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Behavioral Stress Enhances Hippocampal CA1 Long-Term
Depression through the Blockade of the Glutamate Uptake
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Behavioral stress has been shown to enhance long-term depression (LTD) in the CA1 region of the hippocampus, but the underlying
mechanisms remain unclear. In the present study, we found that selectively blocking NR2B-containing NMDA receptors (NMDARs)
abolishes the induction of LTD by prolonged low-frequency stimulation (LFS) in slices from stressed animals. Additionally, there is no
need to activate NR2A-containing or synaptic NMDARs to induce this LTD, suggesting that LTD observed in slices from stressed animals
is triggered primarily by extrasynaptic NMDAR activation. In contrast, stress has no effect on LTD induced by either a brief bath
application of NMDA or a combination of LFS with the glutamate-uptake inhibitor DL-threo-�-benzyloxyaspartate (DL-TBOA). Further-
more, saturation of LFS-induced LTD in slices from stressed animals occludes the subsequent induction of LTD by LFS in the presence of
DL-TBOA. We also found that stress induces a profound decrease in the glutamate uptake in the synaptosomal fraction of the hippocampal
CA1 region. These effects were prevented when the animals were given a glucocorticoid receptor antagonist, 11�,17�-11[4-
(dimethylamino)phenyl]-17-hydroxy-17-(1-(propynyl)-estra-4,9-dien-3-one, before experiencing stress. These results suggest that the
blockade of glutamate uptake is a potential mechanism underlying the stress-induced enhancement of LTD and point to a novel role for
glutamate-uptake machinery in the regulation of synaptic plasticity induction.
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Introduction
Long-term depression (LTD) is a persistent activity-dependent
decrease in synaptic efficacy that, together with the converse pro-
cess long-term potentiation, has been considered to be crucial for
information storage in the brain (Malenka and Bear, 2004). Al-
though LTD is very widely expressed at many locations in the
brain, much of our understanding of its properties and functional
relevance comes from studies on the mammalian hippocampus.
In the hippocampus, LTD is divided into three categories: homo-
synaptic, heterosynaptic, and associative LTD (Linden and Con-
nor, 1995). The best characterized form of homosynaptic LTD is
induced in the CA1 region of the hippocampus by prolonged
low-frequency stimulation (LFS) (0.5–3 Hz) via an NMDA re-
ceptor (NMDAR)-dependent rise in postsynaptic intracellular
Ca 2� and the activation of serine–threonine protein phosphatase
cascades (Dudek and Bear, 1992; Mulkey et al., 1993, 1994). A
cardinal feature of homosynaptic CA1 LTD is age dependence,
because it is more robust in early postnatal life and declines with
increasing age (Dudek and Bear, 1992; Wagner and Alger, 1995).
A previous study failed to find the homosynaptic LTD induced by
the LFS paradigm in naive slices from mature (5–10 weeks old)
animals (Wagner and Alger, 1995). It remains unclear why LFS-

induced LTD is not seen in the mature hippocampus. Interest-
ingly, it has been shown that behavioral stress facilitates the in-
duction of hippocampal CA1 LTD by LFS in the adult animals
both in vivo and in vitro (Kim et al., 1996; Xu et al., 1997, 1998;
Yang et al., 2004). However, to our knowledge, the cellular and
molecular mechanism underlying the alteration of the inducibil-
ity of LTD by stress has not yet been studied.

In the present study, we report our novel observations that the
facilitation of stress on subsequent LTD induction is mediated
through the activation of glucocorticoid receptors, leading to the
blockade of glutamate uptake and subsequently resulting in en-
hanced spillover of synaptically released glutamate by LFS acting
on the extrasynaptic NR2B-containing NMDARs to undergo the
induction of LTD.

Materials and Methods
Animals and stress protocol. Healthy adult male Sprague Dawley rats
weighing 250 –300 g were used. All procedures were performed accord-
ing to National Institutes of Health guidelines for animal research (Guide
for the Care and Use of Laboratory Animals) and approved by the Institu-
tional Animal Care and Use Committee at National Cheng Kung Uni-
versity. Animals were housed in groups of four in a vivarum with a 12 h
light/dark cycle, 50 – 60% humidity, and ad libitum access to food and
water. Animals were allowed to acclimate to the laboratory 1 week before
the beginning of experiments. Behavioral stress was evoked by 60 tail
shocks (1 mA for 1 s; 30 –90 s apart) while restrained in a Plexiglas tube.
Blood samples were obtained by tail nick (300 �l of blood was taken
within 2 min after removal of the rats from the home cage) or decapita-
tion (rats were killed within 3 min of being taken from the stress device)
and immediately centrifuged at 1000 � g; plasma was separated and
stored at �20°C. Plasma adrenocorticotropic hormone (ACTH) and
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corticosterone levels were determined by radioimmunoassay as de-
scribed previously (Yang et al., 2004).

Preparations of hippocampal slice and electrophysiology. Promptly after
stress, animals were killed, and hippocampal slices (400 �m thick) were
prepared using standard procedures (Yang et al., 2004), allowed to re-
cover for a minimum of 1 h, and then transferred to a submersion-type
recording chamber continually perfused with 30 –32°C oxygenated arti-
ficial CSF solution containing the following (in mM): 117 NaCl, 4.7 KCl,
2.5 CaCl2, 1.2 MgCl2, 25 NaHCO3, 1.2 NaH2PO4, and 11 glucose, pH 7.4.
Extracellular recordings were performed with an Axoclamp 2B amplifier
(Axon Instruments, Union City, CA). The responses were low-pass fil-
tered at 2 kHz, digitally sampled at 5–10 kHz, and analyzed using pClamp
software (version 8.0; Axon Instruments). The evoked postsynaptic re-
sponses were induced in CA1 stratum radiatum by stimulation of Schaf-
fer collateral/commissural afferents at 0.033 Hz with a bipolar stimulat-
ing electrode. Field EPSPs (fEPSPs) were recorded with a glass pipette
filled with 1 M NaCl (2–3 M� resistance), and the initial slope was mea-
sured. LTD was induced using a standard protocol of 900 stimuli at 1 Hz
(LFS).

Preparations of synaptosome and glutamate-uptake assay. The synapto-
somal fractions were prepared from the CA1 region of hippocampal
slices as described previously (Ortiz et al., 1995). In brief, the microdis-
sected subregions were homogenized in 0.32 M sucrose, 1 mM EDTA, 4
mM Tris, and 10 mM glucose, pH 7.4, using a glass–Teflon homogenizer.
Homogenates were centrifuged at 1000 � g for 10 min (4°C). The result-
ant pellet was discarded, and the supernatant was spun at 9000 � g for 10
min in a microcentrifuge at 4°C. The pellets constituted the crude syn-
aptosomal fraction. The crude fractions were resuspended in 1 ml of
HEPES buffer solution (in mM: 120 NaCl, 4.7 KCl, 2.2 CaCl2, 1.2 MgCl2,
25 HEPES, 1.2 MgSO4, 1.2 KH2PO4, and 10 glucose, pH 7.4) to give a
protein concentration of 0.5 mg/ml, which was determined using a Bio-
Rad (Hercules, CA) Bradford protein assay kit. Glutamate-uptake assay
was performed as described by Ullensvang et al. (1997), with minor
modifications. Glutamate uptake of synaptosomes was initiated by add-
ing [3H]glutamate (10 nM; 20 – 60 Ci/mmol; Amersham Biosciences, Lit-
tle Chalfont, UK) and 30 �M unlabeled glutamate to the reaction tubes in
a final volume of 500 �l of HEPES buffer solution. After incubation at
37°C for 5 min, the uptake was terminated by rapid filtration on glass-
fiber filters using a tissue harvester under vacuum, and the filter was
washed five times with ice-cold HEPES buffer solution. Filters were dried
overnight and countered on a liquid scintillation counter (Beckman In-
struments, Fullerton, CA). Nonspecific uptake was determined with
sodium-free solution that was prepared by replacing NaCl with choline
chloride.

Materials. NMDA, D-APV, DL-threo-�-benzyloxyaspartate (DL-TBOA),
11�,17�-11[4-(dimethylamino)phenyl]-17-hydroxy-17-(1-(propynyl)-
estra-4,9-dien-3-one (RU38486), 3,3-oxo-7 propyl-17-hydroxy-andro-
stan-4-en-17yl-propionic acid lactone (RU28318), (�)-5-methyl-10,11-
dihydroxy-5H-dibenzo(a,d)cyclohepten-5,10-imine [(�)-MK-801],
and ifenprodil were obtained from Tocris Cookson (Bristol, UK).
R-( R, S)-�-(4-hydroxyphenyl)-�-methyl-4-(phenylmethyl)-1-piperi-
dine propranol (Ro25-6981) hydrochloride was purchased from Sigma
(St. Louis, MO). [(R)-[(S)-1-(4-bromo-phenyl)-ethylamino]-(2,3-
dioxo-1,2,3,4-tetrahydro-quinoxalin-5-yl)-methyl]phosphonic acid
(NVP-AAM077) was a generous gift from Novartis Pharma (Basel,
Switzerland).

Data analysis. All data are expressed as mean � SEM, and the statistical
significance was determined using the Mann–Whitney U test or Stu-
dent’s t test. The number of animals used is indicated by n. p values �
0.05 were considered to represent significant differences.

Results
Stress enhances LTD induction
In response to stress, significantly higher levels of ACTH (548 �
56 vs 102 � 18 pg/ml in basal condition; p � 0.05) and cortico-
sterone concentrations (119.6 � 6.8 vs 9.2 � 2.1 ng/ml in basal
condition; p � 0.05) were observed, confirming that our experi-
mental restraint–tail-shock stressor activates hypothalamic–pi-

tuitary–adrenal responses, as described previously (Kim et al.,
1996; Yang et al., 2004). We next examined the effect of stress on
the induction of LTD in the CA1 region of the hippocampus. In
accordance with previous results (Kim et al., 1996; Yang et al.,
2004), when LTD was assessed 50 min after the end of LFS, slices
from stressed rats exhibited a robust LTD (64.5 � 5.7% of base-
line; n � 8; p � 0.05) compared with slices from control rats
(95.3 � 5.3% of baseline; n � 8) (Fig. 1A).

To assay the role of glucocorticoid receptor activation in me-
diating the enhancement of stress on LTD, the specific glucocor-
ticoid receptor antagonist RU38486 (40 mg/kg) was injected in-
traperitoneally 30 min before stress. As shown in supplemental
Figure 1A (available at www.jneurosci.org as supplemental ma-
terial), administration of RU38486 completely prevented the
stress-induced enhancement (93.5 � 4.5% of baseline; n � 5).
Conversely, previous administration of the specific mineralocor-

Figure 1. Stress facilitates subsequent LTD induction in the CA1 region of the hippocampus
by NR2B-containing NMDAR activation. A, LFS induced robust LTD in slices from stressed rats. B,
LFS-induced LTD in slices from stressed rats was blocked by the nonselective NMDAR antagonist
D-APV (n � 5) and the NR2B-selective antagonists Ro25-6981 (n � 5) and ifenprodil (n � 5)
but not by the NR2A-selective antagonist NVP-AAM077 (n � 5). The superimposed fEPSPs in
the top portion show respective recordings from example experiments taken at the time indi-
cated by the number. Horizontal bars denote the period of the delivery of LFS. Dashed lines show
the level of baseline.
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ticoid receptor antagonist RU28318 (10 mg/kg) did not affect the
stress effect (71.5 � 6.3% of baseline; n � 5) (supplemental Fig.
1B, available at www.jneurosci.org as supplemental material).

LTD observed in slices from stressed rats relies on
NR2B-containing NMDARs
It is well established that activation of NMDARs is required for
LFS-induced LTD in the hippocampal CA1 neurons (Dudek and
Bear, 1992; Mulkey and Malenka, 1992). We thus examined
whether LTD observed in slices from stressed rats is also NMDAR
dependent. We found that blocking of NMDARs by perfusing
D-APV (50 �M) completely prevented the induction of LTD by
LFS (94.8 � 5.7% of baseline; n � 5; p � 0.05 when compared
with the control stressed slices) (Fig. 1B). NMDARs are hetero-
mers composed of two essential NR1 subunits and two or three
NR2 subunits (Seeburg, 1993; Cull-Candy et al., 2001). There are
four NR2 subunits (NR2A–NR2D), but the NR2A and NR2B
subunits predominate in the adult rat hippocampus (Laurie et al.,
1997; Wenzel et al., 1997). Because the presence of different NR2
subunits may confer distinct gating and pharmacological prop-
erties to heteromeric NMDARs (Monyer et al., 1994) and couple
them to different cytoplasmic signaling cascades (Sala et al., 2000;
Kohr et al., 2003), we next discerned which NMDAR subpopula-
tions are required for the induction of LTD by LFS in slices from
stressed rats. We first investigated the effect of blocking NR2A-
containing NMDARs on the induction of LTD. Preincubation of
the slices with the NR2A-selective antagonist NVP-AAM077 (0.5
�M) (Auberson et al., 2002) did not prevent the LFS-induced
LTD (68.4 � 6.5% of baseline; n � 5; p � 0.05 when compared
with the control stressed slices) (Fig. 1B). In contrast, in the
presence of the NR2B-selective antagonists Ro25-6981 (0.5 �M)
or ifenprodil (3 �M), LFS failed to induce LTD (Ro25-6981,
96.5 � 6.5% of baseline, n � 5; ifenprodil, 95.3 � 5.2% of base-
line, n � 5; p � 0.05 when compared with the control stressed
slices) (Fig. 1B). These results suggest that the induction of LTD
by LFS in stressed slices relies on the activation of NR2B-
containing NMDARs.

Because there is good electrophysiological evidence that
NR2B-containing NMDARs appeared predominantly at extra-
synaptic sites of mature synapses (Stocca and Vicini, 1998; Rum-
baugh and Vicini, 1999; Tovar and Westbrook, 1999), we were
curious to determine whether the induction of LTD by LFS in
slices from stressed rats relies on the activation of extrasynaptic
NMDARs. To examine this question, we took advantage of the
fact that the application of NMDA to hippocampal slices exclu-
sively causes LTD via the activation of extrasynaptic NMDARs
(Lee et al., 1998). We found that a 3 min application of 20 �M

NMDA induced a robust LTD in slices from both control and
stressed rats (Fig. 2A). On average, the slope of fEPSP measured
50 min after washout of NMDA was to 54.8 � 5.5% of baseline
(n � 6) in slices from stressed rats, which was not significantly
different from that of LTD recorded in slices from control rats
(63.5 � 5.2% of baseline; n � 5).

Considering that NMDA-induced LTD could be attributable
to the preferential activation of extrasynaptic or nonselective ac-
tivation of both synaptic and extrasynaptic NMDARs, we there-
fore tested whether the activation of extrasynaptic NMDARs
alone is sufficient for the induction of LTD by LFS observed in
slices from stressed rats. To this end, LFS-induced LTD was ex-
amined when synaptic NMDARs were selectively blocked by pre-
treating slices with MK-801 (5 �M) for 30 min (MacDonald and
Nowak, 1990; Rosenmund et al., 1993). To subsequently activate
extrasynaptic NMDARs, MK-801 was washed out for 60 min, LFS

was delivered in slices from stressed rats, and the magnitude of
LTD was examined. Under this condition, LFS still resulted in the
induction of significant LTD (71.5 � 6.6% of baseline; n � 5),
which was not significantly different from that of LTD recorded
in slices from vehicle pretreatment (0.1% DMSO; 64.5 � 6.5% of
baseline; n � 5) (Fig. 2B). These results suggest that the activation
of extrasynaptic NMDARs alone is sufficient to induce LTD in
slices from stressed rats.

Spillover and temporal summation of glutamate allows
LFS-induced LTD
Recent study has shown that LFS is able to induce LTD in adult
cortex after inhibition of glutamate uptake and that this form of
LTD relies on the activation of extrasynaptic NR2B-containing
NMDARs (Massey et al., 2004). We next wanted to determine
whether this mechanism could provide a possible explanation for
why LFS can induce a robust LTD in slices from stressed rats. The
best approach to address this question is to determine whether
saturation of one form of LTD occludes the induction of the
other form at the same synapses. We first examined the effect of
blocking glutamate uptake on the inducibility of LTD in the CA1

Figure 2. Extrasynaptic NMDARs mediate LTD in slices from stressed rats. A, Summary of
experiments showing that a brief application of NMDA (20 �M) for 3 min produced an LTD of
fEPSPs in slices from both control (n � 5) and stressed (n � 6) rats. B, The induction of LTD by
LFS was not significantly affected when synaptic NMDARs were selectively blocked by pretreat-
ing slices with MK-801 for 30 min.
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region of adult rat hippocampal slices. In accordance with previ-
ous results (Massey et al., 2004), we found that LFS induced a
robust LTD in the presence of the glutamate-uptake inhibitor
DL-TBOA (10 �M) in slices from both control and stressed rats
(Fig. 3A). On average, the slope of fEPSP measured 50 min after
LFS was to 58.5 � 5.5% of baseline (n � 5) in slices from stressed
rats, which was not significantly different from that of LTD re-
corded in slices from control rats (71.5 � 5.7% of baseline; n �
5). Although the slices from stressed rats showed a higher level of
LTD than that produced by the same stimulation in slices from
control rats, it did not reach statistical significance ( p � 0.12). In
slices from stressed rats, after LFS-induced LTD was fully estab-
lished, no additional LTD was induced by LFS in the presence of
DL-TBOA (96.2 � 6.9% of renormalized baseline, measured 50
min after LFS; n � 6) (Fig. 3B,C). Such an occlusion experiment
demonstrates that these two forms of LTD may share some com-
mon mechanisms.

Stress impairs glutamate uptake
The preceding results point out that the facilitation of LTD in-
duction by stress may arise from the blockade of glutamate up-
take, whereby synaptically released glutamate by LFS could acti-
vate extrasynaptic NMDARs. To test the potential changes in the
glutamate-uptake machinery after stress, the crude synaptosomal
fractions of the hippocampal CA1 region were prepared for
glutamate-uptake assay. We found that the glutamate uptake was
markedly decreased in the synaptosomes isolated from stressed
rats (Fig. 4). This impairment was prevented when the animals
were given a glucocorticoid receptor antagonist, RU38486, be-
fore experiencing stress.

Discussion
Previous findings demonstrated that the induction of LTD in adult
animals is facilitated by behavioral stress via an unknown mecha-
nism (Kim et al., 1996; Xu et al., 1997, 1998; Yang et al., 2004). This
study provides the electrophysiological and pharmacological evi-
dence describing the potential basis of the stress-induced enhance-
ment of LTD. Our findings demonstrate that stress increases the
circulating corticosterone levels, leading to the activation of glu-
cocorticoid receptors and subsequently inhibiting the uptake of syn-
aptically released glutamate. Accordingly, the spillover and temporal
summation of synaptically released glutamate by LFS would activate
extrasynaptic NR2B-containing NMDARs to undergo the induction
of LTD in adult hippocampal CA1 region.

It has been shown previously that stress facilitates the induc-
tion of LTD through NMDAR activation (Kim et al., 1996). Con-
sistent with this finding, our data showed that D-APV completely
prevented the induction of LTD by LFS in slices from stressed
rats. In addition, we extended this finding by demonstrating that
the NR2B-selective antagonists Ro25-6981 and ifenprodil specif-
ically blocked the induction of LTD, whereas an NR2A-selective
antagonist, NVP-AAM077, had no significant effect on LTD.
This suggests that the activation of NR2B-containing NMDARs is
specifically involved in LFS-induced LTD in stressed adult ani-
mals. Because it is not yet known whether NVP-AAM077 acts at
NR1/NR2A/NR2B triheteromers, we cannot exclude the possi-
bility that such heteromers are involved in stress-induced en-
hancement of LTD. Our finding is consistent with the current
observation suggesting a role for NR2B-containing NMDARs in
hippocampal CA1 LTD induction in young adult rats (Liu et al.,
2004). Similarly, Massey et al. (2004) showed, using glutamate-
uptake inhibitors, that LFS-induced a de novo LTD in adult cortex

that is also dependent on the activation of NR2B-containing
NMDARs.

Two lines of evidence suggest that stress facilitates the induc-
tion of LTD through the activation of extrasynaptic NMDARs.

Figure 3. Saturation of LFS-induced LTD occludes LFS-induced LTD in the presence of
glutamate-uptake inhibitor. A, Summary of experiments showing that LFS in the presence of
DL-TBOA resulted in the induction of LTD in slices from both control (n � 5) and stressed (n � 5)
rats. B, Summary of four experiments showing that, in slices from stressed rats, after LFS-
induced LTD was fully established (3 episodes of 1 Hz for 15 min stimuli), LFS in the presence of
DL-TBOA failed to induce additional synaptic depression (n � 6). C, Data taken from B, renor-
malized to the 10 min period preceding the application of LFS. Horizontal bars denote the period
of the delivery of LFS or DL-TBOA.
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First, the magnitude of LFS-induced LTD in slices from stressed
rats was not significantly affected by pretreating slices with MK-
801 (Fig. 2B). Second, saturation of LFS-induced LTD can oc-
clude the subsequent induction of LTD by LFS in the presence of
glutamate-uptake inhibitor (Fig. 3B), suggesting overlapping
mechanisms. In fact, previous studies have demonstrated that
blocking glutamate uptake may result in the induction of LTD by
allowing glutamate released by LFS to activate extrasynaptic
NMDARs (Chen and Diamond, 2002; Clark and Cull-Candy,
2002; Massey et al., 2004). A question arises as to how the gluta-
mate released by LFS might activate extrasynaptic NMDARs to
induce LTD in slices from stressed rats. It is generally thought
that, under normal conditions, the synaptically released gluta-
mate is short lived and is unlikely to be sufficient to activate
extrasynaptic receptors. The inclusion of extrasynaptic NMDARs
in a synaptic event appears to vary according to several parame-
ters, including the location and degree of saturation of neuronal
and astroglial transporters, the activity of transporters, and the
amount, timing, and proximity of glutamate release (van
Zundert et al., 2004). Thus, an intriguing possibility is that stress
causes a decrease in glutamate uptake, which results in the spill-
over and temporal summation of synaptically released glutamate
by LFS to activate extrasynaptic NMDARs. This suggestion is
supported by the fact that glutamate uptake in isolated hip-
pocampal CA1 synaptosomes was significantly decreased after
stress (Fig. 4).

The mechanisms by which stress impairs glutamate-uptake
systems remain to be determined. Previous work from our labo-
ratory has demonstrated that stress can increase the PKC activity
in the hippocampal CA1 neurons (Yang et al., 2004). In addition,
it has been shown that PKC activation inhibited the GLAST (glu-
tamate–aspartate transporter) activity via direct phosphorylation
(Conradt and Stoffel, 1997; Bernabe et al., 2003). Thus, it seems
possible that the reduction of glutamate uptake after stress is
involved in an increased PKC-mediated phosphorylation of glu-
tamate transporters, in turn leading to an inactivation of the
transporters, but additional studies will be necessary to examine
this issue.

In conclusion, the present study provides a mechanism to
explain the stress-induced facilitation of LTD induction and un-
veils a novel relationship between glutamate-uptake machinery
and LTD. Considering that stress-facilitated LTD may induce

output plasticity through synchronized spikes and spontaneous
unitary discharges to other brain structures under stress condi-
tions and thus may contribute to the permanent storage of the
information of stress events (Cao et al., 2004), our findings may
also provide new opportunities for the development of more se-
lective medication that targets these pathways and prevents their
malfunction.
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