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Bidirectional Modulation of Hippocampal Long-Term
Potentiation under Stress and No-Stress Conditions in
Basolateral Amygdala-Lesioned and Intact Rats
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Hippocampal long-term potentiation (LTP) is widely considered as a cellular model for learning and memory formation. We have shown
previously that protein synthesis-independent, early dentate gyrus (DG) LTP, lasting �4 –5 h, can be transformed into a late-LTP with a
duration of �24 h by a brief acute swim stress experience (high-stress condition). This reinforcement requires the activation of miner-
alocorticoid receptors and protein synthesis. The basolateral amygdala (BLA) is known to modulate glucocorticoid effects on the con-
solidation of spatial/contextual memory via a �-adrenergic mechanism. Interestingly, hippocampal DG-LTP can also be indirectly
modulated by �-adrenergic and cholinergic/muscarinergic processes. Here, we show that the reinforcement of early-DG-LTP under
high-stress conditions depends on the processing of novel spatial/contextual information. Furthermore, this reinforcement was blocked
in BLA-lesioned animals compared with sham-operated and intact controls; however, it was not dependent on �-adrenergic or cholin-
ergic/muscarinergic receptor activation. In contrast, under low-stress conditions, the induction of late-LTP in BLA-lesioned animals is
facilitated, and this facilitation, again, was dependent on �-adrenergic activation. The data suggest that DG-LTP maintenance can be
influenced by the BLA through different mechanisms: a short-lasting corticosterone-dependent and �-adrenergic-independent mecha-
nism and a long-lasting mechanism that facilitated hippocampal �-adrenergic mechanisms.
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Introduction
The basolateral amygdala (BLA) plays a pivotal role in the con-
solidation of memories related to fear and emotions (Kim and
Diamond, 2002; McGaugh, 2002, 2004; Seidenbecher et al.,
2003). Long-term potentiation (LTP) is a widely considered
model for cellular mechanisms of learning and memory consol-
idation. At least two different phases of LTP can be discriminated:
a protein synthesis-independent early-LTP that lasts �4 –5 h and
a protein synthesis-dependent late-LTP maintained longer than
5 h (Krug et al., 1984) that requires heterosynaptic activation
during its induction (Krug et al., 1984; Frey et al., 1988, 1990,
1991, 1993; Otani et al., 1989; Otani and Ben-Ari, 1993). Hip-
pocampal early-LTP can be transformed (reinforced) into a late-
LTP by a time-related activation of a heterosynaptic strong input
that is mainly involved in the activation of the synthesis of re-
quired plasticity-related proteins (PRPs) (Sajikumar and Frey,
2004). Such a heterosynaptic consolidation can be initiated either
by direct electrical stimulation of different brain areas structur-

ally related to the hippocampus (Ikegaya et al., 1996; Frey et al.,
2001, 2003; Akirav and Richter-Levin, 2002; Bergado et al., 2003;
Vouimba and Richter-Levin, 2005) or by behavioral stimulation
(Seidenbecher et al., 1997; Akirav and Richter-Levin, 1999;
Straube et al., 2003; Korz and Frey, 2003, 2004; Uzakov et al.,
2005).

Under low or moderate stress conditions, both types of rein-
forcement of DG-LTP have been shown to depend on noradren-
ergic and cholinergic activation (Ikegaya et al., 1997; Jas et al.,
2000; Frey et al., 2001; Straube et al., 2003) and can be modulated
by the basolateral amygdala (Abe et al., 1994; Izquierdo, 1994;
Ikegaya et al., 1996, 1997; Almaguer-Melian et al., 2003, Nakao et
al., 2004). After acute swim stress, we found that DG-LTP rein-
forcement was dependent on the activation of mineralocorticoid
receptors (MRs) by binding of corticosterone (Korz and Frey,
2003). The BLA has been described to modulate glucocorticoid
effects on the retrieval and consolidation of spatial/contextual
memory by �-adrenergic mechanisms (Roozendaal, 2003;
Roozendaal et al., 2003, 2004).

The aim of the present study was to elucidate the possible role
of the basolateral amygdala in reinforcement of early-LTP by
behavioral stress. Second, we investigated whether this LTP rein-
forcement is dependent on the processing of novel spatial/con-
textual information. To address these questions, we compared
the influence of different neuromodulatory systems on LTP
modulation under low- and high-stress conditions in BLA-
lesioned and intact rats.
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Materials and Methods
Surgery and electrophysiological recording. Male Wistar rats (8 weeks of
age) were anesthetized with Nembutal (40 mg/kg, i.p.). For electrolytic
lesions, a monopolar electrode was lowered stereotaxically into the BLA
of both hemispheres [anteroposterior (AP), �2.4; lateral (L), 5.0; 7.6
ventral from dura], and a current of 1.5 mA over 7 s was delivered
(compare Fig. 2). In sham-operated animals, the electrode was lowered
into the BLA without application of electrical current. At the end of the
experiments, the correct locations of the lesions were verified histologi-
cally. For electrophysiological recording, a monopolar electrode (insu-
lated stainless steel; diameter, 125 �m) was implanted into the hilus of
the dentate gyrus (DG) (AP, �2.8; L, 1.8; 3.2–3.5 ventral from dura), and
a bipolar stimulation electrode was implanted into the medial perforant
path (MPP) (AP, �6.9; L, 4.1; 2.2–2.5 ventral from dura). In pharmaco-
logically treated rats, a cannula of 4.5 mm in length (coordinates: AP,
�0.8; L, 1.6) was implanted into the lateral ventricle of the right hemi-
sphere. During electrode implantation, the population-spike amplitude
(PSA) was optimized by delivering test pulses. The animals were allowed
�1 week to recover from surgery.

During recording sessions, electrodes were connected to a swivel by a
flexible cable while rats were allowed to move freely in a recording box
(40 � 40 � 40 cm). The animals had ad libitum access to food and water.
An input/output (I/O) curve was performed 16 –17 h before baseline
recording by application of test pulses with an intensity of 0.1– 0.8 mA in
steps of 0.1 mA. Biphasic constant current pulses (0.1 ms per half-wave)
were applied to the perforant path to evoke DG field potentials of �40%
of the maximum PSA. The responses were amplified and stored on a
personal computer.

A stable baseline was registered for 1 h, early-LTP was induced by three
tetanic bursts and late-LTP by 10 tetanic bursts at the same stimulus
intensity as that used for the test pulses. Each burst consisted of 15 pulses
at 200 Hz. Each stimulus was 0.1 ms in duration, and bursts were deliv-
ered at 10 s interburst intervals. Initially, after 2 min, and then every 15
min after tetanization, five test stimuli (10 s interpulse interval) were
applied, and the mean values of field potentials were stored for 8 h (com-
pare Fig. 1). For analysis and presentation, 1 h values were averaged over
every four 15 min values for 8 h and then 24 h after tetanus. The 2 min
value controlled for the achievement of a sufficient initial potentiation
before experimental manipulations, so that changes in potentiation
could be related to these manipulations rather than to induction of LTP.
Tetanization and experimental manipulations took place between 9:00
and 10:00 A.M. to control for the diurnal rhythm of corticosterone titers.

Five minutes after registration of the third baseline value, hippocam-
pal EEG was recorded over 40 s. A second recording session was per-
formed 20 min after injection of either saline or timolol.

Swim stress procedure. Fifteen minutes after application of a weak tet-
anus, the animals were transferred from the recording box into a water
tank for a 2 min swim (compare Fig. 1). The tank, usually used as a water
maze, was a white circular plastic tank (diameter, 1.82 m; height, 58 cm)
located in an adjacent room. The water level was at 38 cm, and the water
temperature was 25 � 2°C. After swimming, the rats were dried with a
towel and then transferred back into the recording chamber where LTP
was recorded. Pretraining consisted of two 2 min swims (with a 15 min
interval between swims) in the same environment as that during the
experiments (16 –17 h before tetanus).

Behavioral parameters. The behavioral parameters during swimming
(swim speed, thigmotaxis, and path lengths) were measured from those
animals from which the blood samples were collected. The swim paths
were recorded using a videocamera and fed to a video tracking (HVS
image analyzer, VP200; HVS Image, Buckingham, UK) and analysis
(Watermaze, version 2.17a; Richard Morris and Roger Spooner, Univer-
sity of Edinburgh, Centre of Neuroscience Research, Edinburgh, UK)
system located in an adjacent room.

Pharmacology. In pharmacologically treated rats, a cannula of 4.5 mm
in length (coordinates: AP, �0.8; L, 1.6) was implanted into the lateral
ventricle of the ipsilateral hemisphere. In a previous study (Korz and
Frey, 2003), we used propranolol, an antagonist of �-adrenergic recep-
tors, to test for the �-adrenergic dependence of emotional reinforce-

ment. This drug also has a high affinity for serotonergic receptor subtypes
(Kasamo et al., 1994; Hentall et al., 2000; Zhelyazkova-Savova and Zhe-
lyazkov, 2003). To increase the specificity of �-adrenergic receptor
blockade in the present study, we used timolol (Sigma, St. Louis, MO) as
a reference antagonist. Atropine (Sigma), a cholinergic/muscarinergic
receptor antagonist (0.677 �g/5 �l), and timolol (25 �g/5 �l) were dis-
solved in 0.9% NaCl. The substances were applied by a Hamilton syringe
(1 �l/min) immediately after tetanus. Control animals received the same
volume of NaCl.

Hormone analysis. Blood samples from intact animals were taken from
animals that were not prepared with electrodes but were otherwise
treated identically to the prepared animals during the experiments. For
blood sampling from lesioned and sham-operated rats, prepared animals
were taken that had no swim experience. Fifteen minutes after a 2 min
swim, animals from the different groups were decapitated, and trunk
blood was collected (compare Fig. 1). Control animals remained in the
recording box and were decapitated at the same time point as experimen-
tal animals. Blood was sampled in an Eppendorf (Sigma, Steinheim,
Germany) tube and allowed to coagulate on ice for 30 min and then the

Figure 1. Schema of the experimental design for LTP experiments (left) and blood sampling
(right). A, Intact animals; B, sham-operated animals; C, BLA-lesioned animals; D, pretrained
animals; E, naive animals.
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blood was centrifuged, and the serum was stored at a temperature of
�20°C. Samples were analyzed by a radioimmunoassay.

Statistics. The general linear model for repeated measures was used for
group comparisons in 24 h of LTP (least significant difference post hoc
tests for pairwise comparisons). Comparisons of 8 h time points in LTP
and comparisons of corticosterone levels as well as of power in the spec-
tral analyses were done by one-way ANOVA ( post hoc Dunnett’s t tests
for pairwise comparisons). Spectral analyses were performed with Chart
5 (version 5.0.2, power lab; ADInstruments, Castle Hill, Australia). Dif-
ferences in behavior were evaluated with the Kruskal–Wallis H-test and
subsequent Mann–Whitney U tests. All tests were two-tailed, and the
level of significance was set at p � 0.05. In all figures, the means and SEM
are given.

Results
Brief acute stress 15 min after application of a weak tetanus re-
sulted in a reinforcement of early- into late-LTP in sham-
operated control rats ( p � 0.01; compared with nonstressed
sham controls) but not in lesioned rats (Fig. 2A). The overall
comparison revealed a significant difference between groups
(F(4,30) � 8.07; p � 0.01) and a prolonged LTP of sham-operated
rats compared with lesioned swimmers ( p � 0.01). In contrast,
under no-stress conditions, application of a weak tetanus re-
sulted in a prolonged LTP ( p � 0.01) in lesioned animals com-
pared with controls (Fig. 2B). Application of a strong tetanus
induced no additional potentiation in lesioned animals ( p �
0.1). The induction of late-LTP by a weak tetanus in lesioned
animals under no-stress conditions was not a result of increased
excitability of dentate gyrus granule cells (i.e., no differences in
the I/O characteristics between sham-operated and lesioned an-
imals were detected). We found similar increases in the PSA as a
function of the stimulation intensity in both groups (Fig. 3A) and
no difference in the EPSP-PSA relationship (Fig. 3B). Additional
evidence for similar spontaneous activity of granule cells in le-
sioned and sham-operated animals is provided by comparison of
the EEGs under no-stress conditions (Fig. 3C). Spectral analyses
revealed no differences in the frequency band or the power of
hippocampal EEG between sham and lesioned groups or after
receiving saline or timolol (F(3,36) � 0.57; p � 0.64). All animals
showed a marked peak in power at 24 Hz, which is within the
�-frequency band.

In previous studies, it has been shown that reinforcement of
DG-LTP by electrical stimulation of the BLA was dependent on
muscarinergic and �-adrenergic heterosynaptic activity (Frey et
al., 2001). Therefore, we tested whether emotional reinforcement
of DG-LTP by behavioral activation of the amygdala was required
for these kinds of heterosynaptic activity by intracerebroventric-
ular application of specific receptor antagonists. As shown in
Figure 4, this was not the case. We found no difference between
groups of intact stressed animals treated with atropine, a cholin-
ergic receptor blocker (Fig. 4A), or treated with timolol, a
�-adrenoceptor antagonist (Fig. 4B) and their respective saline-
treated control groups (F(3,25) � 1.25; p � 0.31.)

To differentiate between specific effects of timolol under stress
and no-stress conditions, we compared experimental groups of
intact and BLA-lesioned animals that received different tetaniza-
tion protocols [specific effects of atropine on DG-LTP have been
shown previously (Frey et al., 2001)]. A significant overall differ-
ence in PSA at the 8 h time point (F(5,43) � 5.67; p � 0.001) could
be noted. Post hoc tests against the group that received a strong
tetanus in the presence of saline as a control group indicated
significantly decreased PSA in intact animals that received a
strong tetanus ( p � 0.027) in the presence of timolol under
no-stress conditions (Fig. 4C). Thus, the amount of timolol used

under stress conditions is sufficient to prevent the maintenance
of an electrically induced late-LTP compared with control ani-
mals under no-stress conditions, whereas early-LTP and baseline
values were not affected (Fig. 4D). The same amount of timolol
can also prevent the facilitation of LTP in BLA-lesioned rats ( p �
0.001) that received a weak tetanus under no-stress conditions
(Fig. 4E). We focused on investigating the �-adrenergic system,
because this is the main and direct modulatory input to the den-
tate gyrus under no-stress conditions (Ikegaya et al., 1997; Sei-
denbecher et al., 1997; Frey et al., 2001; Straube et al., 2003). To

Figure 2. BLA-lesioned (n � 6) animals showed a depotentiation and impairment of LTP
under stress conditions compared with sham-operated animals (n � 9; A), whereas under no
stress conditions, LTP was facilitated (weak lesion; n � 8) after a weak tetanus compared with
controls (weak sham; n � 6; B). No potentiation beyond that elicited by a weak tetanus could
be induced by a strong tetanus (strong lesion; n � 6) in lesioned animals (B). The mean and
SEM of population-spike amplitudes as percentages from baseline values are shown. Bottom,
Representative analog traces at the time points indicated for sham-operated and lesioned
animals as well as a scheme of the largest and smallest extent of BLA lesions are shown.
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address the question of whether ablating
the amygdala interferes with LTP rein-
forcement because of its involvement in
processing novel emotionally charged in-
formation, we pretrained animals twice on
the day before testing. As shown in Figure
5A, we found no difference in LTP be-
tween control and pretrained animals
( p � 0.1). In contrast, pretrained swim-
mers differed in some behavioral parame-
ters compared with naive swimmers (Fig.
5B), with increased swim path lengths
(U � 0; p � 0.01), higher swim speed
(U � 0.5; p � 0.01), and decreased thig-
motaxis (U � 13; p � 0.046).

In a previous study, the activation of
mineralocorticoid receptors by the ligand
corticosterone was implicated in the rein-
forcement of DG-LTP by swim stress
(Korz and Frey, 2003). To test whether the
hypothalamo-pituitary-adrenal axis may
be differentially activated in BLA-lesioned
or pretrained rats in comparison with intact
naive animals, we collected blood samples
from the different groups 15 min after a 2
min swim and measured the serum cortico-
sterone levels. As indicated in Figure 6, we
found an overall difference between values
because of the stress or no-stress conditions
(F(5,39) � 47.22; p � 0.0001) but no group
differences in baseline titers (F(2,18) � 0.24;
p � 0.79) or stress levels (F(2,20) � 0.82; p �
0.46), respectively. The lack of reinforcement in pretrained animals
is not a result of decreased corticosterone levels as indicated by sim-
ilar titers in pretrained compared with naive animals ( p � 0.1) and
a significant increase in corticosterone in both groups compared
with controls (F(2,19) � 71.17; p � 0.001).

Discussion
In intact and sham-operated animals, we found that DG-LTP
reinforcement by acute swim stress did not require �-adrenergic
or muscarinergic/cholinergic heterosynaptic activation; however,
under no-stress conditions, �-adrenergic activation was required for
the induction of late-LTP by strong electrical stimulation. In con-
trast, in animals with lesions of the basolateral amygdala, DG-LTP
was completely prevented by swim stress; however, under no stress
conditions, the maintenance of LTP was facilitated compared with
intact and sham-operated rats. The facilitation was dependent on
�-adrenergic activation. These results show that reinforcement of
LTP by swim stress requires an intact amygdala but no �-adrenergic
activity; however, under no-stress conditions, �-adrenergic activa-
tion is required for LTP maintenance in all groups.

The role of the BLA in mediating glucocorticoid effects
on DG-LTP
These results are in contrast with those of a previous study in
which DG-LTP reinforcement by electrical stimulation of the
BLA depended on cholinergic or �-adrenergic receptor activa-
tion (Frey et al., 2001). The failure to find such a dependency
during our behavioral BLA stimulation shows that the stress-
activated amygdala modulates hippocampal LTP by different
pathways than the electrically stimulated amygdala. The main
difference between these studies is the presence of increased levels

of corticosterone during and after the behavioral stress condition,
which may primarily contribute to the involvement of different
pathways. This is supported by the finding that under no-stress
conditions (i.e., under basal corticosterone titers), facilitation of
LTP in lesioned animals was dependent on �-adrenergic receptor
activation. In a previous study, we found that activation of MR by
binding of the ligand corticosterone as well as protein synthesis
were required for LTP reinforcement by swim stress (Korz and
Frey, 2003). The present findings that reinforcement can be
blocked by BLA lesions without manipulating MR suggest that
their activation within the hippocampus may not be required or
may not be sufficient for LTP reinforcement. It is very likely that
an additional neuromodulatory activity, mediated by the BLA, is
required, and BLA activity may be controlled by corticosterone
via activation of intra-amygdalar MR receptors. Such a mecha-
nism has been indicated in experiments by Roozendaal and Mc-
Gaugh (1997) and Roozendaal (2000) for intra-amygdalar glu-
cocorticoid receptors (GRs) in hippocampus-dependent
memory consolidation. The nature of this heterosynaptic input
remains to be investigated. Because of the finding that rapid non-
genomic effects of MR activation on neuronal membrane prop-
erties (Chen et al., 1991; Joels and de Kloet, 1994) can modulate
locomotor activity novelty dependently (Sandi et al., 1996), proba-
bly by interaction with different neurotransmitter receptors (Ma-
jewska et al., 1986; McEwen et al., 1990; Schumacher, 1990), a rapid
nongenomic effect of MR may also play a role in LTP modulation.

The role of the BLA in mediating �-adrenergic effects
on DG-LTP
In contrast to our results, Ikegaya et al. (1994, 1995) found an
attenuation of DG-LTP after acute and long-lasting ipsilateral

Figure 3. No difference in granule cell excitability, as indicated by the input/output curves (A) and the plot of EPSP against the
PSA (B), could be noted between sham-operated (n � 15) and lesioned (n � 16) animals. The spontaneous granule cell activity
is similar in both groups (lesion, n � 13; sham, n � 11), as indicated by the spectral power (C; left, top) and after treatment with
timolol (C; left, bottom) (timolol, n � 6; saline, n � 7). In the middle, power spectra for lesioned animals before (top) and 20 min
after (bottom) injection of timolol are shown. The related EEG recordings are shown at the right.
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lesion of the BLA. However, these authors used a different teta-
nization protocol (weak, 20 pulses at 60 Hz; strong, 100 pulses at
100 Hz) than that used in the present study, which may explain
the different results. Additional work is required to characterize
specific properties of LTP modulation induced by different teta-
nization protocols. Nakao et al. (2004) found that modulation of
DG synaptic plasticity critically depends on the interplay of the
stimulation strengths of the BLA and the perforant path. They
propose a direct synaptic input from the BLA to the dentate gyrus
via the lateral entorhinal cortex and lateral perforant path. Simul-
taneous strong stimulation of the BLA, together with a stimula-
tion of the MPP, resulted in an enhanced DG-LTP, whereas a
simultaneous weak stimulation of both structures resulted in en-
hanced long-term depression compared with weak MPP stimu-
lation alone. During stress conditions, such a mechanism may
also explain our results (i.e., that the lack of the strong input from
the BLA in lesioned animals resulted in LTP impairment and, in
contrast, the presence of the heterosynaptic input from the BLA
reinforced DG-LTP in intact animals). However, it does not ex-
plain the LTP reinforcement in lesioned animals during no-stress
conditions.

The �-adrenergic dependence of the LTP facilitation indicates
either an alleviated release of norepinephrine or an increased
noradrenergic tone within the hippocampus. This may be attrib-
utable to a compensatory response to the partial deafferentiation
of the hippocampus by lesioning the BLA. A compensatory

sprouting of central noradrenergic fibers
into the DG and an upregulation of adren-
ergic receptors that precedes sprouting has
been described by lesions of entorhinal
and septal afferents to the DG (Gage et al.,
1983; Morrow et al., 1983; Peterson, 1994;
Jackisch et al., 1999), thus involving differ-
ent neural systems in compensatory adap-
tations (Gold, 2004). The hypothesis of
a slow compensatory mechanism would
correspond with the fact that, shortly after
surgery, no differences in granule cell re-
sponsiveness could be observed (Almaguer-
Melian et al., 2003; our observations).

An alternative explanation is that dif-
ferent BLA-hippocampal pathways are in-
volved in DG-LTP modulation under
stress and no-stress conditions. Based on
lesions of the fimbria-fornix, Jas et al.
(2000) suggested that two independent
DG-LTP modulatory pathways within the
BLA-hippocampus system may exist (cf.
Nakao et al., 2003), and Akirav and
Richter-Levin (2002) found a
�-adrenergic dependence on DG-LTP
modulation by stimulating the ipsilateral
but not the contralateral BLA, which also
points to independent modulatory inputs.

Lesioned and intact animals show
similar granule cell properties and
corticosterone responses
In contrast to the study by Almaguer-
Melian et al. (2003), we found no in-
creased excitability of granule cells in le-
sioned and sham-operated animals
compared with intact animals. However,

Almaguer-Melian et al. (2003) used a stronger electrolytic lesion
protocol (2.5 mA over 10 s) than that used in the present study,
and they could not rule out that, in addition to the BLA, other
amygdaloid nuclei may have been affected. In addition, we found
no difference in the spontaneous activity of granule cells between
lesioned and intact animals. Thus, the DG-LTP facilitation ob-
served seems to be mediated by LTP specific, rather than mere
excitatory, mechanisms. In addition, the blockade of LTP rein-
forcement in BLA-lesioned animals cannot be explained by a
different activation of the HPA-axis as indicated by similar basal
and stress corticosterone levels compared with sham-operated or
intact animals. Although there are some reports that BLA-
lesioned animals show a stronger corticosterone response to
stress than controls (Seggie, 1979), most of the studies are in line
with our results: lesions of the basolateral or central nuclei of the
amygdala have no effect on peripheral corticosterone levels
(McGregor and Herbert, 1992; Prewitt and Herman, 1997; Carter
et al., 2004).

Implications for emotional memory consolidation
A dependence of basolateral amygdala �-adrenergic activity on
enhanced memory retrieval (Roozendaal et al., 1999) and GR
activation in the hippocampus (Roozendaal et al., 2003) has been
described. Our stress paradigm was independent of GR and
�-adrenergic activation but required MR activation and a yet
unknown heterosynaptic input. This may suggest that different

Figure 4. Applicaton of atropine (A), a muscarinergic/cholinergic antagonist (n � 8; vehicle, n � 8), as well as timolol (n �
7; vehicle, n � 6), a �-adrenergic antagonist (B), could not prevent LTP reinforcement after a 2 min swim. The same amount of
timolol (n � 8; vehicle, n � 8) was sufficient to prevent the induction of a late-LTP by a strong tetanus under no-stress condition
(C). The concentration of timolol used did not affect basal transmission (n � 7), as well as early-LTP (D; vehicle, n � 7; timolol,
n � 5), but blocked the facilitation of LTP in lesioned animals (E; vehicle, n � 8; timolol, n � 7). The mean and SEM of
population-spike amplitudes as percentages from baseline values are shown. The insets are representative analog traces at the
time points indicated for lesioned animals treated with vehicle or timolol.
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neuromodulatory transmission systems are involved in DG-LTP
reinforcement during stress, specific for the two corticosterone
binding receptors.

The BLA seems to be the key structure in gating memory
formation in other brain structures such as the hippocampus
(Izquierdo and Medina, 1993; Kim et al., 1993; Vazdarjanova and
McGaugh, 1999; Maren and Quirk, 2004; Rudy et al., 2004) be-
cause of its emotional significance (Roozendaal et al., 1999; Yaniv
et al., 2003, 2004). Numerous projections from the amygdala to
the hippocampal formation have been described previously
(Pikkarainen et al., 1999; Petrovich et al., 2001) that suggest its
involvement in different stages of information processing.

A single exposure to an aversive stimulation can be sufficient
for corticosterone-mediated memory consolidation (Cordero et
al., 2003), which is long lasting (Diamond et al., 2004; Gale et al.,
2004; Izquierdo and Cammarota, 2004; Müller Igaz et al., 2004).
This is in accordance with our result that briefly pretrained ani-

mals show no LTP reinforcement, although the corticosterone
response to the test situation is similar compared with naive an-
imals. A consolidation of contextual memory is indicated by the
decrease of thigmotaxis (usually seen as fear-related behavior)
and the higher swim speed in pretrained compared with naive
rats during the test situation.

Our data suggest that DG-LTP maintenance can be influenced
by the BLA through different mechanisms: a short-lasting
corticosterone-dependent and �-adrenergic-independent mech-
anism and a long-lasting mechanism that facilitated hippocam-
pal �-adrenergic mechanisms. Because of its appearance during
basal corticosterone levels, the latter may be independent on cor-
ticosterone, compensating for reduced or missing BLA inputs
probably involving different brain structures.
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