20.

21.

22,

23.

All inhibitors were tested from 0.1 to 10 uM and
viability was monitored by trypan blue exclusion. The
final concentrations of HA used to inhibit tyrosine
kinases in this study were approximately 1/10 to
1/20 of that required for direct inhibition of Ca®*
entry into T cells.

. Cells were incubated for 48 hours in IL-2—free culture

medium containing 0.5% serum. Cell viability was
>95%. Inhibitor-pretreated or untreated lympho-
cytes were then stimulated with RANTES for 30 s to
5 min, rapidly separated by centrifugation at 4°C,
and lysed for 15 min on ice with periodic mixing in
lysis buffer [1% Triton X-100, 20 mM tris-HCI (pH
8.0), 137 mM NaCl, 15% glycerol, 5 mM EDTA] con-
taining phosphatase and protease inhibitors [1 mM
phenylmethylsulfonyl fluoride, aprotinin (10 pg/ml),
leupeptin (10 wg/ml), 1 mM sodium orthovanadate, 1
mM EGTA, 100 pM B-glycerophosphate]. The ly-
sates were analyzed under reducing conditions on
10% SDS-polyacrylamide gels (Novex). Resolved
proteins were transferred to activated Immobilon P
membranes (Millipore) for immunoblot analysis.
Membranes were incubated first in tris-buffered sa-
line (TBS) containing 5% BSA, 0.1% Tween-20, and
0.05% thimerosol and then overnight with antibodies
(4G10) to phosphotyrosine (1 wg/ml) (UBI). The filters
were then washed extensively ( TBS containing 0.5%
NP-40), incubated with secondary horseradish per-
oxidase—coupled antibodies to mouse immunoglob-
ulin (Amersham), washed again, incubated with ECL
reagent (Amersham), and exposed to BIOMAX-MR
film (Eastman Kodak).

. Cloning studies, with primers targeted to homologous

domains of the chemokine 7TM receptor family, have
identified a potentially uncharacterized receptor in the
T cell clone and peripheral blood lymphocytes.
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(1994).

L. M. C. Webb, M. U. Ehrengruber, . Clark-Lewis, M.
Baggiolini, A. Rot, Proc. Natl. Acad. Sci. U.S.A. 90,
7158 (1993); D. P. Witt and A. D. Lander, Curr. Biol.
4, 394 (1994); Y. Tanaka et al., Nature 361, 79
(1993).

K. B. Bacon, R. D. Camp, F. M. Cunningham, P. M.
Woollard, Br. J. Pharmacol. 95, 966 (1988).
Fluorescence-activated cell sorting (FACS) was
performed according to standard methods. Quies-
cent lymphocytes were left unstimulated or were
stimulated for 48 hours with RANTES (1 pM),
washed in phosphate-buffered saline containing
0.05% NaN5 and 1% BSA, incubated at a concen-
tration of 2 X 105 cells per well in a 96-well conical
plate (Costar Serocluster) with fluorescein isothio-
cyanate-coupled antibodies to human CD25 (IL-
2R) (Becton Dickinson) for 30 min, washed three
times, and then analyzed with a Becton Dickinson
FACScan. It was necessary to render the cells qui-
escent before FACS analysis because the cells are
maintained in IL-2—containing medium; thus, the
level of IL-2 receptor expression is high and small
changes are masked.

Enzyme-linked immunosorbent assay measure-
ments were made according to standard protocols
with quiescent T cells, in order to avoid the high basal
expression of cytokines such as IL-2, IL-5, and IL-4.
Antibodies [anti-IL-5 (39D10), rat immunoglobulin
(Ig) G2a; anti-IL-4 (8D4-8), mouse IgG1; anti-inter-
feron -y (A35), mouse IgG1; anti-IL-2 (BG-5), mouse
IgG1] (DNAX) were coated onto the wells of a 96-
well polyvinyl chloride plate and incubated for 2
hours at 37°C. After washing the wells, the samples
were incubated with the coating antibody for 2 hours
at room temperature, after which the wells were
washed and incubated for 1 hour at room tempera-
ture with nitroiodophenylacetate-coupled secondary
antibodies (50 wg/ml) [anti-IL-5 (5A10), rat 1gG2a;
anti-IL-4 (MP4-25D2), rat IgG1; anti-interferon y
(B27), mouse IgG1; anti-IL-2, goat polyclonal]
(DNAX). Immune complexes were revealed by incu-
bation with tertiary horseradish peroxidase—coupled
antibodies to nitroiodophenylacetate for 1 hour at
room temperature. After incubation, ABTS solution
was added and absorbance at 405 to 600 nm mea-
sured after the color had developed. Results were
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analyzed with SoftMax software (Molecular Devices)
to obtain absolute protein values.
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Regulation of Hippocampal Transmitter Release
During Development and Long-Term Potentiation

Vadim Y. Bolshakov and Steven A. Siegelbaum

Developmental changes in rat hippocampal transmitter release and synaptic plasticity
were investigated. Recordings from pairs of pyramidal neurons in slices showed that an
action potential in a CA3 neuron released only a single quantum of transmitter onto a CA1
neuron. Failures of synaptic transmission reflected probabilistic transmitter release. The
probability of release (P,) was 0.9 in 4- to 8-day-old rats and decreased to less than 0.5
at 2 to 3 weeks. Long-term potentiation (LTP) in 2- to 3-week-old rats was associated with
an increase in P, from a single synaptic site. The high initial P, in 4- to 8-day-old rats
normally occludes the expression of LTP at this stage.

Long—term potentiation (LTP) (I) and
long-term depression (LTD) (2) of hip-
pocampal synaptic transmission are oppos-
ing forms of activity-dependent plasticity
that may underlie learning and memory and
the fine tuning of synaptic connections dur-
ing development (3). The expression of
hippocampal LTP and LTD in rats changes
markedly during the first 3 weeks after
birth, a critical period in the establishment
of synaptic connections (4). Whereas LTP
is observed only in rats that are >2 weeks
old (5, 6), LTD is most prominent during
the first 10 days after birth (6, 7). This
complementary pattern of expression of
LTP and LTD is likely important for the
formation of the normal pattern of synaptic
connections and early learning and memo-
ry. However, controversy surrounds the ba-
sic properties of synaptic transmission and
long-term plasticity in the hippocampus (I,
8), and the mechanisms underlying these
developmental changes remain unknown.
This uncertainty is attributable, in part, to
difficulties in recording from individual
pairs of synaptically connected hippocam-
pal neurons; most studies have relied on
recordings from populations of pre- and
postsynaptic cells (I, 8).

We have now used two approaches that
permit the routine recording of synaptic
transmission between single CA3 and CA1
pyramidal neurons in hippocampal slices:
(i) dual whole-cell patch clamp recording
(Fig. 1A) (9, 10); and (ii) focal stimulation
of a single presynaptic neuron, by pressing
an extracellular stimulating patch pipette
onto an individual CA3 cell body (11, 12),
and whole-cell recording from a postsynap-
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tic CAl neuron. Both methods resulted in
identical postsynaptic responses (13). How-
ever, most experiments (24 of 36) were
performed with extracellular stimulation
because of the difficulty in obtaining stable
dual whole-cell recordings.

A given CA1 neuron received functional
synaptic input from ~5% of the CA3 neu-
rons tested (Fig. 1A) (14). In a synaptically
connected pair of neurons from a 6-day-old
rat, most CA3 action potentials elicited an
excitatory postsynaptic current (EPSC) of ~
—4 pA in a CAl cell (Fig. 1B). Some
stimuli failed to elicit an EPSC. A frequency
histogram of EPSC amplitudes showed two
prominent peaks that were fitted by the sum
of two Gaussian functions (Fig. 1C). One
peak, centered at O pA with a standard
deviation identical to that of the back-
ground noise, reflected failures of transmis-
sion. The second peak, centered at ~—4
pA, contained most events and reflected
successes of transmission. There were no
additional peaks at higher current levels. In
synapses from young animals (4 to 8 days
old), the fraction of successes was consis-
tently high and averaged 0.9 (13). In com-

“parison, in slices from older rats (13 to 23

days old), the fraction of successes was sig-
nificantly lower (<0.5) (Fig. 1, D to F) in
agreement with previous, less direct results
(15). In other respects, however, transmis-
sion in older rats resembled that in younger
rats: The EPSC amplitude histogram showed
only two peaks, one at O pA and one at
~—4 pA (Fig. 1, D and E).

The simplest interpretation of these re-
sults, based on the classical quantal theory
of Katz (16), is that a given CA3 neuron
makes only a single synaptic contact with a
given CA1 neuron. At this contact, a pre-
synaptic action potential either fails to re-
lease transmitter or evokes an EPSC that
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Fig. 1. Recordings from single CA3-CA1 synapses. (A) Dual
whole-cell recording from a 6-day-old rat. (Top) Current in A 16
the CASB neuron during a voltage step to O mV from a holding [

potential of —~70 mV. The dotted line shows zero current. i, o,

(Bottom) EPSC recorded simultaneously from the CA1 neu-
ron. (B) Several superimposed CA1 EPSCs. Asterisk marks

an apparent failure of transmission. (C) EPSC amplitude his- ,’ s
togram for a 6-day-old rat (255 trials) from the same experi- ! ‘ 100 pA'
ment as in (A) (f, current). Solid curve, best-fit sum of two V’

Gaussian functions. The Gaussian fit to the quantal peak
showed a mean of —3.48 pA and an SD of 1.48 pA; failure
peak, 0 = 0.63 pA (the failure Gaussian was constrained to
be identical to the baseline noise Gaussian). P, = 0.91. (D)
EPSC amplitude histogram (327 trials) from a 20-day-old rat.
The quantal peak Gaussian showed a mean = SD of —4.4 =+
1.4 pA; failures peak, 0 £ 0.78 pA. P, = 0.43. (E) Density
estimates (9) of the EPSC amplitude distributions obtained
from experiments in {C) (dotted line) and (D) (solid line). The
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to 23-day-old rats was 0.89 = 0.02 (n = 19)and 0.41 = 0.03 (n =

represents the response to a single quantum
of transmitter (~—4). The probability that
a vesicle is released (P)) is given by the
fraction of events under the peak reflecting
successes of transmission. Accordingly, the
developmental decrease in the fraction of
successes represents a progressive decrease
in P, (Fig. 1F). Alternatively, the amplitude
of the true quantal event might be too small
to resolve, and the peak at ~—4 pA may, in
fact, be composed of a number of overlap-
ping unresolved events. The developmental
decrease in the fraction of successes could
then reflect a decrease in the quantal am-
plitude, causing us to miss a greater fraction
of events. Several lines of evidence present-
ed below, however, suggest that we are in-
deed accurately measuring the true quantal
amplitude and P..

One test compared the amplitude dis-
tribution of spontaneous miniature EPSCs
(mEPSCs) (Fig. 2), which represent quan-
tal responses to the release of single synaptic
vesicles (16), with that of the evoked
EPSCs. The mean amplitude of the mEPSCs
was similar to the evoked EPSC quantal
amplitude. Furthermore, the mEPSC ampli-
tude distribution did not change during de-
velopment (Fig. 2C). The coefficient of
variation (CV, SD/mean) of the mEPSC
distribution was greater than the CV of the
quantal peak in the evoked EPSC histogram
(Fig. 2D). This result is the opposite of what
would be expected if the evoked peak were
composed of many unresolved quantal
events, which should spread out the distri-
bution and increase the CV. The greater CV
of the mEPSCs most likely reflects the fact
that these events arise from diverse inputs
that may have different quantal amplitudes.

According to quantal analysis at the
neuromuscular junction (16),

failures of

17), respectively (P < 0.005, t test).

transmission are due to failures of release. In
contrast, in the central nervous system,
such failures have been suggested to reflect
failures of postsynaptic reception (17-20).
According to this view, an entire cluster of
postsynaptic receptors in a dendritic spine
could be turned on (yielding a success) or
oft (yielding a failure). However, we have
now demonstrated that two interventions
known to increase release clearly reduced
the number of failures, indicating that they
are presynaptic in origin.

We first examined the effects of paired-
pulse facilitation (PPF), a widely accepted
index of presynaptic function (21) (Fig. 3).

Fig. 2. Comparison between spon-

o
)

When two presynaptic stimuli were delivered
50 to 300 ms apart, the average response to
the second stimulus was greatly facilitated in
2- to 3-week-old animals (Fig. 3A). The
EPSC amplitude histograms showed a marked
decrease in the fraction of failures during the
second pulse (Fig. 3, B and C), which ranged
from 0.5 to 0.1 (n = 3), providing an upper
limit for the failures that could be postsynap-
tic. There was no change in the quantal am-
plitude or CV of the quantal peak of the
second EPSC (22), supporting the view that
the peak of successes of transmission reflects a
single quantal response and that PPF results
from an increase in P. In contrast to the

taneous mMEPSCs and evoked A
EPSCs from neonatal and 2- to
3-week-old rats. (A) Superimposed
examples of MEPSCs in a CA1 neu-
ron from a 7-day-old rat (top) and
amplitude distribution of MEPSCs
from the same cell (mean ampli-
tude, —6.33 = 0.11 pA; 718
events). Asterisk, average of 100 o
successive events. (B) Amplitude 0
distribution of mMEPSCs recorded
from a 21-day-old rat (mean am-
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mMEPSCs and unitary EPSCs in 1-week-old animals was 44.84 = 1.61% (» = 7) and 30.4 = 1.01% (n =
19), respectively. In 2- to 3-week-old animals, the CV of mEPSCs and evoked EPSCs was 48.1 = 2.63%

(n=7)and 28.09 = 1.04% (n = 19), respectively.
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results in 2- to 3-week-old rats, PPF was ab-
sent in 4- to 8-day-old animals (Fig. 3, D to F)
(23), consistent with the observation that P,
is already close to 1 during the first stimulus.
The depression during the second pulse may
correspond to a transient depletion of docked
synaptic vesicles (24).

A second line of evidence that the
failures were presynaptic was provided by
experiments in which release was en-
hanced by increasing the external Ca®™*
concentration ([Ca**],) under conditions
that prevented changes in postsynaptic
internal Ca** (Fig. 4) (25, 26). For 2- to
3-week-old animals, an increase in [Ca® "],
increased the averaged EPSC by markedly
decreasing the fraction of failures (to
<0.1) with no change in quantal ampli-
tude or CV (26) (Fig. 4, A and B), further
limiting the possible fraction of postsyn-
aptic failures and strengthening the view
that the quantal peak represents unitary
responses. This result also indicated that
the failures were not due to failures of the
CA3J action potential to invade the pre-
synaptic terminal because high [Ca’*],
should increase the threshold. In 4- to
8-day-old rats, increasing [Ca’*], had no
effect on the averaged EPSC, P, or quan-
tal amplitude (Fig. 4, C and D) (206),
consistent with our observation that P,
was normally close to 1.

[f LTP results from an increase in release
probability (1), then the lack of LTP in
neonatal rats could be explained by the fact
that P, is nearly maximal. Consistent with
this view, the ability to induce LTP was
correlated with the developmental decrease
in P. Moreover, EPSC amplitude histo-
grams showed that LTP, during the 30-min
time course of our recordings, was due to an
increase in P, (Fig. 5). There were no
changes in quantal amplitude, CV, or shape
of the quantal peak distribution (Fig. 5, A
and C) (Kolmogorov-Smirnov test, P >
0.9), making it unlikely that LTP at this
stage results from a postsynaptic change or
addition of new functional synapses.

To determine whether the high P, is
indeed responsible for the lack of LTP in
4- to 8-day-old rats, we investigated
whether LTP could be expressed in neo-
natal slices when P, was reduced by de-
creasing [Ca**], and increasing [Mg”*],.
External field stimulation of the Schaffer
collateral pathway was used to excite mul-
tiple CA3 inputs to the CA1 neuron. To
induce LTP, we switched from the low
[Ca?*],, high [Mg?*], solution to our nor-
mal external solution, because of the im-
portance of postsynaptic Ca’* influx for
the induction of LTP (1). Although the
LTP-induction protocol had no effect on
the EPSC recorded in normal external
solution, on return to the low [Ca’*],,
high [Mg**], solution a persistent poten-
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tiation of the EPSC was revealed. This
potentiation was not observed when we
omitted the LTP-induction protocol (n =
4; t = 0.63, paired t test) or when the LTP
protocol was delivered in the presence of
50 puM  D-2-amino-5-phosphonovaleric
acid (APV) to block N-methyl-D-aspar-
tate (NMDA) receptors (Fig. 5D).

Our results show that the EPSC record-
ed from a CAIl neuron in response to
stimulation of a single presynaptic CA3

neuron was composed of a single quantal
event, indicating that a CA3 neuron usu-
ally forms a single functional synapse with
a given CA1 neuron. This observation is
consistent with results obtained by mini-
mal stimulation (27, 28) and anatomic
studies suggesting that most CA3 neurons
form at most a single contact with a CAl
neuron (29). The quantal response may
indicate that a presynaptic bouton releases
only a single synaptic vesicle per action
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Fig. 3. Comparison of PPF in neonatal and 2- to 3-week-old rats. (A) EPSCs recorded from a 19-day-old
rat in response to paired stimuli (focal stimulation) with a 50-ms interstimulus interval (a,), and averaged
paired responses from the same experiment, including apparent failures (a,). Arrowheads indicate time of
stimuli. (B and C) EPSC amplitude histograms for first (B) and second (C) paired responses (197 sweeps).
Same experiment as in (A). For (B), P, = 0.15 and quantal amplitude = —3.16 = 0.79 pA. For (C), P, = 0.53
and quantal amplitude = =3.2 = 0.85 pA. (D to F) Same experiment with a 6-day-old rat. (D) Averaged
paired responses [same protocol as in (A)]. (E and F) EPSC amplitude distribution of first (E) and second (F)
responses (n = 249). For (E), P, = 0.87 and guantal amplitude = —4.01 = 1.2 pA. For (F), ., = 0.36 and

quantal amplitude = —=3.76 = 1.16 pA.

Fig. 4. Effect of an in-
crease in [Ca®*], on EP-
SCs. (A) EPSC ampli-
tude histogram for an
18-day-old rat at normal
(2.5 mM) [Ca2™], (300
trials). (Inset) Superim-
posed successive EP-
SCs (focal stimulation).
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potential, or that the transmitter content
of a single vesicle is sufficient to saturate
the postsynaptic receptors (27). Failures of
transmission at this synapse appear to re-
flect presynaptic failures to release trans-
mitter (16) rather than silent clusters of
postsynaptic receptors (17-20). Paired re-
cordings at a synapse from CA3 pyramidal
neurons onto inhibitory interneurons also
reveal only a single release site (30). In
contrast, dentate gyrus granule neurons
(I1) and inhibitory interneurons (31)
evoke multiquantal responses in their hip-
pocampal targets, suggesting that the
number of synaptic contacts may depend
on the identity of the presynaptic neuron
and not on the identity of its target.

The observation that LTP is due to an
increase in P, with little change in quantal
amplitude, agrees with data on mEPSCs in
cultured neurons (32), a study in which
minimal stimulation was used to excite
single CA3 axons (33), and recent data
showing a change in synaptic vesicle turn-
over (34). In contrast, other studies based

on mEPSC analysis (35) and minimal
stimulation (36) have shown an increase
in quantal amplitude. A failure to detect
changes in quantal amplitude may be due
to the fact that our measurements were
limited to the first 30 min after LTP in-
duction (37). Our results differ from a
recent study with minimal stimulation
that concluded that LTP results from the
unmasking of silent clusters of non-
NMDA glutamate receptors (20).

The high P, in the hippocampus of 4- to
8-day-old animals can explain why PPF and
LTP are absent, and why LTD, which is
associated with a persistent decrease in P,
(7, 33), is pronounced at this stage. Other
regions of rat brain, including visual cortex
and somatosensory cortex, undergo an op-
posite developmental regulation, in which
LTP disappears 1 week after hirth (38).
Thus, synaptic plasticity in the brain is not
a fixed property but is differentially regulat-
ed in separate areas, presumably to subserve
distinct developmental and memory-related
functions.
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Fig. 5. Developmental changes and presynaptic expression of LTP. (A) Density estimates of EPSCs
before (176 sweeps, solid line) and after (400 sweeps, dotted line) induction of LTP in a slice from a
19-day-old rat. Density estimates were scaled so that guantal peak y axis values matched. For induction
of LTP, the CA1 neuron was held at +10 mV and 60 presynaptic action potentials were evoked at 2 Hz.
(Inset) Averaged postsynaptic response (including apparent failures) before and after LTP. Arrowhead
indicates time of stimulus. Control: P, = 0.58, guantal amplitude = —3.56 = 1.03 pA. After LTP: P, =
0.92, quantal amplitude = —3.65 *+ 0.94 pA. (B) Similar experiment for a 6-day-old rat. Solid line, before
LTP (110 events); dotted lines, after LTP (381 events). (Inset) Averaged EPSC (including failures) before
and after LTP. Control: P, = 0.90, guantal amplitude = —3.04 + 0.86 pA. After LTP: P, = 0.93, guantal
amplitude = —2.9 = 0.85 pA. (C) Summary of all LTP experiments with animals of different ages. P, (O)
and quantal amplitudes (A) calculated for all events after LTP were normalized by their values before LTP
and plotted as a function of the age of the animal. (D) Unmasking of LTP in 4- to 8-day-old animals.
Compound EPSCs were elicited by field stimulation of the Schaffer collateral pathway with bipolar
electrodes in low [Ca®™*], (1.0 mM), high [Mg?*],, (2.5 mM) solution {open bar) or normal external solution
(2.5 mM Ca?*, 1.0 mM Mg?*) (filled bar). Switching to normal solution enhanced the EPSC as a result of
the effect of [Ca®*],, on P.. LTP-induction protocol (pairing) was applied at the arrow. (C) No APV (1 = 5);

(®) 50 pM APV (1 = 4). Error bars indicate SEM.
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Regulated Subcellular Distribution of the
NR1 Subunit of the NMDA Receptor

Michael D. Ehlers, Whittemore G. Tingley, Richard L. Huganir*

NMDA (N-methyl-D-aspartate) receptors are selectively localized at the postsynaptic
membrane of excitatory synapses in the mammalian brain. The molecular mechanisms
underlying this localization were investigated by expressing the NR1 subunit of the NMDA
receptor in fibroblasts. NR1 splice variants containing the first COOH-terminal exon
cassette (NR1A and NR1D) were located in discrete, receptor-rich domains associated
with the plasma membrane. NR1 splice variants lacking this exon cassette (NR1C and
NR1E) were distributed throughout the cell, with large amounts of NR1 protein present
in the cell interior. Insertion of this exon cassette into the COOH-terminus of the GluR1
AMPA (ax-amino-3-hydroxy-5-methyl-4-isoxazole propionate) receptor was sufficient to
cause GIuR1 to be localized to discrete, receptor-rich domains. Furthermore, protein
kinase C phosphorylation of specific serines within this exon disrupted the receptor-rich
domains. These results demonstrate that amino acid sequences contained within the NR1
molecule serve to localize this receptor subunit to discrete membrane domains in a
manner that is regulated by alternative splicing and protein phosphorylation.

Aggregation of neurotransmitter receptors
in the postsynaptic membrane is a process
crucial for synaptogenesis. Like acetylcho-
line receptors (AChRs) at the neuromuscu-
lar junction (I ), neurotransmitter receptors
in the central nervous system (CNS) are
localized at postsynaptic sites (2-6), al-
though the mechanisms involved are less
well understood. The NMDA class of glu-
tamate receptors plays a critical role in syn-
aptic plasticity, synaptogenesis, and excito-
toxicity (7). lontophoretic mapping and
immunoelectron microscopy reveal that
NMDA receptors are concentrated at syn-
aptic sites (4, 5). Moreover, actin filament
stabilization prevents Ca?*-induced run-
down of NMDA current (8), and NMDA
responses are sensitive to cytoskeletal strain
(9), suggesting a cytoskeletal association of
the NMDA receptor.

NMDA receptors consist of two families of
homologous subunits (NR1 and NRZA-D)
(10, 11). The NR1 subunit is able to form
functional homomeric channels (10), which
may be present in vivo (12, 13). Expression of
NR2 subunits with the NR1 subunit, howev-
er, increases NMDA receptor current, and
most NMDA receptors in the brain are
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thought to be heteromeric complexes of NR1
and NR2 subunits (11, 14). At least seven
NRI1 splice variants (NR1A-G) are expressed
in the brain (13, 15, 16) that differ in their
spatial and temporal expression patterns (17),
in their sensitivity to polyamines, phorbol
esters, and Zn?>™ (13, 16), and in their ability
to be phosphorylated by protein kinase C
(PKC) (18).

To examine the mechanism of subcellular
targeting of the NR1 subunit, we transfected
QT6 quail fibroblasts (19) with the comple-
mentary DNA (cDNA) encoding the NR1A
subunit and examined them by immunoflu-
orescent microscopy (20, 21). The QT6 cell
line has been used as a model system for
studying AChR clustering induced by the
synaptic protein 43K (22). Immunofluores-
cent staining revealed the presence of highly
concentrated regions of NR1A protein (Fig.
1A). These NR1-enriched domains mani-
fested themselves as patches or elongated
stripes as well as punctate microclusters. The
organization of NR1 into highly concentrat-
ed domains is unique among heterologously
expressed glutamate receptors we have ex-
amined. For example, the AMPA receptor
subunit GluR1 and the kainate receptor sub-
unit GluR6 are found throughout transfected
QT6 cells, with large amounts of intracellu-
lar staining and no regions of receptor en-
richment (Fig. 1, B and C). Indeed, within
the same cell cotransfected with both GluR1





