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Although NMDA receptor (NMDAR)-dependent long-term potenti-
ation (LTP) and long-term depression (LTD) of glutamatergic trans-
mission are candidate mechanisms for long-term spatial memory,
the precise contributions of LTP and LTD remain poorly understood.
Here, we report that LTP and LTD in the hippocampal CA1 region of
freely moving adult rats were prevented by NMDAR 2A (GluN2A)
and 2B subunit (GluN2B) preferential antagonists, respectively.
These results strongly suggest that NMDAR subtype preferential
antagonists are appropriate tools to probe the roles of LTP and LTD
in spatial memory. Using aMorriswatermaze task, the LTP-blocking
GluN2A antagonist had no significant effect on any aspect of
performance, whereas the LTD-blocking GluN2B antagonist im-
paired spatial memory consolidation. Moreover, similar spatial
memory deficits were induced by inhibiting the expression of LTD
with intrahippocampal infusion of a short peptide that specifically
interferes with AMPA receptor endocytosis. Taken together, our
findings support a functional requirement of hippocampal CA1 LTD
in the consolidation of long-term spatial memory.

hippocampus | learning and memory | long-term potentiation | AMPA
receptor endocytosis | Morris water maze

The hippocampus plays crucial roles in encoding and consoli-
dating memory (1, 2). Activity-dependent plasticity of hippo-

campal glutamatergic synapses, particularly NMDA receptor
(NMDAR)-dependent long-term potentiation (LTP) and long-
term depression (LTD), has been proposed as the primary cellular
substrate for fulfilling these cognitive functions (3, 4). Indeed,
formation of long-term spatial memory in the Morris water maze
(MWM) can be impaired by preventing NMDAR activation using
either pharmacological or genetic approaches (5–7). However,
blocking NMDARs affects both LTP and LTD (8, 9), making it
hard to attribute the observed spatial memory deficits to selective
disruption of either LTP or LTD. Recent attempts using trans-
genic mice with deficits in either LTP (10–12) or LTD (13–15)
have achieved some success in delineating the contribution of
these two opposing forms of plasticity in memory formation.
However, results obtained from transgenic studies are equivocal,
perhaps because of structural alterations and/or functional com-
pensatory changes at synapses that often arise after prolonged
genetic alterations (14). Thus, determining the exact roles of hip-
pocampal LTP and/or LTD in spatial memory requires new ex-
perimental approaches that enable acute, selective inhibition of
LTP or LTD in freely moving animals.
Evidence accumulated from recent studies suggests that

GluN2A- and GluN2B-containing NMDARs preferentially con-
tribute to the induction of hippocampal LTP and LTD in vitro (12,
16, 17) and in vivo (18). For example, the GluN2A preferential
antagonist NVP-AAM077 (NVP) (19) and the GluN2B-specific
antagonist Ro25-6981 (Ro) (20) selectively inhibit LTP and LTD,
respectively, in anesthetized rats (18, 21). If such GluN2 subunit-
selective requirements for LTP and LTD can be shown in freely
moving animals, these subunit-preferential antagonists may be

useful in delineating the roles of LTP and LTD in spatial memory.
Recent confirmation of the involvement of regulated AMPA re-
ceptor (AMPAR) exocytosis and endocytosis in the expression of
LTP and LTD, respectively, and consequent development of
reagents to disrupt these intricate molecular events (22, 23) pro-
vides a complementary strategy for direct examination of the roles
of LTP and LTD in vivo (24).
In this study, we show that GluN2 subunit-preferential antag-

onists separately block hippocampal LTP or LTD in freely moving
adult rats. Using the MWM, we find that although selectively
blocking LTP with NVP leaves spatial memory intact, preventing
LTD with Ro impairs spatial memory consolidation. The impor-
tance of LTD in memory consolidation is corroborated further by
bilateral intrahippocampal injection of a membrane-permeable
Tat-GluA23Y peptide, which prevents LTD expression by inhib-
iting regulated AMPAR endocytosis (23). These findings reveal
a critical role for hippocampal LTD in mediating the consolida-
tion of long-term spatial memory.

Results
Effects of NMDAR Subunit-Preferential Antagonists on the Induction
of Hippocampal CA1 LTP and LTD in Freely Moving Adult Rats. To
determine if NVP and Ro are suitable for probing the functional
roles of LTP and LTD in spatial memory formation, an in vivo
model of synaptic plasticity in freely moving adult rats was estab-
lished. Field excitatory postsynaptic potentials (fEPSPs) induced by
Schaffer collateral stimulation were recorded from theCA1 region.
LTP was induced by high-frequency stimulation (HFS, 100 Hz, 100
pulses) (Fig. 1A), whereas LTD was induced using a paired-burst
(PB) LTD protocol (200 pairs of two-pulse bursts, one pair per
second, 2.5-ms interpulse interval, 10-ms interburst interval) (Fig.
1B) (25). Both LTP and LTD were NMDAR-dependent because
they were blocked by injection of the subunit-nonspecific NMDAR
antagonist 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid
(CPP) (10 mg/kg, i.p., 1 h before induction) (Fig. 1A).
Next we determined if GluN2A- and GluN2B-containing

NMDARs are necessary for LTP and LTD induction (Fig. 1A).
We found that i.p. injection of NVP (1.2 mg/kg) 30 min before
HFS prevented LTP without altering PB-induced LTD (Fig. 1B).
Importantly, Ro (6 mg/kg, i.p. injected 30 min before PB) failed
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to affect LTP but prevented LTD. Note that both NVP and Ro
did not affect basal synaptic transmission (Fig. S1). These results
reveal that hippocampal CA1 LTP and LTD in freely moving
adult rats were blocked by systemic injection of NVP and
Ro, respectively.

Effects of GluN2 Subunit Antagonists on Long-Term Spatial Memory
Formation. NVP and Ro were used to examine the relative con-
tributions of LTP and LTD to spatial memory formation in an
MWM task. We used a well-characterized 1-d MWM training
protocol (Fig. 2A) (21, 26) with eight training trials that can be
completed within 30 min. This short protocol has the advantage
of clearly delineating the acquisition and consolidation phases,
better differentiating relative contributions of synaptic plasticity
to learning. One day after training, a 60-s probe test with the
platform removed was performed to examine long-term spatial
memory retrieval.
Injecting rats with either NVP or Ro 30 min before MWM

training did not affect spatial learning, as exhibited by a decreased
latency to find the hidden platform across the eight training trials
(Fig. 2B). During the probe test, saline-treated rats spent signifi-
cantly longer than chance (15 s) in the test quadrant (Qtest) where
the hidden platform was located (P < 0.01). Moreover, they spent
significantly longer in Qtest than in the opposite quadrant (Qopp)
(Qtest vs. Qopp, P < 0.01) (Fig. 2C), confirming the establishment
of long-term memory. Surprisingly, NVP, which prevents LTP
formation in freely moving rats, did not affect Qtest preference
(Qtest vs. Qopp, P < 0.01) (Fig. 2C), and NVP-treated rats spent
significantly longer than chance in Qtest (P = 0.04). In contrast,
the preference for Qtest was abolished in Ro-treated rats (P > 0.05
in all tests) (Fig. 2C).
ANOVA was used to examine between-group differences on

several probe-test performance indices (Fig. 2E). Compared with

other groups, Ro-treated rats spent significantly less time in Qtest
[F(2,36) = 3.60; P = 0.04; post hoc: saline vs. NVP, P = 0.22;
saline vs. Ro, P = 0.03], crossed the location of the hidden
platform fewer times [F(2,36) = 4.28, P = 0.02; post hoc: saline
vs. NVP, P = 0.36; saline vs. Ro, P = 0.02], and exhibited longer
latencies to cross the location of the hidden platform [F(2,36) =
4.66, P = 0.02; post hoc: saline vs. NVP, P = 0.79; saline vs. Ro,
P = 0.02]. Moreover, Ro-treated rats displayed more thigmo-
taxic behavior in the pool perimeter, remarkably similar to the
behavior of naive saline-treated rats during the first training trial
[F(2,36) = 7.93, P < 0.01; post hoc: saline vs. NVP, P = 1.00;
saline vs. Ro, P < 0.01] (Fig. 2E, Right). Because all rats learned
the location of the hidden platform during training, the results
strongly suggest that Ro-treated rats could not remember the
training a day later and reverted to thigmotaxic behavior which
usually is observed only in untrained rats.
The compromised probe-test performance of Ro-treated rats

was not the result of changes in swimming speed (Table S1).

Fig. 1. GluN2A and GluN2B subunit-preferential antagonists prevent the
formationof hippocampal CA1 LTP and LTD in freelymoving adult rats. (A) HFS
(100 Hz, 100 pulses) triggered LTP of fEPSPs in freely moving rats. (Left) The
plot of normalized slopes of fEPSPs shows the effects on hippocampal CA1 LTP
induction of an i.p. injection of saline (n = 8), non–subunit-selective NMDAR
antagonist CPP (10mg/kg; n = 5), GluN2A antagonist NVP (1.2 mg/kg; n = 7), or
GluN2B antagonist Ro (6 mg/kg; n = 4). Drugs were injected 30 min before
plasticity induction. Note that HFS failed to induce LTP in CPP- andNVP-treated
rats. (Center) Histogram summarizes the average percent change of fEPSP
slope before (x) and after HFS (y). (Right) Representative fEPSP traces. (B) PB
stimulation (200 paired bursts at 1 Hz; interpulse interval = 2.5 ms; interburst
interval = 10 ms) induced LTD of fEPSP in freely moving rats. The effects of
different drug treatments on LTD are summarized in the scatter plot (Left)
and histogram (Center). LTD was induced in control rats (n = 6) and NVP-
treated rats (n = 5), whereas CPP (n = 4) and Ro (n = 7) blocked LTD formation.
Representative traces are shown on the right. *P < 0.05 vs. control, post hoc
Fisher’s test after ANOVA.

Fig. 2. GluN2B subunit antagonist impairs the formation of long-term spatial
memory inMWM. (A) Schematic of the MWMprotocol. On day 1, rats received
i.p. injection of drugs 30min before eight training trials. Probe test without the
hidden platform (retrieval) was performed on day 2. (B) Histograms display the
average escape latencies of rats for the first four training trials (trials 1–4) and
last four training trials (trials 5–8) onday 1 (saline:n=13;NVP:n=13; Ro:n=13).
(C) Histograms show probe-test performance of rats from different treatment
groups on day 2. Long-term spatial memory of the location of the hidden
platform is indicated by preference for Qtest over Qopp. The schematic (Left)
shows the location of test and opposite quadrants and the hidden platform.
Moreover, trained rats spent significantly longer than chance (15 s, dotted lines)
in Qtest. (D) Histograms summarize the effect of Ro and NVP on probe-test
performances such as swimming time in Qtest (Left), hidden-platform crossings
(Center), latency offirst platform crossing (Right), and (E) thigmotaxic behavior
definedas swimming in theperimeter (i.e., the outer ring) of thepool. †P< 0.05,
Qtest vs. chance (15 s), paired t test; *P<0.05, Qtest vs.Qopp, paired t test; #P< 0.05
vs. control, post hoc Tukey’s test after ANOVA.
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Moreover, Ro did not affect rats’ performance in a visible-platform
version of theMWM (Fig. S2). Although NMDARantagonists have
been shown to inhibit spatial memory retrieval in a state-dependent
manner [i.e., the presence of antagonists during learning creates
a chemical state that must be reinstated for memory retrieval (27)],
state-dependent learning cannot explain the present findings with
Ro because the presence ofRoduring probe tests failed to rescue the
impairment of spatial memory retrieval caused by pretraining Ro
injection (Fig. S3). Together, these results strongly suggest that pre-
training application of Ro, but not of NVP, impairs the formation of
long-term spatial memory.

Effects of Blocking Hippocampal LTD Expression on Long-Term Spatial
Memory. Because Ro may affect neuronal functions mediated by
GluN2B-containing receptors other than LTD, we used an LTD-
specific inhibitor that differed from Ro in both chemical struc-
ture and mechanism of action to confirm further the role of LTD
in spatial memory formation. The membrane-permeable GluA2-

derived Tat-GluA23Y peptide prevented LTD expression by
blocking regulated AMPAR endocytosis (23). We first examined
whether the Tat-GluA23Y peptide could inhibit hippocampal LTD
selectively in freely moving rats. Systemic injection (3 μmol/kg i.p.)
of Tat-GluA23Y peptide 30 min before PB prevented LTD for-
mation (Fig. 3A). In contrast, a control scrambled peptide with an
intact Tat domain but scrambled GluRA23Y sequence did not in-
fluence LTD. Finally, neither Tat-GluA23Y nor scrambled peptide
affected LTP and basal synaptic transmission (Fig. S1). Thus, sys-
temic injection of Tat-GluA23Y peptide specifically blocks LTD in
freely moving rats.
In the MWM task, we found i.p. injection (3 μmol/kg) of either

control or activepeptides30minbeforeMWMtraininghadnoeffect
on learning the location of the hidden platform (Fig. 3B). However,
pretraining injectionofTat-GluA23Y, butnot the scrambledpeptide,
disrupted long-term memory retrieval as evidenced by lack of Qtest
preference in probe tests performed 24 h after training (Fig. 3C).
Moreover, Tat-GluA23Y–treated rats spent significantly less time in

Fig. 3. LTD expression is required for the formation of long-
term spatial memory inMWM. (A) Scatter plots show the specific
prevention of hippocampal LTD (n = 6) but not LTP (n = 6) by Tat-
GluA23Y peptide in freely moving rats. Note that scrambled
control peptide did not affect LTP (n = 5) or LTD (n = 5). Peptide
(3 μmol/kg i.p.) was applied 30 min before stimulation. (B) His-
tograms show that i.p. injection (30 min before training) of sa-
line (n = 8), Tat-GluA23Y (n = 14), or scrambled Tat-GluA23Y
peptide (n = 15) did not affect the decrease of average escape
latencies during MWM training trials. (C) Histograms show rats’
probe-test performance on day 2. Note that the Qtest preference
was abolished by treatment with Tat-GluA23Y peptide. (D) His-
tograms show that intrahippocampal infusion of Tat-GluA23Y
before training impaired spatial memory formation. Saline
(n = 6), Tat-GluA23Y (30 pmol, n = 10;), or scrambled Tat-GluA23Y
peptide (30 pmol, n = 6;) was injected bilaterally (1 μL) into
dorsal hippocampi 15 min before training. Note that the Qtest

preference was abolished only by Tat-GluA23Y peptide. (E) His-
tograms show the effect of i.p. (Left) or intrahippocampal
(Right) injection of saline or peptides on rats’ swimming time in
Qtest. Only rats treated withTat-GluA23Y peptide spent signifi-
cantly less time in Qtest than control rats. †P < 0.05, Qtest vs.
chance (15 s), paired t test; *P < 0.05, Qtest vs. Qopp, paired t test;
#P < 0.05 vs. control, post hoc Tukey’s test after ANOVA.
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Qtest than control rats [F(2,34) = 3.63, P= 0.04; post hoc: saline vs.
TatGluA23Y, P= 0.03; saline vs. scrambled peptide, P= 0.23] (Fig.
3E). Like Ro, pretraining application of Tat-GluA23Y peptide was
sufficient to impair the formation of long-term spatial memory.
Because systemically injected peptides could affect other brain

regions, we ascertained the need for hippocampal LTD in spatial
memory formation using bilateral intrahippocampal injection of
peptide (30 μM, 1 μL, 15 min before training). Rats that received
saline displayed normal Qtest preference in probe tests (Fig. 3D);
however, rats given intrahippocampal Tat-GluA23Y peptide
exhibited no Qtest preference. Intrahippocampal scrambled pep-
tide had no effect. Finally, only rats receiving intrahippocampal
injection of Tat-GluA23Y spent significantly less time in Qtest than
control rats [F(2,19) = 3.83, P = 0.04; post hoc: saline vs. Tat-
GluA23Y, P = 0.03; saline vs. scrambled peptide, P = 0.37] (Fig.
3E). Note that direct intrahippocampal Tat-GluA23Y peptide did
not affect rats’ performance in a visible-platform task (Fig. S4),
showing that the injection procedure did not affect rats’ ability to
perform the nonspatial aspects of this task. Ro and Tat-GluA23Y
peptide affected probe-test performance in a similar manner, thus,
our findings strongly suggest that hippocampal LTD, a common
central process that is targeted by these two chemically distinct
drugs, is required for the formation of long-term spatial memory.

Hippocampal LTD Is Necessary for Consolidation of Long-Term Spatial
Memory. Finally, we examined the possible contribution of LTD
to each of three distinct phases of spatial memory formation: ac-
quisition, consolidation, and retrieval. Pretraining injection of
LTD inhibitors did not affect MWM training (Figs. 2B and 3B),

suggesting that LTD is not required for spatial memory acqui-
sition. To test this possibility further, we performed a probe test
30 s after the last training trial (Fig. 4A) and found that the Qtest
preference in the posttraining probe test was well preserved in
both Ro- and Tat-GluA23Y peptide–treated rats. These results
strongly argue against a critical role of LTD in spatial memory
acquisition.
Pretraining application of LTD inhibitors may have disrupted

probe-test performance by affecting consolidation and/or retrieval
of spatial memory. To test this possibility directly, we examined the
effect of posttraining (within 5 min of the last training trial) bi-
lateral intrahippocampal injection of Tat-GluA23Y peptide (30
μM, 1 μL) on probe-test performance (Fig. 4B). Direct intra-
hippocampal injection of peptide results in a faster blockade of
LTD than is achieved with i.p. injection, allowing examination of
the potential requirement of LTD in rapid consolidation of spatial
memory. Although the Qtest preference of saline-treated rats
remained intact, no Qtest preference was observed in Tat-GluA23Y
peptide–treated rats. Note that Qtest preference in probe tests
remained intact in rats receiving scrambled peptide. Moreover,
rats receiving posttraining intrahippocampal injection of Tat-
GluA23Y spent significantly less time in Qtest than control rats [F
(2,17) = 13.60, P< 0.01; post hoc: saline vs. TatGluA23Y, P< 0.01;
saline vs. scrambled peptide, P=0.78] (Fig. 3E). Our data strongly
suggest that hippocampal LTD is required for spatial memory
consolidation or retrieval, or both.
To differentiate the role of LTD in memory consolidation or

retrieval, we applied either Ro or Tat-GluA23Y peptide 30 min
before the probe test and found that the Qtest preference was well

Fig. 4. Hippocampal LTD is specifically required for spatial
memory consolidation. (A) Histograms show probe-test per-
formance of rats that received i.p. injection of saline (n = 6),
Ro (6mg/kg; n = 6), or Tat-GluA23Y peptide (3 μmol/kg; n = 6)
30minbefore trainingandweregivena singleprobe test 30 s
after the last training trial. Thesedrugsdidnotaffect theQtest

preference of rats. (B) The three histograms on the left show
probe-test performance (conducted 24 h after training) of
rats that receivedbilateral intrahippocampal injectionof Tat-
GluA23Y peptide (n=7) or scrambledpeptide (n=7) at 30 μM,
1 μL, or saline (1 μL; n = 6) within 5 min of the last trial. The
histogram on the right summarizes the effect of drugs on
rats’ swimming time in Qtest. Note that Tat-GluA23Y signifi-
cantly impaired the Qtest preference of rats. (C) Histograms
summarize probe-test performance in rats that received i.p.
injection of saline (n = 6), Ro (n = 6), Tat-GluA23Y peptide
(n = 8), or NVP (n = 8) 30 min before probe tests (day 2). No
treatment affected Qtest preference in probe tests. †P < 0.05,
Qtest vs. chance (15 s), paired t test; *P < 0.05, Qtest vs. Qopp,
paired t test; #P < 0.05 vs. control, post hoc Tukey’s test af-
ter ANOVA.
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preserved (Fig. 4C). Thus, hippocampal LTD probably is not re-
quired for spatial memory retrieval; rather, our results strongly
suggest that the disruption of probe-test performances by LTD
inhibition either before or immediately after training is a result of
compromised consolidation of spatial memory. Note that in-
jection of NVP before the probe test also did not affect retrieval of
long-term spatial memory. Together with findings that pretraining
application of NVP failed to affect probe-test performance (Fig.
2), our data do not support a critical involvement of hippocampal
LTP, which is blocked by NVP (Fig. 1), in the formation of long-
term spatial memory.

Discussion
This study used a pharmacological approach to ascertain the
contribution of LTP and LTD to the formation of long-term
spatial memory. First, we confirmed that the induction of LTP and
LTD in the hippocampal CA1 region can be selectively disrupted
pharmacologically in freely moving rats. Specifically, the GluN2A-
preferential antagonist NVP prevented LTP without affecting
LTD. In contrast, LTD was blocked by either the GluN2B an-
tagonist Ro (induction inhibitor) or the Tat-GluA23Y peptide
(expression disruptor). Importantly, neither Ro nor Tat-GluA23Y
affected LTP. Examining the putative roles of LTP and LTD in
spatial memory formation, we observed no effect of NVP on
performance in the MWM. In marked contrast, the present
experiments suggest that both Ro and Tat-GluA23Y peptide im-
pair spatial memory by disrupting its consolidation.
Previous studies using pharmacological and genetic approaches in

rodents established the essential role of NMDAR activation in
spatial memory formation (6, 28). Because both LTP and LTDwere
abolished in these studies, the exact roles of these twoopposing form
of synaptic plasticity in spatial memory remained elusive. Recent
findings that LTP and LTD are mediated by activation of GluN2A-
and GluN2B-containing NMDARs (17, 18) suggested the potential
utility of GluN2-preferential antagonists to probe the functional
roles of LTP and LTD in spatial memory. This possibility is sup-
ported further by transgenic data showing that selective knockout of
the GluN2A subunit or deletion of its carboxyl tail impairs LTP (12,
29), whereas knocking out the GluN2B subunit produces a deficit in
LTD (14, 30). Nonetheless, contradictory results challenge these
findings (31, 32). These discrepancies may be accounted for by
pharmacological specificity of subunit-preferential antagonists (33),
developmental stages of the subjects (34), specific brain areas in-
vestigated (35), and other differences in experimental conditions
(36). Given this controversy, determining if the subunit-specific
requirements for LTP and LTD observed in slices and anesthetized
animals could be extended to freely moving animals is essential.
Importantly, the present results show clearly that NVP and Ro se-
lectively inhibit LTP and LTD, respectively, in freely moving rats.
Regardless of the subunit selectivity of NVP and Ro toward native
NMDARs in freely moving rats, our findings that they selectively
blocked the induction of LTP or LTD validates their utility as spe-
cific and functional inhibitors to probe the roles of bidirectional
synaptic plasticity in long-term spatial memory.
Although NVP blocked hippocampal CA1 LTP, NVP did not

affect either acquisition or retrieval of spatial memory when it was
applied before either training (Fig. 2) or probe test (Fig. 4). These
data strongly suggest that hippocampal CA1 LTP is not essential
for the formation of long-term spatial memory. These results are
interesting in the context of similar findings from several previous
studies in which LTP was disrupted selectively. For example,
knocking out AMPAR subunit GluR1 (GluA1) expression abol-
ishes LTP but not spatial memory formation (11). Similarly, both
GluN2A knockout and GluN2A carboxyl-tail deletion mutant
mice exhibit impaired LTP (5, 12) but no major spatial memory
deficits (37). Notably, hippocampal LTP may be involved in the
formation of spatial working memory, which is affected in LTP-
disrupted mice (37, 38). LTP also could be important for other

hippocampal-dependent cognitive functions, such as the forma-
tion of inhibitory avoidance (39).
The failure to confirm a role for NMDAR-dependent LTP in

spatialmemory formation raises the distinct possibility that impaired
LTD could be responsible for the spatial memory deficit following
hippocampal NMDAR blockade (6). Although the involvement of
LTD in spatial memory consolidation is strongly supported by our
Ro data (Fig. 2), it is interesting that pretraining administration of
GluN2B antagonist CP-101,606 (40) or Ro63-1908 (41) did not
impair spatial memory during a multiday training protocol. An im-
portant factor in explaining these contradictory findings may be the
concentrations of GluN2B antagonist used to prevent the induction
of either hippocampal LTP or LTD, because in vivo recordings of
LTD were not performed. Notably, we found that blocking LTD
expression via either i.p. or intrahippocampal injection of the Tat-
GluA23Y peptide, which prevents regulated AMPAR endocytosis,
produceda spatialmemorydeficit nearly identical to that observed in
Ro-treated rats (Figs. 3 and 4). Given that Ro and Tat-GluA23Y
prevent LTD via distinct mechanisms, our results strongly support
the involvement ofNMDAR-dependent LTDin this particular form
of spatialmemory.Moreover, ourfinding thatLTDinhibition affects
probe-test performance but not spatial learning, combined with
similar effects of LTD inhibitors when administered before or im-
mediately after trainingbutnotwhenadministeredbeforeprobe test,
strongly suggests that NMDAR-dependent LTD is involved specif-
ically in the consolidation, but not in the acquisition or retrieval, of
long-term spatial memory.
Hippocampal LTD has been implicated in forms of learning

and memory other than spatial memory. For example, LTD in-
duction in behaving animals can be facilitated by exposure to
novel objects (42). Moreover, novelty exposure could reverse
LTP in the hippocampus (43). These findings suggest a correla-
tion between LTD and novelty detection during learning. No-
tably, LTD-null mice lacking serum response factor (SRF) failed
to habituate to novel objects in an object-recognition task (44). It
is interesting that SRF-knockout mice also display poor spatial
memory in MWM, paralleling the presently observed effect of
acute LTD blockade on spatial memory consolidation.
The manner in which hippocampal LTD contributes to spatial

memory consolidation requires further clarification. Although
LTD reduces the strength of glutamate synapses, it also shares
several properties with LTP, including input specificity, coopera-
tivity, and associativity (8), which make LTD a potential Hebbian
mechanism for information storage. Because hippocampal syn-
apses are spontaneously active, information could be consolidated
by persistently depressing some active synapses through LTD.
Indeed, in vivo findings that LTD and LTP are facilitated by ex-
posing rats to novel objects and empty space, respectively, sug-
gested that LTD and LTP encode different types of information
during spatial learning (45). Blocking LTD by either Ro or Tat-
GluA23Y peptide therefore could disturb the storage of spatial
information and lead to memory deficit.
Diverse roles for LTD in numerous brain areas have been

demonstrated recently (24), and mechanisms consistent with
LTD also are involved in other aspects of memory regulation.
For example, the disruptive effects of acute stress on memory
retrieval are prevented by systemic administration of Ro in
spatial and recognition memory paradigms (21, 46), and the Tat-
GluA23Y peptide also blocks the disruptive effects of acute stress
on memory retrieval in MWM (21). Thus, the timing of GluN2B-
containing NMDAR activation and AMPAR endocytosis may be
critical in determining their specific effects on memory.
In conclusion, our data support the importance of hippo-

campal CA1 LTD in the formation of long-term spatial memory
during MWM tasks in freely moving adult rats. Moreover, the
specific inhibitors used to manipulate hippocampal plasticity may
provide important tools for dissecting the contribution of LTP
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and LTD to other aspects of cognitive function and other forms
of hippocampal-mediated behavior.

Materials and Methods
Methods are described in detail in SI Materials and Methods.

Recording of Hippocampal LTP and LTD in Freely Moving Rats. Electrodes were
implanted into the CA1 of anesthetized male adult Sprague–Dawley rats
(300–400 g) as described (47). In vivo recording of fEPSPs was performed in
a recording chamber (40 × 40 × 60 cm). To allow movement during re-
cording, implanted electrodes were connected by a flexible cable and swivel
commutator. fEPSPs were evoked at 0.033 Hz at 50% of the maximal size.

Morris Water Maze. Rats were trained in eight consecutive trials (intertrial
interval = 30 s) to find a hidden platform as described (21). Probe tests (60 s)
with the platform removed were performed 24 h after training. All trials
were recorded and analyzed offline. The experimenter was blinded to drug
treatment in all experiments.

Bilateral Hippocampal Injection. Rats were implanted with guide cannulae for
bilateral intrahippocampal injection as described (21). After recovery, rats

were habituated to the mock-injection procedures three or four times in the
week before MWM training. Drugs were injected with a syringe pump (0.5
μL/min for 2 min) through 11-mm injection needles extending 1 mm beyond
guide cannulae. Needles remained in place for 1 min to allow diffusion of
drug. Rats were killed for verification of injection sites.

Statistical Analysis. Data are presented as mean ± SEM. The effect of drugs on
probe-test performance indices was analyzed by ANOVA and post hoc
Tukey’s test. Paired Student’s t tests were used for within-subjects compar-
isons [swimming time in Qtest vs. chance (15 s) and in Qtest vs. Qopp]. fEPSPs
were analyzed by ANOVA and post hoc Fisher’s tests.
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