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Differential Trafficking of AMPA and NMDA Receptors
during Long-Term Potentiation in Awake Adult Animals
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Despite a wealth of evidence in vitro that AMPA receptors are inserted into the postsynaptic membrane during long-term potentiation
(LTP), it remains unclear whether this occurs in vivo at physiological concentrations of receptors. To address the issue of whether native
AMPA or NMDA receptors undergo such trafficking during LTP in the adult brain, we examined the synaptic and surface expression of
glutamate receptor subunits during the early induction phase of LTP in the dentate gyrus of awake adult rats. Induction of LTP was
accompanied by a rapid NMDA receptor-dependent increase in surface expression of glutamate receptor 1–3 (GluR1–3) subunits.
However, in the postsynaptic density fraction only GluR1 accumulated. GluR2/3-containing AMPA receptors, in contrast, were targeted
exclusively to extrasynaptic sites in a protein synthesis-dependent manner. NMDA receptor subunits exhibited a delayed accumulation,
both at the membrane surface and in postsynaptic densities, that was dependent on protein synthesis. These data suggest that trafficking
of native GluR1-containing AMPA receptors to synapses is important for early-phase LTP in awake adult animals, and that this increase
is followed homeostatically by a protein synthesis-dependent trafficking of NMDA receptors.
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Introduction
There is strong evidence that the expression of long-term poten-
tiation (LTP) is governed in part by modulation of postsynaptic
ionotropic glutamate receptors (Lee et al., 2000; Malinow and
Malenka, 2002), especially through regulated trafficking of spe-
cific AMPARs to the cell surface (Shi et al., 1999; Hayashi et al.,
2000). Current understanding based on in vitro models is that
naive synapses contain a constitutive, rapidly cycling synaptic
AMPAR component comprising glutamate receptor 2/3
(GluR2/3) subunits. However, during LTP, there is a protein ki-
nase A and �-calcium/calmodulin-dependent protein kinase II-
dependent exocytosis of GluR1-containing receptors to extrasyn-
aptic membranes (Passafaro et al., 2001) followed by movement
of the receptors to synapses (Chen et al., 2000). The very early
phase of LTP appears to involve insertion of homomeric GluR1
receptors, which are replaced later by GluR2-containing recep-
tors via the constitutive pathway (McCormack et al., 2006; Plant
et al., 2006), although this has been challenged recently (Adesnik
and Nicoll, 2007).

Constitutive insertion of NMDARs into synapses occurs at
a slower rate than AMPAR cycling (Huh and Wenthold, 1999;
Ehlers, 2000), but as for AMPARs it can be bidirectionally
changed in parallel with induced plasticity (Barria and Mali-
now, 2002; Grosshans et al., 2002; Nong et al., 2003; Watt et

al., 2004). The functional role of NMDAR trafficking may be
to control metaplastically the ability of synapses to undergo
further plasticity (Montgomery et al., 2005; Perez-Otano and
Ehlers, 2005).

Because most studies of glutamate receptor trafficking have
been performed using immature cultures or acute slices, it is not
yet known whether the mechanisms identified from these studies
can be directly extrapolated to adult tissue in vivo. Whereas fear
conditioning in rats is associated with trafficking of over-
expressed GluR1 to synapses in amygdalar neurons, as measured
electrophysiologically (Rumpel et al., 2005), LTP induction in
young adult hippocampal slices is not associated with AMPAR
but with NMDAR trafficking to the cell surface, as measured
biochemically (Grosshans et al., 2002). This latter result contrasts
with a previous ultrastructural study which showed that medial
perforant path LTP induced in anesthetized animals resulted in
an increase in synaptic AMPARs, but not NMDARs (Moga et al.,
2006). Other studies have observed increases in glutamate recep-
tor subunits in global synaptic fractions from various prepara-
tions, but without localizing the increased receptor complement
within the synaptic compartment (Nayak et al., 1998; Williams et
al., 1998, 2003; Heynen et al., 2000; Zhong et al., 2006). Thus, it
remains uncertain whether trafficking of native AMPARs to syn-
apses contributes to LTP in physiological situations. Given the
importance of understanding the mechanisms of LTP in freely
moving adult animals, we investigated whether early-phase LTP
induced in the dentate gyrus of awake adult rats changes the
cell-surface expression of native glutamate receptors. We found
that LTP was indeed associated with a rapid increase in native
AMPAR expression at the cell surface, with a specific increase in
the number of GluR1-containing receptors in the postsynaptic
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density. Synaptic NMDAR expression also increased, but in a
delayed and protein synthesis-dependent manner.

Materials and Methods
All experiments were conducted on the perforant path-dentate gyrus
synapses in adult male Sprague Dawley rats (400 –550 g, 4 – 6 months old
at the time of surgery), using surgical protocols approved by the Univer-
sity of Otago Animal Ethics Committee and in accord with New Zealand
animal welfare legislation, as previously reported (Williams et al., 2003).
Electrophysiology. Beginning 2 weeks postsurgery, animals were taken to a
recording room and tested for usable field potential recordings evoked by
perforant path stimulation (fEPSP slope �3.5 mV/ms at stimulus cur-
rents �500 �A). If the recordings met these criteria, baseline testing
(0.05– 0.017 Hz, 150 �s pulse duration, alternating between the two
hemispheres for 20 min) was undertaken, using a stimulus strength that
elicited a 2– 4 mV population spike. Baseline recordings were made at the
same time of day (during the animal’s light cycle) two to three times per
week until a stable level of evoked responses was obtained for at least four
consecutive sessions (i.e., the responses varied by less than �5%). On the
day of LTP induction, high-frequency stimulation (HFS) was delivered
after a 10 min baseline recording period, and responses were followed for
another 20 min. LTP was calculated relative to the average fEPSP re-
corded over the 5 min before tetanus.

Conditioning protocols. LTP at perforant path synapses was induced by 50
trains of 400 Hz stimulation (250 �s pulse duration, 10 pulses/train, in sets of
5 trains 1 s apart, with 60 s between sets) to the angular bundle. This proce-
dure reliably produces a persistent increase in the fEPSP for at least several
weeks (Williams et al., 2003). In some experiments, the standard 50 trains of
HFS were given in the presence of either the competitive NMDA receptor
antagonist, 3–3(2-carboxypiperazin-4-yl) propyl-1-phosphate (CPP; 10–20
mg/kg, i.p., 2 h before HFS; Tocris, Bristol, UK), or the protein synthesis
inhibitor cycloheximide (5 mg/kg, i.p., 1 h before HFS, Sigma, St. Louis,
MO). Low-frequency stimulation, when given, consisted of the same num-
ber of stimulus pulses as the HFS (500), but the pulses were given at 1 Hz in
trains of 10 pulses, with 10 s between trains. All animals were tetanized
unilaterally so that the unstimulated hemisphere could serve as a within-
animal control. For Western blot analysis, animals were anesthetized with
halothane and decapitated at various times post-tetanization. The dentate
gyrus was dissected from the rest of the hippocampus and either frozen in
liquid nitrogen before protein extraction or used immediately to prepare
synaptoneurosomes.

Preparation of cellular and synaptic fractions. All cellular and synaptic
protein extracts were prepared from individual control and tetanized
dentate gyri. Whole cell extracts were prepared by sonication in a CHAPS
(3-[(3-cholamidopropyl)dimethyl-ammonio]-1-propanesulfonate;
Roche Diagnostics, Mannheim, Germany)-based homogenization buffer
(Williams et al., 1998). Synaptoneurosomes were prepared essentially
according to the method of Hollingsworth et al. (1985) as described
previously (Williams et al., 2003). Cell-surface proteins and PSD-
associated proteins were prepared separately from fixed amounts (200
�g) of synaptoneurosomes. Cell-surface proteins were isolated by revers-
ible tagging with a membrane-impermeable biotin moiety (1.5 mg/ml
sulfo-NHS-SS-biotin; 21331; 30 min, 4°C; Pierce, Rockford, IL) (Chen et
al., 1999; Salvatore et al., 2003). Unreacted biotin was quenched by ad-
dition of 100 mM glycine and removed by extensive washing. Membranes
were disrupted by sonication in solubilization buffer (1 mM EGTA, 1 mM

EDTA, 1 mM PMSF, Complete protease inhibitor; Roche, Welwyn Gar-
den City, UK; 1% Triton X-100; Bio-Rad, Hercules, CA) in PBS. Biotin-
bound proteins were precipitated by addition of Neutravidin conjugated
to agarose beads (29200; 2 h, 4°C; Pierce). Cell-surface proteins were
released from the biotin-neutravidin complex by incubation in 50 mM

Tris-Cl, 1% SDS, and 100 mM DTT (10 min, 95°C). After precipitation of
the agarose beads, the supernatants were aliquoted and stored at �20°C
before Western blot analysis. Postsynaptic density-enriched fractions
were prepared from synaptoneurosomes by homogenization in HEPES
buffer containing 1% Triton X-100 (Strack et al., 1997) and incubation
on ice for 15 min. PSD-enriched material was precipitated by centrifu-
gation (16,000 � g/20 min), solubilized in PSD-extraction buffer con-
taining 1% SDS and stored at �20°C before Western blot analysis.

Quantitative Western blot analysis. For analysis of whole-cell extracts
and synaptoneurosomes, a fixed amount of protein (25 �g) was sub-
jected to Western blot analysis, whereas for analysis of cell-surface pro-
teins or the PSD-enriched fractions, a fixed proportion of protein derived
from a standard amount of synaptoneurosomes (200 �g) was used. Pro-
tein extracts were separated by SDS-PAGE (9%) and transferred to ni-
trocellulose membrane (Schleicher and Schuell, Keene, NH). Mem-
branes were probed either with an antibody recognizing GluR1 (Upstate,
Lake Placid, NY; 05-855), GluR2 (Zymed, San Francisco, CA; 32-0300),
GluR3 (Zymed; 32-0400), NR1 (Zymed; 32-0500) NR2A (Zymed; 32-
0600), NR2B (Zymed; 71-8600), PSD-95 (BD Biosciences, Franklin
Lakes, NJ; P-45320), GABABR (Chemicon, Temecula, CA; AB5848),
�-tubulin (Abcam, Cambridge, UK; ab4074) or calnexin (H70) (Santa
Cruz Biotechnologies, Santa Cruz, CA; s.c.-11397). Antibodies were de-
tected using appropriate HRP-conjugated secondary antibodies and ei-
ther Chemiluminescent reagent (GE Healthcare Bio-Sciences, Piscat-
away, NJ) or Supersignal West Pico (Pierce). X-ray films were scanned
using a Bio-Rad imaging densitometer and quantified using Molecular
Analyst software. All densitometric analysis was performed within the
linear range of the film and detection system. In addition, the experi-
menter analyzed the results while blind to the hemisphere that received
HFS. All data were derived from within-animal comparisons (i.e., data
for the tetanized hemisphere were expressed relative to the values deter-
mined for the matched contralateral control hemisphere). Because each
animal provided a limited amount of tissue protein, not all antibodies
could be used with proteins from the same tissue sample; thus, leading to
variations in the number of animals used for each antibody. Average
densitometric data are reported as mean � SEM. To determine whether
there was a significant difference between tetanized and control hemi-
spheres within a group of animals, the data were subjected to two-tailed
paired t tests. In all instances, a probability level of �0.05 was accepted as
statistically significant.

Quantitative PCR. Total RNA was isolated using the Trizol reagent
(Invitrogen, Carlsbad, CA), from individual control and stimulated den-
tate gyri 20 min post-LTP induction, or from left and right dentate gyri
from unstimulated animals. cDNA was synthesized from total RNA (1
�g) using SuperscriptIII (200U; Invitrogen) and random hexamers (250
ng). Quantitative PCR was performed using 5 �l of a 1:50 dilution of the
cDNA, ABsolute QPCR SYBR Green ROX mix (ABgene, Epsom, UK),
and 70 nM gene specific primers (Proligo Primers and Probes; Sigma) (for
details, see supplemental Table 1, available at www.jneurosci.org as sup-
plemental material). Assays were performed using an Applied Biosys-
tems (Foster City, CA) Prism 7000 Sequence Detection System (1 cycle
UNG activation at 50°C for 2 min, 1 cycle enzyme activation at 95°C for
15 min and 40 cycles of denaturation at 95°C for 15 s and annealing/
extension at 60°C for 1 min). Threshold cycle (Ct) values for zif/268 and
nr2b were normalized to 18S rRNA. The comparative Ct method was
used for quantification of the transcript expression levels. Significance
was analyzed using Student’s unpaired t tests. Dissociation curves were
analyzed, and amplicons were evaluated by gel electrophoresis to con-
firm a single PCR product of predicted size.

Results
AMPAR cell-surface expression rapidly increases after LTP
induction in awake rats
To determine whether trafficking of AMPAR occurs in vivo in
response to stimulation paradigms known to produce persistent
LTP, it was first necessary to develop an appropriate protocol to
monitor surface expression of membrane-associated proteins.
Analysis of surface expressed proteins is routinely performed in
isolated cells in culture (Chen et al., 1999; Skeberdis et al., 2001;
Scheurer et al., 2005) and protocols have been developed previ-
ously for membrane-enriched preparations (Taubenblatt et al.,
1999; Salvatore et al., 2003) and acute hippocampal slices (Hol-
man and Henley, 2007). In our studies, we first isolated synapto-
neurosomes (Hollingsworth et al., 1985; Williams et al., 2003;
Mockett et al., 2007), a biochemical preparation known to be
enriched with synaptic proteins, as confirmed in the present
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study (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). We then recovered putative surface
membrane-associated proteins from this fraction by biotinyla-
tion and subsequent precipitation with a Neutravidin-agarose
conjugate. This was followed by Western blot analysis to assess
which proteins were present within the putative surface mem-
brane fraction. In control experiments, this methodology yielded
a quantitative recovery of glutamate receptor subunits from the
recovered membrane fractions (Fig. 1A,B). We then showed that
this fraction is specifically enriched for cell-surface proteins as
internal proteins such as calnexin, an endoplasmic reticulum in-
tegral membrane protein, and �-tubulin, a microtubule-
associated protein, were not detected (Fig. 1B). All proteins in
contrast were detected in the original synaptoneurosome ho-
mogenate (Fig. 1B), a finding also consistent with previously
published data (Liao et al., 2007). These results indicate that bi-
otinylation and precipitation from synaptoneurosomes produces
a fraction that is highly enriched for cell surface membrane pro-
teins. Accordingly, we used this protocol to investigate whether
the complement of glutamate receptors found within this frac-
tion was altered when LTP was induced in vivo.

HFS of perforant path synapses in the dentate gyrus of freely
moving rats using our standard 400 Hz protocol produced 36 �
4% potentiation of field EPSPs (fEPSPs) measured 20 min post-
HFS (n � 16) (Fig. 2A). In other animals given exactly the same
protocol, potentiation was routinely observed to last for at least 2
weeks (40 � 5%, n � 8) (Williams et al., 2003). To assess gluta-
mate receptor cell surface expression we isolated synaptoneuro-
somes from dissected dentate gyri at various times post-HFS, and
cell-surface proteins were recovered as described above. Using
this approach and Western blot analysis comparing matched tet-
anized and control dentate gyri, we found that LTP induced an
immediate (nominally 0 min post-HFS) increase in cell-surface
GluR1 (68 � 22%, n � 14, p � 0.003), as well as an unexpectedly
robust increase in GluR3 (95 � 26%, n � 9, p � 0.002) expres-
sion, but no significant change in GluR2 levels (12 � 9%, n � 6)
(Fig. 2B,C). By 20 min post-HFS, GluR2 AMPAR subunits were
significantly elevated, along with GluR1 and 3 (GluR1, 67 � 21%,
n � 7, p � 0.02; GluR2, 102 � 29%, n � 4, p � 0.04; GluR3, 96 �
26%, n � 7, p�0.01).

To determine whether the late-phase of LTP was also associ-
ated with an increased surface expression of AMPAR subunits,
tissue was collected at 4 h post-HFS. Unlike for the early time-
points, only GluR2 showed a significant elevation in cell-surface
expression (37 � 15%, n � 9, p � 0.04) (Fig. 2C).

AMPAR subunit levels after LTP induction
In principle, the increased surface expression of AMPAR sub-
units could have resulted from an overall increase in the number
of available receptor subunits (Nayak et al., 1998; Heynen et al.,
2000). However, when AMPAR subunit levels were measured in
synaptoneurosomes, there was no change in GluR1–3 expression
at any time-point post-HFS, apart from a small increase in syn-
aptoneurosomal GluR1 at 20 min post-HFS (17 � 7%, n � 11,
p � 0.04) (Fig. 2D) and a small decrease in GluR3 levels at 4 h
post-HFS (�15 � 3%, n � 4, p � 0.004). Additionally, Western
blot analysis of whole-cell extracts revealed no increase in expres-
sion of any GluR subunits at either 20 min or 4 h after HFS (Fig.
2E), although there was a modest decrease in GluR3 levels at 4 h
(�19 � 6, n � 4, p � 0.04). This latter result is consistent with the
GluR3 decrease observed in synaptoneurosomes and is therefore
suggestive of either reduced GluR3 synthesis or enhanced degra-
dation at this time-point. Overall, the fact that we found at best

only small and delayed changes in the total and synaptoneuroso-
mal levels of GluR subunits points strongly to the conclusion that
their rapid accumulation at the surface membrane reflects a re-
distribution of the existing supply of AMPARs toward the synap-
tic and perisynaptic membrane.

NMDAR trafficking follows AMPAR cell-surface expression
In previous studies, we observed a significant increase in the lev-
els of NR2A and NR2B subunits in whole cell extracts (Williams
et al., 1998) and a significant increase in NR2B levels in synapto-
neurosomal extracts 20 min post-HFS (Williams et al., 2003). No
change in NR1 levels was detected in either preparation at this
time-point. Here, we have extended these studies to measure the
relative amounts of NMDAR subunits in control and LTP-
stimulated cell-surface extracts (Fig. 3). Although there was no
significant immediate (0 min) change in the cell-surface expression
of NR1, NR2A or NR2B, significant increases did occur by 20 min
post-HFS (NR1, 59 � 21%, n � 6, p � 0.03; NR2B, 83 � 29%, n �
9, p � 0.02), with a trend toward an increase for NR2A (41 � 25%,
n � 5; not significant). At 4 h post-HFS, a significant increase re-
mained for NR2B cell-surface expression (26 � 6%, n � 4, p � 0.02)
but not for NR1 (�2 � 21%, n � 5) or NR2A (2 � 20%, n � 4).
These data show that, relative to the immediate trafficking of AM-
PARs to the cell surface during LTP, the surface accumulation of
NMDARs was delayed. As for AMPAR subunits, the increased
NMDAR subunit surface expression decayed over time.

Relation between LTP induction and increased AMPAR and
NMDAR surface expression
Is the change in cell-surface expression of glutamate receptors re-
lated to LTP induction or to neural activity per se? We addressed this
question using two different strategies. First, low-frequency stimu-
lation at 1 Hz, using the same number of stimulus pulses as given
during HFS, neither induced LTP or LTD (�0.3 � 3% 20 min
post-HFS; n � 5), nor altered cell-surface expression of GluR1 (2 �
19%, n � 4) or NR1 (3 � 12%, n � 5) (data not shown). Second the
NMDAR antagonist CPP, used at a dose (10–20 mg/kg) reported
previously to block LTP (Abraham and Mason, 1988), blocked both
the induction of LTP (0.5 � 2%, n � 8) (Fig. 4A) as well as the
increase in cell-surface expression of the various glutamate receptor
subunits (Fig. 4B,C). Unexpectedly, HFS in the presence of CPP led
to a significant reduction in the cell-surface expression of GluR3
(�41 � 4%, n � 5, p � 0.001) (Fig. 4B), indicative of an activity-
dependent internalization of GluR3-containing AMPARs that is re-
vealed by NMDAR blockade.

Protein synthesis dependence of glutamate receptor
cell-surface expression
Because LTP induction increased cell surface expression of syn-
aptoneurosomal GluR1 and NR2B, it is conceivable that synap-
todendritic protein synthesis may play a role in the AMPA or
NMDAR trafficking. However, because AMPAR trafficking oc-
curred so rapidly, and NMDAR trafficking was more delayed, we
hypothesized that only NMDAR trafficking is dependent on new
protein synthesis. To test this hypothesis, LTP was induced in
animals given the protein synthesis inhibitor cycloheximide (5
mg/kg, i.p.) 1 h before HFS. Cycloheximide did not significantly
affect the degree of early LTP measured 20 min post-HFS (28 �
4%, n � 11) (Fig. 4A), and did not affect the associated trafficking
of GluR1-containing receptors to the cell surface (67 � 12%, n �
4, p � 0.01) (Fig. 4B). However, the cell-surface expression of the
other glutamate receptor subunits was reduced or prevented by
cycloheximide, and was no longer significantly different from the
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control hemisphere (Fig. 4B,C). Cycloheximide also prevented
the increase in synaptoneurosomal levels of GluR1, reported
above, and the increase in synaptoneurosomal NR2B previously
reported in Williams et al. (2003). Thus, the cycloheximide-
treated animals showed GluR1 levels at only 7 � 7% (n � 4) and
NR2B levels at 1 � 13% (n � 7) above baseline (data not shown).

The block by cycloheximide of both the increase in synapto-
neurosomal NR2B and the increase in cell-surface expression of
NR1 and NR2B supports our hypothesis that the de novo synthe-
sis of NR2 subunits is required for assembly with pre-existing
NR1 and trafficking to the cell membrane (Williams et al. 2003).
To further address this question, we used quantitative PCR to
determine whether nr2b mRNA levels were increased 20 min
post-HFS, the same time point at which protein levels are in-
creased in both synaptoneurosomes and whole homogenates
(Williams et al., 1998; Williams et al., 2003). The expression of
zif/268, an inducible transcription factor associated with LTP
persistence, was used as a positive control. As predicted, no sig-
nificant increase in nr2b mRNA was detected (1.35 � 0.23-fold
change, n � 13, p � 0.159), although zif/268 increased by 11-fold
(Fig. 5). Given these results, and the rapidity of the cell-surface
expression, we consider it likely that the trafficking of NMDARs
is dependent on local synaptodendritic synthesis of NR2B from
pre-existing mRNA.

LTP induction is associated with increased levels of GluR1
and NR1 in postsynaptic densities
The biotinylation method of tagging surface receptors is not able to
distinguish between synaptic and extrasynaptic localization. There-
fore, we used a more direct measure of synaptic subunit expression
by isolating a PSD-enriched fraction from the synaptoneurosomes.
In control experiments, this fraction was shown to be enriched for
the PSD marker protein PSD95, but conversely did not contain de-
tectable levels of the membrane-bound extrasynaptic GABAB recep-
tor or the intracellular protein, �-tubulin (Fig. 1C). We found that
LTP induced an immediate (nominally 0 min post-HFS) increase in
GluR1 levels (50 � 17%, n � 6, p � 0.05). In contrast, there was no
significant change in any other AMPAR or NMDAR subunit tested
at this time point (Fig. 6A,B). Additionally, we found that HFS elic-
ited a specific increase in the levels of GluR1 (32 � 11%, n � 8, p �
0.03) and NR1 (45 � 18%, n � 8, p � 0.04) in the PSD fraction 20
min post-HFS, but no detectable change in either GluR2 or GluR3.
Increases of �20% were found for NR2A and NR2B (Fig. 6A,B),
and although they did not reach statistical significance, these changes
fit well with the 45% increase in NR1, assuming that the newly in-
serted NMDARs contained equal amounts of NR2A and NR2B in
tetrameric complexes. Given the smaller percentage increase for
GluR1 in the PSDs compared with the total cell surface (compare
with Fig. 2C), it appears that GluR1 is trafficked to both synaptic and
extrasynaptic membranes. Furthermore, the lack of change in
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GluR2/3 in the PSDs supports our interpretation that the GluR2/3
cell-surface change is fully extrasynaptic at this time-point.

Discussion
The present findings indicate that dentate gyrus synapses upregu-
late expression of both AMPAR and NMDAR native receptors at
the cell surface in a rapid and sequential manner during the early
phase of LTP in adult awake rats. Soon after HFS, there is a
general increase in the number of GluR1–3 subunits presented to
the cell surface, although in the PSD the increase is selective to
GluR1-containing receptors. The rise in AMPAR cell-surface ex-
pression is accompanied by a delayed increase in the cell-surface
expression of NMDARs. We interpret these findings as reflecting
changes in the expression of functional AMPARs and NMDARs,
because evidence points to the full assembly of receptors before
their trafficking to the cell membrane (Malinow and Malenka,
2002; Wenthold et al., 2003). These in vivo findings build on the
extensive body of knowledge regarding glutamate receptor traf-
ficking derived from in vitro studies, where assessments of turn-
over rates suggest that the very rapid receptor accumulation ob-
served in the present study is likely caused by active
externalization of receptors rather than blocked endocytosis of
cycling cell-surface receptors (Lissin et al., 1998). Thus, we pro-
pose that the early phase of LTP in the dentate gyrus of awake rats
is expressed at least in part by exocytosis and insertion of GluR1-
containing AMPARs at postsynaptic sites.

Relation between LTP and synaptic levels of
GluR1-containing AMPARs
The cell-surface expression of AMPAR subunits correlated ex-
tremely well with the induction of early-phase LTP in the dentate
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recordings made 5 min before HFS (bar). Waveforms are averages of 20 sweeps taken at the
times indicated for a single animal. Calibration: 5 mV, 5 ms. Western blot analysis was used to
assess the relative levels of AMPAR subunits in cell-surface and synaptic extracts. b, Sample
Western blots showing GluR1–3 levels in cell-surface extracts isolated 20 min post-HFS from
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comparing control and tetanized hemispheres, as per Figure 2, are shown for the NMDAR sub-
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4

matched control (C) and tetanized (T) hemispheres from a single animal. c, Histogram of aver-
age optical densities (ODs) showing a rapid increase in cell-surface expression of GluR1–3
subunits at various times post-HFS (n � 6 –14). d, Histogram of average ODs showing GluR1–3
subunit levels in synaptoneurosomes at various times post-HFS. GluR subunits did not increase
in synaptoneurosomes 0 or 20 min post-HFS (n values � 4 – 8), apart from GluR1 which
showed a small increase at 20 min post-HFS (n � 11) and GluR3 which showed a small decrease
4 h post-HFS. e, Histogram of average ODs showing no increase in GluR1–3 subunit levels in
whole cell extracts isolated 20 min and 4 h post-HFS (n values � 4 – 6). A modest reduction in
GluR3 levels was found 4 h post-HFS. All data in this and all following figures reflect the relative
percentage difference in optical density between tetanized and control hemispheres on the
same Western blot. Asterisks in all figures signify a significant difference by paired t test, p �
0.05, from the control hemisphere.
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gyrus. Both phenomena occurred in the dentate gyrus ipsilateral
to perforant path stimulation beginning immediately after the
HFS, and were dependent on NMDAR activation, but did not
occur after equal density low-frequency stimulation. As we found
no evidence of alterations in the levels of other synaptoneuroso-
mal marker proteins such as PSD95 (Williams et al., 2003) or
synapsin-1 (D. Guévremont and J. M. Williams, unpublished
observations) at 20 min post-HFS, it appears that early LTP ex-
pression in this preparation involves molecular reorganization of
existing synapses rather than synaptogenesis. Increased cell-
surface AMPAR expression could occur at synapses that are al-
ready active (Matsuzaki et al., 2004) or via AMPAR entry into
small, electrophysiologically silent synapses (Takumi et al.,
1999), although such synapses are unlikely to occur to a signifi-
cant degree in adult tissue (Durand et al., 1996).

Our finding that GluR1 is the only AMPAR subunit to accu-
mulate at the cell surface during LTP in the presence of cyclohex-
imide, and the only one to increase significantly in the PSD frac-

tion, strongly implicates homomeric GluR1-containing
receptors in early LTP expression in vivo. This conclusion is con-
sistent with the fact that the percentage change in the level of
GluR1 in the PSD fraction was similar to the measured degree of
LTP. It is also consistent with findings in young hippocampal
tissue after depolarization or LTP induction in vitro (Hayashi et
al., 2000; Malinow and Malenka, 2002; Park et al., 2004), in de-
veloping barrel cortex after whisker stimulation (Takahashi et al.,
2003), and in the amygdala after fear conditioning (Rumpel et al.,
2005). It contrasts, however, with findings in adult CA1 slices
where either AMPAR trafficking was not observed (Grosshans et
al., 2002) or no evidence could be found for insertion of GluR1
homomeric AMPARs (Adesnik and Nicoll, 2007). These differ-
ences may relate to the hippocampal subregions being studied, or
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to some alteration in the way that LTP is expressed in adult tissue
when studied in vitro. Also, we cannot rule out in the present
study the possibility that some of the accumulated AMPARs con-
tain GluR2, but at a level below detection with our techniques.
Thus, future experiments using in vivo electrophysiological tests
of the hypothesis are clearly warranted.

Because the levels of GluR2/3 did not change in the PSD frac-
tion, it appears that their trafficking was confined to extrasynap-
tic sites. This restricted extrasynaptic expression is reminiscent of
the GluR1 extrasynaptic accumulation after activation of cAMP
signaling pathways and phosphorylation of GluR1 at ser845 (Oh
et al., 2006). The rapid accumulation of GluR3 in the apparent
absence of GluR2 at 0 min post-HFS was surprising. Although
others have reported independent responses of GluR2 and GluR3
to NMDAR activation (Feligioni et al., 2006), if GluR3 ho-
momers are formed they are likely to be poorly trafficked to the
PSD (Beretta et al., 2005). In the present case it is not clear
whether these results represent an experimental failure to detect
actual GluR2 changes at this time point or a trafficking of homo-
meric GluR3 receptors. Because such receptors are not com-
monly observed, we favor the former hypothesis, especially be-
cause both GluR2 and GluR3 were increased extrasynaptically by
20 min post-HFS. This trafficking may reflect stocking of the
extrasynaptic pool for future replacement of synaptic GluR1-
containing receptors by lateral diffusion, or perhaps their expres-
sion on nonsynaptic filopodia (Ostroff et al., 2002).

LTP-related trafficking of NMDARs
The rapid upregulation of cell-surface AMPAR subunits was
soon followed by a trafficking of NMDAR subunits to the cell
surface, including into the PSD. The newly inserted NMDARs
appeared to be both NR2A- and NR2B-containing. This supports
previous findings in CA1 slices (Grosshans et al., 2002) and in
visual cortex slices from juvenile rats (Watt et al., 2004). In the
present experiments, the upregulation of NMDARs not only
tended to re-establish the baseline AMPAR/NMDAR ratio, but
also may have fundamentally altered the properties of these syn-
apses by increasing NMDAR calcium transients in response to
subsequent stimulation (Thiagarajan et al., 2005).

Differential dependence of glutamate receptor trafficking on
de novo protein synthesis
The observed increase in GluR1 expression in synaptoneuro-
somes could have arisen from localized synaptodendritic protein
synthesis (Smith et al., 2005), as it was not detected in the total cell
homogenate. However, it is unlikely that such local synthesis
contributed significantly to the LTP-related cell-surface expres-
sion given that the increase in synaptoneurosomal GluR1 was
relatively small and delayed, and that cycloheximide did not af-
fect GluR1 trafficking to the membrane. Similarly, anisomycin
failed to block GluR1 trafficking in cultures (Park et al., 2004).
Surprisingly, GluR3 trafficking was completely blocked and
GluR2 cell-surface expression was substantially reduced by cyclo-
heximide, suggesting that GluR2/3 trafficking, but not GluR1
homomeric or GluR1/2 heteromeric trafficking, is protein
synthesis-dependent. Although the identity of the key synthe-
sized molecule(s) important for GluR2/3 trafficking is not
known, our data suggest it is not GluR2 or GluR3 itself and there-
fore may be a rapidly translated chaperone molecule such as
TARP-�8 (Rouach et al., 2005).

In contrast to the GluRs, the previously reported rapid in-
creases in NR2 subunits in synaptoneurosome homogenates
(Williams et al., 2003) did appear to entail synaptodendritic pro-

tein synthesis of receptor subunits as the synaptoneurosomal in-
crease in NR2B was blocked by cycloheximide and occurred in
the absence of any change in nr2b mRNA levels. Furthermore, the
trafficking of NR1, NR2A and NR2B to the cell surface was also
blocked. These data indicate that new protein synthesis is re-
quired for LTP-associated NMDAR trafficking, and one mecha-
nism appears to be the need to synthesize NR2A/2B subunits to
assemble with pre-existing NR1 molecules before trafficking.

Time dependence of glutamate receptor trafficking
Given the close relationship between AMPAR trafficking and
early-phase LTP, we predicted that an increase in cell-surface
AMPARs could also underpin late-phase LTP. However, 4 h after
LTP induction, when robust LTP is still evident, only the cell-
surface expression of GluR2 remained elevated. This could still
reflect an elevation of AMPARs because GluR2 is found in both
GluR1- and GluR3-containing AMPARs and a small increase of
both receptor types might mean that GluR2 would be the subunit
most easily detected. Nonetheless, the clear decline in cell-surface
expression of AMPARs between 20 min and 4 h post-HFS may
reflect internalization of superfluous extrasynaptic receptors. Al-
ternatively, a continued increase in GluR1-containing receptors
may have been obscured by a reduction in the number of such
receptors elsewhere in the tissue. Interestingly, a similar scenario
was observed for NMDAR subunit expression at the 4 h time
point, such that a significant residual increase in cell-surface ex-
pression was observed for NR2B, but not for NR1 or NR2A. Once
again, this could reflect a subunit composition change that in this
case emphasizes NR2B-containing receptors.

A final possibility is that the difficulty in documenting a sus-
tained increase in cell-surface expression of AMPARs and
NMDARs could have resulted from synaptic scaling (Turrigiano
et al., 1998), driven by an LTP-related net increase in excitatory
synaptic drive onto the postsynaptic granule cells. The ensuing
enhanced postsynaptic activity would initiate via global AMPAR
internalization a scaling down of both potentiated and nonpo-
tentiated excitatory synapses on the granule cells, bringing the net
synaptic weight back toward the baseline value. Although poten-
tiated synapses would still be stronger than nonpotentiated ones
in the tetanized hemisphere, the difference in both synaptic
weights and AMPAR receptor distributions between the teta-
nized and control hemispheres would disappear (Shepherd et al.,
2006; Verde et al., 2006). Scaling could also account for the par-
allel change in NMDAR detectability at the cell surface. This loss
of resolution would not be observed in the electrophysiological
recordings, because with this technique one is able to selectively
sample the potentiated synapses.
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