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Amygdalar Inactivation Blocks Stress-Induced Impairments
in Hippocampal Long-Term Potentiation and
Spatial Memory
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Electrolytic lesions to the amygdala, a limbic structure implicated in stress-related behaviors and memory modulation, have been shown
to prevent stress-induced impairments of hippocampal long-term potentiation (LTP) and spatial memory in rats. The present study
investigated the role of intrinsic amygdalar neurons in mediating stress effects on the hippocampus by microinfusing the GABA , receptor
agonist muscimol into the amygdala and examining stress effects on Schaffer collateral/commissural-CA1 LTP and spatial memory. The
critical period of the amygdalar contribution to stress effects on hippocampal functions was determined by applying muscimol either
before stress or immediately after stress. Our results indicate that intra-amygdalar muscimol infusions before uncontrollable restraint-
tailshock stress effectively blocked stress-induced physiological and behavioral effects. Specifically, hippocampal slices prepared from
vehicle-infused stressed animals exhibited markedly impaired LTP, whereas slices obtained from muscimol-infused stressed animals
demonstrated robust LTP comparable with that of unstressed animals. Correspondingly, vehicle-infused stressed animals displayed
impaired spatial memory (on a hidden platform version of the Morris water maze task), whereas muscimol-infused stressed animals
revealed unimpaired spatial memory. In contrast to prestress muscimol effects, however, immediate poststress infusions of muscimol
into the amygdala failed to interfere with stress impairments of LTP and spatial memory. Together, these results suggest that the
amygdalar neuronal activity during stress, but not shortly after stress, is essential for the emergence of stress-induced alterations in

hippocampal LTP and memory.
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Introduction
The hippocampus is considered to be particularly susceptible to
uncontrollable stress effects because it is heavily enriched with
corticosteroid receptors and it participates in the termination of
stress responses via the glucocorticoid-mediated negative feed-
back of the hypothalamus—pituitary—adrenal (HPA) axis (Reul
and de Kloet, 1985; McEwen and Sapolsky, 1995). Because this
medial temporal lobe structure is crucial for declarative—explicit
memory in humans and spatial-relational memory in rodents
(Scoville and Milner, 1957; Squire and Zola-Morgan, 1996;
Eichenbaum et al., 1992), evidence is emerging that stress gener-
ally impairs hippocampal-dependent memory tasks in both hu-
mans and rats (Sapolsky, 1992; McEwen, 2000; Kim and Dia-
mond, 2002).

Analogous to behavioral findings, in vitro and in vivo electro-
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physiological studies indicate that stress impairs long-term po-
tentiation (LTP) induction in the hippocampus. Hippocampal
slices from rats that experienced uncontrollable restraint—
tailshock stress, for example, exhibit subnormal LTP in CA1 and
dentate gyrus (DG) (Foy et al., 1987; Shors et al., 1989; Shors and
Dryver, 1994; Kim et al., 1996). Other stress paradigms, such as
forced exposure to a brightly lit novel chamber or to a cat, like-
wise impair LTP and/or primed-burst potentiation (PBP) in
awake, behaving rats (Diamond and Rose, 1994; Xu et al., 1997;
Mesches et al., 1999). Because LTP is a candidate synaptic mne-
monic mechanism (Bliss and Lomo, 1973; Malenka and Nicoll,
1999; Pittenger and Kandel, 2003), with qualities congruent to
Bain’s (1873) and Hebb’s (1949) postulates (Wilkes and Wade,
1997), it has been hypothesized that stress-induced changes in
hippocampal plasticity might be the neural basis of stress impair-
ments in hippocampal memory (Kim and Yoon, 1998; Kim and
Diamond, 2002).

Several lines of evidence indicate that the amygdala might be
involved in mediating stress effects on LTP and memory. Amyg-
dalar lesions have been shown to block/attenuate stress-induced
gastric erosions (Henke, 1981; Grijalva et al., 1986), analgesia
(Helmstetter, 1992), and anxiety-like behaviors (Adamec et al.,
1999). In a series of experiments, McGaugh and colleagues (Pack-



Kim et al. « Amygdala, Stress, and Hippocampal Functioning

ard et al., 1994; McGaugh, 2000; Roozendaal et al., 2003) found
that pharmacological manipulations in the amygdala (that alter
GABA, opioid, norepinephrine, and acetylcholine neurotrans-
missions) can enhance or impair the formation of memory that
relies on the hippocampus. Recently, amygdalar lesions, stimula-
tions, and drug infusions have been reported to modulate the
magnitude of DG LTP (Abe, 2001). These findings suggest that
the amygdala, via its projection to the hippocampus (Krettek and
Price, 1977; Pikkarainen et al., 1999), might be involved in medi-
ating stress effects on hippocampal functioning. In support of
this notion, electrolytic lesions of the amygdala before stress have
been found to prevent stress effects on LTP and spatial memory
in rats (Kim et al., 2001); however, because electrolytic lesions
damage both cells and fibers of passage, it is unclear whether the
lesion effects were resulting from damaging amygdalar neurons
or fibers that course through the amygdala. Therefore, the
present study used the GABA, receptor agonist muscimol
(MUSC) to inactivate amygdalar neurons and investigated stress
effects on LTP and spatial memory. Moreover, muscimol was
applied either before or immediately after stress to pinpoint the
time course of amygdalar involvement in mediating stress effects
on the hippocampus.

Materials and Methods

Experiment 1: intra-amygdalar muscimol infusions and stress
effects on hippocampal LTP

The goal of experiment 1 was to determine whether intrinsic neurons in
the amygdala are crucial for mediating stress effects on hippocampal
LTP. To test this, the GABA, receptor agonist muscimol was used to
inhibit the amygdalar neurons before stress. Previous studies have shown
that rats emit 22 kHz ultrasonic vocalizations (USVs) (a distress call) in
various situations of significant survival value (Anderson, 1954; Kaltwas-
ser, 1990; Blanchard et al., 1991; Van der Poel and Miczek, 1991;
Brudzynski and Chiu, 1995) and that the amygdala is necessary for rats to
emit aversively induced USVs (Goldstein et al., 1996; Lee et al., 2001).
Therefore, during stress, USVs were monitored to assess the efficacy of
muscimol in the amygdala. Drug infusions and stress administration,
histological verification, slice recording, and corticosterone assays were
performed by different experimenters in a “blind” manner.

Subjects. Twenty-eight experimentally naive male Charles River (Wil-
mington, MA) Sprague Dawley rats (initially weighing 270-300 g) were
housed individually in our Association for Assessment and Accreditation
of Laboratory Animal Care accredited animal care facility and main-
tained on a reverse 12 h light/dark cycle (lights on at 7:00 P.M.) with ad
libitum access to food and water. All experiments were conducted during
the dark phase of the cycle and in strict compliance with the Yale Animal
Resource Center guidelines.

Surgery. Animals were anesthetized via intraperitoneal injection of a
30 mg/kg ketamine and 2.5 mg/kg xylazine mixture, with supplemental
injections given as needed. Under aseptic conditions, a stereotaxic in-
strument with nonpuncture ear bars (Stoelting, Wood Dale, IL) was used
to implant 26 gauge guide cannulas (Plastics One, Roanoke, VA) bilater-
ally into the amygdala (from bregma: anteroposterior, —2.3 mm; medio-
lateral, =5 mm; dorsoventral, —7.7 to 8.0 mm). Implanted cannulas
were cemented to four anchoring screws on the skull. Dummy cannulas
were inserted into the implanted cannulas to maintain patency of the
guide cannulas. During 10-15 d of postoperative recovery, the rats were
adapted to handling, and each dummy cannula was removed and re-
placed with a clean one.

Drugs and infusion. Muscimol free base (Sigma-Aldrich, St. Louis,
MO), dissolved in artificial CSF (ACSF) (10 mMm, pH ~7.4) was micro-
infused into the amygdala (bilaterally) by backloading the drug up a 33
gauge infusion cannula into polyethylene (PE 20) tubing connected to 10
wl Hamilton microsyringes (Hamilton Company, Reno, NV). The infu-
sion cannula protruded 1 mm beyond the guide cannula. An infusion
volume of 0.3 ul (per side) was delivered using a Harvard PHD2000
syringe pump (Harvard Apparatus, South Natick, MA) over the course of
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3 min (at a rate of 0.1 ul/min). The infusion cannula remained in place
for at least 30 s after the infusions before being pulled out.

Because our intra-amygdalar muscimol infusion parameter is similar
to those used in fear-conditioning studies (Helmstetter and Bellgowan,
1994; Muller et al., 1997; Wilensky et al., 1999; Maren et al., 2001), the
extent of muscimol diffusion in the amygdala should be reasonably com-
parable. Based on studies that examined *H-muscimol spreading (Krupa
et al., 1996; Arikan et al., 2002) in the cerebellum in which a 1 ul volume
infusion diffused a radius of 1.6—2.0 mm, it was estimated that 0.3 ul of
muscimol used in the present study would spread within a radius of
~0.5-0.7 mm from the infusion needle tip. Hence, it is likely that infused
muscimol would have diffused to the central, lateral, and basal nuclei of
the amygdala and possibly to portions of adjacent neighboring
structures.

Stress paradigm and USV data collection/analysis. Approximately 30
min after intra-amygdalar infusions, half of the animals from the MUSC-
and ACSF-treated groups were restrained in a Plexiglas tube and exposed
to 60 tailshocks (1 mA intensity; 1 s duration; 60 s intershock interval),
whereas the remaining animals were left undisturbed (a 2 X 2 factorial
design): ACSF-CONTROL (n = 6), ACSF-STRESS (n = 8), MUSC-
CONTROL (n = 6), MUSC-STRESS (n = 8). The restraint—tailshock
stress procedure, adapted from the “learned helplessness” paradigm (in
which animals are exposed to unpredictable and uncontrollable aversive
stimulus) (Seligman and Maier, 1967; Maier and Seligman, 1976), has
been shown previously to reliably impair LTP in the hippocampus (Foy
et al., 1987; Shors et al., 1989; Kim et al., 1996).

During stress, USV behavior was monitored to assess the efficacy of
muscimol in the amygdala using a heterodyne bat detector (Mini-3, Nol-
dus Information Technology, Wageninge, The Netherlands) that trans-
formed high-frequency (22 * 5 kHz) ultrasonic vocalization calls into
the audible range (Lee et al., 2001). The output of the bat detector was fed
through an audio amplitude filter (Noldus), which filtered out signals
falling below an amplitude range that was individually adjusted for each
animal. The resulting signal was then sent to an IBM-PC computer
equipped with Noldus UltraVox vocalization analysis software. The soft-
ware converted the signal into vocalization onset and offset times accord-
ing to the following specifications: an onset was recorded if its duration
was =500 ms, and the offset was recorded if the interval between episodes
was =40 ms. If the interval was <40 ms, then the two bouts were counted
as a single episode. The parameters for USV analysis were adapted from
Brudzynski (1994). A custom-written analysis program (Labview 6i) was
used to generate a raster plot representing the distribution of USV during
the stress session.

In vitro electrophysiology procedure. Promptly after stress (within 10
min), animals were decapitated under halothane anesthesia, and the can-
nula—dental cement assembly was pulled from the skull. The removed
brain was cut coronal-horizontally at an angle of ~45° (from rostral—
caudal direction) to partition the amygdala-containing brain portion
(later used for verification of cannula tip) from the hippocampus-
containing brain portion. From the latter part, hippocampal slices were
prepared in a standard manner (Teyler, 1980). In brief, transverse hip-
pocampal slices (400 um) were maintained in an interface recording
chamber (Fine Science Tools, Foster City, CA) that was perfused contin-
uously (~2 ml/min) with 95% O,/5% CO,-saturated ACSF containing
(in mm): 124 NaCl, 3 KCl, 1.25 NaH,PO,, 1 MgSO,, 26 NaHCO;, 3
CaCl, and 10 glucose, at 32°C. After at least 1 h of incubation, a concen-
tric bipolar electrode (25 wm inner contact diameter) delivering 100 s
pulses stimulated the Schaffer collateral/commissural fibers. A glass elec-
trode filled with 2 M NaCl (1.5-2.5 M()) was placed in the stratum radia-
tum in CA1 under a microscope to record field EPSPs (f-EPSPs). From a
standard I-O curve (generated by averaging five f-EPSP slopes at each of
different stimulation intensities), the test stimulus intensity was adjusted
to produce a response that was ~50% of the maximum evoked responses
(in the absence of population spikes) (Kim et al., 1996). Baseline synaptic
transmission was monitored for 20 min (every 20 s) before a tetanus was
delivered (five trains of 100 Hz, each lasting 200 ms at an intertrain
interval of 10 s). The f-EPSPs (amplified in the band of 0.1-5000 Hz)
were monitored up to 90 min after the tetanus. During the tetanus,
f-EPSPs evoked by the first pulse in each of the five trains were recorded
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to assess the development of potentiation. Data were collected and ana-
lyzed on-line using a computer program written in AXOBASIC/QUICK-
BASIC (Axon Instruments, Union City, CA). The initial (negative) slope
of f-EPSPs was used in statistical analyses (Kim et al., 1996). Only those
slices that exhibited a stable baseline for 20 min were included in the
analysis. The change in f-EPSPs after tetanus was averaged across slices
for each rat (two hippocampal slices per rat). The magnitude of LTP was
measured between 70 and 90 min after the tetanus and analyzed by
means of two-way ANOVA (muscimol or ACSF infusions X stress or no
stress conditions).

Corticosterone radioimmunoassay. During decapitation, trunk blood
was collected for corticosterone radioimmunoassay. Blood serum was
separated by centrifugation (5000 rpm, 20 min) and stored at —80°C
until the time of assay. Serum corticosterone was calculated using the
radioimmunoassay kit of ICN Biomedicals (Carson, CA) with '*I-
corticosterone as a tracer.

Histology. The portion of the brain containing the amygdala was stored
in 10% formalin for at least 2 weeks before slicing. Transverse sections
(50 wm) were taken through the extent of the placement of cannulas,
mounted on gelatinized slides, and stained with cresyl violet dye. An
observer unaware of the data examined each section microscopically to
determine the locations of the tips of the infusion cannulas, and subjects
with inaccurate cannula placements (i.e., one or more cannula tips mis-
placed) were excluded from the statistical analyses.

Experiment 2: prestress and poststress intra-amygdalar muscimol
infusions and stress effects on hippocampal LTP

Experiment 1 found that intra-amygdalar muscimol infusions before
stress effectively prevent stress effects on hippocampal LTP. Several stud-
ies have shown that immediate posttraining inactivation of the amygdala
interferes with the formation of hippocampal-dependent memory (Mc-
Gaugh, 2000). Thus, the goal of experiment 2 was to test whether intra-
amygdalar infusions of muscimol after stress can likewise prevent stress
effects on hippocampal LTP.

Twenty-two experimentally naive Sprague Dawley male rats under-
went bilateral cannula implantation, stress, and intra-amygdalar drug
infusions as described above.

Subjects were assigned to one of three conditions. The first group of
animals received intra-amygdalar muscimol infusions followed by re-
straint—tailshock stress (MUSC-STRESS; n = 8). The second group ex-
perienced stress first and then promptly (<5 min) received muscimol
infusions (STRESS-MUSC; # = 8). The third group consisted of animals
that underwent stress followed by ACSF infusions (STRESS-ACSF; n =
6). After stress, all animals were placed back in their home cage undis-
turbed. After ~90 min, hippocampal slices were prepared and tested for
LTP as in experiment 1. Serum corticosterone was measured in all
groups.

It should be mentioned that slices were prepared ~90 min after the
termination of stress in experiment 2 (for both MUSC-STRESS and
STRESS-MUSC groups), whereas slices were prepared promptly after
stress in experiment 1 (for MUSC-STRESS group). This 90 min stress-
to-slice preparation period was selected to time-match the muscimol
infusion-to-slice preparation interval between the experiment 1 MUSC-
STRESS group and the experiment 2 STRESS-MUSC group and to time-
match the stress-to-slice preparation interval between MUSC-STRESS
and STRESS-MUSC groups, both in experiment 2 (Fig. 1). Because pre-
vious studies have demonstrated that stress-induced LTP impairments
last at least 48 h in rats (Shors et al., 1997) and 24 h in mice (Garcia et al.,
1997), any potential differences in LTP magnitudes between prestress
and poststress muscimol groups in experiment 2 can be attributed to
whether the amygdala was inactivated during stress or immediately after
stress (by comparing the experiment 1 MUSC-STRESS group with the
experiment 2 STRESS-MUSC group) rather than to the temporal differ-
ence from muscimol infusions to hippocampal slice preparation (by
comparing the STRESS-MUSC and MUSC-STRESS groups, both in ex-
periment 2).
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Figure 1.  Time intervals from intra-amygdalar MUSC infusions to stress presentation to

hippocampal slice preparation in experiments 1and 2.

Experiment 3: prestress and poststress intra-amygdalar muscimol
infusions and stress effects on spatial memory

We found previously that electrolytic lesions of the amygdala, which
damage both intrinsic cells and fibers of passage, blocked stress-induced
impairments in spatial memory (Kim et al., 2001). To ascertain whether
neuronal activities in the amygdala contribute to stress effects on spatial
memory, experiment 3 investigated the effects of prestress and immedi-
ate poststress intra-amygdalar muscimol infusions on a hippocampal-
dependent hidden platform version of the Morris water maze task.

Subjects, drug infusions, and stress. Fifty experimentally naive Sprague
Dawley male rats implanted with bilateral cannulas underwent similar
drug infusion and stress procedures as described previously.

Animals were assigned to one of five groups: ACSF-CONTROL (n =
10), ACSF-STRESS (n = 10), MUSC-CONTROL (n = 10), MUSC-
STRESS (n = 10), and STRESS-MUSC (n = 10). Half of the animals in
the ACSF-STRESS group received ACSF infusions before stress, and the
remaining half were infused with ACSF immediately after stress. Because
prestress and poststress ACSF-infused rats did not differ, the data were
pooled.

Hidden platform water maze task. All animals underwent water maze
training between 4 and 5.5 h after intra-amygdalar infusions. This rela-
tively long infusion-to-training lag time was necessary because we ob-
served noticeable motoric effects during water maze training (i.e., de-
creased swim speed, difficulty in platform climbing, decreased
exploratory—rearing behavior on the platform) when animals were
trained up to 90 min after muscimol infusions.

The training and testing procedures were adapted from those de-
scribed previously and have been shown to be hippocampal based (Pack-
ard and McGaugh, 1994). Animals were subjected to eight training trials
(with a 15 min intertrial interval) to find a fixed submerged platform (6
diameter) and escape from a circular water maze (72” diameter, 24.5¢
height; 22—24°C water temperature). The starting point was distributed
randomly across the four quadrants (two starting points per each quad-
rant; the animal always faced the wall when placed in the water). If escape
did not occur within 60 s, the animal was manually guided to the plat-
form. After climbing the platform, the animal stayed on it for 60 s and
then was placed in a holding cage until the next trial. After the last trial,
the animals were returned to their home cages. The next day, a retention
test (a 60 s probe trial) was given in which the platform was removed
from the pool. Animals’ movements and the time taken to reach the
position at which the platform had been located in training were moni-
tored automatically using a computerized HVS 2020 Tracking System
(HVS Image, Buckingham, UK).

Histology. At the completion of behavioral testing, the subjects were
overdosed with ketamine HCI and xylazine and perfused intracardially
with 0.9% saline followed by 10% buffered formalin. The brains were
removed and stored in 10% formalin for at least 2 weeks before slicing.
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Figure 2.  Photomicrograph showing a transverse brain section stained with cresyl violet
from a rat infused with muscimol bilaterally into the amygdala and used in the hippocampal
slice experiment. Arrowheads indicate infusion cannula tip positions.

Table 1. Stress-induced USV in experiment 1

Groups USV duration (mean = SE)
ACSF-STRESS (n = 6) 1787 =102 s
MUSC-STRESS (n = 7) 28+ 1s

Transverse sections (50 um) were taken through the extent of the can-
nula tract, mounted on gelatinized slides, and stained with cresyl violet.

Results

Experiment 1

Figure 2 shows a photomicrograph of a transverse brain section
stained with cresyl violet from a typical rat (from slice experi-
ments 1 and 2) with infusion cannula tips located bilaterally in
the amygdala. The frontal and parietal cortices as well as the
rostral-most portion of the dorsal hippocampus are absent in this
section because, as described previously, the brain was cut at an
angle of ~45° (from rostral-caudal direction) to separate the
hippocampus (to prepare slices) from the amygdala (to confirm
cannula tips). Four rats were excluded from the data analysis on
the basis of histological results.

Table 1 shows the mean duration of USV emitted by ACSF-
STRESS and MUSC-STRESS groups during the 60 min of stress
session. As can be seen, intra-amygdalar infusions of muscimol
before stress nearly eliminated stress-induced USVs compared
with ACSF infusions (¢, = 13.37; p < 0.01). To appreciate
better the effect of intra-amygdalar muscimol on stress-induced
USV across time, Figure 3 depicts USVs as event raster plots that
show the distribution of USV episodes (raw data) from a typical
ACSF and MUSC animal, respectively, experiencing stress. Each
point on the raster plot represents an episode of USV. It is appar-
ent that muscimol infusions into the amygdala robustly abol-
ished stress-induced USV during the entire 60 min of stress ses-
sion. It should be mentioned that USV was elicited during the
intershock periods and not in response to the shock. In contrast,
the reflexive audible “squeal” vocalization in response to the
shock was observed in both the ACSF and MUSC groups (data
not shown). Thus, intra-amygdalar muscimol does not interfere
with the animal’s perception of tailshock that elevates corticoste-
rone (see below).

As shown in Figure 4, hippocampal slices from ACSE-STRESS
animals exhibited impaired LTP (normalized {-EPSP slopes mea-
sured 70-90 min after the tetanus: 104.5 * 5.2%), whereas LTP
was reliable in slices from ACSF-CONTROL (138.6 = 7.3%),
MUSC-CONTROL (139.8 = 7.9%), and MUSC-STRESS
(133.6 = 6.0%) animals. A significant drug X stress interaction
(two-way ANOVA; F, 3 = 4.58; p < 0.05) indicates that the
intra-amygdalar muscimol infusions did not decrease or increase
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the magnitude of LTP per se, but did prevent stress-induced LTP
impairments in the hippocampus. The I-O curve revealed that
neither stress nor intra-amygdalar muscimol (in experiments 1
and 2) affected the baseline Schaffer collateral/commissural-CA1
synaptic transmission (data not shown).

Analysis of trunk blood showed significantly higher levels of
serum corticosterone in rats exposed to stress than those that did
not, regardless of whether the animals received ACSF or musci-
mol infusions into their amygdala (ACSF-STRESS = 66.8 = 7.7,
MUSC-STRESS = 51.2 * 9.3, ACSF-CONTROL = 5.4 * 4.9,
MUSC-CONTROL = 8.9 * 5.0 ug/dl; two-way ANOVA, main
effect of stress: F(, ,5) = 165.12; p < 0.01). Although there was no
main effect of drug (F(, 53y = 2.23; p > 0.05), there was a statistically
reliable drug X stress interaction (F; ,3, = 5.68; p < 0.05), which is
likely attributable to the corticosterone level showing an increasing
trend from ACSF-CONTROL to MUSC-CONTROL animals and a
decreasing trend from ACSE-STRESS to MUSC-STRESS animals;
however, post hoc tests indicated that corticosterone levels were not
statistically different between ACSF-CONTROL and MUSC-
CONTROL groups or between ACSF-STRESS and MUSC-
STRESS groups [all p values > 0.05; Tukey honestly significant
difference (HSD)].

Experiment 2

Based on histological results, three rats were excluded from the
data analysis. A one-way ANOVA indicated a significant group
difference in the magnitude of LTP (F,, 5y = 13.67; p < 0.01)
(Fig. 5). As in experiment 1, intra-amygdalar infusions of musci-
mol before stress (MUSC-STRESS) reliably prevented stress ef-
fects on hippocampal LTP (MUSC-STRESS vs STRESS-ACSF;
p <0.01; Tukey HSD). In marked contrast, immediate poststress
intra-amygdalar muscimol infusions (STRESS-MUSC) had vir-
tually no effect on stress-associated LTP deficits; LTP impair-
ments were comparable between STRESS-MUSC and STRESS-
ACSEF groups ( p > 0.05; Tukey HSD).

The corticosterone levels were considerably lower when trunk
blood was collected 90 min after stress (ACSF-STRESS = 23.4 =
4.7, MUSC-STRESS = 18.0 = 10.9, STRESS-MUSC = 9.5 = 5.9
pg/dl) compared with trunk blood collected promptly after stress
(experiment 1). One-way ANOVA indicated that there is no re-
liable group difference (F, 4y = 3.32; p > 0.05).

Experiment 3
Figure 6 shows a photomicrograph of a transverse brain section
from a representative rat used in the water maze experiment. As
can been seen, infusion cannula tracts are in the amygdala. Of 50
rats, 8 rats were excluded from the data analysis based on histo-
logical results.

In a hidden platform version of the water maze task, all groups
significantly decreased their latencies to find the hidden platform
during the eight training trials (Fig. 7A). The rate of acquisition was
comparable among ACSF-CONTROL, ACSF-STRESS, MUSC-
CONTROL, MUSC-STRESS, and STRESS-MUSC groups (one-
way ANOVA with trials as a repeated measure; main effect of group:
Fy37 = 1.79; p > 0.05; group X trials interaction: F < 1.0). This
suggests that the sensory/motor systems (e.g., abilities to navigate
using distal cues and swim) and the motivation to escape the water
were unaffected in rats that earlier underwent stress and/or intra-
amygdala muscimol infusions. On the retention (probe) test 1 d
later, however, there were significant group differences (F(, 5, =
8.19; p < 0.01). Specifically, animals in the ACSF-STRESS and
STRESS-MUSC groups required a considerably longer time to
find the original location of the platform compared with ACSF-
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CONTROL, MUSC-CONTROL, and
MUSC-STRESS animals (all p values < 12
the latency differences cannot be attrib- 10
uted to possible motoric effects because
there were no reliable group differences in
swim speed during either the acquisition
or probe test ( p > 0.05). Although a single
training session consisting of eight trials
did not yield a reliable quadrant bias or

Block

3% E-N [+7] o
I
1
i

ACSF-STRESS

0.05; Tukey HSD). As shown in Figure 7B, i A R LS
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MUSC-STRESS

difference in number of quadrant entries
per annulus crossing on the probe trial in 0 60
any of the groups (data not shown) (Pack-
ard and McGaugh, 1994; Kim et al., 2001),
the latency and distance measures indicate
that intra-amygdalar infusions of musci-
mol before stress, but not immediately af-
ter stress, block stress effects on spatial
memory.

Figure 3.

Discussion

The present findings indicate that amygdalar activity is crucially
involved in the emergence of stress-induced impairments in hip-
pocampal LTP and hippocampal-dependent spatial memory in
rats. Specifically, we found that intra-amygdalar infusions of the
GABA , receptor agonist muscimol before stress (MUSC-STRESS
group) effectively prevented stress impairments of CA1 LTP in
vitro (experiments 1 and 2) and spatial memory in a water maze
task (experiment 3). These observations are congruent with pre-
vious findings that amygdalar lesions block or attenuate a range
of stress-induced effects such as LTP and spatial memory (Kim et
al., 2001), gastric erosion (Henke, 1981), and analgesia (Helm-
stetter, 1992). Anatomically, the amygdala sends direct (from the
magnocellular and parvicellular divisions of the basolateral
amygdala to the CA1 and subiculum) and indirect (via the ento-
rhinal cortex) projections to the hippocampus (Krettek and
Price, 1977; Aggleton, 1986; Pikkarainen et al., 1999), routes by
which it can influence hippocampal functions (Kim and Dia-
mond, 2002). Because muscimol increases Cl ~ ion conductance
across cell membranes (Feldman et al., 1997), the drug effects
presumably are caused by inhibition of amygdalo-hippocampal
activity during stress.

In contrast to prestress muscimol effects, inactivation of the
amygdala poststress failed to prevent stress effects on either LTP
or spatial memory. Hippocampal slices from rats that received
amygdalar infusions of muscimol immediately after experiencing
stress (STRESS-MUSC group in experiment 2) demonstrated
LTP impairments comparable with slices from vehicle-treated
stressed animals. Similarly, the magnitude of spatial memory im-
pairments was indistinguishable between the STRESS-MUSC
and STRESS-ACSF groups (experiment 3). The lack of poststress
amygdalar muscimol effects suggests that inhibiting amygdalar
activity after stress does not impact stress effects on hippocampal
functioning.

The dissimilar effects on LTP between animals that received
muscimol infusions before stress (MUSC-STRESS) and after stress
(STRESS-MUSC) cannot be accounted for by differences in musci-
mol-to-stress or stress-to-hippocampal slice preparation periods be-
tween the groups. As shown in Figure 1, the MUSC-STRESS group
in experiment 1 and the STRESS-MUSC group in experiment 2 were
time-matched in terms of muscimol infusions-to-slice preparation
(90 min), whereas STRESS-MUSC and MUSC-STRESS groups,
both in experiment 2, were time-matched in terms of stress termi-
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Examples of the USV raster plots; each dot represents a time-stamped episode of vocalization. USV emissions are
shown from a typical ACSF- and muscimol-infused animal during 60 min of stress. The y-axis represent block of time; each block
represent 5 min (12 blocks X 5 min = 60 min of stress).
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commissural-CA1 LTP. Synaptic strength in the CA1 area of the hippocampus from ACSF-
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stress effects on Schaffer collateral/commissural-CA1 LTP. Synaptic strength in the CA1 area of
the hippocampus from STRESS-ACSF, MUSC-STRESS, and STRESS-MUSC animals is expressed as
a percentage of the average pretetanus f-EPSP over time (in minutes).

nation-to-slice preparation (90 min). It appears that the critical time
window of amygdalar activity in mediating stress effects on the hip-
pocampus is during stress, not after stress.

Previous studies have shown that high levels of corticosterone
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Figure 6.
from a rat with bilateral guide cannulas implanted in the amygdala and used in the behavioral
experiment. Arrowheads indicate infusion cannula tip positions.

Photomicrograph showing a transverse brain section stained with cresyl violet

can affect the intrinsic properties of hippocampal neurons (i.e.,
prolonging the afterhyperpolarization) (Joels and De Kloet, 1989;
Kerr etal., 1989), impair LTP and/or PBP (Diamond et al., 1992),
and interfere with performance in spatial memory tasks (Bodnoff
et al., 1995; de Quervain et al., 1998). It is possible then that the
prestress and poststress amygdalar muscimol differences ob-
served in the present study might be caused by differences in
corticosterone levels; however, this is unlikely for two reasons.
First, amygdalar muscimol prevented stress-induced LTP im-
pairments without significantly affecting the increase in cortico-
sterone secretion caused by stress (MUSC-STRESS animals in
experiment 1). Second, although the corticosterone levels were
comparable between MUSC-STRESS and STRESS-MUSC
groups 90 min after the termination of stress, LTP impairments
were observed only in the latter group (experiment 2). These
observations indicate that amygdalar muscimol can prevent
stress effects on LTP whether the corticosterone level is high
(MUSC-STRESS animals in experiment 1) or low (MUSC-
STRESS animals in experiment 2) at the time of hippocampal
slice preparation and that stress-induced LTP impairments occur
even when the corticosterone level is low at the time of slice
preparation (MUSC-CONTROL animals in experiment 2). The
dissociation of corticosterone level and LTP inducibility suggests
that the elevation in corticosterone is not a sufficient condition
for mediating stress effects on the hippocampal. This view is fur-
ther supported by other findings such as the following: (1) amyg-
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dalar lesions block stress effects on LTP and spatial memory with-
out impeding the stress-induced increase in corticosterone
secretion (Kim et al., 2001); (2) LTP is reduced in adrenalecto-
mized rats after stress and is not restored by exogenous adminis-
tration of corticosterone (Shors et al., 1990); and (3) in normal
animals administered with dexamethasone (a synthetic glucocor-
ticoid that blocks the HPA axis activity), stress-induced impair-
ments in LTP still occurred (Foy et al., 1990).

Although stress impaired the retention of spatial memory in
water maze, during the acquisition phase stressed animals dis-
played rates of improvement in locating the hidden platform
similar to those of unstressed animals, suggesting that stress ef-
fects on LTP are correlated with retention (but not acquisition) of
spatial memory. A similar observation in LTP and water maze
performance has been reported previously. Specifically, Morris
and colleagues (1986) found that rats infused with the NMDA
receptor antagonist AP5, which completely blocked LTP in the
hippocampus, exhibited mild (but not reliable) acquisition defi-
cits in the water maze. They attributed this spared learning in the
absence of LTP to the animal’s use of “nonspecific instrumental
learning that may have masked an impairment in true place-
learning.” It is possible that LTP-impaired stressed animals used
a similar nonspecific strategy to locate the hidden platform; how-
ever, the possible contribution of NMDA receptor-independent
forms of plasticity (e.g., posttetanic potentiation) in the acquisi-
tion of water maze cannot be excluded (Morris, 2003).

Results from various posttraining drug infusion studies sug-
gest that the amygdala is necessary for modulating the formation
of memory that relies on the hippocampus (Packard et al., 1994;
Cahill and McGaugh, 1998; Roozendaal et al., 1998). For in-
stance, immediate posttraining pharmacological manipulations
that alter noradrenergic, acetylcholinergic, GABAergic, and opi-
oid activities in the amygdala can enhance or impair memory
consolidation in hippocampal-dependent tasks (McGaugh,
2000). Amygdalar lesions, drug infusions, and stimulations have
also been reported to influence DG LTP (Ikegaya et al., 1994,
1995, 1996; Akirav and Richter-Levin, 1999). Therefore, it has
been suggested that posttraining amygdalar manipulations influ-
ence memory consolidation in the hippocampus by altering LTP
or LTP-like changes (McGaugh, 2000). Consistent with this no-
tion, a recent study found that the amygdala is necessary for
glucocorticoid- or stress-induced impairments of spatial mem-
ory (Roozendaal et al., 2003).

Although the present results also implicate the amygdala in
influencing hippocampal functioning, our findings suggest that
amygdalar activity during stress, but not after stress, is critical for

stress impairments of LTP and spatial
memory. It is possible that the 60 min
stress session used in the present study is
too long to detect poststress amygdalar
muscimol effects. For example, if stress ef-
fects on the hippocampus were to tran-
é spire within a few minutes of stress, then
intra-amygdalar muscimol promptly after
stress (60 min after stress initiation) might
have missed the critical time window to
effectively block stress effects. Indeed,
there is evidence that infusing lidocaine (a
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Figure 7.  Effects of intra-amygdala infusions of muscimol and stress on spatial memory. A, Mean (=£SE) latencies to find a

submerged platform from ACSF-CONTROL, ACSF-STRESS, MUSC-CONTROL, MUSC-STRESS, and STRESS-MUSC animals during ac-
quisition and a single retention test. B, Mean (= SE) swim speed of five groups during acquisition and a single retention test.

voltage-dependent Na ™ channel blocker)
into the amygdala immediately after a
brief aversive experience can impair con-
textual fear conditioning (Vazdarjanova
and McGaugh, 1999); however, amygdalar
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muscimol immediately after one-trial fear conditioning failed to
affect memory consolidation (Wilensky et al., 1999; Lee et al.,
2001). Thus, it remains to be determined whether the present
finding, that poststress amygdalar muscimol does not interfere
with stress impairments in LTP and spatial memory, is the result
of differences in stress versus learning. Additional studies are also
necessary to examine whether other poststress drug manipula-
tions (e.g., glucocorticoid receptor antagonists) can reverse stress
effects on hippocampal plasticity and memory.

As mentioned previously, the amygdala seems to modulate
the magnitude of LTP in the hippocampus. Ikegaya and col-
leagues (1994) have shown that electrolytic lesions to the basolat-
eral (but not central) nuclei of the amygdala significantly atten-
uate the DG LTP in vivo, whereas high-frequency stimulation of
the amygdala augment LTP (Ikegaya et al., 1996). Moreover,
amygdalar infusions of NMDA receptor antagonist have been
shown to decrease DG LTP without affecting the baseline synap-
tic response (Ikegaya et al., 1995), a finding which suggests that
amygdalar NMDA receptors influence LTP in the hippocampus.
In contrast, although both amygdalar muscimol infusions
(present study) and lesions (Kim et al., 2001) blocked stress ef-
fects on CA1 LTP in vitro, neither manipulation affected the mag-
nitude of LTP in unstressed animals. As reported previously
(Shors et al., 1989; Xu et al., 1997), the I-O curve indicated that
neither stress nor amygdalar inactivation altered the baseline syn-
aptic transmission in CA1. Thus, the stress impairment of LTP is
not likely caused by stress producing LTP (or LTP-like changes)
that occludes subsequent LTP induction (Kim and Yoon, 1998).
The differing effects observed with amygdalar inactivation on DG
LTP (impairment) and CA1 LTP (no effect) might be caused by
the amygdala differentially influencing synaptic plasticity in dif-
ferent regions of the hippocampus (because of differences in an-
atomical projections from amygdala to hippocampal subfields)
or by in vitro and in vivo procedural differences. These issues will
need to be examined in future studies.

At present, it is not known why (or whether) it might be
evolutionarily advantageous to impair hippocampal memory
functioning after stress. One possibility is that stress effects on
subsequent learning might serve to reduce retroactive interfer-
ence of the original memory of a stressful event, which might be
essential to guide future behavior. An alternative possibility is that
stress-induced memory impairments may regulate the strength (or
generalizability) of traumatic memory such that reduced memory
functions actually help the subject cope with the psychological im-
pact of the stressful event. According to the latter view, the develop-
ment of stress disorders (such as posttraumatic stress disorder)
might be caused by deficiency in stress-induced memory impair-
ments. Regardless of the precise evolutionary underpinning, the
amygdala plays an integral role in the mediation of stress effects on
hippocampal functioning.

In summary, amygdalar activity during stress, but not after
stress, is critical for the emergence of stress impairments in hip-
pocampal LTP and spatial memory. The present findings have
clinical implications in that after traumatic stress experiences,
drug manipulations targeting the amygdala activity may not be
sufficient to counteract stress effects on the hippocampus (although
there may be other beneficial effects). Perhaps other drugs or com-
bined drug—behavioral manipulations may prove more therapeuti-
cally effective. As such, future studies should investigate whether
poststress behavioral and pharmacological intervention can prevent
stress effects on hippocampal functioning.
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