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Importance of AMPA Receptors
for Hippocampal Synaptic
Plasticity But Not for Spatial

| Learning
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Gene-targeted mice lacking the L-a-amino-3-hydroxy-5-methylisoxazole-4-
propionate (AMPA) receptor subunit GluR-A exhibited normal development, life
expectancy, and fine structure of neuronal dendrites and synapses. In hip-
pocampal CA1 pyramidal neurons, GluR-A~/~ mice showed a reduction in
functional AMPA receptors, with the remaining receptors preferentially tar-
geted to synapses. Thus, the CA1 soma-patch currents were strongly reduced,
but glutamatergic synaptic currents were unaltered; and evoked dendritic and
spinous Ca®™ transients, Ca®*-dependent gene activation, and hippocampal
field potentials were as in the wild type. In adult GluR-A~/~ mice, associative
long-term potentiation (LTP) was absent in CA3 to CA1 synapses, but spatial
learning in the water maze was not impaired. The results suggest that CA1
hippocampal LTP is controlled by the number or subunit composition of AMPA
receptors and show a dichotomy between LTP in CA1 and acquisition of spatial

memory.

Brief high-frequency activation of many glu-
tamatergic pathways causes a long-lasting in-
crease in the efficacy of synaptic transmis-
sion, termed LTP (7), and is postulated to be
a model for cellular mechanisms underlying
learning and memory acquisition (2). In syn-
apses between the glutamatergic Schaffer
collateral-commissural fibers of hippocampal
CA3 and CAl pyramidal cells (SC-CA1),
LTP induction requires activation of the N-
methyl-D-aspartate (NMDA) receptor, Ca?*
influx into the postsynaptic dendritic spine,
and gene activation resulting in de novo pro-
tein synthesis in the postsynaptic cell.

The hippocampus is thought to be important
for spatial learning (3, 4). This has also been
indicated by behavioral analysis of pharmaco-
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logically treated rats (4) and genetically manip-
ulated mice (5). However, the link between
hippocampal LTP and spatial learning is con-
troversial (6), and the pre- or postsynaptic locus
of LTP expression has not been resolved (7).
Yet, there is consensus that the increased syn-
aptic efficacy characteristic of LTP is expressed
as an increased AMPA receptor-mediated re-
sponse to test stimuli.

AMPA receptors mediate fast excitatory
postsynaptic currents (EPSCs) and for the
most part are composed of two different sub-
units (§). In hippocampal CAl pyramidal
cells, which express mainly GluR-A and
GluR-B of the four receptor subunits (9),
AMPA receptors display low permeability to
Ca?™ due to the presence of the edited form
of GluR-B in heteromeric channels (10). As a
postsynaptic mechanism of LTP expression
in CAl pyramidal cells, AMPA receptors
may undergo phosphorylation, perhaps at the
GIuR-A subunit (/7). However, LTP expres-
sion may also involve insertion into the
postsynaptic membrane of additional AMPA
receptors (/2) and may stimulate their bio-
synthesis (73).

GluR-A~/~ Mice and AMPA Receptor
Immunocytochemistry

To study the molecular basis for LTP expres-
sion, and to probe the link between hippocam-
pal LTP and spatial learning, we generated

mice lacking GluR-A (/4) (Fig. 1, A and B).
GIuR-A~"~ mice were smaller than their litter-
mates during the first postnatal weeks, but after
weaning their size was normal.

GluR-A gene inactivation was demonstrat-
ed by immunocytochemistry (I5, 16). As
shown in coronal sections (Fig. 1, C and D), the
absence of GluR-A in the forebrain mostly
affected AMPA receptors of the hippocampus
and amygdala, where GluR-A expression is
high, and had smaller effects in areas such as -
the neocortex, where it is normally low (17).

Immunocytochemistry (/6) in the hippo-
campus of GIuR-A™"" mice relative to wild
type revealed a redistribution of the GluR-B
subunit in pyramidal and dentate granule cells
with increased staining over the somata (stra-
tum pyramidale) and decreased staining in the
basal (stratum oriens) and apical (stratum radia-
tum) dendrites (/8) (Fig. 2, A and B). The
altered GluR-B localization upon lack of
GluR-A may indicate that the edited GluR-B
subunit requires a partner for assembly or den-
dritic targeting of GluR-B-containing AMPA
receptors. A substantial amount of GIuR-B re-
mained in the stratum lacunosum-moleculare,
possibly in the form of GluR-B/C heteromeric
channels, in synapses at the distalmost part of
the apical dendrites of CAl and CA3 pyramidal
neurons.

Other glutamate receptor subunits (GluR-
B, -C, and -D; NR1 and NR2A to C) were not
up-regulated in the hippocampus of GluR-
A~’~ mice (shown for GluR-B, -C, and NR1
subunits in Fig. 2C).

Distribution of Functional AMPA
Receptors and Excitatory Transmission

Glutamate-activated currents in nucleated so-
ma-patches. The amount of functional AMPA
and NMDA receptors located in the somatic
membrane of CAl pyramidal cells was deter-
mined in nucleated soma-patches from acute
brain slices (15, 19). The size of these mem-
brane patches, which form around the nucleus,
remains constant within cells of a given popu-
lation, and the current amplitude elicited by
glutamate application is proportional to the
number of receptor channels in the patch. In
wild-type mice, the mean size of currents was
2.6 £ 1.1 nA (mean = SD; n = 5) through
nucleated CA1 soma-patches mediated by
AMPA receptors at a membrane potential of
—60 mV and 046 = 0.15 nA (n = 5) for
NMDA receptors in Mg?*-free extracellular
solution. In GluR-A~’~ mice the AMPA recep-
tor current was strongly reduced to 0.12 = 0.13
nA (n = 8) (Fig. 3A), whereas the NMDA
receptor current showed no significant differ-
ence with 044 £ 0.14nA (n = 8; P = 0.76; ¢
test) (/5). These results are consistent with the
assumption that high GluR-A expression is a
determinant of the large AMPA receptor-medi-
ated currents in wild-type CA1 pyramidal cells.

Evoked field excitatory postsynaptic poten-
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tials (fEPSPs). Unlike the large difference in
glutamate-activated AMPA currents in the
soma, no differences were observed in synap-
tically evoked currents, as determined by
fEPSP in CAl pyramidal cell layers (/9). The
extracellularly recorded fEPSP had the same
wave shape, and the stimulation intensity nec-
essary to elicit equally large fEPSPs in the CA1
region was not significantly different (Fig. 3B).
The mean (=SEM) value of the 50-ps-long
stimulation current used in slices from wild
type was 57 = 6 wA (n = 17) versus 58 * 9
pA (n 13) from GluR-A~’~ mice (P =
0.93). The corresponding fEPSP amplitudes
were also similar (wild type, 1.62 * 0.14 mV;
GluR-A™'~, 1.58 * 0.17 mV; P = 0.86).
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In SC-CA1 pyramidal cell synapses, the
fEPSP was blocked in the presence of the
AMPA kainate antagonist 6-cyano-7-nitroqui-
noxaline-2,3-dione (CNQX) (10 pM) (20), in
slices from wild-type (n = 6) as well as GluR-
A™'~ mice (n = 10) (Fig. 3B), which demon-
stratess AMPA receptor-mediated neurotrans-
mission in the absence of GluR-A.

Miniature EPSCs (mEPSCs). To determine
directly the currents evoked by a single quan-
tum of glutamate in individual dendritic spines
of CA1l pyramidal cells, we analyzed size, time
course, and peak amplitude distribution of
mEPSCs (/9) (Fig. 3, C and D). The average
(=SD) peak amplitudes of mEPSCs recorded
from wild-type and GluR-A~'~ slices were
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Fig. 2. Hippocampal expression of glutamate receptor subunits. (A and B) Distribution of GluR-B in
somata of pyramidal cells of wild-type (A) and GluR-A~/~ (B) mice in immunostainings (75) of
coronal forebrain sections. Or, stratum oriens; Ra, stratum radiatum; LM, stratum lacunosum-
moleculare; Mo, molecular layer; Py; stratum pyramidale; Gr, granule cell layer. (C) Expression of
the GluR-A, -B, and -C and the NR1 subunits, monitored by immunoblots of membrane proteins
from hippocampi (52) of wild-type (WT) and GluR-A~/~ mice.

similar [123 * 14pA (n = 7)and 11.9 £ 3.2
PA (n = 7); P = 0.75]. The decay time constant
of mEPSCs in wild-type mice was monoexpo-
nential, with average time constants ranging
from 4.7 to 6.1 ms in seven neurons (mean *
SD, 52 * 0.6 ms). In GluR-A~/~ mice the
monoexponential mEPSC decays were compa-
rable (4.7 = 1.6 ms; n = 7). In two cells,
however, a small percentage (10 to 20%) of the
mEPSCs had double-exponential decays with a
short decay time constant of 1.5 ms and a
longer one of about 12 ms. The slowly decay-
ing component was also observed in the pres-
ence of an NMDA receptor antagonist (/9).
Both the short and long decay components were
reversibly blocked by an AMPA receptor an--
tagonist (/9).

In summary, in spite of a strong reduction
in AMPA receptor currents in the somata of
CA1l pyramidal cells of GluR-A~'~ mice,
AMPA receptor-mediated synaptic transmis-
sion in SC-CAl synapses appeared to be
largely unaffected.

Long- and Short-Term Changes in
Hippocampal Synaptic Transmission
LTP. We examined LTP in CAl in slices from
adult mice. In wild-type mice, tetanic stimula-
tion of the afferent fibers, in either stratum
radiatum or stratum oriens, produced a persis-
tent homosynaptic potentiation of the synaptic
responses, characteristic of LTP (3, 21). The
average fEPSP slope 40 to 45 min after tetani-
zation was 135% = 9% (mean * SEM; n =
17; four mice) of the pretetanic control value
and synaptic transmission in the control path-
way was unchanged (100% * 2%). In GluR-
A™’~ mice, however, the tetanized pathway
was not significantly different from the control
pathway (109% =+ 6% versus 104% =+ 5%; n =
13; five mice; P = 0.27) (Fig. 4A). Lack of
LTP was not due to inefficient tetanization
because the first fEPSP and the summed volt-
age integral of the high-frequency trains used to
elicit LTP were not significantly different in
wild-type and GluR-A~'~ mice (P = 0.45 and
P = 0.09), which is consistent with the normal
excitatory transmission in the mutant animals.
Induction of LTP is facilitated by ~y-ami-
nobutyric acid type A (GABA,) receptor
blockade, whereas the magnitude of LTP is
unchanged (22). Thus, we added bicuculline
(10 pM) to ensure that the lack of LTP in
GIluR-A™~’~ mice was not due to an induction
failure. To reduce the resulting hyperexcitabil-
ity, we cut between the CA3 and CA1 areas and
raised both Ca®* and Mg?* to 4 mM, which
yielded a similar amount of LTP (134% * 4%;
n = 9; four mice; P = 0.90). In the presence of
bicuculline, LTP in slices from wild-type mice
measured 140% * 6% (control pathway, 100%
+ 2%) (n = 17, five mice), whereas LTP was
absent in GluR-A~'~ mice (tetanized versus
control pathway: 100% * 5% versus 99 + 3%,
n = 20; six mice; P = 0.93) (Fig. 4B). To
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ensure that the tetanization paradigm gave ro-
bust and long-lasting LTP, we sometimes. fol-
lowed responses in wild-type slices for 4 or 8
hours. The measured fEPSP slope relative to the
pretetanic value was 168% = 23% (rn = 6) after
4 hours and 160% *+ 8% (n = 2) after 8 hours.

Paired-pulse facilitation. CAl excitatory
synapses show paired-pulse facilitation (23),
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Fig. 3. Glutamate-activated somatic and synaptic
currents in CA1 pyramidal cells of wild-type
(WT) and GluR-A~/~ mice. (A) Currents in nu-
cleated soma-patches activated by brief pulses (2
ms) of glutamate (1 mM), indicated by upward
deflection in the trace above the current records,
applied to nucleated soma-patches of CA1 pyra-
midal neurons at membrane potentials ranging in
20-mV steps from —80 to 60 mV in extracellular
physiological solution with 1 mM MgCL, (79). (B)
fEPSP recorded in stratum radiatum of the CA1
region of brain slices after extracellular SC stim-
ulation before and after addition of CNQX (10
M) (79). Stimulus intensities were 40 p.A (wild
type) and 25 pA (GluR-A~/7). The stimulus arti-
fact has been truncated. (C) mEPSCs recorded
from individual CA1 pyramidal cells in slices at
—70 mV holding potential and 23°C (79). (D)
Peak amplitude distribution of mEPSCs from ex-
periments as shown in (C). Distribution was sim-
ilar for both genotypes and typically showed a tail
of larger amplitudes. Mean peak amplitude was
124 = 5.0 pA (n = 290) in wild-type and 14.4 =
7.1 pA (n = 495) in GluR-A~/~ mice. Observa-
tions and mEPSCs were recorded from one cell.
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a form of short-term presynaptic plasticity
(24) that decays within a few hundred milli-
seconds. The facilitation in slices from wild-
type and GluR-A~’~ mice, tested at three
interstimulus intervals (Fig. 4C), was not sig-
nificantly different (25). Hence, the failure to
generate LTP in SC-CA1 connections sug-
gests that there is a postsynaptic deficiency in
GIuR-A~/~ animals.

Hippocampal CA1 Pyramidal Cell
Dendrites and Spines

Structure of excitatory synapses. The vast
majority of synapses in stratum radiatum of
CA1 are formed by collaterals of ipsilateral
and contralateral CA3 pyramidal cell axons.
These glutamatergic terminals form asym-
metric contacts on dendritic spines (Fig. 5, A
and B) and shafts (Fig. 5, C and D) of CAl
pyramidal neurons. Electron microscopic
analysis (26) of more than 100 spine and
shaft synapses in both wild-type and GluR-
A~'" mice did not reveal differences be-
tween the two groups. At the light microscop-
ic level, we evaluated the total number of
dendritic spines, spine density, and spine dis-
tribution on main apical dendrites of identi-
fied, Golgi-impregnated CAl pyramidal
cells. We found no significant differences in
spine density between wild-type (1.71 = 0.14
spines per micrometer) and GluR-A™'~
(1.73 = 0.14; P = 0.34) mice.

Fig. 4. Synaptic plasticity in the
hippocampal CA1 region. (A)
(Left) Diagram of electrode ar-
rangement. Stimulation elec-
trodes placed in stratum radia-
tum (rad) and stratum oriens
(or). Synaptic field responses
were monitored by two extracel- B

lular recording electrodes placed 2.0+
in the corresponding synaptic
layers. (Right) Extracellular re-
cording of fEPSPs in slices before
and after tetanization. The two
pairs of traces show superim-
posed averages of 10 consecu-

Dendpritic calcium transients. We next mea-
sured dendritic Ca?* transients (27) as an indi-
cator of stimulus-evoked postsynaptic mem-
brane depolarization (Fig. 6, A and B). Dendrit-
ic resting Ca®™ concentrations were 167 *+ 83
nM (mean * SD; n = 4) for wild-type and
149 = 93 nM (n = 7) for GluR-A~'~ mice.
During tetanic stimulation, the dendritic Ca®™*
transients evoked by a single stimulus accumu-
lated to reach a steady-state plateau, which was
similar (P = 0.73) in wild-type (690 = 193
nM; 7 = 4) and GluR-A~'~ (624 = 343 nM;
n = 7) mice. This, together with the compara-
ble stimulus intensities, indicated that dendritic
AMPA receptor-mediated membrane depolar-
ization during tetanic stimulation and postsyn-
aptic Ca®™ entry were unaffected in GIuR-
A’ mice.

Spinous calcium transients. We analyzed
spinous Ca?* transients (27) mediated by
NMDA receptors in hippocampal spines to de-
termine whether induction of the signal cascade
for LTP is functional (Fig. 6, C and D). In
wild-type slices the EPSP-evoked Ca®™" tran-
sients in single spines generated a fluorescence
amplitude, AF/F,_, of 0.40 = 0.13 (mean *
SD; n = 8), similar to that in GIuR-A ™'~ mice
(044 = 0.16; n = 8; P = 0.49). The fluores-
cence change in the parent dendritic shaft dur-
ing an evoked EPSP was <<30% of the ampli-
tude recorded in the spine (n = 5) in both
genotypes. D(—)-2-Amino-5-phosphonopenta-
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noic acid (AP-5) (50 pM) in the extracellular
solution reduced Ca®* ftransients to 12% in
wild-type and 14% in GluR-A~'~ mice (n = 2
each), which suggests that the NMDA receptor-
mediated Ca?* entry into CA1 pyramidal cells
is not altered in the mutant.

Immediate-early gene (IEG) expression.
We compared wild-type and GluR-A~/'~
mice for IEG expression, acutely up-regulat-
ed after a maximal electroconvulsive shock
(MECS) (28, 29). The induction, which
largely depends on NMDA receptors, of c-
fos, c-jun, zif268, and RGS2, and the cellular
expression patterns did not differ in the two
genotypes, as determined by in situ hybrid-
ization in brain sections (28). We conclude
that the link between physiological synaptic
activity and activity-dependent gene expres-
sion is preserved in GluR-A ™'~ mice.

Spatial Learning

Given the strong effect of GluR-A deficiency
on hippocampal CA1 LTP, one might expect
deficits in the water maze test (2, 6). However,
spatial leamning of GluR-A~/~ mice was not
significantly different from that of wild-type
mice (30). In both groups, the latency between
start of swimming and finding the hidden plat-
form decreased from about 60 to 20 s after
about 5 days of training (Fig. 7A). There were
no differences between groups in latency or
distance swum before they found the platform
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(analysis of variance, P = 0.26 and 0.52, re-
spectively) and no group-trial block interac-
tions (P = 0.15 and 0.07, respectively), but trial
block effects were highly significant (P <
0.001 for both). The slightly increased latency
in GluR-A™’~ mice during the first training
trials can be explained by the reduced swim-
ming performance of GluR-A~’~ mice com-
pared with wild type (Fig. 7B). Spatial memory
acquisition was further compared by a transfer
test, with the platform removed from the pool
after 10 blocks of trials. Both wild-type and
GluR-A ™"~ mice spent most of 60 s in the SE
quadrant, which previously contained the plat-
form (Fig. 7C), with no significant difference
between genotypes (P = 0.19). The groups also
did not differ in the number of times they
crossed the annulus representing the platform
position (mean *+ SEM: wild-type, 54 * 0.7;
GIuR-A"/7, 5.5 * 0.9; P = 0.98).

When we performed the transfer test with-
out visual cues, there was no quadrant pref-
erence (Fig. 7D). In neither group did the
time spent in the target quadrant differ from
chance (P > 0.25) and the groups did not
differ (P = 0.65) in this measure.

Discussion

There are three main observations: (i) in spite
of the severe loss of AMPA receptors in
soma-patches of CA1 cells, excitatory synap-
tic transmission appeared normal in GluR-

Fig. 5. Synaptic contacts on pyramidal cell dendrites in CA1 stratum radiatum. Representative,
supposedly glutamatergic, asymmetric axospinous synaptic contacts (arrows) formed on dendritic
spines (s) arising from dendritic shafts (d). Morphologically, synaptic contacts in wild-type (A) and
GluR-A~/~ (B) mice were indistinguishable. (C and D) Axodendritic synaptic contacts in wild-type
(C) and GluR-A~’~ (D) mice were indistinguishable. Bar = 0.25 um.

A~'~ mice; (ii) although synaptic transmis-
sion was normal, NMDA receptor-mediated
LTP was lacking in CA1 pyramidal neurons;
(iii) despite the lack of SC-CA1 LTP, spatial
learning was normal.

Normal excitatory synaptic transmission.
GluR-A deficiency underlies the selective loss
of extrasynaptic AMPA receptors in CA1 py-
ramidal cells. This is demonstrated by the
strong reduction of AMPA receptor-mediated
currents in soma-patches versus the normal re-
sponses at CA1 dendritic synapses, as shown
by mEPSCs with regular amplitude range and
rise times and fEPSP in response to radiatum
fiber activation. It might suggest that, in wild-
type mice, GluR-A-containing receptors do not
contribute to synaptic transmission and that
synaptic transmission is carried by GluR-B/C
and GIuR-B/D AMPA receptor subtypes,
which are not affected in GluR-A™'~ mice.
This is unlikely because high-resolution immu-
nocytochemistry indicates that GluR-A-con-
taining receptors are located in synapses (31).
Moreover, the additional slow component oc-
casionally observed in mEPSC decay in the
mutant might indicate a change in synaptic
AMPA receptor subtypes. Therefore, we think
that, after a strong reduction in the total number
of AMPA receptors in GluR-A~'~ CAL cells,
the remaining GluR-B/C and GluR-B/D recep-
tors are preferentially transported and targeted
to synapses and substitute for the missing
GluR-A/B subtype. There are not enough
AMPA receptors left for extrasynaptic sites.

This preference of dendritic over somatic
membrane insertion, revealed by GluR-A~'~
mice, also may explain why, in certain neu-
ronal cell populations such as cerebellar gran-
ule cells, synaptic AMPA receptor currents
are prominent even though the soma-patch
currents are very low (32). In such neuronal
populations AMPA receptor expression is
lower than in CA1 pyramidal cells and thus,
as in CAl cells of GluR-A™'~ mice, the
number of available receptors might not suf-
fice to occupy extrasynaptic sites.

An intriguing consequence of GluR-A de-
ficiency is the intracellular redistribution of
the GIuR-B subunit, which, in the mutant,
becomes largely restricted to the soma of
hippocampal pyramidal and dentate granule
cells, where it may reside in the endoplasmic
reticulum or Golgi apparatus. Explanations
for this redistribution could be that GluR-B
homomeric channels do not form efficiently
or that GluR-B homomers do not reach syn-
apses. Hence, we postulate that, in GluR-
A~’~ CAl neurons, a major fraction of
GluR-B has no partner subunit for hetero-
meric AMPA receptor assembly.

Lack of hippocampal SC-CAl LTP. The
observation that the dendritic and spinous
Ca®* transients are not different between
wild-type and GluR-A~'~ mice shows that
the initial steps of the induction mechanism

11 JUNE 1999 VOL 284 SCIENCE www.sciencemag.org



of LTP, which depend on NMDA receptor
and voltage-dependent calcium-channel acti-
vation, are unaltered. In GluR-A™/~ mice,
Ca?*-dependent cellular signaling cascades
can be activated, and IEG responses in
MECS-treated GluR-A ™'~ mice are the same
as in wild type. Thus, the expression of LTP
is likely to be blocked in the mutant.

LTP expression is manifested by an in-
creased fEPSP amplitude and probably reflects
a modification of the molecular structure of
the postsynapse. The enhanced AMPA recep-
tor-mediated response to presynaptically re-
leased glutamate could depend on the number
or the subunit composition of functional AMPA

A WT

i,

AlCa?)

Cc

+AP-5

RESEARCH ARTICLES

receptors in the subsynaptic membrane. In
GluR-A™'~ mice LTP expression could be
compromised in several ways.

CA1 neurons of wild-type mice may con-
tain excess GluR-A—containing AMPA recep-
tors, which are essential for rapid incorporation
of additional AMPA receptors into the postsyn-
aptic membrane after tetanization. Because of
the lack of GluR-A, and hence of spare AMPA
receptors (33), this postulated step in LTP ex-
pression would be deficient in GluR-A~™"~
mice. Alternatively, LTP expression may re-
quire AMPA receptor subunit modification.
One hypothesis is that the signaling cascade
initiated by Ca?* influx during tetanization

B GIuR-A"

20 mV

05s
Vm
-62 mV
500 nM
A[Ca2+li 3 A 05s
D

Fig. 6. Dendritic (A and B) and spinous (C and D) Ca®* transients in CA1 pyramidal cells during
synaptic stimulation. (A and B) (Upper traces) Somatically recorded action potentials evoked by
tetanic stimulation of SC in CA1 pyramidal neuron in a slice of wild-type ( WT) (A) and GIuR-A~/~
(B) mouse. (Lower traces) Corresponding dendritic Ca?* signal measured simultaneously in the
same neuron. (C and D) Images of an apical oblique dendritic branch and spines of a CA1 pyramidal
cell in a slice from wild-type (C) and GluR-A~/~ (D) mouse. Lines indicate positions of line scans
for fluorescence recording of individual spines (arrows). (Upper traces) Somatic recording of a single
EPSP evoked by focal extracellular stimulation of SC nerve terminals synapsing on a CA1 pyramidal
cell. (Middle traces) EPSP-evoked Ca2™ fluorescence transient recorded in a single active dendritic
spine shown in the image above. (Lower traces) Fluorescence record after addition of 50 uM AP-5,

www.sciencemag.org SCIENCE VOL 284 11 JUNE 1999

might be linked to phosphorylation of AMPA
receptors, preferentially via the GluR-A subunit
(11). In the absence of this subunit, AMPA
receptor phosphorylation would be expected to
be strongly reduced. This study cannot distin-
guish between these alternatives, although the
residual LTP in the dentate gyrus of GluR-
A™’" mice (34) argues against a general re-
quirement for GluR-A in LTP expression.

Normal spatial learning in the absence of
SC-CAI LTP. This finding adds to a growing
number of examples of a dichotomy between
LTP and learning (6, 35). One explanation
could be that mice may use extrahippocampal
structures to solve the Morris water maze. It
is possible that LTP, although not critical for
the type of reference memory test used here,
could be important in spatial tasks that in-
volve only episodic or working memory (36).
Alternatively, learning is associated with
LTP at a degree of synaptic involvement that
is too small to be detected with conventional
electrophysiological field recordings. Fur-
thermore, the spatial task might not require
LTP in SC-CAL1 synapses.

Notably, a genetically engineered CAl
NMDA receptor deficiency had also generated
LTP deficiency, but learning in the water maze
was impaired (5). One explanation for the dif-

A 70 -
B wr
60 1 D GluR-A7-
50 4
Z a0
g
g 304
=
204
10
0 T T T T T T T T T T )
06 1 2 3 4 5 6 7 8 9 10 U
blocks of four trials
B swim test C transfer test D hidden objects
E 1000 8 | %
s 1
g o4 | o %
2 s00 B B -
S '
2 20 i 20
° i
0 o RLRL 0
NW NE SW SE NW NE SW SE

Fig. 7. Spatial learning. (A) In a Morris water
maze the mean latency (= SEM) to escape from
the pool to the submerged platform (eight
trials per day in blocks of four) is presented as
a function of trial block for male wild-type (n =
19) (filled squares) and GluR-A~/~ (n = 21)
(open squares) mice. (B) Swim test gives the
mean distance covered by the two genotypes in
50 s in the pool without a platform before
training. (C) In a transfer test after trial block
10, the platform was removed and wild-type
and GluR-A~/~ mice were allowed to search for
60 s. Both groups searched selectively in the
target quadrant (SE). Ordinate, percent time
spent in each quadrant. (D) Quadrant prefer-
ence was not observed when distal visual cues
were invisible in the transfer test.
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ference in learning might be that the induction
phase of LTP is impaired in the NMDA recep-
tor but not in the AMPA receptor mutant. Dur-
ing this phase the spinous Ca®* transients affect
numerous signaling pathways, which might be
essential for memory acquisition. In this con-
text, it might be asked how the fEPSP LTP
phenomenon is related to normal physiology in
the hippocampus. The highly synchronous en-
semble activity of CA3 pyramidal neurons re-
quired to induce standard fEPSP-LTP may not
normally occur.

In summary, adult hippocampal LTP de-

pends on the number and subunit composi-
tion of AMPA receptors. Therefore, in adult
animals, LTP appears to be essentially a
postsynaptic mechanism. However, this par-
ticular form of synapse modifiability in CA1l
is not required for a reference memory test.
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Rapid Spine Delivery and
Redistribution of AMPA
Receptors After Synaptic NMDA
Receptor Activation

Song-Hai Shi,’ Yasunori Hayashi,” Ronald S. Petralia,?
Shahid H. Zaman, Robert J. Wenthold,? Karel Svoboda,’
Roberto Malinow' *

To monitor changes in «-amino-3-hydroxy-5-methyl-4-isoxazole propionate
(AMPA) receptor distribution in living neurons, the AMPA receptor subunit
GluR1 was tagged with green fluorescent protein (GFP). This protein (GluR1-
GFP) was functional and was transiently expressed in hippocampal CA1 neu-
rons. In dendrites visualized with two-photon laser scanning microscopy or
electron microscopy, most of the GluR1-GFP was intracellular, mimicking en-
dogenous GIuR1 distribution. Tetanic synaptic stimulation induced a rapid
delivery of tagged receptors into dendritic spines as well as clusters in dendrites.
These postsynaptic trafficking events required synaptic N-methyl-D-aspartate
(NMDA) receptor activation and may contribute to the enhanced AMPA re-
ceptor-mediated transmission observed during long-term potentiation and

activity-dependent synaptic maturation.

Excitatory synaptic transmission in the verte-
brate central nervous system is mediated by
activation of AMPA- and NMDA-type gluta-
mate receptors. Repetitive synaptic activity
transiently activates NMDA receptors and
triggers long-lasting plasticity (/), expressed,
at least in part, as an increase in AMPA
receptor function (2, 3). The molecular basis
for activity-induced changes in AMPA recep-
tor function is not known and may include
changes in channel conductance (4), possibly
after receptor phosphorylation (), or deliv-
ery of AMPA receptors to synapses, as has
been documented during development (6).
We investigated if an increase in AMPA
receptor number at synapses may occur rap-
idly during NMDA receptor—dependent syn-
aptic plasticity.

AMPA receptors are oligomers formed by
a combination of four different subunits,
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GluR1 to 4 (GIuRA to D) (7). A substantial
proportion of endogenous AMPA receptors
in hippocampal neurons have the GluR1 sub-
unit (8). We constructed a recombinant
GluR1 tagged with green fluorescent protein
(GFP) at the putative extracellular NH,-ter-
minus (GluR1-GFP; Fig. 1A) (9). This pro-
tein was expressed in human embryonic kid-
ney (HEK) 293 cells; extracts showed a sin-
gle band by protein immunoblotting of the
expected molecular mass (Fig. 1B). Whole-
cell recordings from GIluR 1-GFP-transfected
HEK 293 cells showed inwardly rectifying
responses to puffed agonist (Fig. 1C) (7).
Cotransfection of GluR1-GFP with wild-type
GluR2 yielded responses with no rectification
(Fig. 1C), indicating effective hetero-oli-
gomerization between GIluR1-GFP and
GluR2, as homomeric GluR2 can produce
little current (7).

GluR1-GFP was introduced into neurons
with Sindbis virus expression system (70,
11). In hippocampal dissociated cultured neu-
rons (Fig. 2) (12), GluR1-GFP showed distri-
bution throughout the dendritic tree with ex-
pression levels in dendrites approximately
three times that of endogenous GIluR1 (73).
Immunostaining for surface (Fig. 2D) (1/4)
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