria is an ideal tool. Indeed, GFP-
tagged proteins, both in the cytosol and in the plasma
membrane, have been studied (Cubitt et al., 1995, 1999
for review). To study the localization, distribution and
dynamics of neurotransmitter receptors, however, an
essential condition is that GFP tagging does not alter
binding or functional properties of the receptor. Ligand-
gated channel subunits tagged with GFP in transfected
neurons have been used for studies of GABA,, glycine
and AMPA receptors (Connor et al., 1998; David-Wat-
ine et a., 1999; Shi et al., 1999). A GFP-tagged version
of the NMDA receptor subunit NR1 (Marshall et a.,
1995) has been transfected in mammalian HEK293 cells
and demonstrated to produce functional NMDA recep-
tors when co-transfected with NR2A subunit. More
recently, the NR1 subunit tagged at the C terminus with
GFP has been shown to form fluorescent clusters in
transfected cultured hippocampa neurons (Crump et
al., 2001).

Preparations of cultured neurons have several advan-
tages for the study of receptor distribution and synapse
formation. Indeed, the occurrence of highly motile den-
dritic filopodia as precursors of synapse formation was
reported first for neurons in culture (Dailey and Smith,
1996; Ziv and Smith, 1996; Fisher et al., 1998) and later
demonstrated to occur in vivo (Maletic-Savatic et a.,
1999; Lendvai et al., 2000). At the same time, immuno-
cytochemical studies of the distribution of NMDA recep-
tor subunits in primary cultured neurons showed evi-
dence for a developmental increase of NR2A subunit-
containing receptor clusters, particularly at synaptic sites
(Li et d., 1998). In this study, we investigate the
expression and distribution of the NR2A and NR2B
NMDA receptor subunitsin primary cultured hippocam-
pa neurons transfected with GFP-tagged NMDA recep-
tor subunits and stained with specific antibodies. In par-
allel, we report specific aterations of NMDA receptor-
mediated spontaneous synaptic currents resulting from
the selective expression of GFP-tagged subunits at excit-
atory synapses in these neurons. Last, we describe the
localization of GFP-tagged NR2 subunit clusters with
respect to a presynaptic marker and to dendritic struc-
tures at the time of synaptogenesis.

2. Materials and methods

2.1. GFP-tagged NR2 subunits and CFP-actin
constructs

The expressional vector for GFP-NR2B has been con-
structed by inserting a GFP cDNA fragment in frame
with the NR2B subunit between the fifth and sixth
codons after the predicted sequence for signa peptide.
In GFP-NR2A, GFP was inserted between the fifteenth

and sixteenth codons. cDNA encoding GFP was ampli-
fied by polymerase chain reaction (PCR) from plasmid
pEGFP (Clontech, Palo Alto, CA). The construct for
cyan fluorescent protein-tagged actin at the N terminus
(CFP-actin) was generated by replacing the GFP
sequence of pEGFP-actin (Clontech) with CFP fragment
of pECFP-N1 (Clontech) between Nhel and BsrGl sites.

2.2. Primary hippocampal neuronal cultures and
transfections

Hippocampal neuronal cultures were prepared from
one-day-old Sprague Dawley rats. Briefly, after careful
dissection from diencephalic structures, the hippocampi
were chopped and digested in 0.28% trypsin (Sigma, St
Louis, MO) for 15 min at 37 °C with gentle shaking.
Dissociated cells were plated at a density of 2 x 108 in
a 35-mm dish with poly-L-lysine coated coverslips in
Basa Eagle Medium (BME, Invitrogen, Carlsbad, CA)
containing 10% FBS, 2 mM glutamine, 100 pg/ml genta-
mycin (al from Invitrogen Corporation Carlsbad, CA),
and 25mM KCl, and maintained at 37 °C in 5% CO..
After 24 hours in vitro, the medium was replaced with
a half and half mixture of BME and Neurobasal medium
containing 2% B27 supplement, 1% antibiotic, and
0.25% glutamine (Invitrogen). At five days in vitro
(DIV5), cytosine arabinofuranoside was added at a final
concentration of 10 uM. Thereafter, half of the medium
was replaced twice a week with Neurobasal medium
containing 2% B27 supplement, 1% antibiotic, and
0.25% glutamine. Cells were plated on coverdlips for
immunocytochemistry and physiological recordings.
HEK 293 cells were transfected with NR1-1a and GFP-
NR2A or GFP-NR2B using calcium phosphate precipi-
tation (Chen and Okayama, 1987). For neurona trans-
fection the method was dlightly modified. Briefly, cul-
tured hippocampal neurons at DIV5 on coverslips were
transferred to a well in a 4-well plate with 500 pl trans-
fection medium, a MEM medium (Cat #12370-037,
Invitrogen) with adjusted pH to 7.85 by 5M NaOH. Then
30 pl DNA/Ca?* mixture containing 3 pg total cDNA
was added and incubated for 30 min at room tempera-
ture. After washing with transfection medium, original
culture medium was returned and neurons were main-
tained at 37 <C in 5% CO,.

2.3. Immunoblotting and immunocytochemistry

Immunoblotting was done as previously described
(Luo et a., 1997). Briefly, membranes were prepared
from HEK293 cells transfected with cDNAs encoding
GFP-tagged NR2A and NR2B. The proteins were solub-
ilized and run on 7.5% SDS-PAGE gels under reducing
conditions. Standard Western blot procedure was fol-
lowed to transfer proteins onto nitrocellulose mem-
branes, incubate with primary antibodies against NR2A
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and NR2B (Chemicon, Temecula, CA), and incubate
with secondary horseradish peroxidase-conjugated don-
key anti-rabbit antibody (Amersham, Arlington Heights,
IL). Proteins were visualized with enhanced chemilumi-
nescence (Pierce). Cultured hippocampal neurons were
fixed in methanol for 10 min at —20 <C and permeabil-
ized in 0.25% Triton X-100 for 1 min at room tempera-
ture. Cells were preincubated in 10% BSA (Sigma) for
1 h at room temperature and then incubated in primary
antibodiesin phosphate-buffered saline (PBS) containing
3% BSA overnight a 4 °C. A monoclonal antibody
againgt al splice isoforms of the NR1 subunit (Luo et
a., 1997) and anti-synaptophysin monoclonal antibody
(Chemicon) were used at 1 pg/ml. Rabbit polyclona
anti-NR2B and NR2A subunits (Chemicon) were used
at 1:400. After washing with PBS severa times, cells
were incubated with secondary antibodies for 1 h at
room temperature. Both indocarbocyanine (Cy3) second-
ary antibodies (Jackson ImmunoResearch Laboratories,
West Grove, PA) and Alexa-488 conjugated secondary
antibodies (Molecular Probes, Eugene, OR) were used
at 1:2000. Coverdips were mounted on dlides using
AntiFade component A (Molecular Probes) as mount-
ing medium.

2.4. Surface staining of living cells and image
analysis

Cultured hippocampal neurons were transfected with
GFP-NR2A or GFP-NR2B, and sometimes co-trans-
fected with CFP-actin at five days in vitro (DIV).
Coverdlips were rinsed with extracellular medium
(ECM, the same medium used in whole-cell recordings
detailed below) and incubated with rabbit polyclonal
antibody against GFP (Chemicon) at 2 pg/ml in ECM
for 7 min a room temperature. After three washes with
ECM, neurons were incubated with Cy3-conjugated goat
anti-rabbit  antibody  (Jackson  ImmunoResearch
Laboratories) at 1:400 in ECM for another 7 min at room
temperature followed by three washesin ECM. Cultures
were maintained in a recording chamber in extracellular
solution and continuously perfused. Nikon band pass fil-
ter cubes were used for GFP and CFP, and the G2A cube
was used for Cy3 fluorescence. Living neurons trans-
fected with GFP-NR2A and GFP-NR2B and surface
immunostained were imaged on a Nikon EN600 micro-
scope equipped with a 60 x, 1.0 N.A. objective. Digital
images were acquired with a Grayscale Microscopy Sys-
tem (RS170, Scion Corporation, Frederick, MD) captur-
ing 10600 ms exposures. A single level of focus was
maintained throughout each recording. Recording at a
single focal plane was usualy sufficient to capture
NMDA receptor clusters throughout the full thickness of
small distal dendrites but not of proximal dendrites or
cell body. Thus, for our measurements, we estimated the
number of clusters only in distal dendrites. Morpho-

metric measurements were performed using MetaMorph
image analysis software (Universal Imaging Corpor-
ation, Downingtown, PA). Several neurons from two to
three coverdips per culture were randomly selected on
the basis of healthy morphology and scored to determine
the percentage of clusters in segments of dendrites of
a least 50 um length. CCD images were background
subtracted, and to define clusters a single threshold was
chosen manually so that clusters corresponded to puncta
of at least twofold greater intensity than the diffuse flu-
orescence on the dendritic shaft. NR2 clusters were con-
sidered matched when they shared more than half of
their pixels. Synaptophysin bouton matching was con-
sidered if within 2 pixels from receptor puncta. The weak
GFP fluorescence from tagged subunitsin permeabilized
cells was not detected at the low exposures used in
detecting synaptophysin staining. Spines and filopodia
were manually traced and measured in several segments
of dendrites of at least 50 um in length.

2.5. Electrophysiology

Transfected HEK-293 cells or hippocampal neurons
were voltage-clamped at room temperature. The rec-
ording chamber was continuously perfused at 5 ml/min
with an extracellular medium (ECM) composed of (in
mM): 145 NaCl, 5 KCI, 2 CaCl,, 5 glucose, 0.01 glycine
and 5 HEPES at pH 7.4 with NaOH. Osmolarity was
adjusted to 325 mOsms with sucrose. Electrodes were
pulled in two stages on a vertical pipette puller from
borosilicate glass capillaries (Wiretrol |1, Drummond).
Typica pipette resistance was 5 to 7 M<. Intracellular
(patch pipette) solutions contained (in mM): 145 Cs
methanesulfonate, 5 MgATP, 10 BAPTA, 0.2 NaGTP,
and 10 mM HEPES at pH 7.2 with CsOH. Whole-cell
recordings were performed with a patch-clamp amplifier
(Axopatch 200, Axon Instrument, CA) after capacitance
and series resistance compensation. NMDA receptor
mediated currents were pharmacologically isolated by
bicuculline methiodide (BMI, 10 upM, SIGMA),
and  2,3-Dihydro-6-nitro-7-sulfamoyl-benzo(F)quino-
xaine (NBQX; 5 puM, Tocris, St.Louis, MO). When
indicated, 3-[(z)-2-carboxypiperazin-4-yl]-propyl-1-
phosphonic acid, (CPP, 10 uM, Tocris) was applied.
Spontaneous synaptic currents were identified using a
semi-automated mini detection software (Mini Analysis
Program, Jagjin Software) with threshold criteria of 10
pA (fourfold greater than the RMS noise level of 2.5 pA)
and acharge transfer of 15 fC. All drugs were superfused
through parallel inputs to the perfusion chamber or by
means of a Y tube. For glutamate iontophoretic appli-
cations we used a micro-iontophoresis controller MVCS
02C (NPI electronics) with capacitance compensation
device (Liu et a., 1999). lontophoretic pipettes were
filled with solution containing 100 mM glutamate and
10 mM glycine. Delivering currents ranged from 50 to
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500 nA for 0.5 to 2 ms, depending on pipette intrinsic
resistance and individual neuron response. A retain cur-
rent (3-5 nA) was also delivered between every single
application to avoid glutamate leakage. Currents were
filtered at 1 kHz with an 8-pole low-pass Bessel filter
(Frequency Devices, Haverhill, MA), digitized at 5-10
kHz using an IBM-compatible microcomputer equipped
with Digidata 1200 data acquisition board (Axon Instru-
ments, Foster City, CA) and Pclamp 8 software (Axon
Instruments, Foster City, CA). Off-line data analysis,
curve fitting, and figure preparation were performed with
Clampfit 8 (Axon Instruments), Origin 4.1 (Microcal,
Northampton, MA) and Minianalysis (Synaptosoft,
Decatur GA) software. Fitting of the decay phase of cur-
rents was performed using a simplex algorithm for least
sguares exponential fitting routines. Decay times of aver-
aged currents derived from fitting to double exponential
equations of the form

It) = Lk Xexp( —tly) + I X exp( —t/ty),

where I; and | are the amplitudes of the fast and slow
decay components, and 1; and T, are their respective
decay time constants used to fit the data. Data values are
expressed as mean + SEM unless otherwise indicated. p
values represent the results of ANOVA with prior analy-
sis of variance.

3. Reaults

3.1. Expression and functional analysis of GFP-
tagged subunits in HEK293 cells

We constructed recombinants of the GFP protein teth-
ered to the N terminus of the NR2A and NR2B subunits
of the NMDA receptor. When GFP-NR2A or GFP-
NR2B cDNAs were co-transfected with NR1-1a cDNA
in mammalian HEK 293 cells, diffuse fluorescence could
be observed throughout the entire cells. Fig. 1 shows
examples of cells co-transfected with GFP-NR2 and
NR1-1a Western blot analyses indicate that the increase
in molecular mass in GFP-NR2 subunits (as compared
to the NR2 subunit alone) is similar to the molecular
mass of GFP (27 kD, Fig. 1A). Immunocytochemical
staining of permeabilized HEK cells with antibodies
against the NR2A subunit of NMDA receptor confirmed
that GFP fluorescence corresponded to the NR2A sub-
unit protein (Fig. 1B). Similarly, staining with NR2B
subunit-selective antibodies (Fig. 1B) demonstrated that
GFP-NR2B fluorescence matched NR2B subunit stain-
ing, indicating that receptors comprising NR2B and GFP
tandems also contained the NR2B subunit. Both
GFP-tagged subunits were located predominantly in the
cytoplasmic compartment and match with the immunos-
taining with their cognate antibodies in permeabilized
conditions. Since anti-NR2 subunit antibodies could not

be used to perform surface staining, we used anti-GFP
antibody to take advantage of the extracellular location
of the GFP tag on the NR2 subunits. Fig. 1C illustrates
GFP fluorescent HEK 293 cells co-transfected with GFP-
NR2A/NR1-1a or GFP-NR2B/NR1-1a and live surface
immunostained by anti-GFP antibody and Cy3-conju-
gated secondary antibody. Surface immunostaining
showed clear expression of both GFP-tagged subunits on
the cell surface. The distinct fluorescent pattern between
GFP and the surface anti-GFP staining indicates that the
small proportion of GFP-tagged subunits on the cell sur-
face is of too low intensity to be clearly seen with GFP
fluorescence, and it is masked by the intense intracellular
GFP signal. Furthermore, surface staining of GFP-NR2
transfected cells revealed the formation of subunit clus-
ters.

We then performed electrophysiological studies on
HEK?293 cells transfected with constructs of NMDA
receptor subunits tethered to the GFP protein. |ontophor-
etic glutamate applications to voltage-clamped cells (—
60 mV holding potential) elicited inward currents (Fig.
1D). A study of the peak response as a function of the
iontophoretic delivery charge and cell capacitance indi-
cated that the presence of the GFP tether did not alter
the NMDA current density (Fig. 1Ea). Anaysis of the
deactivation of currents recorded in cells transfected
with wild type NR1-1a/NR2A or NR1-1a/NR2B cDNAS
and cDNAs for GFP-tagged subunits revealed that the
reported distinct deactivation between NR1-1a/NR2B
and NR1-1a/NR2A NMDA receptor subtypes (Monyer
et a., 1994; Vicini et a., 1998) is maintained in cells
expressing GFP-tagged subunits (Fig. 1Eb).

These results taken together indicate that the
expression of NMDA receptor subunits modified to
include a fluorescent marker at their N terminus does not
affect the formation of functional channels, response to
agonist or deactivation kinetics.

3.2. Expression of GFP tagged subunits in neurons
and live surface immunostain

Using a modification of the CaPO, precipitation tech-
nique (Chen and Okayama, 1987), we transfected pri-
mary cultures of rat hippocampal neurons. Transfected
neurons were observed as early as six hours after trans-
fection. The percent of neurons transfected was highly
variable in distinct experiments but never exceeded 5%
of the neurons. Cells remained transfected throughout
the life of the culture (up to four weeks) but the number
of fluorescent cells decreased with time along with the
total cell number as defined by GFP fluorescence. Cells
were successfully transfected with either GFP-NR2B or
GFP-NR2A cDNAs and the percentage of transfected
cells was not considerably different for the distinct plas-
mids. Action potential generation, occurrence of spon-
taneous synaptic currents and the capability to produce
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Fig. 1. Functiona expression of GFP-NR2A and GFP-NR2B in HEK293 cells. (A) Membrane proteins from rat cortex and HEK293 cells trans-
fected with cDNAs encoding for wild type and GFP-tagged NR2 subunits. GFP-NR2A and GFP-NR2B were separated on 6% SDS-PAGE and
subjected to Western blot analysis probed with antibodies against NR2A and NR2B subunits, respectively. There was no other immunoreactive
band detected at lower molecular mass. (B) HEK293 cells co-transfected with GFP-NR2A/NR1-1a (left top) or GFP-NR2B/NR1-1a (left bottom,
GFP fluorescence) were permeabilized and immunostained by anti-NR2A- (right top) or anti-NR2B- (right bottom) specific antibodies followed
by Cy3-conjugated secondary antibodies. Scale bar 10 pm. (C) GFP fluorescence of HEK293 cells co-transfected with GFP-NR2A/NR1-1a (left
top) or GFP-NR2B/NR1-1a (left bottom) and then live-surface immunostained by anti-GFP antibody and Cy3-conjugated secondary antibody (right).
Scale bar 10 um.(D) Average currents evoked by at least nine iontophoretic applications of 100 mM L-glutamate for 1 ms to HEK 293 cells co-
transfected with NR1-1a and GFP-NR2A (top) and with NR1-1a and GFP-NR2B (bottom) subunits. An indication of the weighted time constants
(ty) of the double exponential decay for the current illustrated is given.(E) Summary of data measured in at least five transfected HEK cells for
each distinct cDNAs combinations. (a) current density expressed as peak response (pA) per iontophoretic delivery charge (pC) and cell capacitance

(pF). (b) weighted decay time constant 1,, expressed in ms.

functional synapses were not affected in transfected neu-
rons as observed in paralel electrophysiological rec-
ordings (not shown). Two days after transfection, a dif-
fuse and weak fluorescence was observed throughout the
cells allowing the identification of dendritic branches of
the transfected cell (Fig. 2) with either GFP-NR2B or
GFP-NR2A cDNAs. Punctate green fluorescence was
also observed on some dendrites shortly after transfec-
tion (Fig. 2). However, when compared 15 days after
transfection (Fig. 2), both GFP-NR2A and GFP-NR2B
transfected cells displayed clearly punctate fluorescence
in most cells observed. We used a selective anti-GFP
polyclonal antibody to perform surface staining of live
hippocampal neurons after transfection with GFP-NR2
subunits. Surface labeling of live neurons transfected
with GFP-NR2 subunits with anti-GFP primary antibody
followed by Cy3-conjugated secondary antibodies
revealed clear puncta that often match with the fluor-
escence of GFP-NR2 subunits as illustrated in Fig. 2 in
the example neurons both at DIV7 and at DIV17. No
staining was observed in either untransfected neurons or

neurons transfected with GFP cDNA as control (Fig.
2E). At DIV17, in nine 100 pm dendritic segments from
five transfected cells in three distinct experiments, we
measured 49 +7 fluorescent GFP-NR2B subunit clusters
and 52 + 9 anti-GFP Cy3-positive puncta. The extent of
co-localization of GFP-NR2B with surface subunit clus-
ters was 97 + 4%. GFP-NR2A subunit clusters were 46
15 and 54 +6, n = 10 dendrites of five cells with 87 +
4% co-localization.

3.3. Co-localization of tagged and endogenous NMDA
receptor subunits

We used immunocytochemistry with specific anti-
bodies against the NR1, NR2A and NR2B subunits in
fixed and permeabilized neurons to verify the extent of
expression of GFP-tagged NR2 subunits and their co-
localization with endogenous subunits in transfected
neurons. As illustrated in Fig. 3, antibody staining
revealed clusters in transfected neurons that were com-
parable to endogenous clusters in dendrites from neigh-



J.-H. Luo et al. / Neuropharmacology 42 (2002) 306-318 311

DIV7

Anti-GFP GFP-NR2B (2  Anti-GFP GFP-NR2A >

ve)

DIV17

Anti-GFP  GFP-NR2A

Anti-GFP _ GFP-NR2B

Fig. 2. Expression of GFP-NR2A and GFP-NR2B in hippocampal neurons in primary culture. Hippocampal neurons in culture were transfected
at DIV5 with GFP-NR2A or GFP-NR2B, respectively, and fluorescence images were taken at DIV7 (A, C) and DIV17 (B, D). Two days after
transfections (DIV7), GFP-NR2A (A) and GFP-NR2B (C) expressed with a low fluorescence intensity and in a diffused pattern with a few puncta
on dendritic shafts. At DIV17, both GFP-NR2A- or GFP-NR2B- (B, D) containing clusters largely increased in number and were distributed
ubiquitously along proximal and distal dendritic trees in most transfected neurons. Live hippocampal neurons expressing GFP-NR2A or GFP-NR2B
subunits were aso surface stained with anti-GFP and Cy3-conjugated secondary antibody at DIV7 and DIV17 (Anti-GFP). In each panel, insets
show partial segments of dendrites with GFP-NR2 fluorescence (in green), anti-GFP surface stain (in red), and their merged images (overlap shown
in yellow). In (E) a neuron transfected with GFP alone is illustrated together with surface staining with anti-GFP antibody. Scale bar, 15 pm and

5 um for the insets.

boring untransfected neurons. The measurements of co-
localization between GFP-tagged subunits and antibody-
positive clusters were performed along individua trans-
fected dendrites whenever possible. However, some of
the unmatched clusters could have been related to the
presence of non-transfected dendrites in the near vicinity
of the transfected one. Figs. 3A and 3C show the co-
localization of NR2A and NR2B subunit-specific anti-
body staining with GFP-NR2A and GFP-NR2B fluor-
escence. In twenty 100 um dendritic segments from
eight transfected cells in three distinct experiments using
cultures at DIV12-13, we measured 58 + 4 GFP-NR2B
subunit clusters and 60 + 4 anti-NR2B Cy3-positive
puncta. The extent of co-localization of fluorescent GFP-
NR2B clusters with anti-NR2B antibody-stained clusters
was 96 + 2%. Similar findings were obtained with GFP-
NR2A subunit clusters (47 + 3 and 54 +4, n=15 dendrites
of four cells, colocaization 90 + 2%). All the GFP-

tagged NR2A and NR2B fluorescent clusters were
stained by corresponding antibodies. We aso studied the
colocalization of fluorescent GFP-NR2A and GFP-
NR2B clusters and those stained by anti-NR1 subunit
antibody. As illustrated in Figs. 3B and 3D, there was
clear matching between GFP-NR2 subunit clusters and
the presence of endogenous clusters of NR1 subunit,
indicating, athough not totally proving, that co-
assembly of native and transfected subunits may occur
together with appropriate targeting to the dendrites. In
nineteen 100 pm dendritic segments from nine trans-
fected cells in three distinct cultures at DIV12-13, we
measured 46 + 3 fluorescent GFP-NR2B subunit clusters
and 49 + 3 anti-NR1 Cy3-positive puncta. The extent
of colocalization of GFP-NR2B with endogenous NR1
subunit clusters was 94 + 2%. Similar findings were
obtained with GFP-NR2A subunit clusters (59 + 6 and
65 + 6, n=21 dendrites of nine cells, colocalization 89
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Fig. 3. Colocalization of GFP-tagged NR2 subunits with endogenous subunits in transfected hippocampal neurons in culture. GFP-NR2A- (A, B)
and GFP-NR2B- (C, D) transfected neurons were fixed, permeabilized and immunostained at DIV 13 with specific antibodies against NR2A (A),
NR2B (C), or NR1 (B, D) followed by Cy3-conjugated secondary antibodies. Each panel shows low-power micrograph of GFP fluorescence (top
left), NR subunit antibody staining (bottom left) and insets (right) with partial segments of dendrites with GFP fluorescence (in green), NR subunit
antibody staining (in red), and their merged images (overlap shown in yellow). Arrows in the insets indicate example matching clusters. Non-
matching clusters were also observed which mostly related to the presence of non-transfected dendrites in the field. Scale bar 15 um and 5 pm

for insets.

+ 3%). Most importantly, these data are afirst indication
that transfected NMDA receptor subunit will likely
incorporate in native NMDA receptors in hippocampal
neurons. We also assessed the number of clusters of
NR1, NR2A and NR2B for control neurons in matching
coverdlips transfected with GFP aone. In twenty 100 um
dendritic segments from eight transfected cells in three
distinct experiments from cultures at DIV12-13, we
measured 65 £ 1 anti-NR1 Cy3-positive clusters. Similar
findings were obtained for NR2A and NR2B subunit
clusters (61 + 4 and 63 + 1, from at least 15 dendrites
of 4 cells). No statistically significant differences were
observed when compared to the number of clusters per
100 pm dendritic segment in matching GFP-NR2 sub-
unit transfected neurons.

3.4. Synaptic localization of GFP-tagged NR2
subunits

Evidence for the expression of GFP-NR2-tagged sub-
units at excitatory synapses in transfected neurons came
from electrophysiological recordings demonstrating the
occurrence of NMDA-mediated spontaneous miniature
excitatory postsynaptic currents (NMDA-mMEPSCs) in

GFP-NR2 subunit transfected cells (Fig. 4). Whole-cell
recordings were performed in cultured hippocampal neu-
rons at DIV12-13. When neurons were voltage clamped
at —60 mV, spontaneously occurring fast inward currents
could be observed. These events were identified as spon-
taneous glutamate-mediated EPSCs resulting from the
activation of apha-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid (AMPA) receptors as they were
completely abolished by NBQX (5 puM, not shown).
Functional synaptic activity was recorded in al trans-
fected neurons as AMPA receptor-mediated sSEPSCs. In
order to isolate NMDA-mEPSCs, experiments were per-
formed in the presence of NBQX (5 pM), tetrodotoxin
(1 uM) and BMI (20 uM) in a nominaly Mg®*-free sol-
ution to relieve the magnesium blockade of NMDA
channels. Under these experimental conditions, an
increase in the background noise and spontaneous
inward currents could be observed (Fig. 4) due to acti-
vation of NMDA receptors, as further indicated by the
blockade of these events by the NMDA receptors com-
petitive antagonist CPP (10 uM, n=5, not shown). In
some cells studied, both transfected and controls,
removal of magnesium and blockade of AMPA and
GABA, receptors resulted in a large increase in back-
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Fig. 4. NMDA-mESPCs in transfected neurons. Whole-cell recordings from hippocampal neurons in primary culture at DIV12 voltage-clamped
at 60 mV in a Mg**-free solution. (A, B left) Fluorescent micrographs of hippocampal neurons transfected with GFP-NR2A (A) and GFP-NR2B
(B) cDNAs. Scale bar 20 um. (A,B right) Whole recordings of pharmacologicaly isolated NMDA-mEPSCs from the neuron shown to the left.
The average of 15 NMDA-mESPCs is aso shown with an indication of the weighted time constant of the double exponentia curve used to fit the
current decay time. (C) Summary of the weighted time constant of decay of NMDA-mEPSCs recorded from at least 15 neurons from three cultures
transfected with GFP aone, or with GFP-NR2A or GFP-NR2B. * p<0.05 with respect to control (ANOVA with prior analysis of variance).

ground noise with no detectable mEPSCs. In other neu-
rons, however, pharmacologically isolated NMDA-
MEPSCs were recorded as shown in the right panel from
transfected neurons illustrated in the left panel of Figs.
4A and 4B. The considerable background noise pre-
cluded the estimate of amplitude and frequency of occur-
rence of NMDA-mEPSCs. However, exponential decay
was investigated from averages of selected individual
non-overlapping events and with large amplitude. In Fig.
4C, the summary data for the weighted time constant of
decay are shown for NMDA-mEPSCs recorded in at
least 15 neurons from three cultures transfected with

GFP aone, GFP-NR2A or GFP-NR2B. As can be
observed, the decay times of averaged NMDA-mMEPSCs
was consistently faster in GFP-NR2A-transfected cells
than those of GFP transfected cells (Fig. 4C). The decay
times of averaged NMDA-mEPSCs appeared slower in
GFP-NR2B-transfected cells than those of GFP-trans-
fected cells but this was not significant. The faster
NMDA-mESPCs decay in GFP-NR2A-transfected neu-
rons suggests a synaptic localization for the transfected
subunit.

To further assess the colocalization of GFP-tagged
NR2 subunits with a presynaptic marker, we performed
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surface staining of live hippocampal neurons transfected
with GFP-NR2 subunits with anti-GFP polyclonal anti-
body, followed by fixation and immunostaining with a
selective anti-synaptophysin monoclona antibody. As
illustrated in Fig. 5 in the example neurons at DIV17,
some puncta of GFP-tagged subunit surface labeling
(Cy3 red) matched with the fluorescent puncta indicating
synaptophysin staining (Alexa-488 green). In eleven 100
pm dendritic segments from four transfected cells in
three distinct experiments, the extent of colocalization of
surface GFP-NR2A subunit clusters with synaptophysin
puncta measured along the transfected dendrite was 51
+ 4%. GFP-NR2B subunit clusters/synaptophysin puncta
colocalization was 49 + 6%. (n = 16 dendrites of four
cells).

>

GFP-NR2A Div 17

Anti-GFP

Anti-SNP

™

Anti-GFP

Anti-SNP

Fig. 5. Colocalization of surface GPF-NR2 clusters with synaptophy-
sin. GFP-NR2A- (A) and GFP-NR2B- (B) transfected neurons at
DIV 17 were surface stained live with anti-GFP primary and Cy3-con-
jugated secondary antibodies (Anti-GFP, top left), followed by fix-
ation, permeabilization and immunostain with anti-synaptophysin pri-
mary and Alexa-488 secondary antibodies (Anti-SNP, bottom left).
Insets (right) with partial segments of dendrites with anti-GFP-Cy3
fluorescence (in red), synaptophysin subunit antibody staining (in
green), and their merged images (overlap shown in yellow). Arrows
in the insets indicate matching examples. Scale bar 15 pm and 5 pm
for insets.

3.5. Localization of GFP-NR2 subunits in dendritic
structures

Using co-transfection with a construct expressing
actin tagged with cyan fluorescent protein (CFP-actin),
we were able to observe detailed dendritic anatomy in
cells co-transfected with this plasmid and the GFP-NR2
congtructs. Asit can be seen in Fig. 6, most hippocampal
cells at DIV8 had long filopodia. In time-lapse studies
these filopodia were highly motile (not shown). In con-
trast, a DIV16, most cells displayed dendrites covered
with well-defined spines. This developmental transform-
ation in dendrites from filopodia to spines at the time of
synaptogenesis has been extensively studied previously
(Fischer et al., 1998; Jontes and Smith, 2000; Matus
2000; Segal and Andersen, 2000 for review). In thirty
five 100 um dendritic segments from 22 CFP-actin-
transfected cells in four distinct experiments at DIV7,
we counted 43 + 3 filopodia and 3 + 1 dendritic spines
per segment. In forty two 100 um dendritic segments
from 19 transfected cells in four distinct experiments at
DIV 16, we counted 4 + 1 filopodia and 61 + 2 dendritic
spines per segment. In Figs. 7A and 7B, the relative den-
sity of filopodia and spines is compared for neurons at
DIV7 and DIV 16 transfected with GFP-NR2A and GFP-
NR2B, respectively. In these cells, we aso illustrate the
distribution of the NMDA receptor subunits seen after
transfection of the GFP-NR2 constructs and live surface
labeling with anti GFP antibody and Cy3-conjugated
secondary antibody. The weak GFP fluorescence of
tagged NR2 subunits did not bleed through the CFP band
pass cube with the exposures used to photograph the
bright CFP-actin fluorescence. As can be seen, most
NMDAR clusters in cells at DIV7 were localized to the
base of the filopodia rather than on their tips. In contrast,
a DIV16, al Cy3-positive puncta corresponding to the
surface expression of GFP-NR2 subunits were clearly
localized to dendritic spines and shafts. This was true
for both NR2A and NR2B constructs. In Figs. 7C and
7D the percent of GFP-tagged subunits localized to filo-
podia versus dendritic shaftsin several 100 um dendritic
segments is reported for both GFP-NR2A and GFP-
NR2B-transfected neurons at DIV7 and DIV 16. In cells
a DIV7, anti-GFP surface staining reveaed a larger
number of clustersin transfected cells than visualized by
GFP fluorescence (compare Fig. 2 with Fig. 6).

4. Discussion

Our study investigated NR2A and NR2B subunits N-
terminally fused with GFP in transfected HEK293 cells
and hippocampa neurons in culture. GFP-NR2A and
GFP-NR2B subunits form functional NMDA channels
and produce observable fluorescence when co-trans-
fected with untagged NR1-1a subunit partner in HEK293
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Fig. 6. Anatomical location of NR2 clusters. Live hippocampal neurons expressing CFP-actin and GFP-NR2A or GFP-NR2B subunits were surface
stained with anti-GFP and Cy3-conjugated secondary antibody at DIV8 and DIV 16 (SGFP-NR2). (A, B) A comparison of GFP-tagged NR2A (A)
and NR2B (B) subunit clusters in neurons at DIV7. The distribution of NMDA receptor clusters is in the dendritic shafts and sometimes at the
base of the filopodia. Partial dendrites in dashed rectangles were amplified and showed on the bottom for each image. Scale bar, 20 ym and 5 pm
for the insets. The arrow in the insets indicates a cluster on a filopodia. (C, D) A comparison of GFP-tagged NR2A (C) and NR2B (D) subunit
clustersin neurons at DIV 16. Receptor clusters are located both on spines and dendritic shafts. Partial dendrites in dashed rectangles were amplified
and showed on the bottom for each image. Scale bar, 20 um and 5 um for the insets. The arrows in the insets indicate examples of clusters on

dendritic spines.

cells. Surface staining with anti-GFP antibody illustrated
that only a portion of the tagged subunits are expressed
on cell surfaces and form aggregates of fluorescent pro-
teins. Electrophysiological recordings from transfected
HEK293 cells independently confirmed the surface
expression of functiona NMDA channels comprising

GFP-tagged subunits. These channels had similar deacti-
vation kinetics to untagged NMDA receptor subtypes
(Monyer et a., 1994; Vicini et al., 1998).

Expression of GFP-NR2A and GFP-NR2B subunits
in transfected hippocampal neurons was successful as
indicated by the mostly diffuse fluorescence and pres-
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Fig. 7. Summary of results on the anatomical location of NR2 clusters. (A, B) Summary of results of the study of the relative number of filopodia
and spines on dendrites of transfected neurons expressing CFP-actin at 7-8 DIV (1 week) and 15-16 DIV (2 weeks) when co-transfected with
GFP-NR2A (A) or GFP-NR2B (B) subunits and surface stained with anti-GFP and Cy3-conjugated secondary antibody. (C, D) Summary of the
density of NR2 subunit receptor clusters on filopodia as compared to dendritic shafts and spines on dendrites of transfected neurons expressing
CFP-actin at 7-8 DIV (1 week) and 14-15 DIV (2 weeks) when co-transfected with GFP-NR2A (C) or GFP-NR2B (D) subunits and surface

stained with anti-GFP and Cy3-conjugated secondary antibody.

ence of a few individual clusters. GFP-NR2B subunit
clusters were seen early after transfection while GFP-
NR2A subunit expression was weaker but increased with
development in vitro. As development progresses, more
defined clusters and less diffuse fluorescence were
observed along the dendritic processes of neurons trans-
fected with either GFP-NR2A or GFP-NR2B. Well-
defined clusters severa days after transfection have been
reported in hippocampal neurons transfected with C-ter-
minal fused NR1-GFP constructs (Crump et al., 2001).
However, when we performed surface staining in live
neurons with anti-GFP antibody taking advantage of the
extracellular location of the GFP tag, the clear formation
of clusters on the cell surface for both NR2A and NR2B
subunits could be observed at any age investigated.
Quantitation of the numbers of GFP clusters and clusters
labeled by anti-GFP antibody indicate that 15 days after
transfection the observable GFP clusters are indeed
expressed on the cell surface. This suggests that GFP
clusters can be used to perform dynamic studies of
NMDA receptor in living neurons at that age. However,
in cells early after transfection as well as with low

expression, anti-GFP surface staining revealed a larger
number of clustersin transfected cells than visualized by
GFP fluorescence. What is the reason for this discrep-
ancy? It is likely that a small proportion of tagged-sub-
unit containing receptors in a single cluster makes it
impossible for these clusters to be seen clearly by GFP
fluorescence, but they can be revedled by the amplifi-
cation of the primary/secondary antibody staining. It is
possible that the labeling by live surface staining with
anti-GFP antibody is a more sensitive indicator of the
surface expression of tagged subunits. However, live
surface staining with antibodies also has limitations,
most notably in the capability to follow receptor subunit
dynamics in time. For these studies, the best approach
will therefore have to include assessment of tagged sub-
unit clusters with both GFP fluorescence and live sur-
face staining.

Immunocytochemical staining after permeabilization
using specific antibodies against NR2A and NR2B sub-
units, respectively, showed that the clusters of tagged
subunits match quite well with endogenous clusters for
both NR2A and NR2B subunits in hippocampal neurons
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severa days after transfection. These results illustrate
that most of the endogenous receptors include GFP
tagged subunits. Thus, this supports the use of GFP-
tagged subunits as an indication of native subunit clus-
ters. GFP-NR2A and GFP-NR2B clusters co-localize
with endogenous NR1 clusters as indicated from NR1-
specific antibody staining in permeabilized neurons.
Therefore, we can speculate that tagged subunit clusters
include the NR1 subunit, an essential component to
functional channel formation. Furthermore, the fact that
all tagged NR2 subunit clusters had an NR1 counterpart
indicates that the transfection did not induce the forma-
tion of isolated tagged subunit clusters. Last, the similar
density of clusters of NR1, NR2A and NR2B subunits
in transfected and untransfected neurons suggests that
transfection procedures did not induce the formation of
additional NMDA receptor complexes.

Whole-cell recordings from transfected neurons sug-
gested the insertion of GFP-tagged subunits into the syn-
aptic receptor pool asindicated by the fast weighted time
constant in GFP-NR2A -transfected cells. At the devel op-
mental stage of the neurons in which we performed elec-
trophysiology recordings, the NR2B subunit is predomi-
nant in the synaptic NMDA receptors. This could explain
the lack of significant alterations in kinetics of NMDA
MEPSCs in GFP-NR2B-transfected neurons. An aterna-
tive explanation is that the GFP tag prevents the surface
expression of the NR2B subunit. To gain insights
between these possibilities we performed surface
immunostaining in live cells of GFP-tagged NR2 sub-
units followed by permeabilization and staining with
anti-synaptophysin antibody. The results revealed that
approximately half of both GFP-tagged NR2 subunits
were clearly juxtaposed to presynaptic boutons indicat-
ing the likely synaptic expression of a good portion of
both GFP-tagged subunits.

Taking advantage of our labeling technique to vis-
ualize NR2A and NR2B subunits in living neurons, we
investigated their occurrence with respect to the reported
changes in the dendritic dynamics in synaptogenesis. In
these studies, a progressive decline in the number of
filopodia and increase in stubby and mushroom spines
has been observed as excitatory synapses form both in
vitro (Dailey and Smith., 1996; Ziv and Smith, 1996;
Fischer et al., 1998; 2000; Matus, 2000; Segal and And-
ersen, 2000; Korkotian and Segal, 2001; Okabe et .,
2001) and in vivo (Fida et a., 1998; Maletic-Savatic et
a., 1999; Lendvai et a., 2000). Our results showed that
both GFP-NR2A and GFP-NR2B clusters are found
mostly in dendritic shaft, sometimes at the base of filo-
podia and rarely on the tip of filopodia in the first week
after plating, atime when synaptogenesis has been dem-
onstrated to occur with staining against synaptophysin
and functional assessment of synaptic formation in hip-
pocampal culture (Renger et al., 2001). In contrast, in
the second week after plating, after synapses are formed,

the dendritic trees of hippocampal neurons are covered
with spines. At this time, we showed that both NR2A
and NR2B subunit clusters are found in the many spine
heads. However, a large number of subunit clusters are
still seen on the dendritic shaft. These results are remi-
niscent of those found with electron microscopy (Fiala
et a., 1998) and with GFP-tagged PSD-95 (Okabe et al.,
2001). Although it has been shown that spine formation
occurs in neuronal culture from NRZ1subunit knockout
mice (Okabe et a., 1998), it is possible that different
NMDA receptor subunits play a distinct role in the tem-
poral sequence from the filopodia retraction to the for-
mation of the synapses on the spine head. Our results
show the possibility of studying NMDA receptor clusters
in neurons in parallel with the observation of dendritic
dynamics and synapse formation.
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