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Basolateral Amygdala–Nucleus Accumbens Interactions in
Mediating Glucocorticoid Enhancement of Memory Consolidation
Benno Roozendaal, Dominique J.-F. de Quervain, Barbara Ferry, Barry Setlow, and James L. McGaugh
Center for the Neurobiology of Learning and Memory and Department of Neurobiology and Behavior, University of
California, Irvine, California 92697-3800

Systemic or intracerebral administration of glucocorticoids enhances memory consolidation in several tasks. Previously, we
reported that these effects depend on an intact basolateral
nucleus of the amygdala (BLA) and efferents from the BLA that
run through the stria terminalis (ST). The BLA projects directly
to the nucleus accumbens (NAc) via this ST pathway. The NAc
also receives direct projections from the hippocampus and,
therefore, may be a site of convergence of BLA and hippocampal influences in modulating memory consolidation. In support
of this view, we found previously that lesions of either the NAc
or the ST also block the memory-modulatory effect of systemically administered glucocorticoids. The present experiments
examined the effects of lesions of the NAc or the ST on the
memory-modulatory effects of intracerebral glucocorticoids
on inhibitory avoidance training. Microinfusions of the specific

glucocorticoid receptor agonist 11 ␤ ,17 ␤ -dihydroxy-6,21dimethyl-17␣-pregna-4,6-trien-20yn-3-one (RU 28362; 1.0 or
3.0 ng) into either the BLA or the hippocampus of male Sprague
Dawley rats administered immediately after training enhanced
the 48 hr retention performance in a dose-dependent manner.
Bilateral lesions of the NAc or the ST alone did not affect
retention performance but blocked the memory enhancement
induced by intra-BLA or intrahippocampal glucocorticoid receptor agonist administration. These findings indicate that the
BLA–NAc pathway plays an essential role in mediating glucocorticoid effects on memory consolidation and suggest that
the BLA interacts with hippocampal effects on memory consolidation via this pathway.
Key words: hippocampus; inhibitory avoidance; memory
storage; stria terminalis; RU 28362; ventral striatum

It is well established that adrenocortical hormones are involved in
mediating stress effects on cognitive performance (Lupien and
McEwen, 1997; de Kloet et al., 1999; Roozendaal, 2000). Evidence that systemic injections of corticosterone or glucocorticoid
receptor (GR or type II) agonist, administered to rats or mice
immediately after training, enhance retention indicates that glucocorticoids strengthen memory consolidation (Kovacs et al.,
1977; Flood et al., 1978; Roozendaal and McGaugh, 1996a). The
hippocampal formation, which expresses high densities of adrenal
steroid receptors (Reul and de Kloet, 1985), is considered a major
target for glucocorticoids in influencing memory consolidation
(Micheau et al., 1985; Roozendaal and McGaugh, 1997a). Recent
findings indicate that the amygdala, which has a moderate density
of GRs (Honkaniemi et al., 1992), also participates in the influence of glucocorticoids on memory consolidation (Roozendaal,
2000). Post-training infusions of a GR agonist into the basolateral
nucleus of the amygdala (BLA), but not the immediately adjacent
central nucleus of the amygdala (CEA), enhance memory
(Roozendaal and McGaugh, 1997b). Selective lesions of the
BLA, but not the CEA, block the memory-enhancing effects of
systemic glucocorticoid administration (Roozendaal and McGaugh, 1996a). Moreover, lesions or functional disruption of the

BLA blocks modulation of memory consolidation initiated by
treatments affecting hippocampal GRs (Roozendaal and McGaugh, 1997a; Roozendaal et al., 1999).
These findings strongly support the view that the BLA mediates arousal and stress hormone effects on memory consolidation
processes elsewhere in the brain (McGaugh et al., 1996; Cahill
and McGaugh, 1998; McGaugh, 2000; Roozendaal, 2000). The
BLA projects directly to the entorhinal cortex and the hippocampus (Thomas et al., 1984; Pikkarainen et al., 1999). Administration of NMDA into the amygdala induces c-fos expression in the
ipsilateral dentate gyrus (Packard et al., 1995), and BLA electrical stimulation enhances the induction of population spike longterm potentiation (LTP) in the dentate gyrus in vivo (Ikegaya et
al., 1995; Akirav and Richter-Levin, 1999). Furthermore, BLA
lesions attenuate the induction of perforant path LTP (Ikegaya et
al., 1994) and block stress-induced impairment of hippocampal
LTP (Sharp et al., 1999). However, our previous findings suggested an alternative route of BLA–hippocampal interaction.
Because lesions of either the nucleus accumbens (NAc) or the
stria terminalis (ST), a fiber bundle carrying projections from the
BLA to the NAc (Kelley et al., 1982; Wright et al., 1996), block
the memory-modulatory effects of systemic glucocorticoids administered after training (Roozendaal and McGaugh, 1996b;
Setlow et al., 2000), it might be that information from the BLA
and the hippocampus converge in the NAc in modulating memory
consolidation.
The present experiments addressed this issue further by examining whether NAc or ST lesions block the enhancing effects of
intra-BLA infusions of a GR agonist on memory for inhibitory
avoidance training, a task in which both the hippocampus and the
NAc are involved (Lorenzini et al., 1995; Taubenfeld et al., 1999).
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Additionally, we examined whether lesions of the NAc or the ST
block the memory enhancement induced by post-training GR
agonist infusions into the hippocampus to determine whether the
enabling influence of the BLA on hippocampal-dependent memory formation is mediated via this pathway.

MATERIALS AND METHODS
Subjects. Male Sprague Dawley rats (270 –300 gm at time of surgery) from
Charles River Laboratories (Wilmington, M A) were used. They were
kept individually in a temperature-controlled (22°C) colony room and
maintained on a standard 12/12 hr light /dark cycle (lights on, 0700 –1900
hr) with ad libitum access to food and water. Training and testing were
performed during the light phase of the cycle between 1000 and 1500 hr.
Surger y. The animals were adapted to the vivarium for at least 1 week
before surgery. They were anesthetized with sodium pentobarbital (50
mg / kg of body weight, i.p.) and given atropine sulfate (0.4 mg / kg, i.p) to
maintain respiration. The skull was positioned in a stereotaxic frame
(Kopf Instruments, T ujunga, CA), and bilateral lesions of the NAc or the
ST were made, followed by bilateral cannulae placement just above the
BL A or the dorsal hippocampus. Bilateral lesions of the NAc were made
with NMDA (Sigma, St. L ouis, MO; 12.5 g per 1.0 l of phosphate
buffer, pH 7.4). The NMDA solution was back-filled into a 30 gauge
needle, which was attached by a polyethylene tube to a 10 l Hamilton
microsyringe, driven by a minipump (Sage Instruments, Boston, M A).
The needle was placed into the NAc, and 0.3 l of NMDA solution was
inf used over 34 sec, after which the needle was left in place for 3
additional minutes to allow for diff usion. The following coordinates were
based on the atlas of Paxinos and Watson (1997): anteroposterior (AP),
⫹1.9 mm from bregma; mediolateral (ML), ⫾1.6 mm from midline; and
dorsoventral (DV), ⫺7.4 mm from the skull surface, with the incisor bar
⫺3.3 mm from the interaural line. For sham lesions the tip of the needle
was lowered only 5.4 mm below the skull surface and left in place for 3
min without an inf usion. Bilateral lesions of the ST were produced by
radio-frequency current (1.5 V; 20 sec; Grass Instrument model L M-3)
administered through bipolar electrodes (twisted, paired stainless steel
wires with tips 0.5 mm apart; insulated except for 0.5 mm at the tip) at the
following coordinates: AP, ⫺0.3 mm; ML, ⫾3.0 mm; and DV, ⫺5.4 mm,
according to the atlas of Pellegrino et al. (1979). Sham lesions followed
the same procedure except that the electrode was lowered only 4.0 mm
below the skull surface and no current was passed.
Immediately after lesioning of either the NAc or the ST, the animals
were placed in another stereotaxic frame, and two stainless steel guide
cannulae (23 gauge) were implanted bilaterally with the cannula tips
either 2 mm above the BL A (15 mm long; coordinates, AP, ⫺2.8 mm;
ML, ⫾5.0 mm; and DV, ⫺6.5 mm) or 1.5 mm above the dorsal hippocampus (11 mm long; coordinates, AP, ⫺3.3 mm; ML, ⫾1.5 mm; and DV,
⫺2.6 mm) according to the atlas of Paxinos and Watson (1997). The
cannulae were affixed to the skull with two anchoring screws and 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 inf usion of drugs. After surgery, the rats received a subcutaneous
3.0 ml injection of saline to prevent dehydration and were placed into an
incubator until recovery from anesthesia, after which they were returned
to their home cages. The rats were allowed to recover a minimum of 7 d
before initiation of training and were handled three times for 1 min each
during this recovery period to get accustomed to the inf usion
procedures.
Inhibitor y avoidance apparatus and procedure. The rats were trained
and tested in an inhibitory avoidance apparatus consisting of a troughshaped alley (91 cm long, 15 cm deep, 20 cm wide at the top, and 6.4 cm
wide at the floor) divided into two compartments, separated by a sliding
door that opened by retracting into the floor (McGaugh et al., 1988). 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 dark,
electrifiable metal plates and was not illuminated. Training and testing
were conducted 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 foot shock was delivered for 1 sec.
Because previous studies have shown that vehicle inf usions into the
BL A, but not the hippocampus, induce memory impairment for inhibitory avoidance training (Roozendaal and McGaugh, 1997a,b), animals
with BL A cannulae received a higher foot-shock intensity (0.5 mA) than
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did animals with cannulae aimed at the dorsal hippocampus (0.4 mA).
Animals showing entrance latencies on the training trial of ⬎30 sec were
eliminated from the study. The animals were removed from the shock
compartment 15 sec after termination of the foot shock and, after drug
treatment, were returned to their home cages. On the 48 hr retention test,
as on the training session, the latency to reenter the shock compartment
with all four paws (maximum latency of 600 sec) was recorded and used
as the measure of retention. L onger latencies were interpreted as indicating better retention. Shock was not administered on the retention test
trial. E xtensive previous evidence indicates that avoidance of the shock
area indicates specific memory of the place where shock had been
received (Gold, 1986; Vazdarjanova and McGaugh, 1998; Liang, 2001).
Drug and inf usion procedures. The specific GR agonist 11␤,17␤dihydroxy-6,21-dimethyl-17␣-pregna-4,6-trien-20yn-3-one (RU 28362;
Roussel UCL AF, Romainville, France) was inf used into either the BL A
(1.0 or 3.0 ng in 0.2 l) or the dorsal hippocampus (1.0 or 3.0 ng in 0.5 l)
immediately after training. Receptor-binding studies have shown that
this compound has a selective and high affinity for GRs (Teutsch et al.,
1981). 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 in saline only. Inf usions of RU 28362 or an equivalent volume of
vehicle control into the BL A were made by using a 30 gauge injection
needle connected to a 10 l Hamilton microsyringe by polyethylene
(PE-20) tubing. For inf usions into the BL A, the injection needle protruded 2 mm beyond the tip of the cannula, and a 0.2 l injection volume
was inf used over a period of 25 sec by an automated syringe pump (Sage
Instruments). The inf usion volume was based on findings that this
volume of NMDA solution into an identical injection site induces selective neurotoxic lesions of the BL A (Roozendaal and McGaugh, 1996a).
Furthermore, drug inf usions of this volume into either the BL A or the
adjacent CEA induce differential effects on memory consolidation (Parent and McGaugh, 1994; Roozendaal and McGaugh, 1997b). The injection needle was retained within the cannula for an additional 20 sec after
drug inf usion to maximize diff usion and to prevent backflow of drug into
the cannulae. The experimental procedure for intrahippocampal inf usions was similar to that described for inf usions into the BL A except that
a volume of 0.5 l was inf used over a 36 sec period and that 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 (Roozendaal and McGaugh, 1997a).
Histolog y. The rats were anesthetized with an overdose of sodium
pentobarbital (⬃100 mg / kg, i.p.) and perf used intracardially with 0.9%
saline (w/ v) solution followed by 4% formaldehyde (w/ v) dissolved in
water. After decapitation, the brains were removed and placed in 4%
formaldehyde. At least 24 hr before sectioning, the brains were submerged in a 20% sucrose (w/ v) solution for cryoprotection. Sections of 40
m were made using a freezing microtome and stained with cresyl violet.
The sections were examined under a light microscope, and determination
of the size and location of the lesions in either the NAc or ST as well as
the location of injection needle tips in the BL A and hippocampus was
made according to the standardized atlas plates of Paxinos and Watson
(1997) by an observer blind to the drug treatment condition.
Statistics. The retention test latencies of the different experiments were
analyzed separately using a two-factor ANOVA with sham and lesioned
animals (two levels) and intra-BL A or intrahippocampal inf usions of
vehicle or different doses of the GR agonist (three levels) as betweensubject variables. Further analysis used Fisher’s post hoc tests to determine the sources of significance. A probability level of ⬍0.05 was accepted as statistically significant. One outlier (an animal with a retention
latency outside of the range of ⫾2 SD from the group mean) was
excluded from the NAc sham group with intra-BL A inf usions of RU
28362 (3.0 ng). There were 7–15 rats per group as indicated in the figure
legends.

RESULTS
Histology
Cannula placement
Animals with improper cannula placement or with extensive
damage to the targeted tissue were excluded from the analyses.
Figure 1, A and B, shows photomicrographs illustrating representative locations of injection needle tips in the BLA and the dorsal
hippocampus, respectively.
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cluded from the final analysis because of inappropriate locus and
size of the lesions.

Effects of NAc or ST lesions on intra-BLA infusions of
RU 28362

Figure 1. Representative photomicrographs illustrating placement of
cannula in the basolateral amygdala ( A) or dorsal hippocampus ( B). BLA,
Basolateral nucleus of the amygdala; CA1, CA3, Ammon’s horn; CEA,
central nucleus of the amygdala; DG, dentate gyrus; OT, optic tract.

NAc lesions
Animals with misplaced or absent lesions were excluded from
further analysis, leaving 51 animals in the NAc-lesioned groups.
The largest and smallest lesions are shown in Figure 2 A, and a
representative lesion and a sham control are shown in Figure 2, B
and C, respectively. The lesions were primarily confined to the
NAc core and anterior NAc shell. However, some of the larger
lesions spread along the anterior limb of the anterior commissure
and damaged the posterior medial shell as well. There was also
occasional damage to the caudate-putamen overlying the NAc. In
⬃25 of the animals (49%), the posterior spread of the lesions
along the anterior limb of the anterior commissure caused partial
damage to the bed nucleus of the stria terminalis and ventral
pallidum. This damage was in all cases unilateral and did not
encroach on the lateral hypothalamus or medial septum.

ST lesions
The maximum and minimum extents of the lesions (n ⫽ 66) are
shown in Figure 3A, and a representative lesion and a sham
control are shown in Figure 3, B and C, respectively. In most
animals the ST lesions also included the most dorsal aspects of the
caudate-putamen and anterior, dorsomedial, and ventrolateral
thalamic areas. The most ventrolateral part of the fimbria, immediately adjacent to the ST, showed occasionally minor damage,
but in all animals a minimum of ⬃85–90% of the fimbria remained intact. The fornix, which carries information from the
subiculum to the NAc, was spared in all cases. Animals were
included in the analyses only if the ST was damaged entirely at, at
least, one rostrocaudal location. Seventy-one animals were ex-

Previous studies from our laboratory have shown that systemic
injections of glucocorticoids given immediately after inhibitory
avoidance training induce dose-dependent memory enhancement. These effects are blocked by lesions of the NAc or the ST
(Roozendaal and McGaugh, 1996b; Setlow et al., 2000), suggesting that these structures are a critical part of a memorymodulatory system. Because infusions of glucocorticoids into the
BLA induce similar memory enhancement (Roozendaal and
McGaugh, 1997b), the present experiments evaluated whether
either NAc or ST lesions block the memory enhancement induced
by intra-BLA infusions of glucocorticoids. The first experiment
examined the effects of bilateral NAc lesions. Latencies of rats
with sham lesions or NAc lesions to enter the shock compartment
on the training trial, before foot-shock exposure, did not differ
[mean ⫾ SEM, for sham-lesioned rats, 14.3 ⫾ 1.0 sec; for NAclesioned rats, 14.2 ⫾ 1.2 sec; F(1,58) ⫽ 0.01; NS; data not shown].
Figure 4 A shows the inhibitory avoidance retention latencies of
rats with sham or bilateral NAc lesions given immediate posttraining infusions of the GR agonist RU 28362 or vehicle into the
BLA. Retention latencies of sham-lesioned rats given vehicle
infusions were significantly longer than were their entrance latencies during the training trial (paired t test, p ⬍ 0.005), indicating memory for the task. A two-factor ANOVA for retention
trials revealed no significant lesion [F(1,54) ⫽ 1.70; NS] or overall
drug effects [F(2,54) ⫽ 1.91; NS] but did reveal a significant
interaction between these two factors [F(2,54) ⫽ 3.59; p ⬍ 0.05].
The retention latencies of sham-lesioned rats given vehicle infusions in the BLA were short (67.6 ⫾ 12.9 sec) as was expected
because of the low foot-shock intensity used. Post-training infusions of the lower dose of the GR agonist RU 28362 (1.0 ng) into
the BLA of sham-lesioned rats enhanced retention of rats relative
to corresponding vehicle-treated rats ( p ⬍ 0.01). The higher dose
of RU 28362 (3.0 ng) did not enhance retention. Lesions of the
NAc alone did not impair retention latencies but, most important,
blocked the retention-enhancing effects of RU 28362 administered into the BLA. Furthermore, retention latencies of RU
28362-treated rats (1.0 ng) with NAc lesions were significantly
shorter than were retention latencies of RU 28362-treated rats
(1.0 ng) with sham lesions ( p ⬍ 0.05).
We next evaluated whether lesions of the ST would block the
memory-enhancing effect of post-training intra-BLA infusions of
RU 28362. A one-factor ANOVA revealed no significant difference between rats with sham lesions (mean ⫾ SEM, 13.9 ⫾ 1.2
sec) and ST lesions (15.3 ⫾ 1.0 sec) in their latencies to enter the
shock compartment during training [F(1,72) ⫽ 0.69; NS]. Figure
4 B shows the inhibitory avoidance retention latencies of rats with
bilateral ST lesions given GR agonist infusions into the BLA.
Retention latencies of sham-lesioned rats given vehicle infusions
were significantly longer than were their entrance latencies during
the training trial (paired t test, p ⬍ 0.05). A two-factor ANOVA
for retention latencies revealed no significant lesion [F(1,68) ⫽
2.25; NS] or drug effects [F(2,68) ⫽ 1.98; NS] but did indicate a
significant interaction between these two factors [F(2,68) ⫽ 3.71;
p ⬍ 0.05]. Similarly, as described above, only post-training infusions of the lower (1.0 ng) and not the higher (3.0 ng) dose of the
GR agonist RU 28362 into the BLA enhanced retention of
sham-lesioned rats relative to vehicle-treated rats ( p ⬍ 0.01). ST
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Figure 2. A, Maximum ( gray-shaded area) and minimum (black-shaded area) extents of the nucleus accumbens lesions. Plates are adapted from the atlas
of Paxinos and Watson (1997). B, Representative nucleus accumbens lesion. Arrows denote lesion borders. C, Sham-lesioned control. AC, Anterior limb
of the anterior commissure; ec, external capsule; LV, lateral ventricle.

lesions alone did not significantly affect retention latencies but
blocked the retention-enhancing effect of RU 28362 administered
into the BLA ( p ⬍ 0.05).

Effects of NAc or ST lesions on intrahippocampal
infusions of RU 28362
Previously, we reported that post-training infusions of RU 28362
into the hippocampus also enhance inhibitory avoidance retention and that these effects are blocked by lesions of the BLA
(Roozendaal and McGaugh, 1997a). The present study examined
whether this BLA influence is conveyed via ST efferent projections to the NAc to interact with hippocampal memory consolidation processes. This experiment investigated whether lesions of
either the NAc or the ST blocked memory enhancement induced
by immediate post-training intrahippocampal infusions of RU
28362. In agreement with the findings of the first experiment,
NAc lesions did not affect latencies to enter the shock compartment on the training trial [mean ⫾ SEM, for sham-lesioned rats,
13.4 ⫾ 0.9 sec; for NAc-lesioned rats, 12.6 ⫾ 1.3 sec; F(1,64) ⫽
0.23; NS; data not shown]. Inhibitory avoidance retention latencies of rats with bilateral NAc lesions given immediate posttraining infusions of vehicle or the GR agonist RU 28362 into the
dorsal hippocampus are shown in Figure 5A. The rats certainly
learned the task because retention latencies of sham-lesioned rats
given vehicle infusions were significantly longer than were their
entrance latencies during the training trial (paired t test, p ⬍
0.01). A two-factor ANOVA for retention latencies revealed
no significant lesion [F(1,60) ⫽ 0.23; NS] or overall drug effects
[F(2,60) ⫽ 1.91; NS] but did indicate a significant interaction
between these two factors [F(2,60) ⫽ 3.15; p ⬍ 0.05]. Post-training

infusions of the higher dose of RU 28362 (3.0 ng) into the
hippocampus enhanced retention of sham-lesioned rats as compared with the corresponding vehicle-treated rats ( p ⬍ 0.05). The
lower dose of RU 28362 (1.0 ng) did not enhance retention. NAc
lesions alone did not affect retention latencies but blocked the
retention-enhancing effects of the higher dose of RU 28362 administered into the hippocampus ( p ⬍ 0.05).
A one-factor ANOVA revealed no significant difference between rats with sham lesions (mean ⫾ SEM, 10.8 ⫾ 1.1 sec) and
ST lesions (13.4 ⫾ 1.2 sec) in their latencies to enter the shock
compartment during training [F(1,73) ⫽ 2.58; NS]. Inhibitory
avoidance retention latencies of rats with bilateral ST lesions
given GR agonist infusions into the dorsal hippocampus are
shown in Figure 5B. Retention latencies of sham-lesioned rats
given vehicle infusions were significantly longer than were their
entrance latencies during the training trial (paired t test, p ⬍
0.0005). A two-factor ANOVA for retention latencies revealed no
significant lesion [F(1,68) ⫽ 0.95; NS] or drug effects [F(2,68) ⫽
2.04; NS] but did reveal a significant interaction between these
two factors [F(2,68) ⫽ 3.35; p ⬍ 0.05]. Similarly, as described
above, only post-training infusions of the higher dose of the GR
agonist RU 28362 (3.0 ng) into the hippocampus enhanced retention of rats relative to vehicle-treated rats ( p ⬍ 0.05). ST
lesions alone did not significantly affect retention latencies but
blocked the retention-enhancing effects of RU 28362 administered into the hippocampus. Furthermore, retention latencies of
RU 28362-treated rats (3.0 ng) with ST lesions were significantly
shorter than were retention latencies of RU 28362-treated rats
(3.0 ng) with sham lesions ( p ⬍ 0.05).
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Figure 3. A, Maximum ( gray-shaded area) and minimum (black-shaded area) extents of the stria terminalis lesions. Plates are adapted from the atlas
of Paxinos and Watson (1997). B, Representative stria terminalis lesion. Arrows denote lesion borders. C, Sham-lesioned control. CA3, Ammon’s horn;
DG, dentate gyrus; Fi, fimbria; LV, lateral ventricle; ST, stria terminalis.

Figure 4. Step-through latencies (mean ⫾ SEM) for the 48
hr retention test of rats with lesions of either the nucleus
accumbens ( A) or the stria terminalis ( B) given microinfusions of vehicle or the specific glucocorticoid receptor agonist RU 28362 (1.0 or 3.0 ng in 0.2 l) into the basolateral
amygdala immediately after inhibitory avoidance training.
**p ⬍ 0.01 compared with the corresponding vehicle group;
⽧p ⬍ 0.05 compared with the corresponding sham-lesion
group (n ⫽ 7–15 per group). N., Nucleus.

DISCUSSION
The novel findings of these experiments are that bilateral lesions
of either the NAc or the ST block the retention enhancement
produced by immediate post-training infusions of a GR agonist
into either the BLA or the hippocampus. These findings are
consistent with previous evidence indicating that NAc and ST
lesions prevent the memory-enhancing effect of systemic glucocorticoid injections on the same task (Roozendaal and McGaugh, 1996b; Setlow et al., 2000) and complement findings that
BLA lesions block the memory-enhancing effects of intrahippocampal GR agonist infusions (Roozendaal and McGaugh,
1997a). Sham and lesioned animals did not differ in training or
retention latencies in groups given vehicle infusions. Because the
lesions alone did not affect retention, the BLA–NAc pathway
does not appear to be critical for either the acquisition or expres-

sion of memory for inhibitory avoidance training (Liang et al.,
1990; Introini-Collison et al., 1991; Roozendaal and McGaugh,
1996b; Setlow et al., 2000). However, both are certainly involved
in influencing memory consolidation, because reversible functional inactivation of either the BLA or the NAc immediately
after training impairs later retention (Parent and McGaugh, 1994;
Lorenzini et al., 1995).

Glucocorticoid-induced enhancement of
memory consolidation
Our findings that immediate post-training GR agonist infusions
administered into either the BLA or the hippocampus enhanced
later retention in a dose-dependent manner are consistent with
those of previous studies (Roozendaal and McGaugh, 1997a,b;
Roozendaal et al., 1999). Hippocampal infusions required a
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Figure 5. Step-through latencies (mean ⫾ SEM) for the 48
hr retention test of rats with lesions of either the nucleus
accumbens ( A) or the stria terminalis ( B) given microinfusions of vehicle or the specific glucocorticoid receptor agonist RU 28362 (1.0 or 3.0 ng in 0.5 l) into the dorsal
hippocampus immediately after inhibitory avoidance training. *p ⬍ 0.05 compared with the corresponding vehicle
group; ⽧p ⬍ 0.05 compared with the corresponding shamlesion group (n ⫽ 7–14 per group). N., Nucleus.

higher dose of RU 28362 to induce retention enhancement compared with that required in the BLA. However, because the
volume infused into the hippocampus was also larger than that
infused into the BLA, the final concentrations of the effective
drug solutions in both structures were comparable. The effects of
glucocorticoid administration on retention performance depend
not only on the dose but also, among other factors, on the phases
of memory during which they are active (Lupien and McEwen,
1997; de Quervain et al., 1998). In the present experiments, RU
28362 was administered in a single infusion after the training
experience and, thus, could not have affected processes influencing acquisition. Likewise, because neither systemic nor intrahippocampal glucocorticoid administration enhances memory when
given several hours after training (Flood et al., 1978; Micheau et
al., 1985; Sandi and Rose, 1994; Cabib et al., 1996), the retention
enhancement seen in the present study was most likely caused
selectively by an influence on memory consolidation. Further
support for the hypothesis that immediate post-training administration of a GR agonist selectively influences memory consolidation is provided by our finding that systemic administration of
glucocorticoids shortly before retention testing impairs retention
performance for training in several tasks, including inhibitory
avoidance (de Quervain et al., 1998) (B. Roozendaal and J. L.
McGaugh, unpublished observation). Lastly, direct glucocorticoid effects on locomotor activity seem not to be mediated by GR
activation (Oitzl et al., 1994; Sandi et al., 1996). Thus, it is not
likely that the glucocorticoid influence on retention latencies is
caused by alteration of locomotor activity.

The BLA as a modulator of hippocampal
memory function
Extensive evidence from our laboratory suggests that the BLA is
not a critical long-term information storage site but rather that
the BLA regulates memory consolidation processes in other brain
regions (McGaugh et al., 1996; McGaugh, 2000). There is accumulating agreement that the BLA is involved in regulating storage of recently acquired information in or involving the hippocampus.
Direct
post-training
BLA
activation
by
pharmacological treatments (including glucocorticoids) can enhance memory in several (hippocampal-dependent) learning
tasks (Packard et al., 1994; Roozendaal and McGaugh, 1997b;
Hatfield and McGaugh, 1999). This amygdala-induced memory
enhancement is blocked in animals in which the hippocampus is
inactivated concurrently (Packard and Teather, 1998). Additionally, an intact BLA is necessary for the memory-modulatory
effects of both systemic and intrahippocampal glucocorticoid administration (Roozendaal and McGaugh, 1996a, 1997a). BLA

lesions also block the impairing effects of adrenalectomy, or of
GR antagonist administration into the hippocampus, on memory
for water-maze spatial training (Roozendaal et al., 1996;
Roozendaal and McGaugh, 1997a). Although the nature of this
BLA influence on memory processes involving the hippocampus
is not clear, it is known that this enabling influence is not limited
to glucocorticoids. BLA inactivation also blocks memory enhancement induced by post-training intrahippocampal glutamate
administration in a win-shift version of the radial arm maze
(Packard and Chen, 1999).

Role of the nucleus accumbens in
BLA–hippocampus interactions
Several recent studies using either systemic injections of drugs
combined with lesions of the NAc or the ST or local drug
infusions into the NAc have implicated the NAc and the ST in the
modulation of memory consolidation (Introini-Collison et al.,
1991; Lorenzini et al., 1995; Roozendaal and McGaugh, 1996b;
Setlow and McGaugh, 1999). The present study evaluated the
participation of the NAc and the ST in influencing memory
consolidation involving the BLA and the dorsal hippocampus.
The finding that NAc and ST lesions block the enhancing effect of
intra-BLA infusions of RU 28362 on inhibitory avoidance memory suggests that ST projections, terminating in the NAc, mediate
BLA effects of stress hormones and emotional arousal on memory consolidation in other brain regions. This view is supported
by previous findings indicating that ST lesions block the memorymodulatory effects of other amygdala manipulations, including
electrical and noradrenergic stimulation (Liang and McGaugh,
1983; Introini-Collison et al., 1991). Unequivocal evidence implicating this pathway in memory modulation was provided by the
finding that contralateral, unilateral BLA and NAc lesions (thus
damaging the BLA–NAc pathway in both hemispheres) block
inhibitory avoidance retention enhancement induced by systemic
dexamethasone, whereas ipsilateral destruction of these brain
regions is ineffective (Setlow et al., 2000). The involvement is not
limited to inhibitory avoidance learning because ST lesions also
block systemic glucocorticoid effects on memory consolidation on
a water-maze spatial task (Roozendaal and McGaugh, 1996b).
Evidence from neurochemical and electrophysiological experiments suggests that the BLA may influence hippocampal activity
via direct projections or via the entorhinal cortex (Thomas et al.,
1984; Ikegaya et al., 1994, 1995; Packard et al., 1995; Akirav and
Richter-Levin, 1999; Pikkarainen et al., 1999; Sharp et al., 1999).
However, the BLA is not only engaged in modulating long-term
consolidation processes, but it also influences other hippocampaldependent cognitive processes such as acquisition and/or encod-
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ing (Shors and Mathew, 1997; Poremba and Gabriel, 1999; Spanis
et al., 1999). Direct BLA–hippocampal connections might be
involved in influencing these more short-term cognitive processes. In contrast, the present findings suggest that these direct
anatomical pathways may not participate in mediating BLA effects on memory consolidation processes. Perhaps the strongest
argument against an involvement of direct BLA–hippocampus
connections in mediating BLA influences on memory consolidation is the present finding that ST lesions block the memoryenhancing effects of intrahippocampal glucocorticoid administration. BLA projections to the hippocampus do not run through the
ST. These findings suggest that the BLA–NAc projections are
critical for regulation of the memory-modulatory influences of
glucocorticoids in the hippocampus. The finding that a disruption
of the BLA–NAc pathway (at the level of either the BLA, ST, or
NAc) blocks the enhancing effects of intrahippocampal GR agonist infusions on memory consolidation suggests that the NAc
may be a site of convergence for memory-modulatory information
from the BLA and the hippocampus.
Many of the same kinds of learning that involve the hippocampus also involve the NAc, which receives a strong projection from
the hippocampus (Kelley and Domesick, 1982; Groenewegen et
al., 1987; Seamans and Phillips, 1994; Logan and Grafton, 1995;
Setlow, 1997; Westbrook et al., 1997; Goldenberg et al., 1999;
Setlow and McGaugh, 1999). However, in contrast to the present
findings, lesions of the NAc often impair performance, particularly on hippocampal-dependent tasks. Also, as we noted above,
post-training inactivation of the NAc impairs later inhibitory
avoidance retention (Lorenzini et al., 1995), providing further
evidence of a modulatory role of the NAc in this task. It appears
that the NAc is a critical link in the process by which glucocorticoids enhance memory consolidation, and it can be hypothesized
that BLA input to the NAc “gates” the influence of hippocampal
glucocorticoids on memory consolidation.
Considerable evidence indicates the convergence of BLA and
hippocampal information onto single cells in the NAc (DeFrance
et al., 1980; Lavoie and Mizumori, 1994; O’Donnell and Grace,
1995; Finch, 1996). Moreover, electrical stimulation of the BLA
increases the likelihood that fimbria-fornix stimulation will induce spike activity in the NAc (Mulder et al., 1998), and lesioning
of the fimbria-fornix impairs BLA-induced reinforcement of perforant path LTP (Jas et al., 2000). This proposed role of the NAc
in integrating BLA- and hippocampal-derived information is not
unique for memory modulation. It was proposed originally by
Mogenson et al. (1980) to explain limbic influences on locomotor
activity, and subsequently several learned and unlearned behaviors were found to use this pathway (Roozendaal and Cools, 1994;
Floresco et al., 1997; Everitt et al., 1999). There appear to be
differing levels of complexity in BLA–hippocampal–NAc interactions that may be task dependent (see Hiroi and White, 1991).
Because the NAc is presumably not a critical locus of storage for
memory (Sutherland and Rodriguez, 1989; Haralambous and
Westbrook, 1999) and because the projections from the BLA and
the hippocampus to the NAc are unidirectional, this information
may feed back to cortical areas (including the hippocampus),
perhaps via striatopallidothalamocortical loops, to allow for more
long-lasting storage (Alexander et al., 1990; De Olmos and Heimer, 1999).
BLA activation may have widespread effects on memory function throughout the brain. The BLA modulates immediate-early
gene expression, LTP, and cognitive processes in or involving the
caudate-putamen (Packard et al., 1994) and several cortical areas
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(Liang et al., 1996; Bermudez-Rattoni et al., 1997; Escobar et al.,
1998; Jones et al., 1999; Schoenbaum et al., 1999). It will be of
interest to determine whether these effects are also mediated by
converging influences involving the NAc.
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