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Bidirectional, Activity-Dependent Regulation
of Glutamate Receptors in the Adult
Hippocampus In Vivo

weights and neuronal selectivity must remain stable;
passive decay of synaptic weight (that is, back to an
initial value that might be larger or smaller) leads to a
loss of the stored representations.

The bidirectional modification of synaptic transmis-
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sion requires that individual synapses on neurons beBrown University
capable of some form of long-term potentiation (LTP)Providence, Rhode Island 02912
and some form of long-term depression (LTD). However,
a theory of memory storage that relies on bidirectional
synaptic modification also places an important con-
straint on the mechanisms underlying LTP and LTD:Summary
changes in synaptic weights must be reversible. If the
mechanisms underlying LTP and LTD were distinct andExperience-dependent regulation of synaptic strength
irreversible, eventually saturation would occur as syn-has been suggested as a physiological mechanism by
apses were subjected to repeated stimulation. Thiswhich memory storage occurs in the brain. Although
problem does not occur if the mechanisms underlyingmodifications in postsynaptic glutamate receptor lev-
LTP and LTD are inversely related.els have long been hypothesized to be a molecular

Over the past several decades, experimental modelsbasis for long-lasting regulation of synaptic strength,
of LTP and LTD have been developed in hippocampaldirect evidence obtained in the intact brain has been
area CA1 with the aim of revealing the mechanismslacking. Here we show that in the adult brain in vivo,
of bidirectional synaptic modification that may underliesynaptic glutamate receptor trafficking is bidirec-
memory storage. The modifiable synapses betweentionally, and reversibly, modified by NMDA receptor-
Schaffer collaterals and CA1 pyramidal neurons usedependent synaptic plasticity and that changes in
glutamate as a neurotransmitter, which activates post-glutamate receptor protein levels accurately predict
synaptic AMPA (a-amino-3-hydroxy-5-methyl-4-isoxa-changes in synaptic strength. These findings support
zolepropionic acid) receptors (AMPARs) and NMDAthe idea that memories can be encoded by the precise
(N-methyl-D-aspartate) receptors (NMDARs). A numberexperience-dependent assignment of glutamate re-
of lines of evidence support the idea that LTP and LTDceptors to synapses in the brain.
may be due to changes in the function and synaptic
expression of postsynaptic AMPARs, which are com-Introduction
prised of GluR1 and GluR2 subunit proteins (for review,
see Malenka and Nicoll, 1999; Lüscher et al., 2000).Neurons throughout the cerebral cortex, including area
For example, LTP induction in hippocampal slices is

CA1 of the hippocampus, have stimulus-selective re-
associated with an increase in AMPAR function (Kauer

ceptive fields. Chronic recordings from cortical neurons
et al., 1988; Muller and Lynch, 1988; Isaac et al., 1995;

have shown that, as something new is learned, stimulus Liao et al., 1995) that correlates (in slice culture) with
selectivity changes—some synaptic inputs potentiate the delivery of receptors to dendritic spines (Shi et al.,
and others depress. In CA1, for example, neurons show 1999; Hayashi et al., 2000) and increased expression of
selectivity for positions in space, and this selectivity GluR1 protein (Nayak et al., 1998). In addition, research
shifts rapidly as animals learn a new spatial environment using hippocampal slices (Kandler et al., 1998; Luthi et
(Breese et al., 1989; Wilson and McNaughton, 1993). al., 1999) and cell culture (Carroll et al., 1999; Man et
Neural network theory suggests that the selectivity shift al., 2000) suggests that AMPARs are physically removed
reflects the creation of new neural representations. The from the postsynaptic membrane following LTD.
memory is encoded by changing the pattern of synaptic However, before activity-dependent changes in
strengths (or “weights”) across the network of neurons AMPAR expression can fulfill the criteria required of a
(Cooper, 1995; Bear, 1996). synaptic mechanism of memory, three additional, tech-

When more new information is learned, stimulus se- nically challenging questions need to be addressed.
lectivity (i.e., the pattern of synaptic weights) shifts fur- First, are the changes in AMPAR expression reversible?
ther. An implication of this finding is that previously Second, do they occur in the adult brain? Third, and
encoded memories can remain stable, even as the pat- most importantly, do they occur in vivo? The answers
tern of synaptic weights are again modified to create to these questions are not foregone conclusions. Most
new representations. According to this way of thinking, of the aforementioned studies have been performed on
memory involves repeated, bidirectional modifications immature tissue in vitro, often in tissue culture. There
of synaptic transmission to fine-tune the patterns of is evidence that the expression mechanisms of LTP vary
synaptic strengths in the neural network. Of course, over the course of postnatal development, with regula-
in the absence of new learned information, synaptic tion of AMPAR expression occurring most prominently

in neonates (Durand et al., 1996; Liao et al., 1999). In-
deed, evidence for activity-dependent regulation of syn-‡ To whom correspondence should be addressed (e-mail: mbear@
aptic glutamate receptor levels in the adult brain in vivo,brown.edu).

§ These authors contributed equally to this work. so far, has been elusive.
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Here we address these questions in the adult hippo-
campus in vivo using an approach that combines elec-
trophysiology and biochemistry. We find that high-fre-
quency synaptic stimulation (HFS) of the Schaffer
collaterals, which induces stable long-term synaptic po-
tentiation, triggers the delivery of glutamate receptor
proteins to synaptoneurosomes isolated from CA1, and
that low-frequency stimulation (LFS), which induces
long-term depression, leads to their removal. Like LTP
(Bliss and Collingridge, 1993) and LTD (Bear and Abra-
ham, 1996), these modifications in synaptoneurosomal
glutamate receptor levels depend upon activation of
NMDARs during conditioning stimulation and are revers-
ible. Thus, synaptic glutamate receptor trafficking is bi-
directionally, and reversibly, modified by synaptic activ-
ity in the adult brain in vivo. These data demonstrate
that changes in glutamate receptor levels accurately
reflect both the history of synaptic NMDAR activation
and the consequent change in the strength of synaptic
transmission and support the idea that long-lasting al-
terations of glutamate receptor expression at the syn-
apse may serve as a molecular mechanism for memory
formation (Lynch and Baudry, 1984).

Results

Redistribution of Glutamate Receptors
in Synaptoneurosomes Following
Induction of LTP
To test the hypothesis that regulation of glutamate re-
ceptor availability at the synapse contributes to long-
term modifications of synaptic efficacy in the adult
hippocampus in vivo, biochemical analysis of synaptic
proteins was performed following manipulation of syn-
aptic strength. Adult, male Long Evans rats (250–500
g) were anesthetized with sodium pentobarbital, and
a stimulating electrode was placed unilaterally in the
trajectory of the Schaffer collaterals. A recording elec-

Figure 1. Biochemical Detection of LTP-Associated Increases introde was placed 200 mm medial to the stimulating elec-
Glutamate Receptor Protein Levels in Adult Hippocampus In Vivo

trode in stratum radiatum of area CA1 to record the Requires Enrichment for Synapses
strength of evoked extracellular excitatory postsynaptic (a) HFS (five episodes of two 1 s trains of 100 Hz pulses) of the
potentials (field EPSPs). Following a stable baseline re- Schaffer collaterals induces long-lasting LTP of the field EPSP slope
cording period, multiple trains of high frequency stimula- in area CA1 (n 5 8). Field potential traces (average of 20 consecutive

sweeps) were obtained from one representative case taken from thetion (100 Hz; HFS) were delivered over the course of
times indicated by numerals. Calibration bars in this and subsequent1 hr (see Experimental Procedures). This conditioning
figures: 5 ms, 2 mV.protocol induced stable long-term potentiation (LTP) of
(b) Biochemical characterization of synaptoneurosomes preparedthe field EPSP slope in CA1 ipsilateral to the stimulating from adult hippocampus. Representative immunoblots demonstrate

electrode (Figure 1a; 132.3% 6 5.2% of baseline, p , an enrichment in the synaptic protein PSD-95 and a decrease in the
0.01, n 5 8). nonsynaptic protein tubulin in synaptoneurosomes (SN) versus total

hippocampal homogenate (Hmg).The biochemical consequences of conditioning stim-
(c) Following HFS, immunoblots reveal an increase in the levels ofulation in vivo occur in a relatively small volume of hippo-
GluR1 and GluR2, but not NR1 proteins, in the stimulated (HFS)campus (Barnes et al., 1994; Thiels et al., 1998); there-
versus contralateral control hippocampus (Con) in synaptoneuro-fore, we restricted our biochemical analysis to a small somes (SN), but no change in glutamate receptor levels in hippocam-

portion of dorsal hippocampus surrounding the re- pal homogenate (Hmg).
cording and stimulating electrodes. Upon termination (d) Summary of biochemical data for all animals receiving HFS (same

animals as in [a]). Following HFS, immunoblot analysis reveals aof the electrophysiological recordings (5.5 hr following
significant increase in the levels of GluR1 and GluR2, but not NR1the onset of HFS), a small piece of tissue (3 mm3, 15
proteins, in synaptoneurosomes (black bars, n 5 8), whereas nomg wet weight) was dissected from each animal and
change in hippocampal homogenate is observed (gray bars, n 5 8).homogenized in preparation for biochemical analysis. A significant increase in GluR1 and GluR2 levels is also observed

In every case, a comparable block of contralateral hip- when expressed as a percentage of NR1 (striped bars, n 5 8). *p ,
pocampus was also dissected, serving as a yoked 0.05 paired t test versus Con.
within-animal control. Quantitative immunoblotting, per-
formed with the experimenter blind to the physiological
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stimulation history, was used to measure the levels of that LTD would be accompanied by a decrease in
AMPAR protein levels. In order to test this hypothesis,GluR1 and GluR2 proteins, the major subunits of AMPARs

in hippocampus (Wenthold et al., 1996), and NR1, the we induced saturating and stable LTD by applying two
episodes of low frequency stimulation (LFS; 900 pulsesobligatory subunit of NMDARs (Mori and Mishina, 1995).

Despite the robust expression of LTP, we found no sig- at 1 Hz separated by 30 min) to the Schaffer collaterals
(Figure 2a, n 5 6). The change in field EPSP slope post-nificant differences in the levels of glutamate receptor

proteins in homogenates prepared from stimulated ver- conditioning stimulation was 71% 6 4% of baseline (p ,
0.05). Once again, upon termination of the electrophysi-sus contralateral control (Con) hippocampi of these ani-

mals (Figures 1c and 1d; percent of Con: GluR1 102.5 6 ological recording sessions (7 hr following the onset
of LFS), small pieces of dorsal hippocampus from the7.8, p . 0.05; GluR2 96.9 6 6.0, p . 0.05; NR1 101.3 6

10.1, p . 0.05). stimulated and contralateral control hippocampus were
homogenized for immunoblot analysis of glutamate re-Although these findings appear to rule out a gross

change in glutamate receptor protein levels following ceptor protein levels. The analysis of hippocampal ho-
mogenates revealed no significant differences in theinduction of LTP, this biochemical preparation is not well

suited to resolve changes in the synaptic distribution of levels of GluR1, GluR2, or NR1 proteins in the stimulated
versus contralateral control hippocampus (Figures 2bglutamate receptors. Therefore, in these same animals,

a subset of hippocampal homogenate was further pro- and 2c; percent of Con: GluR1 94.1 6 4.9, p . 0.05;
GluR2 111.2 6 9.6, p . 0.05, NR1 94.5 6 8.5, p . 0.05).cessed into synaptoneurosomes, a subcellular fraction

that enriches for synaptic proteins (Hollingsworth et al., As described above, we further refined our biochemi-
cal analysis by processing the homogenate into synap-1985; Quinlan et al., 1999a). Biochemical characteriza-

tion of this preparation confirms that the levels of the toneurosomes. Now, quantitative immunoblotting of sy-
naptoneurosomal proteins demonstrated that GluR1synaptic protein PSD-95 are enriched, while the levels

of the nonsynaptic protein tubulin are diminished, in and GluR2 levels were significantly decreased in the
hippocampus that expressed LTD compared to the con-synaptoneurosomes compared to hippocampal homog-

enate (Figure 1b). tralateral control hippocampus (Figures 2b and 2c; per-
cent of Con: GluR1 83.8 6 6.5, p , 0.05; GluR2 80.7 6Quantitative immunoblotting of synaptoneurosomal

proteins now revealed that GluR1 and GluR2 levels were 6.5, p , 0.05). The LFS-induced decrease in GluR1 pro-
tein was also confirmed using antibodies directedsignificantly elevated in the hippocampus expressing

LTP when compared to the contralateral control hip- against the extracellular N terminus (data not shown),
indicating that the change in AMPAR subunit proteinpocampus (Figures 1c and 1d; percent of Con: GluR1

121.8 6 8.1, p , 0.05; GluR2 120.6 6 4.9, p , 0.05). In levels was not due to proteolytic cleavage of the intracel-
lular C terminus (Bi et al., 1998).contrast to the increase in AMPAR subunit proteins,

levels of the NMDAR protein NR1 did not differ signifi- Interestingly, LFS also resulted in a significant de-
crease in the level of NR1 protein in synaptoneurosomescantly from control hippocampus (percent of Con: 102.9 6

9.0, p . 0.05). Because NR1 levels were not changed (percent of Con: 75.1 6 8.0, p , 0.05). This latter finding
was somewhat unexpected and raised the possibilityby HFS, we normalized the GluR1 and GluR2 data ob-

tained in each hippocampal sample to the correspond- that LFS might induce a nonspecific reduction in total
synaptic protein levels. To test this hypothesis, we ex-ing NR1 value. This procedure yielded the same statisti-

cally significant increase in GluR1 and GluR2 in the amined the levels of the cytoskeletal protein actin, which
is present in postsynaptic elements. This analysis re-hippocampus expressing LTP compared to control (per-

cent of Con: GluR1 123.7 6 11.9, p , 0.05; GluR2 122.8 6 vealed no significant differences in the levels of synapto-
neurosomal actin between stimulated and control hip-10.8, p , 0.05).

These experiments show that activity-induced alter- pocampus (percent of Con: 96.1 6 6.1, p . 0.05).
Because actin levels were not changed by LFS, we nor-ations in synaptic glutamate receptor protein levels are

revealed when immunoblot analysis is performed follow- malized the GluR protein levels obtained from each sam-
ple to the corresponding actin value. This procedureing biochemical enrichment for synapses. In addition,

these data suggest that long-lasting increases in synap- yielded the same, statistically significant decrease in
GluR1, GluR2, and NR1 in the hippocampus expressingtic strength in the adult hippocampus in vivo are accom-

panied by a significant increase in the levels of synaptic LTD compared to control (Figure 2c; percent of Con:
GluR1 82.0 6 8.1, p , 0.05; GluR2 77.1 6 3.3, p , 0.05;AMPAR proteins.
NR1 71.2 6 4.7, p , 0.05).

Redistribution of Glutamate Receptors
in Synaptoneurosomes Following Activity-Dependent Redistribution of Glutamate

Receptor Proteins Requires NMDAR ActivationInduction of LTD
The strength of Schaffer collateral synapses is known Induction of LTP and LTD in the adult hippocampus in

vivo requires activation of NMDARs during conditioningto be bidirectionally modifiable (Dudek and Bear, 1993;
Mulkey et al., 1993; Heynen et al., 1996), and electro- stimulation (e.g., Abraham and Mason, 1988; Heynen et

al., 1996; Thiels et al., 1998). To investigate whetherphysiological studies suggest that homosynaptic LTD
is the functional inverse of LTP (Dudek and Bear, 1993; the HFS-induced increase in glutamate receptor protein

levels is also dependent upon NMDAR activation, HFSStevens and Wang, 1994; Heynen et al., 1996; Oliet et al.,
1996). Therefore, we hypothesized that the biochemical was applied following administration of the competitive

NMDA receptor antagonist CPP [(6)-3-(2-carboxypiper-changes associated with the maintenance of LTD would
be the opposite of those associated with LTP—namely, azin-4-yl)-propyl-1-phosphonic acid; 10 mg/kg i.p.]. As
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Figure 2. Biochemical Detection of LTD-Asso-
ciated Decreases in Glutamate Receptor Pro-
tein Levels in Adult Hippocampus In Vivo Re-
quires Enrichment for Synapses

(a) LFS (two episodes of 1 Hz, 900 pulses) of
the Schaffer collaterals induces stable LTD
of the field EPSP slope in area CA1 (n 5 6).
Field potential traces (average of 20 consecu-
tive sweeps) were obtained from one repre-
sentative case taken from the times indicated
by numerals.
(b) Following LFS, immunoblots reveal a de-
crease in the levels of GluR1, GluR2, and NR1
proteins in the stimulated (LFS) versus con-
tralateral control hippocampus (Con) in sy-
naptoneurosomes (SN) but no change in
glutamate receptor levels in hippocampal ho-
mogenate (Hmg).
(c) Summary of biochemical data for all ani-
mals receiving LFS (same animals as in [a]).
Following LFS, immunoblot analysis reveals
a significant decrease in the levels of GluR1,
GluR2, and NR1 proteins in synaptoneuro-
somes (black bars, n 5 6), but no change
in total hippocampal homogenate (gray bars,
n 5 6). A significant decrease in glutamate
receptor protein levels is also observed when
expressed as a percentage of actin (striped
bars, n 5 6). *p , 0.05 paired t test versus
Con.

expected, CPP-treated animals failed to show LTP fol- of baseline p . 0.5; n 5 5), whereas LFS induced a
significant decrease in synaptic strength in interleaved,lowing HFS (Figure 3b; 94.7% 6 5.3% of baseline, p .

0.05, n 5 7), whereas HFS induced a significant increase untreated control animals (Figures 4a and 4b; field EPSP
slope 68.7% 6 6.2% of baseline; p , 0.05; n 5 7).in synaptic strength in interleaved, untreated control

animals (Figures 3a and 3b; 130.6% 6 4.3% of baseline, No significant decrease in synaptoneurosomal GluR1,
GluR2, and NR1 protein levels was observed followingp , 0.05; n 5 8). Pretreatment with CPP also blocked

the HFS-induced increase in synaptoneurosomal GluR1 LFS in animals pretreated with CPP (Figure 4c; percent
of Con: GluR1 108.6 6 5.8, p . 0.05; GluR2 98.4 6 3,and GluR2 levels (Figure 3c; percent of Con: GluR1

104.1 6 5.5, p . 0.05; GluR2 93.6 6 12.0, p . 0.05; NR1 p . 0.05; NR1 109.3 6 3.6, p . 0.05), whereas the
decrease in glutamate receptor proteins was again ob-92.6 6 9.5, p . 0.05). In interleaved control animals,

again we observed an HFS-induced increase in the lev- served in interleaved control animals (Figure 4c; percent
of Con: GluR1 76.5 6 7.4, p , 0.05; GluR2 78.0 6 6.6,els of synaptoneurosomal GluR1 and GluR2 (Figure 3c;

percent of Con: GluR1 118.0 6 5.7, p , 0.05; GluR2 p , 0.05; NR1 71.8 6 9.2, p , 0.05). The significant
decrease in glutamate receptor protein levels persisted115.6 6 4.2, p , 0.05; NR1 108.0 6 6.7, p . 0.05), which

persisted when the data were normalized to actin protein when these data were normalized to actin (GluR1 78.1 6
7.9, p , 0.05; GluR2 81.2 6 7.1, p , 0.05; NR1 76.6 6levels (GluR1 116.7 6 9.5, p , 0.05; GluR2 124.5 6 9.1,

p , 0.05; NR1 109.2 6 8.9, p . 0.05). Thus, like the 5.7, p , 0.05). Thus, like the induction of LTD, activity-
dependent removal of glutamate receptor proteins frominduction of LTP, the activity-dependent delivery of

AMPAR proteins to the synaptoneurosomal fraction re- the synaptoneurosomal fraction requires NMDAR acti-
vation.quires NMDAR activation.

We next investigated the NMDAR dependence of the
LFS-induced decrease in glutamate receptor protein Activity-Dependent Changes in Glutamate Receptors

and Synaptic Strength Are Reversiblelevels. As expected from previous work (Thiels et al.,
1994; Heynen et al., 1996; Manahan-Vaughan, 1997), LTP and LTD have been shown to be reversible modifi-

cations of synaptic transmission. Therefore, we nextCPP-treated animals failed to show significant LTD fol-
lowing LFS (Figure 4b; field EPSP slope 93.8% 6 4.7% examined whether reversing LTP and LTD was accom-
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Figure 4. Activation of NMDARs Is Required for LFS-Induced De-Figure 3. Activation of NMDARs Is Required for HFS-Induced In-
creases in Synaptic Strength and Synaptoneurosomal Glutamatecreases in Synaptic Strength and Synaptoneurosomal AMPAR Pro-
Receptor Protein Levelstein Levels
(a) Field potential traces (average of 20 consecutive sweeps; taken(a) Field potential traces (average of 20 consecutive sweeps; taken
from times indicated by numerals in [b]) and immunoblots obtainedfrom times indicated by numerals in [b]) and immunoblots were
from one representative case in which LFS is delivered in the ab-obtained from one representative case in which HFS is delivered in
sence of the NMDA receptor antagonist CPP.the absence of the NMDA receptor antagonist CPP.
(b) Summary of electrophysiological data for animals receiving LFS(b) Summary of electrophysiological data for animals receiving HFS
in the absence (closed circles, n 5 7) and presence (open circles,(five episodes of two 1 s trains of 100 Hz pulses) in the absence
n 5 5) of CPP. LTD is blocked when LFS is delivered in the presence(closed triangles, n 5 8) and presence (open triangles, n 5 7) of
of the NMDA receptor antagonist CPP, whereas stable LTD is ob-CPP (10 mg/kg i.p., 30 min prior to onset of recording). Note that
served in interleaved, untreated control animals.LTP is blocked when HFS is delivered in the presence of the NMDA
(c) Summary of biochemical data for animals receiving LFS in thereceptor antagonist CPP, whereas stable LTP is observed in inter-
absence and presence of CPP (same animals as in [b]). Followingleaved, untreated control animals.
LFS, a significant decrease in the levels of GluR1, GluR2, and NR1(c) Summary of biochemical data for animals receiving HFS in the
proteins was observed in stimulated relative to contralateral controlabsence and presence of CPP (same animals as in [b]). Following
hippocampus (closed bars). The LFS-induced decrease in glutamateHFS, a significant increase in the levels of GluR1 and GluR2, but not
receptor protein levels is blocked when LFS is delivered in the pres-NR1 proteins, was observed in stimulated relative to contralateral
ence of CPP (open bars). *p , 0.05 paired t test versus Con.control hippocampus (closed bars). The HFS-induced increase in

AMPAR protein levels is blocked when HFS is delivered in the pres-
ence of CPP (open bars). *p , 0.05 paired t test versus Con.

5b; field EPSP slope 102.0% 6 3.7% of baseline, p .
0.05, n 5 5). In these same animals, we did not observe a
significant difference in the levels of glutamate receptorpanied by a concomitant reversal of glutamate receptor

protein changes. proteins in stimulated versus control hippocampus 5 hr
after the onset of conditioning stimulation (Figure 5c;To determine if the LFS-induced decrease in synapto-

neurosomal glutamate receptor levels are prevented or percent of Con: GluR1 116.8 6 12.7, p . 0.05; GluR2
102.8 6 9.7, p . 0.05; NR1 105.1 6 12.9, p . 0.05).reversed by subsequent HFS, stable LTD was induced

using the conditioning protocol described above. One Thus, the intervening HFS prevented expression of both
LTD and the decrease in synaptoneurosomal glutamatehour following LFS, HFS was administered to the synap-

tically depressed pathway. This intervening conditioning receptor levels expected following LFS (Figures 2 and
4). Moreover, compared to LFS-only animals, glutamatestimulation completely reversed LTD (Figures 5a and
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Figure 5. LFS-Induced Decrease in Synaptic Strength and Synapto- Figure 6. HFS-Induced Increase in Synaptic Strength and Synapto-
neurosomal Glutamate Receptor Proteins Are Reversed by Interven-neurosomal Glutamate Receptor Proteins Are Reversed by Interven-

ing HFS ing LFS

(a) Representative field potentials from an animal in which, following(a) Representative field potentials from an animal in which, following
the induction of stable LTD, subsequent application of HFS fully the induction of stable LTP, subsequent application of LFS fully

reversed the increase in field EPSP slope. Traces of field potentialsreversed the decrease in field EPSP slope. Traces of field potentials
(average of 20 consecutive sweeps) were taken at times indicated (average of 20 consecutive sweeps) were taken at times indicated

by numerals in (b).by numerals in (b).
(b) Summary of electrophysiological data for all animals receiving (b) Summary of electrophysiological data for all animals receiving

LFS 1 hr following LTP induction (n 5 7). Asterisk denotes a signifi-HFS 1 hr following LTD induction (n 5 5).
(c) LFS-induced decrease in glutamate receptor protein levels (black cant decrease in field EPSP slope as compared to original pre-HFS

baseline.bars; same data as in Figure 4c) are prevented by subsequent appli-
cation of HFS (gray bars, same animals as in [b]). (c) HFS-induced increase in glutamate receptor protein levels (black

bars; same data as in Figure 3c) are prevented by subsequent appli-
cation of LFS (gray bars, same animals as in [b]). *p , 0.05 paired

receptor protein levels were elevated when LFS was t test versus Con.
followed by HFS [ANOVA; F(5,29) 5 3.73, p , 0.01; GluR1
p , 0.05, Bonferroni planned post hoc comparison].

To investigate whether the HFS-induced increase in GluR1 88.5 6 5.3, p , 0.05; GluR2 87.8 6 8.0, p , 0.05;
NR1 82.2 6 7.1, p , 0.05). Moreover, compared to HFS-synaptoneurosomal AMPAR levels are prevented or re-

versed by subsequent LFS, LTP was induced as de- only animals, levels of GluR1, GluR2, and NR1 were all
significantly decreased when HFS was followed by LFSscribed above. One hour following HFS, LFS was admin-

istered to the synaptically potentiated pathway, which [ANOVA; F(5,39) 5 6.30, p , 0.001, Bonferroni planned
post hoc comparison, p , 0.05].resulted in a complete reversal of LTP and significant

additional LTD relative to baseline (Figures 6a and 6b;
field EPSP slope 83.0% 6 7.3% of baseline, p , 0.05, Changes in Synaptic Strength Correlate with Changes

in Synaptoneurosomal Glutamate Receptor Levelsn 5 5). Correlated with this decrease in synaptic
strength, we found that the levels of GluR1, GluR2, and Taken together, the data suggest that changes in synap-

tic AMPAR levels correlate with changes in synapticNR1 proteins were all significantly reduced in stimulated
versus control hippocampus 5.5 hr following the onset strength. To further examine the degree to which regula-

tion of synaptic transmission can be predicted byof conditioning stimulation (Figure 6c; percent of Con:
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the first time, that a bidirectional redistribution of gluta-
mate receptors accompanies bidirectional synaptic
plasticity in the adult hippocampus in vivo.

Technical Considerations
Prior to this study, evidence for glutamate receptor
changes associated with synaptic plasticity in vivo was
scarce and confined to studies of dentate gyrus (Maren
et al., 1993; Thomas et al., 1996; Williams et al., 1998).
Detection of biochemical changes using LTP/D para-
digms is challenging because only a subset of syn-
apses is affected by the stimulation. An important

Figure 7. Changes in AMPAR, but Not NMDAR, Protein Levels Pre-
feature of our experimental design was the use of synap-dict the Magnitude and Direction of Changes in Synaptic Strength
toneurosomes. Activity-dependent changes in gluta-

Scatter plots depicting the relationship between change in synaptic
mate receptor protein levels were not detected in crudestrength (x axis: EPSP slope, percent of preconditioning baseline)
homogenates of our hippocampal samples. Subcellularand change in synaptoneurosomal GluR 2 (a) and NR1 (b) protein

levels (y axis: percent of control hemisphere). Data are averages for fractionation was necessary, and synaptoneurosomes
each experimental group 6 SEM. were sufficient, to detect reliable changes. Synaptoneu-

rosomes are a preparation designed to preserve meta-
bolically active, resealed pre- and postsynaptic com-

changes in the level of glutamate receptor proteins, we partments of synapses (Hollingsworth et al., 1985).
performed a hierarchical multiple regression analysis Further purification of the synaptic membrane in our
on data derived from all animals from all experimental hippocampal synaptoneurosomes was unnecessary to
conditions (n 5 51). The stepwise model included GluR2 reveal activity-dependent changes in glutamate recep-
first (present in the majority of AMPARs), followed by tor levels.
GluR1 and NR1. At each step, the overall fit of the model A second important feature of our experimental de-
was assessed, as well as the significance of the improve- sign was the use of yoked, within-animal controls that
ment as each new protein was included. The relationship were immunoblotted in parallel with experimental tissue.
between changes in GluR2 protein levels and changes This procedure enabled the use of a pairwise statistical
in synaptic transmission was highly significant [R2 5 comparison of the optical densities of immunoreactive
0.30, F(1,49) 5 21.30, p , 0.001]. Inclusion of GluR1 bands reflecting the levels of glutamate receptor protein
into the model significantly improved the relationship present in stimulated and control hippocampal tissue
between GluR protein levels and synaptic strength [R2 samples. To aid in the detection of small amounts of
(GluR2 1 GluR1) 5 0.41, F(2,48) 5 17.28, p , 0.001; R2 protein, enhanced chemiluminescence was used; how-
change with addition of GluR1 5 0.12, F(1,48) 5 9.55, ever, we were careful to work in the linear range of
p , 0.003]. However, as expected, addition of NR1 did the assay, such that differences in immunoblot intensity
not significantly improve the relationship [R2 (GluR2 1 were proportional to differences in protein concentra-
GluR1 1 NR1) 5 0.42, F(3,47) 5 11.34, p , 0.001; R2 tion. To eliminate the possibility that experimenter bias
change with addition of NR1 5 0.010, F(1,47) 5 0.75, p . (e.g., a systematic difference in protein loading) contrib-
0.7]. The relationship between the change in synaptic uted to our results, all samples were run and analyzed
strength relative to baseline, and the change in GluR2 “blind” without experimenter knowledge of the stimula-
and NR1, is plotted in Figure 7 for each of the experimen- tion history.
tal groups. This graph clearly illustrates that knowledge A third important feature of the design was the use
of the change in the levels of GluR2, but not NR1, is of six different experimental manipulations to bidi-
highly predictive of changes in synaptic strength. rectionally, and reversibly, modify synaptic transmis-

sion. The power of this approach is demonstrated by
the significant linear relationship between changes inDiscussion
AMPAR proteins and changes in synaptic transmission
(Figure 7).By combining electrophysiology and synaptic biochem-

istry analysis, we have obtained evidence that LTP in
vivo is associated with the delivery of glutamate receptor Functional Significance of Changes

in Synaptoneurosomal Glutamateproteins to CA1 synapses, while LTD is associated with
their removal. Like LTP and LTD, the changes in gluta- Receptor Expression

Electron microscopy reveals that synaptoneurosomesmate receptors depend on NMDAR activation during
conditioning stimulation and are reversible. Although resemble isolated glutamatergic synapses located on

dendritic spines, with resealed pre- and postsynapticLTP results in an increase in synaptoneurosomal gluta-
mate receptor protein levels, while LTD results in a de- compartments (Hollingsworth et al., 1985; Quinlan et al.,

1999a). GluR1, GluR2 (Hampson et al., 1992), and NR1crease, these changes are not perfectly symmetric. LTP
de novo correlates with an increase in AMPAR protein (Petralia et al., 1994) are not observed in presynaptic

elements. A change in synaptoneurosomal glutamatein CA1 synaptoneurosomes without a detectable change
in NMDAR protein levels, while LTD de novo correlates receptors, therefore, likely reflects an alteration in recep-

tor availability in dendritic spines.with a decrease in both AMPAR and NMDAR protein in
this biochemical fraction. These data demonstrate, for We find that NMDAR activation during HFS and LFS
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produce symmetric changes in both synaptic strength both NMDAR and AMPAR protein levels are increased
in vivo and in the levels of GluR1 and GluR2 proteins (relative to LFS-only controls). This asymmetry is consis-
measured ex vivo in synaptoneurosomes. Because the tent with a recent study showing differential phosphory-
majority of AMPARs in the adult hippocampus contain lation of GluR1 by HFS depending on the previous acti-
both GluR1 and GluR2 subunits (Wenthold et al., 1996), vation history of the synapse (Lee et al., 2000).
these results suggest that the level of AMPARs within the Another distinctive feature of our experiments was
synaptoneurosome fraction, like the efficacy of synaptic that the biochemical measurements were made many
transmission, is bidirectionally modifiable by HFS and hours after conditioning stimulation, when the expres-
LFS. Our study therefore supports the idea that NMDAR sion of synaptic plasticity was stable. The original ratio-
activation during HFS results in the delivery of AMPARs nale for this approach was to increase the likelihood
to spines, while NMDAR activation during LFS results that we could detect changes in glutamate receptors
in AMPAR removal. that might require protein synthesis (Nayak et al., 1998).

These activity-dependent alterations in AMPAR local- We did not address the question of whether protein
ization are likely to directly impact synaptic transmis- synthesis is involved in the changes in vivo, because
sion. In visual cortex, for example, small changes in in pilot studies we found that hippocampal infusion of
synaptoneurosomal glutamate receptor protein have mRNA translation inhibitors produces instability in base-
been shown to be highly predictive of changes in synap- line synaptic transmission. Nonetheless, the fact that
tic transmission (Quinlan et al., 1999b). Moreover, recent we observe a redistribution of glutamate receptors in
work on hippocampal neurons in vitro has provided the late, stable phase of synaptic plasticity suggests that
compelling support for the idea that AMPARs are in- this reflects a mechanism for long-term maintenance of
serted into the postsynaptic membrane following induc- activity-dependent synaptic modifications.
tion of LTP (Shi et al., 1999; Hayashi et al., 2000) and
that AMPARs are removed following induction of LTD Conclusion
(Carroll et al., 1999; Luthi et al., 1999; Man et al., 2000). In neural network models, memories can be encoded
We suggest that very similar changes occur in the adult in the pattern of synaptic strengths distributed among
hippocampus in vivo and that they are detectable as many neurons. The same synapses can participate in
alterations in the level of AMPAR protein in synaptoneu- many different memories if their weights can be con-
rosomes. tinually, and bidirectionally, adjusted as new experi-

Although NR1 protein levels were unaffected when ences occur (Cooper, 1995). Our results show that gluta-
LTP was induced de novo, our experiments consistently mate receptor localization, like synaptic strength, can
revealed a decrease in synaptoneurosomal NR1 when be adjusted by synaptic activity in a highly predictable
synaptic transmission was depressed relative to the ini- fashion. This is the first demonstration that synaptic
tial baseline level. Although this finding would not be glutamate receptor trafficking is bidirectionally, and
anticipated based on work performed recently in cell reversibly, modified by synaptic activity in the adult
culture (Carroll et al., 1999) that shows a selective effect

brain in vivo. We propose that memories are encoded
on AMPARs after LTD-inducing stimulation, it is consis-

by the precise experience-dependent assignment of
tent with data obtained in acutely prepared hippocampal

glutamate receptors to synapses in the hippocampal
slices, which show a parallel decrease in AMPAR- and

neural network.NMDAR-mediated synaptic transmission after LFS (Xiao
et al., 1994; Selig et al., 1995). Our data suggest that

Experimental Procedures
synaptic expression of both AMPARs and NMDARs are
modified by LFS in vivo. Electrophysiology

A novel aspect of the present study concerns the Adult, male Long Evans rats (250–500 g) were anesthetized with
sodium pentobarbital (65 mg/kg, i.p.), tracheotomized, and thenreversibility of the observed changes in glutamate re-
placed in a stereotaxic frame. Animals were artificially ventilatedceptor expression in synaptoneurosomes. If LFS is fol-
(100% O2, 40 bpm) and maintained at 378C 6 0.58C. Anesthesia waslowed by HFS, producing dedepression, then no de-
maintained by continuous administration of sodium pentobarbitalcrease in GluR1, GluR2, or NR1 levels are observed (6–10 mg/hr) through an intraperitoneal catheter. A monopolar re-

relative to the control hemisphere. Similarly, if HFS is cording electrode was positioned in the CA1 stratum radiatum of
followed by LFS, producing depotentiation, no increase the hippocampus of one hemisphere (coordinates from bregma and
in GluR1 or GluR2 levels are observed; indeed, GluR1, the midline: 3.6 mm posterior; 2.3–2.5 mm lateral). A monopolar

stimulating electrode was positioned approximately 0.2 mm lateralGluR2, and NR1 are often decreased below control lev-
to the recording electrode to activate the ipsilateral Schaffer collat-els, in parallel with the depression of synaptic transmis-
erals. All electrodes were constructed from Teflon-insulated stain-sion below the initial baseline value. Our experiments
less steel wire (75 mm) cut flat at the tip. Final depths of recording

do not allow us to determine if receptor changes were and stimulating electrodes were adjusted to optimize the magnitude
first induced by the initial conditioning stimulation and of the evoked response. Screws inserted into the skull overlying
then reversed by the subsequent stimulation, or whether the cerebellum and frontal cortex served as recording ground and
the subsequent conditioning interfered with the delayed stimulus anode, respectively. Field EPSPs were elicited using stimuli

of 0.2 ms duration. Evoked responses were amplified and filteredexpression of changes set in motion by the initial stimu-
at 0.1 and 3.0 kHz (1/2 amplitude), digitized at 160 kHz, and storedlation. However, assuming that the data reflect a true
on a computer. The initial slope of the field EPSP was used as areversal of glutamate receptor changes, they indicate
measure of the magnitude of the response. At the beginning of each

that the consequences of HFS, in particular, depend on experiment a full input/output curve was generated, and a stimulus
the initial state of the synapse. When HFS is delivered strength eliciting an EPSP slope which equaled 50%–60% of maxi-
de novo, only AMPAR protein levels are increased; how- mum was used for the remainder of the experiment (20–55 mA).

Baseline measurements were collected using single stimuli appliedever, when HFS is delivered after prior induction of LTD,
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every 30 s. Saturating, long-lasting LTP was induced by two 1 s using paired two-tailed t tests. For immunoblot analysis, GluR pro-
tein levels in the hippocampus receiving conditioning stimulationtrains of 100 Hz separated by 30 s, applied every 15 min for 1 hr,

for a total of ten trains. Saturating, long-lasting LTD was induced were compared to GluR levels of the contralateral control hippocam-
pus (Con) from the same animal run on the same gel. Within-groupusing LFS, consisting of two episodes of 900 pulses delivered at 1

Hz, separated by 30 min. Simultaneous recordings from CA1 in the comparisons were performed using paired two-tailed t tests, differ-
ences between groups were compared using ANOVA with Bonfer-contralateral hemisphere confirmed that the synaptic modifications

elicited by conditioning stimulation were confined primarily to the roni planned post hoc comparisons. Differences were considered
significant when p , 0.05. For display purposes, GluR protein levelshippocampus ipsilateral to the stimulating electrode. Electrophysio-

logical data are expressed as a percentage of the mean response for the hippocampus receiving conditioning stimulation are ex-
pressed as a percentage of contralateral control hippocampus.magnitude recorded during the baseline period.
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