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Abstract

Long term potentiation and long term depression of synaptic responses in the hippocampus are
thought to be critical for certain forms of learning and memory, although until recently it has been
difficult to demonstrate that long term potentiation or long term depression occurs during
hippocampus-dependent learning. Induction of long term potentiation or long term depression in
hippocampal slices in vitro modulates phosphorylation of the a-amino-3-hydrozy-5-
methylisoxazole-4-propionic acid subtype of glutamate receptor subunit GIuR1 at distinct
phosphorylation sites. In long term potentiation, GIuR1 phosphorylation is increased at the Ca2*/
calmodulin-dependent protein kinase and protein kinase C site serine 831, whereas in long term
depression, phosphorylation of the protein kinase A site serine 845 is decreased. Indeed,
phosphorylation of one or both of these sites is required for long term synaptic plasticity and for
certain forms of learning and memory. Here we demonstrate that training in a hippocampus-
dependent learning task, contextual fear conditioning is associated with increased phosphorylation
of GIuR1 at serine 831 in the hippocampal formation. This increased phosphorylation is specific to
learning, has a similar time course to that in long term potentiation, and like memory and long
term potentiation, is dependent on N-methyl-D-aspartate receptor activation during training.
Furthermore, the learning-induced increase in serine 831 phosphorylation is present at synapses
and is in heteromeric complexes with the glutamate receptor subunit GIuUR2. These data indicate
that a biochemical correlate of long term potentiation occurs at synapses in receptor complexes in
a final, downstream, postsynaptic effector of long term potentiation during learning in vivo, further
strengthening the link between long term potentiation and memory.

Bidirectional synaptic plasticity, manifested experimentally as long term potentiation
(LTP)2 and long term depression (LTD), is thought to be critical for certain forms of
learning and memory (1-4). Prevention of LTP in the hippocampus pharmacologically (4,
17), electrophysiologically (18-20), and genetically (4, 21-25) has been shown in many
cases to prevent hippocampus-dependent forms of learning and memory including
contextual fear conditioning and spatial memory in a Morris water maze task with some
exceptions (4, 10). Until recently, however, it has been difficult to measure lasting
potentiation of synaptic responses in the hippocampus during learning (4-12).
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Much effort has been directed at understanding the cellular and molecular mechanisms of
LTP and LTD in the hippocampus. In particular, activation of protein kinases such as Ca%*/
calmodulin-dependent protein kinase, protein kinase C, and others are thought to play a
major role in induction and early phases of hippocampal LTP (14, 26-33), whereas protein
phosphatases may play a corresponding role in hippocampal LTD (34-39). One important
substrate for these kinases and phosphatases is thought to be the GIuR1 subunit of the a-
amino-3-hydrozy-5-methylisoxazole-4-propionic acid (AMPA) subtype of glutamate
receptors, the primary mediator of excitatory postsynaptic currents (15, 40-43).
Phosphorylation of GIuR1 at serine 831 by protein kinase C or calmodulin-dependent
protein kinase is known to increase AMPA receptor-mediated currents, although a recent
study suggests that this increase is observed only in GIuR1 homomeric channels and not in
GIluR1/GIuR2 heteromeric AMPA receptors (44). Similarly, phosphorylation at serine 845
by protein kinase A can increase AMPA receptor-mediated currents (45-48).
Phosphorylation of Ser-845 may also be important for insertion of additional AMPA
subtype of glutamate receptor into the postsynaptic membrane (42, 49-51).

Recent work has characterized the pattern of phosphorylation of GIUR1 at these two sites
during LTP and LTD as well as during reversal of LTP (de-potentiation) and LTD (de-
depression) (13, 15). For at least one hour after induction of LTP, phosphorylation of GIuR1
is increased at Ser-831, whereas during LTD, dephosphorylation of Ser-845 predominates
(15). When previously potentiated synapses are depotentiated, Ser-831 phosphorylation is
decreased (15). When depressed synapses are de-depressed, Ser-845 phosphorylation is
increased (15). These two GIuR1 phosphorylation sites have been shown to be required for
certain forms of learning and memory in vivo (16).

In an effort to understand whether biochemical correlates of LTP or LTD occur in the
hippocampus during learning, we have determined the predominant GIuR1 phosphorylation
pattern in the hippocampus after a temporally discrete, hippocampus-dependent learning
task. Our data reveal a learning-specific increase in Ser-831 GIluR1 phosphorylation
reminiscent of that seen during LTP of naive synapses. This increased phosphorylation
occurs in heteromeric complexes of GIuR1 with GIuR2 and is localized to the postsynaptic
density (PSD). These data provide additional evidence for LTP-like biochemical changes in
the hippocampus occurring at excitatory synapses during learning, providing additional data
linking LTP and memory formation in the brain.

EXPERIMENTAL PROCEDURES

Behavior

6-8-Week-old male Sprague-Dawley rats (Charles River) housed 4 per cage were handled
daily for 5 days in a stereotyped manner before all experiments. Contextual fear
conditioning was performed in a manner similar to that previously described (52-54) in
MedAssociates (ENV-008-FPU) fear conditioning chambers with a rat shock grid floor
(ENV-005-FPU-R). After a 2-min habituation period, rats were subjected to three 2-s, 1.5-
mA footshocks 1 min apart followed by a 1-min rest period before removal to the home
cage. In a separate set of preliminary experiments, freezing behavior (motionless except
respirations) was measured by observation every 10 s, and the training protocol was
optimized to induce maximal contextual fear memory measured 24 h after training (not
shown). In all experiments, sham-trained control rats were subjected to the identical training
protocol simultaneously with their randomly chosen, paired, cage-mate but did not receive
footshock. For “immediate shock” experiments, rats were placed into the conditioning
chambers from their home cage, shocked for 6 s at 1.5 mA, then immediately returned to
their home cage. For “latent inhibition” experiments, rats were housed in the conditioning
chambers for 16 h with ad libitum access to food and water. One hour before training, food
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and water were removed for 1 h followed by a standard contextual fear conditioning training
protocol described above. Paired, cage-mate, sham control rats were simultaneously treated
identically except they received no footshock. In MK-801 experiments, rats were injected
intraperitoneally with 0.4 mg/kg MK-801 dissolved in sterile saline (0.4 mg/ml stock) or
vehicle alone 30 min before contextual fear conditioning.

Sample Preparation

Tissue was collected and processed essentially as described (15). Rats were euthanized at
the indicated time points £ 2—-3 min after training by live decapitation. The brain was
removed rapidly and submersed immediately into ice-cold dissecting buffer (15). The left
hippocampus was rapidly dissected out, frozen on dry ice, and stored for later use at =80 °C.
Whole hippocampi were homogenized in 5 ml of ice-cold homogenization buffer (0.1 M
sodium phosphate, 0.1 M NaCl, 5 mM EDTA, 5 mM EGTA, 50 mM NaF, 1 mM
phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 1/100 dilution Protease
Inhibitor Mixture for Mammalian Tissue (Sigma P8340), 10 mM sodium pyrophosphate, 0.5
#M okadaic acid) via sonication with brief pulses for 20-30 s. Homogenates were
centrifuged at 14,000 x g for 10 min at 4 °C. Crude membrane fractions were resuspended in
750 2 of ice-cold 1% SDS with 50 mM NaF and placed at 100 °C for 5 min followed by
vortexing and brief sonication. Protein concentration was determined by Bio-Rad DC
protein assay, SDS sample buffer was added, and samples were heated to 100 °C for 5 min,
and loaded onto SDS-PAGE gels (4-15% gradient). Samples were paired based on
simultaneous experimental and sham control treatment in cage-mate pairs.

Immunoblot Analysis

Phosphorylation site-specific GIuR1 antibodies were a gift of Dr. Richard Huganir and were
generated and purified as described (55). Immunoblot analysis was performed essentially as
described (15), except secondary antibody was used at 1:20,000, membranes were scanned
while wet, and total GIuR1 levels were quantified separately by normalizing to actin levels
using the bottom half of the same blot with a mouse anti-actin monoclonal antibody (Clone
C4, MP Biomedicals, Aurora, OH). Enhanced chemifluorescent detection afforded a very
broad linear range, and all immunoblots were within the predetermined linear range for each
antibody (not shown).

Postsynaptic Density Preparations

PSD preparations were prepared essentially as described (56). Bilateral hippocampi were
rapidly dissected and homogenized in 5 ml of ice-cold buffer A (5 MM HEPES, pH 7.4, 1
mM MgCl,, 0.5 mM CaCl,, 1 mM NaF, 0.1 mM phenylmethylsulfonyl fluoride, 500 I of
protease inhibitor mixture (Sigma p8340) in 250 ml). All remaining steps were performed at
4 °C. Homogenates were centrifuged at 1400 x g for 10 min, and the supernatant (S1) was
saved. The pellet was resuspended in 5 ml of buffer A and centrifuged 10 min at 700 x g,
and supernatant (S1’) was saved and combined with S1. The supernatants were centrifuged
at 13,750 xg for 10 min to obtain pellet (P2). P2 was resuspended in 1 ml of buffer B (0.321
mM sucrose, 6 mM Tris, pH 8.0, 0.1 mM phenylmethylsulfonyl fluoride, 100 ml protease
inhibitor mixture in 50 ml) with 5 strokes of a Teflon/glass homogenizer. The resulting P2
fraction was loaded onto a discontinuous sucrose gradient (1 ml each of 0.85, 1.0, and 1.15
M sucrose in 6 mM Tris, pH 8.0) that was centrifuged at 82,500 xg for 2 h. The
synaptosome fraction (between 1 and 1.15 M sucrose) was collected, the volume was
adjusted to 2 ml with buffer B, and 2 ml of buffer C (6 mM Tris, pH 8.0, 1% Triton-X) was
added and rocked gently in a cold room for 15 min. The synaptosome fraction was then
centrifuged at 32,800 x g for 20 min, the supernatant was discarded, and pellets were saved
as PSD1. PSD1 was suspended in 4 ml of buffer D (6 mM Tris, pH 8.0, 0.5% Triton-X) and
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gently rocked in a cold room for 15 min. PSD1 was then centrifuged at 201,800 x g for 1 h.
The resulting pellets were suspended in 70 ml of 1% SDS buffer, subjected to protein assay,
and immuno-blotting as described above. Using this preparation, the PSD protein PSD-95

was progressively enriched from homogenates to synaptosome to PSD fraction (not shown).

Immunoprecipitation

RESULTS

Immunoprecipitation of GIuR2 was performed essentially as described (57). Bilateral
hippocampi were rapidly dissected and homogenized in 1 ml ice-cold lysis buffer (20 mM
HEPES pH 7.4, 150 mM NaCl, 1 mM EDTA) containing 1 mM NaF, 1 mM sodium
orthovanadate, Complete inhibitor tablet (Roche Applied Science 11 836 170 001), 100 nM
okadaic acid, and 1 mM phenylmethylsulfonyl fluoride. The detergent Triton X-100 was
then added to the final concentration of 1%, and homogenate was incubated at 4 °C with
end-over-end incubation for 1 h. Samples were then centrifuged for 20 min at 4 °C, and
supernatant was collected and subjected to protein assay. 2 mg of each sample was
incubated with agarose beads at 4 °C for 1 h, then centrifuged for 1 min at 3000 x g.
Supernatant was removed, and samples were subjected to immunoprecipitation. 5 xg of
mouse anti-GluR2 antibody (Zymed Laboratories Inc. 32-0300) was added to the sample
and incubated at 4 °C for 1 h. 30 xl of agarose beads were then added to samples and
incubated for 2 h at 4 °C with end-over-end rotation. Samples were then centrifuged for 1
min at 3000 x g, supernatant was removed, and beads were washed with 1 ml of ice-cold
lysis buffer containing 0.5% Triton X-100 3 times. After the final wash, 60 I of SDS-
PAGE sample buffer was added, and samples were boiled for 5 min. Samples were then
loaded on 4-15% SDS-PAGE gels with the necessary controls, run for 1.5 h at 100 V, and
transferred to polyvinylidene difluoride membranes (Millipore IP\VVh00010) for 50 min at
100 V. Blots were blocked with 1% bovine serum albumin in 1x Tris-buffered saline
containing 0.1% Tween 20 for 1 h. Blots were then incubated with primary antibodies rabbit
phospho-Ser-831 (Chemicon AB5847) and rabbit phospho-Ser-845 (Chemicon AB5849)
and actin as above overnight at 4 °C. Blots were washed 5 times with 1x Tris-buffered
saline-Tween 20 (0.1%) for 5 min and incubated with alkaline phosphatase-conjugated goat
anti-rabbit and goat anti-mouse antibodies for 1 h at room temperature. Blot were then
incubated in enhanced chemifluorescence substrate (Amersham Biosciences RPN5785) for 5
min and imaged by molecular imager (Bio-Rad molecular imager FX). Immunoblot analysis
was performed as described above. Blots were then stripped, washed, blocked, and re-
analyzed using rabbit total GIuR1 (Chemicon AB1504), mouse total GluR2(Zymed
Laboratories Inc. 32-0300) antibodies. Control immunoprecipitations performed without
antibody or without beads did not pull down GIuR2 or GIuR1 (not shown).

We determined the predominant pattern of GIuR1 phosphorylation in rat hippocampus
induced during contextual fear conditioning via quantitative immunoblot analysis with
phospho-specific GIuR1 antibodies. One hour after training in contextual fear conditioning,
we observed a statistically significant increase in the ratio of Ser-831 phosphorylation to
total GIuR1 but no detectable change in the ratio of Ser-845 phosphorylation to total, as
compared with sham-trained, paired controls (Fig. 1, A-D). Total levels of GIuR1,
normalized to actin on the same blots to control for gel loading, were unchanged (Fig. 1, E-
H). This pattern of GIuR1 phosphorylation 1 h after contextual fear-conditioning training is
equivalent to that observed by Lee et al. (15) 1 h after induction of LTP in area CA1 of the
hippocampus. Thus, the predominant GIuR1 phosphorylation pattern in the hippocampus 1 h
after fear conditioning resembles that induced during LTP.

J Biol Chem. Author manuscript; available in PMC 2014 February 03.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shukla et al.

Page 5

Although these LTP-like changes in GIuR1 phosphorylation are associated with stimuli that
induce contextual fear-conditioning learning, it is possible that they are not an effect of
learning per se but, rather, are induced by the stress of the unconditioned stimulus,
footshock. To control for this, we performed experiments in which animals are subjected to
footshock but do not exhibit contextual fear conditioning behaviorally.

In the first control experiment (Shock/Remove), animals receive the same unconditioned
stimulus (footshock) but do not have time to associate the unconditioned stimulus with the
conditioned stimulus (context). Rats were placed in the conditioning chamber and
immediately subjected to a footshock of the same total duration and amplitude used to
induce contextual fear conditioning followed by immediate removal to their home cage.
When contextual memory was tested 24 h after training, Shock/Remove rats do not exhibit
significant memory recall compared with traditionally trained, control rats (Fig. 2A). Indeed,
the behavior of the Shock/Remove group resembles that of sham-trained rats that have not
been shocked at all during training (Fig. 2A). Thus, Shock/Remove training provides a group
of animals subjected to footshock without learning the association between the context and
the unconditioned stimulus (footshock), although it is likely that some other form of learning
takes place in these animals.

In the second control experiment (Latent Inhibition), rats were pre-exposed to the fear-
conditioning chamber for many hours before traditional contextual fear conditioning
training. Prior exposure to the context is known to inhibit subsequent associative learning to
that particular context, a phenomenon known as latent inhibition. When contextual memory
was tested 24 h after training in pre-exposed animals, this group did not exhibit significant
memory (Fig. 2B). Control rats pre-exposed to a completely different context then trained in
traditional fear conditioning in the fear-conditioning chambers exhibited robust learning
(Fig. 2B, Shock). The behavior of the Latent Inhibition group resembled sham-trained rats
that were not shocked during training (Fig. 2B). Thus, prior exposure to the context
(conditioning chamber) prevents a subsequent aversive conditioning to the context. This
allows for yet another group of animals subjected to footshock that do not learn to associate
the context with the unconditioned stimulus.

Both LTP and contextual fear-conditioning learning are known to be blocked by N-methyl-
D-aspartate (NMDA) receptor antagonists. We have replicated the NMDA receptor
dependence of contextual fear conditioning to determine whether the learning-induced
alterations in GIuR1 phosphorylation were dependent on NMDA receptor activation similar
to the GIuR1 phosphorylation during LTP. The NMDA receptor antagonist MK-801 blocked
contextual fear conditioning in a dose-dependent manner as has been previously
demonstrated (Fig. 2C) (58, 59).

Footshock alone does not induce GIuR1 phosphorylation. Shock/Remove rats were
compared with similarly handled, unshocked controls 1 h after training, and no significant
differences in phosphorylated or total GIuR1 were observed (Fig. 3, Aand B). Similarly, no
significant differences in phosphorylation of GIuR1 were seen in the Latent Inhibition group
compared with similarly handled, unshocked controls (Fig. 3, C and D). Thus, footshock
alone does not lead to the LTP-like GIuR1 phosphorylation changes unless significant
learning occurs.

Learning-induced changes in GIuR1 phosphorylation are dependent on NMDA receptor
activation as they are in LTP. Fear conditioning training in the presence of the NMDA
receptor antagonist MK-801 (0.4 mg/kg intraperitoneal 30 min before training) completely
blocked the learning-induced increase in GIuR1 phosphorylation at Ser-831 (Fig. 3, E and
F).
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We next wanted to better understand the onset and duration of GIuR1 phosphorylation
during learning. Phosphorylation of GIuR1 at Ser-831 was dramatically and significantly
increased 5 min after training (Fig. 4, A and C), whereas phosphorylation at Ser-845 was
increased at 5 min but not significantly (Fig. 4, B and D). The increase in Ser-831
phosphorylation 5 min after training was also NMDA receptor-dependent as shown by
preventing the increase by training in the presence of MK-801 (not shown, n=10, p = 0.20).
By 2 h after training in contextual fear conditioning, no changes in GIuR1 phosphorylation
were observed (Fig. 4, E-H). No change in total GIuR1 levels was observed at either time
point (not shown).

In an effort to demonstrate the synaptic localization of the learning-induced increase in
phosphorylation of Ser-831 GIluR1, we determined whether this increase can be
demonstrated in hippocampal PSD fractions from fear-conditioned animals. We first isolated
PSDs from bilateral hippocampi of fear-conditioned animals and sham-trained controls
using standard subcellular fractionation methods (60-68) 5 min after fear-conditioning
training. We then performed quantitative immunoblots for phosphorylated Ser-831 and
Ser-845 as before. A significant increase in Ser-831 phosphorylation relative to total GIuR1
was observed in PSDs isolated from fear-conditioned animals compared with sham-trained
controls (Fig. 5). Again, no measurable change was observed in Ser-845 phosphorylation
(Fig. 5) or total GIuR1 phosphorylation (normalized to actin, p = 0.69, n = 12; normalized to
control total GIuR1 only, p = 0.27, n = 12; not shown). Thus, the increase in GIuR1
phosphorylation in the hippocampus during learning occurs at synaptic GIuR1 subunits.

GluR1-containing AMPA-type glutamate receptors in the hippocampus are thought to
predominantly exist in heteromeric complexes with GIuR2. Thus, we asked whether the
increase in GIuR1 phosphorylation occurs on GIuR1 subunits after immunoprecipitation
with GIuR2 antibodies. We immunoprecipitated GIuR2 from hippocampal homogenates of
fear-conditioned and sham-trained controls 5 min after fear-conditioning training.
Quantitative immunoblots of the resulting GIuR2 immunoprecipitates were then performed
with phosphorylated GIuR1 Ser-831 and Ser-845 antibodies as before. A significant increase
in Ser-831 relative to total GIuR1 was observed in GIUR2 immunoprecipitates isolated from
fear-conditioned animals compared with controls (Fig. 6). No measurable change was
observed in Ser-845 phosphorylation (Fig. 6) or total GIuR1 (normalized to control total
GluR1 only, p = 0.54, n = 18; not shown). Thus, the increase in GIuR1 phosphorylation
during learning occurs in heteromeric complexes with GIuR2.

DISCUSSION

Our data reveal an increase in Ser-831 GIluR1 phosphorylation during learning reminiscent
of that seen during LTP of naive synapses (15). These changes occur at the PSD and in
heteromeric GIuR1/2 complexes. These data provide evidence for LTP-like biochemical
changes at postsynaptic glutamate receptors in the hippocampus occurring during contextual
fear learning, providing additional data linking LTP and memory formation in the brain.

Although LTP-like changes in GIuR1 phosphorylation are correlated with learning, it is
possible that they are induced by footshock alone. We have performed control experiments
in which animals are subjected to footshock but do not exhibit fear conditioning. Animals
subjected to immediate shock/removal and latent inhibition were compared with paired,
unshocked controls, and no significant differences in phosphorylated or total GIuR1 were
observed. Thus, footshock alone does not alter GIuR1 phosphorylation.

The change in GIuR1 phosphorylation has a time course and magnitude similar to that
observed after LTP induction in hippocampal slices (15). Our results cannot determine
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whether this represents a small increase in many hippocampal neurons or a large increase in
a smaller number of neurons. The similar time course suggests that the LTP and learning-
induced GIuR1 phosphorylation may be functionally related, although this remains
speculative.

Additionally, like LTP and behaviorally measured memory, these biochemical changes are
dependent on NMDA receptor activation. It is certainly possible that blockade of NMDA
receptors blocks learning by a mechanism other than blocking LTP; however, the NMDA
receptor dependence of LTP, behavioral learning, and of the changes in GIuR1
phosphorylation is compelling.

Although the studies linking LTP and memory in the literature are numerous, several studies
have found instances in which changes in LTP do not result in the expected alterations in
learning and memory(for an excellent review, see Ref. 4). The most compelling of these are
instances where LTP is decreased and memory is increased (69). Other studies show
decreased LTP with no effect on memory (70-78). Indeed there are many studies in which
LTP is increased while memory is decreased or unchanged (69, 79-83). These studies make
clear that a one-to-one correlation between memory and LTP is unlikely, although LTP does
seem to be one important component of learning and memory.

Our data do not exclude a learning-associated change in Ser-845 phosphorylation in
hippocampal synapses during contextual fear conditioning. There is considerable evidence
suggesting elevations of cCAMP and protein kinase A activity are involved with both LTP
and learning (84-92). Although we provide evidence that LTP-like biochemical changes
occur in the hippocampus during learning, our data cannot rule out the possibility that
simultaneous LTD (Ser-845 de-phosphorylation), de-potentiation (Ser-831
dephosphorylation), and de-depression-induced (Ser-845 phosphorylation) biochemical
changes occur. The present experiments merely examine the predominant, net GIuR1
phosphorylation changes in the entire hippocampal volume. For example, if equal amounts
of LTD and de-depression are occurring, we may see no net change in Ser-845
phosphorylation, although such changes may be occur at different synapses in the volume of
tissue simultaneously. Likewise, if a significant amount of de-potentiation is occurring,
favoring decreases in Ser-831 phosphorylation, we may be masking an even greater amount
of GIuR1 phosphorylation at different synapses or in different neurons. Finally, we may
miss more subtle changes in GIuR1 phosphorylation (e.g. at Ser-845) occurring in too few
neurons or synapses to detect in the volume of hippocampal tissue. Thus, our data do not
rule out changes in Ser-845 phosphorylation during learning. They merely highlight a net
increase in Ser-831 phosphorylation.

The lack of longer-lasting increases in Ser-831 phosphorylation during learning and LTP
can be explained in various ways. The number of potentiated synapses with phosphorylated
GIuR1 may decrease over time below the limits of biochemical detection in the volume of
tissue. Alternatively, the GIuR1 phosphorylation may diminish over time, allowing different
synaptic plasticity mechanisms to predominate after the first 1-2 h.

Ours is not the first study to observe LTP-like biochemical changes in the hippocampus after
training in contextual fear conditioning (53, 54, 93, 94). This study, however, is the first to
demonstrate such changes in a final, downstream, postsynaptic effector of LTP such as
GIuR1 (40, 42, 95) in contextual fear conditioning and the first to show such changes occur
in the PSD fraction and in heteromeric complexes with GIuR2 subunits.

Our findings are also consistent with previous studies correlating biochemical changes with
inhibitory avoidance training, another form of aversively motivated learning. Cammarota et
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al. (96) found that inhibitory avoidance training leads to increased Ca2*-independent and
total calmodulin-dependent protein kinase activity, measured in post hoc kinase assays,
immediately after training. The same study reported a delayed increase in synaptosomal
GIuR1 phosphorylation 120 min after training (96). This experiment was performed in a
post hoc back phosphorylation kinase assay in which endogenous calmodulin-dependent
protein kinase was activated artificially with Ca*/calmodulin in synaptosomal homogenates
and, therefore, does not reflect the in vivo phosphorylation state of GIuR1 (96). A major
strength of the Cammarota study (96) was the use of shocked controls that were subjected to
similar foot-shock but did not acquire inhibitory avoidance learning. In a subsequent study,
Bevilaqua et al. (97) directly demonstrated an increase in Ser-831 phosphorylation of
GIuR1, with no change in Ser-845 phosphorylation, in isolated PSDs 30 and 90 min after
inhibitory avoidance training when compared with naive unshocked, unhandled, home cage
controls. This study did not, however, perform controls to rule out a nonspecific effect of
footshock nor an effect of novel context exposure, although they did demonstrate that their
effects were NMDA receptor-dependent (97). A recently published study by Whitlock et al.
(12) independently demonstrated an increase in Ser-831 GIuR1 phosphorylation during
inhibitory avoidance learning that is strikingly similar in magnitude and time course to the
present findings. Comparing inhibitory avoidance-trained animals to unshocked, “walk-
through” controls, they showed a significant increase in Ser-831, but not Ser-845
phosphorylation at 5 and 30 min after training. As a control for footshock alone, they
compared a group of shock only animals to unshocked, unhandled, naive controls and found
no difference. As in the present study, NMDA receptor antagonists during training
prevented the increase in Ser-831 phosphorylation. They also demonstrated that this increase
in Ser-831 phosphorylation occurred in synaptoneurosome preparations. However,
synaptoneurosome preparations only partially enrich for synaptic proteins. Thus, this study
was not able to confirm the synaptic localization of the increased GIuR1 phosphorylation.
Nor did they determine whether the increase in GIuR1 occurred in heteromeric complexes
with GIuR2, the functional receptor complex thought to be present at synapses.

Overall, our data both confirm and extend previous findings of increased Ser-831
phosphorylation in the hippocampus after an aversive memory task. The contextual fear
conditioning-induced increase in Ser-831 GluR1 phosphorylation is specifically associated
with learning rather than a nonspecific effect of footshock or novel context exposure, as
shown with two separate controls (shock/remove and latent inhibition), and can be observed
in whole hippocampal homogenates. Interestingly, the increase in Ser-831 GIuR1
phosphorylation during fear-conditioning consolidation in whole hippocampal homogenates
is similar in magnitude and time course to that induced by inhibitory avoidance and by LTP
(12, 15, 97).

Glutamate receptors may be found at the synapse or in various non-synaptic compartments
including extrasynaptic plasma membrane or endosomal compartments. By demonstrating
the learning-induced increase in Ser-831 phosphorylation in PSD preparations, we have
further localized these changes to synaptic glutamate receptors. Using immunoprecipitation
of GIuR2, we have demonstrated directly that the increased Ser-831 phosphorylation during
learning occurs in heteromeric complexes with GIUR2. Thus, it is likely that our observed
alterations in GIuR1 phosphorylation during contextual fear conditioning occur at
functional, synaptic receptors.

Although it is clear that the phosphorylation state of Ser-831 and Ser-845 is important for
synaptic plasticity and learning and memory (16), we have now demonstrated for the first
time that one of these sites is actively regulated at synapses during contextual fear
conditioning in vivo. The pattern of GIuR1 phosphorylation resembles that of LTP and
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pears to occur in heteromeric complexes with GIuR2 at the PSD, providing an additional

biochemical correlate suggesting that LTP occurs in the hippocampus during learning.
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FIGURE 1. Fear-conditioning training increases phosphorylation of GluR1 at the calmodulin-
dependent protein kinase/protein kinase C site Ser-831

A, ratio of GIuR1 phosphorylated at Ser-831 to total GIuR1 determined on the same
immunoblots and normalized to simultaneously trained, cage-mate, sham control is
increased 1 h after contextual fear-conditioning (FC) training (n = 8; *, p < 0.05). B, ratio of
GIuR1 phosphorylated at Ser-845 to total GIuR1 is unchanged 1 h after training (n = 8). C,
example immunoblot for data summarized in A using antibody against phosphorylated serine
831 (calmodulin-dependent protein kinase/protein kinase C site, phospho-Ser-831 (P-
331)). The blot was stripped and re-probed with C-terminal GIuR1 antibody (Total GIURL).
D, example immunoblot for data summarized in B using antibody against phosphorylated
serine 845 (protein kinase A site, P-S345). Blots were stripped and re-probed with Total
GluR1 antibody as in C. E and F, ratio of total GIuR1 to actin immunoreactivity from the
same blot is unchanged 1 h after contextual fear-conditioning training. E and F show data
summaries from blots stripped and re-probed for total GluR1 after phospho-Ser-831
antibody and phospho-Ser-845 antibody, respectively (n = 8). G and H, example
immunoblots showing total GIuR1 and actin antibodies after phospho-Ser-831 and phospho-
Ser-845 antibodies in G and H, respectively.
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FIGURE 2. Three behavioral experimentsin which ratsare shocked but do not exhibit
contextual learning

A, rats placed into a contextual training chamber, shocked immediately, and removed to the
home cage immediately thereafter (Shock/Remove, n = 8) show dramatically reduced
contextual fear memory measured 24 h after training compared with traditionally fear-
conditioned rats (Fear Conditioned, n = 6). Contextual fear memory of the Shock/Remove
group was not significantly different from sham-trained rats that did not receive footshock
during training (No Shock, n = 8). B, rats pre-exposed to the training chamber for 16 h
before training (Latent Inhibition, n = 7) showed dramatically reduced contextual fear
memory measured 24 h after training compared with traditionally fear-conditioned rats that
were pre-exposed to a completely different novel context (Shock, n = 8). Contextual fear
memory of the Latent Inhibition group was similar in magnitude to sham-trained animals
that did not receive footshock (No Shock, n = 8). C, NMDA receptor inhibition with
MK-801 30 min before training significantly decreased contextual fear memory measured
24 h after training in a dose-dependent manner.
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FIGURE 3. Footshock aloneis not sufficient to increase GIuR1 phosphorylation, and the
increasein GIuR1 Ser-831 phosphorylation is NM DA receptor-dependent

Aand B, rats immediately shocked and removed (Shock/Remove, n = 8) showed no change
in Ser-831 or Ser-845 phosphorylation compared with similarly handled, unshocked controls
(Sham Control, n = 8) measured 1 h after training. C and D, rats trained after latent
inhibition (Latent Inhibition, n = 8) showed no change in Ser-831 or Ser-845
phosphorylation compared with similarly treated, unshocked controls (Sham Control, n = 8)
measured 1 h after training. E and F, rats trained in the presence of 0.4 mg/kg MK-801
(MK-801 Trained, n = 8) showed no change in Ser-831 or Ser-845 phosphorylation
compared with similarly treated, unshocked controls (MK-801 Sham, n = 8) measured 1 h

after training.
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FIGURE 4. Learning-induced increasein Ser-831 phosphorylation is present asearly as5 min
after training but istransient

A, ratio of GIuR1 phosphorylated at Ser-831 (S331) to total GIuR1 is significantly increased
5 min after contextual fear conditioning training (FC; n=8; *, p < 0.05). B, ratio of GIuR1
phosphorylated at Ser-845 to total GIuR1 is increased, although not significantly (n.s.), 5
min after contextual fear conditioning training (n = 11, p=0.21). C and D, example
immunoblots for A and B. E, GIuR1 phosphorylation at Ser-831 (P-S331) is back to control
levels 2 h after contextual fear conditioning training (n = 8). F, no change in GluR1
phosphorylation at Ser-845 2 h after contextual fear conditioning training (n=8). G and H,
example blots for E and F labeled as in C and D.
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FIGURE 5. Learning-induced increase in Ser-831 phosphorylation is present at synapses
(postsynaptic density preparations)

A, ratio of GIuR1 phosphorylated at Ser-831 (S331) to total GIuR1 is significantly elevated
in hippocampal PSDs made from fear-conditioned (FC) animals compared with PSDs from
sham trained animals (n = 12; *, p < 0.05). B, no change in Ser-845 GIuR1 phosphorylation
(P-845) in PSDs from fear-conditioned animals (n= 12, p=0.94). C and D, example
immunoblots for A and B.
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FIGURE 6. Increase in Ser-831 phosphorylation present in heteromeric complexeswith GluR2
A ratio of GIuR1 phosphorylated at Ser-831 to total GIuR1 is significantly elevated in
GIluR2 immunoprecipitations from hippocampi from fear-conditioned animals compared
with PSDs from sham trained controls (n = 18; *, p < 0.05). B, no significant change in
Ser-845 GIuR1 phosphorylation in GIuR2 immunoprecipitations from fear-conditioned
animals (n =18, p=0.25). C and D, example immunoblots for A and B. E, GIuR2
immunoprecipitation (1P) from control hippocampus blotted with total GIuR2, total GIuR1,
phospho (P)-Ser-831, and phospho-Ser-845 antibodies. Immunoprecipitation lanes represent
total GIuR2 immunoprecipitate from 1000 2 of starting hippocampal lysate. Homog lanes
represent 200 g of total protein from starting material lysate (20% of that used for
immunoprecipitation).
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