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ABSTRACT Previously, we reported that bilateral excito-
toxic lesions of the basolateral nucleus of the amygdala (BLA)
block the enhancing effects of posttraining systemic or intra-
hippocampal glucocorticoid administration on memory for
inhibitory avoidance training. The present study further
examined the basis of this permissive inf luence of the BLA on
hippocampal memory functioning. Immediate posttraining
unilateral infusions of the specific glucocorticoid receptor
agonist RU 28362 (11b,17b-dihydroxy-6,21-dimethyl-17a-
pregna-4,6-trien-20-yn-3-one; 3.0, 10.0, or 30.0 ng in 0.5 ml)
administered into the dorsal hippocampus of male Sprague–
Dawley rats induced dose-dependent enhancement of 48-h
inhibitory avoidance retention. Infusions of the b-adrenocep-
tor antagonist atenolol (0.5 mg in 0.2 ml) into the ipsilateral,
but not the contralateral, BLA 10 min prior to training
blocked the hippocampal glucocorticoid effects on memory
consolidation. Infusions of the muscarinic cholinergic antag-
onist atropine (0.5 mg in 0.2 ml) into either the ipsilateral or
contralateral BLA before training did not block the hippocam-
pal glucocorticoid effects. These findings provide further
evidence that b-adrenergic activity in the BLA is essential in
enabling glucocorticoid-induced modulation of memory con-
solidation and are consistent with the hypothesis that the BLA
regulates the strength of memory consolidation in other brain
structures. The ipsilateral nature of the BLA–hippocampus
interaction indicates that BLA influences on hippocampal
memory processes are mediated through neural pathways
rather than by inf luences by means of the activation of
peripheral stress responses.

There is considerable evidence that the basolateral nucleus of
the amygdala (BLA) is critically involved in regulating the
consolidation of different forms of memory, including explicity
declarative memory. Many findings indicate that this amygdala
nucleus mediates the memory-modulatory effects of adrenal
stress hormones released by emotional arousal (1, 2). Findings
of several recent studies from our laboratory indicate that
posttraining infusions of the specific glucocorticoid receptor
(GR or type II) agonist RU 28362 administered into the BLA
induce dose-dependent enhancement of inhibitory avoidance
retention (3) and that excitotoxic lesions of the BLA induced
before training block the memory-enhancing effects of sys-
temically administered glucocorticoids (4) as well as the
memory-impairing effects induced by adrenalectomy (5, 6).
BLA lesions also block the memory-enhancing effects of the
GR agonist administered directly into the hippocampus (7).
These findings suggest that BLA neuronal activity modulates
stress-induced memory consolidation processes in, or involv-
ing, the hippocampus and are consistent with the view that the

BLA is not a locus of memory storage but regulates consoli-
dation processes in other brain regions (2).

Extensive evidence indicates that noradrenergic and cholin-
ergic systems in the amygdala participate in modulating mem-
ory consolidation (8–13). Although the activation of these two
neurotransmitter systems in the BLA may occur under differ-
ent experimental conditions (14, 15) and induce slightly dif-
ferential electrophysiological responses in BLA neurons (16–
18), they have highly comparable effects on memory consol-
idation. Posttraining infusion of either a b-adrenoceptor or
muscarinic cholinergic agonist into the amygdala enhances
inhibitory avoidance retention (11, 12, 19, 20), and inactivation
of either receptor type in the BLA blocks the memory-
enhancing effects of systemic glucocorticoids (ref. 13; and
A.E.P., B.R. and J.L.M, unpublished observation). Moreover,
previous findings indicate that the BLA is a critical locus of
interaction between glucocorticoids and the noradrenergic
system in memory consolidation modulation (13, 21).

The present experiments examined whether b-adrenoceptor
or muscarinic cholinergic receptor activation in the BLA is
critically involved in enabling facilitation of memory consoli-
dation induced by activation of GRs in the hippocampus. In the
first experiment, rats received unilateral microinfusions into
the BLA of either the b-adrenoceptor antagonist atenolol or
the muscarinic cholinergic antagonist atropine 10 min prior to
training in an inhibitory avoidance task. The GR agonist RU
28362 was administered ipsilaterally into the dorsal hippocam-
pus immediately after training, and retention was tested 48 h
later. In a second experiment, we examined whether BLA–
hippocampus interactions in memory consolidation involve
unilateral projections between these brain regions. The exper-
imental procedures were identical to those of the first exper-
iment, except that the BLA and hippocampal infusions were
given on contralateral sides. If the influence of the BLA on
glucocorticoid-induced effects on hippocampal memory pro-
cesses is mediated through neural connections between the
BLA and hippocampus, only inactivation of the ipsilateral
BLA should block the GR effects. On the other hand, if the
effects are mediated by peripheral stress responses resulting
from BLA activation, then inactivation of either the ipsilateral
or contralateral BLA should have similar effects.

MATERIALS AND METHODS

Subjects. Male Sprague–Dawley rats (n 5 342; 270–300 g at
time of surgery) from Charles River Breeding Laboratories
were used. They were housed individually in a temperature-
and humidity-controlled colony room and maintained on a
standard 12-h lighty12-h dark cycle (0700–1900 h lights on)
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with ad libitum access to food and water. Training and testing
were performed during the light phase of the cycle between
1000 and 1500 h.

Surgery. The animals were adapted to the vivarium for at
least 1 wk before surgery. They were anesthetized with sodium
pentobarbital (50 mgykg of body weight, i.p.) and given
atropine sulfate (0.4 mgykg, i.p.) to maintain respiration. The
skull was positioned in a stereotaxic frame (Kopf Instruments,
Tujunga, CA) and stainless steel guide cannulae (23 gauge)
were implanted unilaterally with the cannula tips 1.5 mm above
the left dorsal hippocampus [11 mm long; coordinates: ante-
rioposterior (AP), 23.3 mm from bregma; mediolateral (ML),
11.5 mm from midline; dorsoventral (DV), 22.6 mm from
skull surface] and 2 mm above either the ipsilateral or con-
tralateral BLA (15 mm long; coordinates: AP, 22.8 mm; ML,
65.0 mm; DV, 26.5 mm), according to the atlas of Paxinos and
Watson (22). The cannulae and two anchoring screws were
affixed to the skull with dental cement. Stylets (11- or 15-mm-
long 00 insect dissection pins) were inserted into each cannula
to maintain patency and were removed only for the infusion of
drugs. After surgery, the rats received an s.c. 3.0-ml injection
of saline and were placed into an incubator until recovery from
anesthesia, after which they were returned into their home
cages. The rats were allowed to recover a minimum of 7 days
before initiation of training and were handled for 1 min on
each of 3 days during this recovery period.

Drugs and Infusion Procedures. The specific b1-adrenocep-
tor antagonist atenolol (0.5 mg; Sigma) and the muscarinic
cholinergic antagonist atropine (0.5 mg; Sigma) were dissolved
in 0.9% saline and infused into either the left or right BLA 10
min prior to training. Drug solutions were freshly prepared
before each experiment. The doses were selected on the basis
of previous experiments in this laboratory (10, 13). These
drugs or a saline control solution were infused into the BLA
via a 30-gauge injection needle connected to a 10-ml Hamilton
microsyringe by polyethylene (PE-20) tubing. The injection
needle protruded 2 mm beyond the tip of the cannula to reach
the BLA. A 0.2-ml injection volume was infused over a period
of 25 s by an automated syringe pump (Sage Instruments,
Boston). The infused volume was based on findings that this
volume infused into an identical injection site induces selective
neurotoxic lesions of the BLA (4) and that drug infusions of
this volume into either the BLA or the adjacent central nucleus
induce differential effects on memory consolidation (3, 23).
The injection needle was retained within the cannula for an
additional 20 s after drug infusion to maximize diffusion and
to prevent backflow of drug into the cannula. After completion
of the infusion, the animal was returned to its home cage until
the start of the inhibitory avoidance training 10 min later.

The specific GR agonist RU 28362 (11b,17b-dihydroxy-
6,21-dimethyl-17a-pregna-4,6-trien-20-yn-3-one; 3.0, 10.0, or
30.0 ng; Roussel-UCLAF) was infused into the left dorsal
hippocampus immediately after training. The drug was first
dissolved in 100% ethanol and subsequently diluted with saline
to reach its appropriate concentration. The final concentration
of ethanol was 2%. The vehicle solution contained 2% ethanol
only. The infusion procedure was similar to that described for
infusions into the BLA, except that a volume of 0.5 ml was
infused over a 36-s period and the injection needle protruded
1.5 mm beyond the cannula tip. The doses were selected on the
basis of previous experiments conducted in this laboratory (7).

Inhibitory Avoidance Apparatus and Procedure. The rats
were trained in an inhibitory avoidance apparatus consisting of
a trough-shaped alley (91 cm long, 15 cm deep, 20 cm wide at
the top, 6.4 cm wide at the floor) divided into two compart-
ments, separated by a sliding door that opened by retracting
into the floor (24). The starting compartment (31 cm long) was
made of opaque white plastic and was well-lit; the shock
compartment (60 cm long) was made of metal plates and was

not illuminated. The apparatus was located in a sound- and
light-attenuated room.

The rat was placed in the starting compartment of the
apparatus, facing away from the door, and was allowed to enter
the dark compartment. After the animal stepped completely
into the shock compartment, the door was closed and a single
footshock (0.35 mA, 1.0 s) was delivered through the metal
f loor plates. Animals with entrance latencies longer than 30 s
were eliminated from the study. The animal was removed from
the shock compartment 15 s after termination of the footshock
and, after drug injections, returned to its home cage. On the
retention test, the latency to reenter the shock compartment
with all four paws (maximum latency of 600 s) was recorded
and used as the measure of retention. Longer latencies were
interpreted as indicating better retention. Shock was not
administered during the retention test trial.

Histology. The rats were anesthetized with an overdose of
sodium pentobarbital ('100 mgykg, i.p.) and perfused intra-
cardially with 0.9% saline (wtyvol) solution followed by 4%
formaldehyde (wtyvol) dissolved in water. After decapitation,
the brains were removed and placed in 4% formaldehyde. At
least 24 h before sectioning, the brains were submerged in a
20% sucrose (wtyvol) solution for cryoprotection. Sections of
40 mm were made by using a freezing microtome and stained
with cresyl violet. The sections were examined under a light
microscope and determination of the location of the injection
needle tips in the BLA and hippocampus was made according
to the standardized atlas plates of Paxinos and Watson (22).

Statistics. The retention test latencies of the different
experiments were analyzed separately by using a two-way
ANOVA with animals given saline, the b-adrenoceptor an-
tagonist, or the muscarinic cholinergic antagonist into the
BLA (three levels), and intrahippocampal infusions of vehicle
or different doses of the GR agonist (four levels) both as
between-subject variables. Further analysis used Fisher’s post
hoc tests to determine the source of the significance. A
probability level of less than 0.05 was accepted as statistically
significant. There were 8–12 rats per group, as indicated in the
legend of Fig. 2.

RESULTS

Histological examination revealed that 244 animals had can-
nula placements in the dorsal hippocampus and the BLA.
Animals with improper cannula placement or with extensive
damage to the targeted tissue were excluded from the analyses.
Fig. 1 A and B shows photomicrographs illustrating represen-
tative locations of injection needle tips in the dorsal hippocam-
pus and the BLA, respectively.

Inhibitory avoidance retention latencies of rats given pre-
training infusions of the b-adrenoceptor antagonist atenolol or
the muscarinic cholinergic antagonist atropine into the left
BLA and immediate posttraining infusions of vehicle or the
GR agonist RU 28362 into the ipsilateral dorsal hippocampus
are shown in Upper Fig. 2. A two-way ANOVA revealed
significant intrahippocampal glucocorticoid [F (3, 115) 5 8.99;
P , 0.001] and intra-BLA antagonist effects [F (2, 115) 5 5.04;
P , 0.01], as well as a significant interaction between these two
factors [F (6, 115) 5 3.01; P , 0.01]. The retention test
latencies of animals given control infusions in both brain
structures were relatively short (41.0 6 9.5 s) as was expected
because of the low footshock intensity used. Posttraining
infusions of the two lower doses of the GR agonist RU 28362
(3.0 and 10.0 ng) into the hippocampus enhanced retention of
rats given saline infusions into the BLA, as compared with the
retention of corresponding vehicle-treated animals (3.0 ng,
P , 0.01; 10.0 ng, P , 0.05). The highest dose of RU 28362
(30.0 ng) did not enhance retention. Infusions of the b-adre-
noceptor antagonist atenolol into the ipsilateral BLA did not
impair retention latencies, but blocked the retention-
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enhancing effects of RU 28362 administered into the hip-
pocampus. Further, retention latencies of RU 28362-treated
rats (3.0 ng) given atenolol into the BLA were significantly
shorter than retention latencies of RU 28362-treated rats (3.0
ng) given saline into the BLA (P , 0.01). In contrast, infusions
of the muscarinic cholinergic antagonist atropine into the
ipsilateral BLA did not block the enhancing effects of RU
28362 administered into the hippocampus. Retention latencies
of animals given the two lower doses of RU 28362 together
with atropine were significantly longer than those of vehicle-
treated animals (3.0 ng, P , 0.05; 10.0 ng, P , 0.01). The
highest dose of RU 28362 did not significantly affect retention
latencies.

The retention latencies of rats given posttraining infusions of
the GR agonist into the left hippocampus and pretraining
infusions of either atenolol or atropine into the contralateral
BLA are shown in Lower Fig. 2. Posttraining infusions of the
GR agonist RU 28362 into the hippocampus dose-dependently
enhanced retention of rats given saline, as well as those given
atenolol or atropine into the BLA. A two-way ANOVA
revealed a significant intrahippocampal glucocorticoid effect
[F (3, 105) 5 12.80; P , 0.001], but no significant intra-BLA
antagonist effect [F (2, 105) 5 1.16; not significant] or
interaction between these two factors [F (6, 105) 5 1.28; not
significant].

DISCUSSION

The findings of the present experiments provide additional
evidence that posttraining activation of hippocampal GRs
facilitates long-term storage of recently acquired information
in a dose-dependent inverted-U manner (7, 25–27). The
findings are consistent with evidence that the dentate gyrus
and Ammon’s horn have high densities of GRs (28–30) as well
as the evidence that glucocorticoids affect hippocampal excit-
ability and several forms of long-term neuroplasticity, putative
mechanisms underlying learning and memory (31–34). Be-
cause the glucocorticoid was administered after training to
selectively influence consolidation processes, it seems highly
likely that the neurobiological mechanisms underlying this
effect differ fundamentally from those of studies obtaining
cognitive-impairing effects with elevated glucocorticoid levels
during training andyor testing (35–38).

The primary finding of the present experiments is that
infusions of the b-adrenoceptor antagonist atenolol into the
BLA blocked the memory-enhancing effects induced by post-
training infusions of a GR agonist into the hippocampus.

Atenolol did not simply shift the dose-response effect of the
GR agonist, as higher doses of the GR agonist did not affect
retention. Furthermore, the blocking effect was specific to the
ipsilateral BLA, as infusions of atenolol into the contralateral
BLA did not block the memory enhancement induced by the
GR agonist infused into the hippocampus. Thus, these findings
provide strong evidence that activation of b-adrenoceptors in
the BLA is essential in enabling glucocorticoid memory-
modulatory influences in the hippocampus. The finding that
pretraining infusions of a b-adrenoceptor antagonist admin-
istered alone in the BLA did not impair memory for inhibitory
avoidance training is also consistent with the results of previ-
ous studies (13, 24, 39), as well as with our finding that
excitotoxic lesions of the BLA induced before training do not
impair inhibitory avoidance learning (4). However, it should be
noted that higher doses of b-adrenoceptor antagonists induce
memory impairment (19, 40).

The current experiment brings together several components
of earlier studies. In previous studies, we found that infusions
of b-adrenoceptor antagonists into the BLA block the effects
of posttraining systemic injections of the synthetic glucocor-
ticoid dexamethasone on memory consolidation (13) and that
excitotoxically induced lesions of the BLA block the memory-
modulating effects induced by a GR agonist infused into the
hippocampus (7). The role of the BLA in influencing memory
formation involving the hippocampus is not restricted to
enhancing effects. BLA lesions also block memory impairment
induced by either adrenalectomy or intrahippocampal infu-
sions of a GR antagonist (5–7). In parallel with our behavioral
experiments, electrophysiological studies have shown that
lesions of the BLA or infusions of a b-adrenoceptor antagonist
into the BLA attenuate the induction of long-term potentia-
tion in the dentate gyrus in vivo (41, 42).

We have reported extensive evidence indicating that acti-
vation of b-adrenoceptors in the BLA plays a critical role in
enabling the memory-influencing effects of several neuro-
modulatory systems (i.e., g-aminobutyric acid and opioids) as
well as adrenal stress hormones (10–13). The BLA receives
noradrenergic input from cell groups in the nucleus of the
solitary tract as well as the locus coeruleus (43). Studies using
in vivo microdialysis have shown that footshock stimulation of
the kind typically used in inhibitory avoidance training (i.e., a
single footshock of low intensity and short duration) induces
the release of norepinephrine in the amygdala and the mag-
nitude of the release is modulated by drugs and hormones
known to affect memory consolidation (14, 44–46).

FIG. 1. Photomicrographs illustrating the location of microinjection needle tips within the dorsal hippocampus (A) and basolateral amygdala
(B). CA, Ammon’s horn; CEA, central amygdala; DG, dentate gyrus; LA, lateral amygdala. (325)
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Posttraining activation of amygdala adrenoceptors (both a1

and b) enhances memory for several kinds of training, includ-
ing (the hippocampus-dependent) Morris water-maze spatial
task (12, 19, 20, 47–49). Furthermore, the memory enhance-
ment induced by pharmacological stimulation of the amygdala
is blocked by inactivation of the ipsilateral hippocampus with
lidocaine immediately after training or shortly before the
retention test (refs. 50 and 51; and B.R., B.T.N. and J.L.M.,
unpublished observation). Our present findings provide addi-
tional evidence that the influence of the BLA on hippocampal
memory processing involves ipsilateral neural connections.
These findings are of critical importance in understanding the
basis of the enabling influence of the BLA on hippocampal

functioning. They clearly indicate that the amygdala influence
is not mediated by nonspecific effects on the animal’s arousal
state or activation of peripheral stress hormone systems that
might alter hippocampal functioning. This is important be-
cause the BLA projects to the central nucleus of the amygdala
(CEA), and it is known that the CEA projects to brainstem and
hypothalamic regulatory centers (52, 53). Furthermore, CEA
lesions attenuate several central and peripheral stress re-
sponses (54–56). The present findings are also consistent with
previous evidence indicating that selective lesions of the CEA
do not block the effects of systemic or intrahippocampal
administration of glucocorticoids (4, 7) and do not attenuate
the induction of long-term potentiation in the dentate gyrus
(40). Although the mechanisms enabling noradrenergic acti-
vation of the BLA to influence memory formation involving
the hippocampus are not known, evidence suggests the pos-
sible involvement of N-methyl-D-aspartate (NMDA)-
dependent processes as activation of b-adrenoceptors induces
NMDA-dependent enhancement of excitatory synaptic trans-
mission in pyramidal neurons of the BLA in vitro (16, 57).

The BLA projects directly to the hippocampus, as well as
indirectly via the entorhinal cortex (58–60). It has been
reported that BLA stimulation affects electroencephalogram
activity and long-term potentiation in the hippocampus (61,
62), and that NMDA infused into the amygdala induces c-fos
expression in the ipsilateral dorsal hippocampus (63). In
addition to the activation of such direct connections between
the BLA and the hippocampus, other indirect pathways may
also be involved. The BLA may influence glucocorticoid
effects on hippocampal memory processes by means of its stria
terminalis projections to the nucleus accumbens (64–66). In
support of this view, there is evidence that activation of the
BLA increases the likelihood of fimbria–fornix stimulation,
inducing spike activity in the nucleus accumbens (67). The
BLA may also directly influence memory formation in the
cortex (68, 69). More generally, recent studies have suggested
that memory processing requires the participation of several
anatomically and sequentially linked, reverberating subcortical
and cortical networks (70–72). Understanding whether the
various pathways play differential roles in the transmission of
influences from the BLA will require further inquiry.

Unlike the effects of atenolol, blockade of muscarinic
cholinergic receptors in the BLA with atropine did not
prevent the facilitating effects of GR activation in the
hippocampus. This finding is consistent with evidence that
muscarinic cholinergic blockade of the BLA does not atten-
uate dentate gyrus long-term potentiation (39). However, it
remains possible that atropine may have induced a slight, but
nonsignificant, shift in the dose-response effects of RU
28362. It seems unlikely that the dose of atropine was
insufficient to block the receptors because the same dose has
been proven effective in preventing the memory-enhancing
effects of systemically administered drugs (A.E.P., B.R. and
J.L.M., unpublished observation). Rather, these findings
suggest that release of acetylcholine in the amygdala depends
less on the level of emotional arousal. This view is supported
by the finding that inescapable footshock does not induce the
release of acetylcholine in the amygdala (73) as well as the
evidence that acetylcholine release in the hippocampus,
unlike that of norepinephrine, does not ref lect emotional
valence but, rather, is related to the animal’s task perfor-
mance (74). However, infusion of a muscarinic cholinergic
agonist into the amygdala induces enhancement of memory
for inhibitory avoidance and contextual fear conditioning
(10, 75). Moreover, a muscarinic cholinergic antagonist
administered into the amygdala attenuates the memory-
enhancing effects of concurrent administration of a b-adre-
noceptor agonist and potentiates the memory-impairing
effects of a b-adrenoceptor antagonist (8, 10, 76). Thus,

FIG. 2. Retention latencies (mean 6 SEM) in seconds of rats given
immediate posttraining infusions of the GR agonist RU 28362 (3.0,
10.0, or 30.0 ng) into the dorsal hippocampus and pretraining infusions
of either the b-adrenoceptor antagonist atenolol (0.5 mg in 0.2 ml) or
the muscarinic cholinergic antagonist atropine (0.5 mg in 0.2 ml) into
either the ipsilateral or contralateral basolateral amygdala. p, P , 0.05;
pp, P , 0.01, as compared with the corresponding intrahippocampal
vehicle group; rr, P , 0.01, as compared with the corresponding
intra-BLA saline group. n 5 8–12 animals per group.
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although muscarinic cholinergic receptors interact with nor-
adrenergic mechanisms in the BLA in modulating memory
consolidation, muscarinic cholinergic activity in the BLA
appears not to be critical for enabling glucocorticoids to
facilitate memory consolidation involving the hippocampus.

In conclusion, the present findings provide further evidence
for a critical role of b-adrenoceptor mechanisms in the BLA
in mediating stress hormone effects on memory consolidation.
Our findings are consistent with the view that the BLA
regulates the strength of memories in other brain structures,
reflecting their emotional significance (1, 2, 50, 51, 77). Our
findings are also consistent with those of recent brain imaging
studies in human subjects, supporting the hypothesis that the
amygdala has a time-limited role in consolidation processes
underlying long-term explicitydeclarative memory for emo-
tionally arousing events (78–80).
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