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Abstract

Stress is a biological, significant factor shown to influence hippocampal synaptic plasticity and
cognitive functions. Although numerous studies have reported that stress produces a suppression
in long-term potentiation (LTP; a putative synaptic mechanism underlying learning and mem-
ory), little is known about the mechanism by which this occurs. Because the effects of stress on
LTP and its converse process, long-term depression (LTD), parallel the changes in synaptic plas-
ticity that occur following the establishment of LTP with tetanic stimulation (i.e., occluding LTP
and enhancing LTD induction), it has been proposed that stress affects subsequent hippocampal
plasticity by sharing the same molecular machinery required to support LTP. This article summa-
rizes recent findings from ours and other laboratories to assess this view and discusses relevant
hypotheses in the study of stress-related modifications of synaptic plasticity.

Index Entries: Stress; long-term potentiation (LTP); N-methyl-p-aspartate (NMDA) receptors;
extracellular signal-related kinase (ERK); mitogen-activated protein kinase (MAPK); glucocorti-

coid receptor; hippocampus.

Introduction

Stress is generally defined as any condition
that seriously disturbs the physiological and
psychological homeostasis of an organism. Cog-
nitive functioning is particularly and dramati-
cally modified by stress (1). Although the acute
response to stress is an adaptive mechanism,

Received April 20, 2005; Accepted May 16, 2005.
*Author to whom correspondence and reprint requests
should be addressed. E-mail: richard@mail.ncku.edu.tw

Molecular Neurobiology

excessive stress can have severe repercussions,
ranging from impairments in learning and
memory to enhanced susceptibility of neurons
to atrophy or necrosis in response to metabolic
challenges (1-3). As part of a system for the for-
mation of stable declarative, contextual, and
spatial memory (4-6), the hippocampus is one
of the medial temporal lobe structures that are
vulnerable to stressful experiences. Depending
on the severity and context, stress has been
shown to facilitate or impair hippocampal-
dependent forms of learning and memory in
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Table 1
Three Hypotheses to Explain the Effects of Stress on Hippocampal Synaptic Plasticity

Hypothesis Summary References
LTP-like Stress affects subsequent hippocampal synaptic plasticity, 9,14,16,27,28

perhaps by sharing common mechanisms required to support LTP.
Metaplasticity Stress affects subsequent hippocampal synaptic plasticity by exerting 2,49,53,61

a metaplastic effect through the modulation of Ca?* levels.
Energetic crisis  Stress affects subsequent hippocampal synaptic plasticity through 2,69,60

disrupting neuronal energetics.

both humans and animals (3). Consistent with
these behavioral observations, both in vitro and
in vivo electrophysiological studies have indi-
cated that stress impairs hippocampal long-
term potentiation (LTP; refs. 7-13), a putative
cellular mechanism underlying learning and
memory. Conversely, low-frequency, stimula-
tion-induced long-term depression (LTD) is pro-
moted by such stress (12-15).

If the notion that changes in synaptic efficacy
are essential for learning and memory processes
is correct, then it is possible that LTP impair-
ment associated with stress may be one neural
basis for stress-mediated memory storage
deficit. However, the molecular and cellular
mechanisms underlying the alteration of the
inducibility of LTP and LTD by stress remain
unclear. During the recent years, three major
hypotheses have been proposed to explain the
stress effects on hippocampal synaptic plasticity
(Table 1). Because the effects of stress on subse-
quent LTP and LTD induction are very similar
to the changes in synaptic plasticity that occur
following the establishment of LTP with tetanic
stimulation (12), it has been hypothesized that
stress may affect hippocampal synaptic plastic-
ity by sharing common molecular mechanisms
required to support LTP (2,3,16)—that is, stress
produces LTP or LTP-like changes, thereby
occluding subsequent LTP induction. The objec-
tive of this article is to critically assess the recent
correlative observations supporting this opin-
ion and to discuss relevant hypotheses in the
study of metaplastic effects or energetic crisis
effects of stress on hippocampal synaptic plas-
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ticity, thereby allowing progress in understand-
ing the learning and memory impairments asso-
ciated with stress. Readers are referred to a
number of recent comprehensive reviews for
more complete discussion on this topic (2,3,16).

Modulation of Hippocampal LTP
and LTD by Stress

The first demonstration of a stress-induced
modulation of LTP induction was reported in
1987 by Thompson and colleagues (7). They
reported that hippocampal slices prepared
from adult rats that had experienced unpre-
dictable and inescapable restraint-tailshock
exhibited marked impairment of LIP in the
CAl region. This observation suggests that
stress can significantly modulate neuronal
plasticity in the rodent hippocampus.

Soon after, the same group of researchers
extended these results in second study (8), in
which they demonstrated that it is the uncon-
trollable psychological aspect of the shock,
rather than a consequence of the shock itself,
that exerts the primarily inhibitory effect on
the LTP induction. Subsequent studies have
shown that stress-induced impairment of LTP
lasts for at least 48 h in rats (10) and 24 h in
mice (17) and that stress also blocks LTP induc-
tion in the dentate gyrus (9), but not CA3
region, of hippocampus (18). Additionally,
other ethologically relevant stressors (such as
forced exposure to a brightly lit chamber) have
been shown to impair LTP (13) and primed
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burst potentiation (PBP; a low-threshold form
of LTP [11,19]) in awake and freely behaving
rats. Interestingly, recent work has shown that
stress produced by an instinctual fear of a
predator blocked PBP but did not block LTP
(20), suggesting that PBP could be a more sen-
sitive diagnostic of how behaviorally relevant
variables affect hippocampal processing (3).
However, the effects of stress on hippocampal
synaptic plasticity are not restricted to LTP
and PBP. It has been shown that behavioral
stress facilitates the induction of LTD in the
CA1 region of hippocampus. For example,
restraint-tailshock and exposure to a brightly
lit chamber facilitate LTD induction both in
vitro (12,14,15) and in vivo (13). Because the
effects of stress on LTP and LTD have been
studied much more extensively than PBP, this
article focuses on these two forms of hip-
pocampal synaptic plasticity.

Studies have revealed several common fea-
tures of stress-induced impairment of LTP.
First, administration of the glucocorticoid
receptor antagonist RU38486 prevented the
effects of stress on LTP and LTD in the CAl
region of the hippocampus, both in vivo (21)
and in vitro (14,15), and administration of spe-
cific glucocorticoid receptor agonist RU28362
mimicked the effects of stress to produce a
marked decrement in the induction of LTP in
the hippocampal dentate gryus, which was
blocked by a prior injection of RU38486 (22).
Conversely, administration of the mineralocor-
ticoid receptor agonist aldosterone produced a
marked enhancement of LTP. These results
suggest a specific role of glucocorticoid recep-
tor activation in mediating the inhibitory effect
of stress on the hippocampal LTP.

Second, the effects of stress on hippocampal
synaptic plasticity in awake, freely moving rats
were found to be short-lasting. Acclimatization
to, or removal from, the aversive conditions can
lead to a rapid loss of the ability to facilitate LTD
and to recover the ability to induce LTP,
whereas the effects of stress can be prolonged
by inducing anesthesia immediately after the
stress (13,23). The rapid loss of the ability of
stress to affect synaptic plasticity in awake ani-
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mals after removal from a stressor has been sug-
gested to result from an active process, presum-
ably dependent on the animals being aware of
their escape from the aversive environment.

Third, the effects of inescapable behavioral
stress (placement on an elevated platform for
30 min) on LTP and LTD induction in the hip-
pocampal CA1l region of anesthetized rats
were prevented by the administration of the
protein synthesis inhibitor emetine after the
stressful experience, suggesting that new pro-
tein synthesis is required for stress to affect the
induction of both LTP and LTD (21). Consistent
with a role for RNA synthesis in mediating the
facilitation of LTD by stress, administration of
the transcriptional inhibitor actinomycin D
prevented the induction of LTD in stressed ani-
mals. However, actinomycin D did not signifi-
cantly affect the blockade of LTP induction by
stress. Therefore, it seems likely that stress
affects subsequent LTP and LTD induction via
different molecular mechanisms.

Fourth, activation of N-methyl-D-aspartate
(NMDA) receptor subtype of glutamate recep-
tor is required for the stress-induced modifica-
tion of hippocampal synaptic plasticity. This is
based on the observation that the effects of
stress on subsequent LTP and LTD induction
can be prevented when the animals are given
NMDA receptor antagonist before experiencing
stress (12), suggesting that Ca?"-dependent
changes may be involved. This finding is analo-
gous to the observation that NMDA receptor
antagonists prevented the inhibition of LTP
induction caused by low-frequency stimulation
before LTP-inducing tetanic stimulation (24).

Finally, amygdale (via its projection to the hip-
pocampus) is also critical in mediating the stress-
induced impairment of hippocampal LTP. For
example, Kim et al. (25) found that electrolytic
lesions of the amygdale effectively prevented
the effect of uncontrollable restraint-tailshock
stress on the induction of hippocampal CA1 LTP.
Further work from the same laboratory (26) has
shown that the amygdale neuronal activity dur-
ing—but not shortly after—stress is essential for
the emergence of stress-induced impairment of
LTP. These common features of stress effects on
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hippocampal synaptic plasticity were found in
male adult animals.

Do Stress and LTP Share
Molecular Mechanisms?

This section reviews experimental evidence
and questions regarding the hypothesis that
stress may affect subsequent hippocampal
synaptic plasticity by sharing common mecha-
nisms required to support LTP. Although
enormous effort by many laboratories has
been devoted to this issue, questions remain
and the theory has not been universally
accepted. The idea that stress and LTP share
common molecular mechanisms was origi-
nally proposed by Diamond et al. (27) and was
extended by Shors and Thompson (28) and
Shors and Dryver (9). A simple logic is that if
stress shares common mechanisms with LTP
in vivo, then there should be a saturated LTP
of synaptic transmission observed following
stress. However, it remains a challenging task
to demonstrate that acute or chronic stress
produces saturated LTP.

To date, there has been only one report
showing that acute stress induced by contex-
tual fear conditioning causes an increase in
synaptic excitability up to the 7-d delay, as
shown by input-output curve changes (29).
The findings of that study indicate that a fear-
provoking experience can produce a durable,
LTP-like increase in excitability intrinsic to the
hippocampus. However, Xu et al. (13) found
that exposure to a novel stressful environment
enabled LTD and blocked LTP but did not
induce LTP of synaptic transmission in the hip-
pocampal CA1 region in vivo.

In an attempt to make sense of this confus-
ing literature, we recently re-investigated the
effects of acute restraint-tailshock stress on the
properties of basal synaptic transmission in the
CAL1 region of the hippocampus. To determine
whether the basal synaptic transmission at the
Schaffer collater-CA1 synapses was altered by
stress, we compared stimulus-response rela-
tionships for extracellular field postsynaptic
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potential (fEPSP) obtained from control and
stressed rat slices. Analysis of evoked fEPSPs
revealed no differences in stimulus-response
curves, maximal response, and fEPSP wave-
form in slices from stressed and control rats
(Fig. 1A). To examine the effects of stress on
NMDA receptor function, NMDA-receptor-
mediated fEPSPs were isolated with the use of
a solution containing bicuculline methchloride
(20 uM), cyano-7-nitroquinoxaline-2,3-dione
(CNQX; 10 uM), and 0.5 mM of Mg?+.

As shown in Fig. 1B, stimulus-response
curves of fEPSPNMDA were similar in slices from
control and stressed rats. Similarly, the contribu-
tion of NMDA receptors to evoked excitatory
postsynaptic current (EPSC) by measuring the
NMDA receptor currents (EPSCnwvpa) relative
to the size of o-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor cur-
rents (EPSCampa) recorded at holding potential
of =80 and +40 mV was unaltered in CA1 pyra-
midal cells in slices from stressed rats (Fig. 1C).
These results suggest that the basal synaptic
transmission and function of NMDA receptors
remain normal following stress.

It is well-known that LTP can be reversed by
various manipulations when administrated
within a time-window of induction (30,31). This
reversal of synaptic strength from the potenti-
ated state to pre-LTP levels has been called
“depotentiation” and may provide a mecha-
nism for preventing the saturation of synaptic
potentiation and increase the efficiency and the
capacity of information storage of neuronal net-
works. If LTP or LTP-like changes occur in the
hippocampus during behavioral stress (thereby
occluding the subsequent LTP induction), depo-
tentiation treatment should restore the ability of
stressed neuronal networks to induce LTP. More
recently, we provided convincing evidence that
hippocampal CA1 LTP can be normally elicited
by high-frequency tetanic stimulation in slices
from stressed rats that have previously received
depotentiating stimulation (Fig. 2; ref. 14).
These findings favor the assumption that stress
may impair subsequent LTP by sharing com-
mon molecular mechanisms required to sup-
port LTP.

Volume 32, 2005



Stress and LTP 227

Control Stress Control Stress
1 mVl 1 mVl_
10 ms 20 ms
49 "g‘ 50 1
—O— Control v —O— Control
@ 3 ] —@— Stress > 40 A —@— Stress
< E
2 « 30 4
g, 2
7] « 2
a 4
z
E 11 LZ 10
4
0 ——————— B 0 -
0 20 40 60 80 100120140 0 40 80 120 160 200
Stimulus intensity (LA) Stimulus intensity (UA)
300 | 1
Control Stress Z © Conren
\,: 250 A » 2 @  Stress
B
$201 § -
200 pAI_ = B rr T Yy
20 ms > Nt Lo P et e eyt ar
1.0 4 %
< C—3 Control
a -9
E 08 ) WX Stress ®=6) E
8 (n =6}
g 0.6 1 0 v v x . —
e -10 0 10 20 30 40 50 60
s 04 Time (min)
UZ
@ (.2
& (=6 =¢)
0.0 [~ wien
-80 +40
Vhold (mV)

Fig. 1. Basal properties of synaptic transmission at Schafferare/collateral-CA1 synapses are unaltered by
restraint-tailshock stress. Behavioral stress was evoked by 60 tailshocks (1 mA for 1 s, 30-90 s apart) as rats were
restrained in a Plexiglas tube. Promptly after stress, rats were killed and hippocampal slices (400-um thick) were
prepared for electrophysiological recordings. (A) Input-output curve of fEPSP (V/s) vs stimulus intensity (LA) at the
Schaffer collateral-CA1 synapses of hippocampal slices from control (n = 7) and stressed (n = 8) rats. (B) Input-out-
put curve of NMDA-receptor-mediated fEPSP (fEPSPnmpa)(mV x ms) vs stimulus intensity (WA) at the Schaffer collat-
eral-CAT1 synapses of hippocampal slices from control (n = 4) and stressed (n = 5) rats. Field EPSPnmvpa was recorded
in the presence of 10 uM of CNQX, 0.5 mM of Mg+, and 20 uM of bicuculline methchloride. (C) The magnitude
of the NMDA-receptor-mediated component of EPSCs (EPSCnmpa) was estimated by the amplitude of the synaptic
currents measured 50 ms after the start of the EPSC and expressed relative to the magnitude of the AMPA receptor
component (EPSCampa) estimated by the size of the EPSC measured 5 ms after the start of the EPSC. The ratio of
EPSCnmbA to EPSCampa in the CAT pyramidal cells from stressed rats (n = 5) was not different from that observed in
control rats (n = 4) at holding potential of -80 mV and +40 mV. (D) LTP was induced by two trains of 100-Hz stim-
uli in slices pretreated with D-(-)-2-amino-5-phosphonopentanoic acid (D-APV) (50 uM) for 30 min before transfer-
ring to recording chamber. Compared with control rats, the ability of stressed rats to induce LTP remained impaired
in slices obtained from D-APV treatment.
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Fig. 2. High-frequency tetanic stimulation-induced
LTP deficit in slices from stressed rats was reversed by
prior repeated LFS application. (A) The recordings of
slices from stressed rats (®) displayed a stepwise
decline with every additional LFS and the depression
was significantly larger than that of control rats (o).
After LFS-induced LTD was established, two 1-s trains
of 100-Hz stimuli elicited equal levels of LTP in slices
from control and stressed rats. (B) Data were taken
from (A) were renormalized to the 10-min period pre-

ceding the application of tetanus. (Data adapted from
ref. 14.)

The extracellular signal-regulated kinasel/2
mitogen-activated protein kinase (ERK1/2
MAPK) signaling is a highly conserved kinase
cascade linking the transmembrane receptors
to downstream effector mechanisms (32). It has
been reported that neuronal ERK1/2 MAPK
activation is correlated with, and necessary for,
long-term taste memory in the insular cortex
(33), long-term contextual and auditory fear
memory in the amygdala (34,35), and different
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hippocampal learning paradigms such as con-
textual fear conditioning (34), spatial learning
(36,37), and LTP (38). In addition to its role in
synaptic plasticity and various forms of mem-
ory formation, stressful spatial learning para-
digms have been reported to increase the ERK2
MAPK activation in both hippocampus and
amygdala (39). The complex pattern of
ERK1/2 MAPK in regulating cognitive func-
tions appears to be relevant to the magnitude
and duration of their activation. In the case of
learning-related ERK1/2 MAPK activation, it
begins immediately following the stimulus,
reaches its maximal peak between 1 and 10
min, and returns to baseline 20 min after the
initial stimulus (40). Conversely, stress induced
a prolonged ERK1/2 MAPK more than several
hours after the exposure (41).

Recent findings from our laboratory demon-
strated a parallel in time-course of the increased
ERK1/2 MAPK activation as well as the effects
of stress on LTP and LTD; additionally, a phar-
macological blockade of ERK1/2 MAPK signal-
ing cascade completely prevented the stress
effects, strongly suggesting a critical role of sus-
tained activation of ERK1/2 MAPK in mediat-
ing the blockade of LTP and the facilitation of
LTD induced by stress. Consistent with these
findings, it has been shown that acute behav-
ioral stress increases the circulating corticos-
terone levels, leading to the activation of specific
glucocorticoid receptors. This results in provoca-
tion of the synthesis and release of brain-derived
neurotrophic factor (BDNF) acting on tyrosine
kinase B (TrkB) receptor to activate a sequential
kinase cascade, including protein kinase C
(PKC), Ras/Raf-1, MAPK kinase (MEK)1/2, and
ERK1/2 MAPK. The activated ERK1/2 MAPK
drives its downstream signaling compartments,
impairs the LTP induction, and promotes the
induction of LTD (Fig. 3). Therefore, these obser-
vations provide support for the hypothesis that
stress and LTP may exert their effects on com-
mon processes.

A pressing issue derived from these observa-
tions deals with which downstream targets of
ERK1/2 MAPK mediate the stress effects.
Because the activated ERK1/2 MAPK can pro-
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Fig. 3. Model showing possible mechanisms
underlying the effects of stress on the subsequent
induction of hippocampal CA1 LTP and LTD. Auto-
nomic signals conveying acute stressful stimuli reach
the hypothalamus, releasing corticotropin-releasing
hormone (CRH) from paraventricular nucleus to influ-
ence rapid secretion of ACTH. ACTH induces secre-
tion of corticosterone from adrenal glands, and these
interact with glucocorticoids receptors in the hip-
pocampus, thereby initiating signal transduction and
leading to provacationof the synthesis and release of
BDNF. The increased BDNF subsequently acts on
specific TrkB receptors on the hippocampal neurons
and, therefore, results in a sustained activation of
ERK1/2 MAPK signaling cascade through a mecha-
nism involving the sequential PKC, Ras/Raf-1, and
MEK1/2 activation. The activated ERK1/2 MAPK acti-
vates some ion channels or protein syntheses; these
ion channels or protein syntheses are important com-
ponents of the machinery required to support LTP,
which then occlude LTP and facilitate LTD induction.

mote the activation of many ion channels, neu-
rotransmitter receptors, protein kinases, and
transcription factors, the potential candidates
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are numerous, and it is likely that multiple
substrates are involved. Although the precise
targeting substrates for ERK1/2 MAPK remain
to be determined, the most promising candi-
dates are A-type K* channel Kv4.2 and cyclic
adenine monophosphate response element
binding proteins, which can be regulated by
ERK1/2 MAPK-mediated phosphorylation
and play a key role in regulating the induction
of hippocampal CAl LTP (42—44). Further
work involving the use of functional knock-
outs of candidate proteins or proteomic
approach is needed to address this issue.

Additional supporting evidence for the
hypothesis that stress and LTP exert their
effects through common processes comes from
observations showing that both stress and LTP
facilitate LTD induction (12-14,45,46). Recent
work has shown that the facilitation of stress on
subsequent hippocampal CA1 LTD induction is
mediated through the activation of glucocorti-
coid receptors, leading to the blockade of gluta-
mate uptake and, subsequently, resulting in
enhanced spillover of synaptically released glu-
tamate by LFS acting on the extrasynaptic
NR2B-containing NMDA receptors to undergo
the induction of LTD (15). Additional experi-
ments are necessary to determine whether the
same molecular mechanisms are responsible
for the induction of the reversal of LTP (depo-
tentiation) in the hippocampal CA1 region,
although it has been demonstrated that the
induction of depotentiation in the adult perirhi-
nal cortex relies on the activation of NR2A-con-
taining NMDA receptors (47).

Does Stress Induce Metaplastic
Effects on the Hippocampal
Synaptic Plasticity?

This section reviews experimental evidences
and questions regarding the hypothesis that an
induction of metaplastic effects contributes to
the stress effects on hippocampal synaptic
plasticity. Changes in threshold for the induc-
tion of synaptic plasticity may also contribute
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to the effects of stress on LTP and LTD induc-
tion. It is well-established that the direction
and magnitude of a synaptic change evoked by
a given stimulus depend on the recent history
of synaptic and cellular activity. This activity-
dependent modulation of subsequent synaptic
plasticity has been termed as “metaplasticity”
(48,49). The metaplasticity has been suggested
to play a crucial role in maintaining synaptic
strength within a dynamic range that is opti-
mal for the learning process; additionally, it is
suggested to provide a mechanism for inte-
grating synaptic events across periods of time
that are orders of magnitude longer than the
tens of miniseconds typical of temporal sum-
mation of synaptic potentials (50).

The most prominent theoretical model
directly relating to metaplasticity is the Bienen-
stock, Cooper, and Munro (BCM) model of
experience-dependent synaptic plasticity, which
is designed to account for the plasticity of visual
cortex synapses during development (51) but
may also be relevant to the synaptic models of
learning in the hippocampus (52). The main fea-
ture of the BCM model is that the stimulation
threshold (6m) for synaptic modification is not
tixed but, rather, is dynamically changed as a
function of overall activity levels in the neu-
ronal networks. Therefore, after a period of
increased activity, Om shifts to the right, promot-
ing synaptic depression. After a period of
decreased activity, Om shifts to the left, promot-
ing synaptic potentiation. This feature is neces-
sary for the pattern of synaptic strength to reach
a stable state.

Abraham and Tate (49) and Kim and Yoon
(2) proposed that the effects of stress on hip-
pocampal synaptic plasticity arise through a
shifting of 6m. These investigators noted that
activation of glucocorticoid receptors in the
CA1 region of hippocampal slices effectively
shifts Om to the right (53). The net effect of this
right shift is to increase the probability of LTD
induction across a wider set of stimulation
parameters and to make LTP more difficult to
elicit. Because the modulations of glucocorti-
coid receptor activation on subsequent LTP
and LTD induction are similar to the changes
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Fig. 4. Frequency-response functions in slices
from control and stressed rats. The percentage
change in synaptic strength from baseline in all
slices was measured at 50 min after stimulation at
the indicated frequencies. Note that stress does not
cause a significant shift of the functional 6y, relating
stimulation frequency in the CA1 region of rat hip-
pocampus.

in synaptic plasticity that occur following
stress (12), they proposed that a metaplastic
shifting of 6m to the right may account for the
effects of stress on LTP and LTD induction. It is
important to note that although Kim et al. (12)
showed that stress impairs LTP induction and
enhances LTD induction, it remains unclear
how stress alters the frequency-response pro-
file—mainly because only two stimulation
parameters were used in this study. Therefore,
it requires a detailed examination across a
wide range of stimulation parameters.

Our recent work has provided convincing
evidence against this Om-shifting hypothesis.
As summarized in Fig. 4, our results indicate
that stress alters the inducibility for synaptic
modification at the Schaffer collateral-CAl
synapses. The frequency-response function for
the slices from stressed rats favors LTD at fre-
quencies below 5 Hz stimuli and obliterates
LTP induction at frequencies above 10 Hz. We
found no evidence that stress causes a right
shift in the frequency-response curve. Rather,
our data suggest that stress modulates LTP and
LTD independently, thereby producing an
apparent downward shift in the curve. The
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reason for the discrepancy between the effect
of glucocorticoid receptor activation and acute
stress on the frequency-response profile is not
clear but may be partly attributable to the
involvement of other neurochemical or
endocrine systems in the effects of stress on the
hippocampal synaptic plasticity (54).

Do the metaplastic effects of stress on hip-
pocampal synaptic plasticity arise through the
persistent activation of NMDA receptors?
Because NMDA receptor activation is critical for
most forms of synaptic plasticity, a reasonable
hypothesis is that changes in NMDA receptor
function may be a mechanism underlying the
effects of stress on synaptic plasticity. Consistent
with this view, it has been shown that the mod-
ulations of the induction of both LTP and LTD
in the hippocampal CAl region can be pre-
vented by the administration of NMDA recep-
tor antagonist prior to the stressful experience
(12). This feature of stress shares similarities
with LTP as well as LTD induction, although the
degree of NMDA receptor activation of these
forms of plasticity may be quite distinct. The
dependence of stress-induced impairment of
LTP on NMDA receptor activation raises a pos-
sibility that LTP impairment and LTD facilita-
tion observed in stress animals or in the slices
from stressed animals may be attributable to the
persistent activation of NMDA receptors.

We recently investigated this possibility in
vitro by pretreating the hippocampal slices
obtained from both control and stressed animals
with D-(-)-2-amino-5-phosphonopentanoic acid
(D-APV) (50 uM) for 30 min to eliminate the con-
founded NMDA-receptor-dependent synaptic
modifications (Fig. 1D). After washout of D-
APV for more than 30 min, high-frequency
tetanic stimulation application to slices from
control rats, but not in slices from stressed rats,
resulted in a reliable LTP, indicating that LTP
impairment observed in the slices from stressed
rats cannot account for the persistent activation
of NMDA receptors following stress.

Corticosterone has been shown to affect the
intrinsic membrane properties of hippocampal
neurons. For example, Coussens et al. (53) and
Kerr et al. (55) demonstrated that activation of
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glucocorticoid receptor by corticosterone en-
hances the slow afterhyperpolarization (AHP)
via an increase of the Ca?* currents through
voltage-dependent Ca?* channels, thereby acti-
vating Ca%*-activated K* channels. Because an
elevation in intracellular Ca%* ([CaZ*];) can
translate into synaptic modifications by the
actions of a network of protein kinases and
phosphatases (56) and literature strongly sug-
gests that glucocorticoid receptor occupancy
mediates the disruptive effects of major stres-
sors (3,57), it has been suggested that the mod-
ulation of Ca?" levels contributes to the
metaplastic effects of stress on hippocampal
synaptic plasticity (2).

In contrast to the enhancement effect of the
glucocorticoid receptor activation on AHP,
Weiss et al. (58) more recently showed that
restraint-tailshock stress decreased both the
amplitude of postburst AHP and the spike fre-
quency accommodation in the hippocampal
CAl pyramidal neurons in C57Bl/6 mice.
Thus, it appears that in addition to glucocorti-
coid, other neuromodulators are crucially
involved in the modulation of excitability of
hippocampal neurons. Hopefully these factors
will be considered in future research and a
more consistent picture of stress neuromodula-
tion in the hippocampus will emerge. Despite
this discrepancy, to our knowledge, there is no
direct evidence that a disruption of Ca?* home-
ostasis can be caused by acute or chronic stress
in the hippocampal neurons.

Energetic Crisis Hypothesis

The studies performed by Sapolsky and his
colleagues (59,60) showed that glucocorticoid
can increase hippocampal neuronal vulnerabil-
ity by disrupting cellular energetics. In such
cases, hippocampal neurons fail in the costly
task of maintaining synaptic glutamate con-
centrations in a safe range, eventually resulting
in an impairment of the ability of neurons to
regulate [Ca%*]; levels. Because the disruption
of Ca?* homeostasis may modify the ability
of synapses to undergo strength changes in
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response to subsequent episodes of synaptic
activity (47,48), it is hypothesized that an ener-
getic crisis may also contribute to the effects of
stress on the hippocampal synaptic plasticity
(2). It stress exerts LTP impairment and LTD
facilitation through disruption of neuronal ener-
getics, then such modulations should be pre-
vented if neurons are supplemented with
excessive energy. However, this has not been
tested explicitly.

Conclusion

None of the hypotheses discussed in this
article (those of LTP-like, metaplasticity, or
energetic crisis) provide a complete descrip-
tion of the effects of stress on the hippocam-
pal synaptic plasticity. However, they all
provided a framework that helped guide us
toward the most relevant issues. Although
there appears to be fairly widespread support
for the notion that stress affects subsequent
hippocampal synaptic plasticity through
mechanisms in common with LTP, there is not
sufficient evidence for this view. One of the
great challenges of this hypothesis is demon-
strating that chronic stress produces saturated
LTP in vivo (61). Similarly, there is not enough
evidence to support the view that stress exerts
a metaplastic effect (i.e., shifting of Om)
through disruption of Ca?>* homeostasis to
cause the effects of stress on hippocampal
synaptic plasticity. The majority of supporting
evidence for this view comes from in vitro
glucocorticoid studies. Indeed, although glu-
cocorticoids can mediate the effects of major
stressor, other neurochemical and endocrine
systems might work with glucocorticoids to
mediate the effects of stress in vivo. There-
fore, this hypothesis must be confirmed by
further stress model investigation.

With the advent of gene knockout technology,
researchers can produce strains of mice with a
disruption in a gene of interest. Through the use
of this powerful technology, researchers have
more opportunity in the future to understand
the molecular mechanisms underlying the
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stress-induced modulations of hippocampal
synaptic plasticity. These findings may provide
new insight into the molecular mechanisms
underlying stress-related memory disorders
which, in turn, might provide novel opportuni-
ties for the development of more selective med-
ication that targets these pathways and prevents
their malfunction (3).
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