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The present study examined the role
of the bed nucleus of the stria terminalis
(BNST) in formation and retrieval of af-
fective memory. Male Wistar rats with
cannulae bilaterally implanted into the
BNST were trained on a one-trial step-
through passive avoidance task. Shortly
after training they received bilateral infu-
sion into the BNST of lidocaine, various
noradrenergic drugs, or corticotropin re-
leasing factor (CRF). Results showed that
posttraining intra-BNST infusion of lido-
caine impaired retention. Posttraining in-
tra-BNST infusion of norepinephrine or
the 1 antagonist prazosin induced, re-
spectively, a dose- and time-dependent
retention enhancement or deficit. The en-
hancing effect of norepinephrine was at-
tenuated by concurrent infusion of pra-
zosin at a non-impairing dose. Posttrain-
ing intra-BNST infusion of the a2 agonist
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idazoxan or the B antagonist propranolol
failed to affect retention. Posttraining in-
tra-BNST infusion of CRF enhanced re-
tention in a dose-dependent manner.
Drugs infused shortly before testing did
not influence locomotor activity and had
no significant effect on retention. The
findings suggest that the BNST is in-
volved in memory formation processing
of affective experience and NE working
through o1 receptors plays a critical role
in this function.
Key words: memory, fear conditioning,
BNST, lidocaine, prazosin, rats
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Extensive evidence implicates the
amygdala in memory processing of affec-
tive information; Manipulation of amyg-
daloid functions shortly after training
caused a time-dependent effect on reten-
tion in those learning tasks highlighted
with emotion arousal. Existing evidence
suggests that memory functions of the
amygdala may rely on its various afferent-
efferent pathways including the stria ter-
minalis (ST). An early study has shown
that pretraining lesions of the fomix/ST
attenuated the retention enhancing effect
of vasopressin injected peripherally. Later
studies showed that in an passive avoid-
ance task, pretraining lesions of the ST,



while by themselves caused a negligible
or mild retention deficit, attenuated the
memory impairing effect caused by post-
training subseizure electrical stimulation
of the amygdala. These findings suggest
that the ST may play a critical role in me-
diating memory modulatory influences of
the amygdala to elsewhere in the brain.
The ST is also involved in the mem-
ory modulatory effect of other treatments:
Posttraining injections of epinephrine into
the periphery facilitated memory in the
passive avoidance task, and this enhancing
effect was mediated by release of norepi-
nephrine (NE) in the amygdala. Pretrain-
ing lesions of the ST attenuated not only
the memory enhancing effect of peripher-
ally injected epinephrine but also that of
NE infused into the amygdala. Consis-
tently, ST lesions blocked the memory
enhancing effect of systemic injection of
clenbuterol, which exerts its action
through amygdaloid P receptors. In addi-
tion, ST lesions abolished the effects on
memory of naloxone or B-endorphin, cho-
linergic drugs, CCK-8, or glucocorticoid
given systemically as well as intra-caudate
infusion of oxotremorine. Thus, integrity
of the ST appears to be essential for vari-
ous treatments to exert their influences on
memory processes, either through the
amygdala or elsewhere in the brain,
Amygdaloid efferents in the ST in-
nervate various target regions including
the bed nucleus of the ST (BNST) located
at the level of the anterior commissure.
This structure has been proposed as part
of the extended amygdala in the basal
forebrain due to similar pattemns of its in-
put-output connections and physiological
functions to those of the amygdala. All
above findings taken together would ex-
pect a role of the BNST in memory proc-
essing of affective experience. However,
this prediction by far has met with contra-

dictory evidence. On the basis of the evi-
dence that ST fibers contains met-
enkephalin which modulated BNST neu-
ronal activity, an early study showed that
posttraining intra-BNST infusion of
levorphanol, an opioid agonist, caused a
memory deficit, and intra-BNST infusion
of naloxone attenuated this deficit as well
as that caused by subseizure electrical
stimulation of the amygdala. These results
suggested a role for the endogenous
opioid of the BNST in modulating of
memory formation.

On the other hand, Davis and his col-
leagues showed that lesions of the BNST
abolished potentiation of acoustic startle
caused by corticotropin releasing factor
(CRF) or intense light but had no effect on
the potentiation caused by an otherwise
neutral stimulus that has been associated
with electric shocks. These data, consis-
tent with those showing that conditioned
freezing and heart rate responses did not
rely on the ST and its projection areas,
were viewed as evidence that the BNST
was not involved in formation and/or ex-
pression of conditioned fear responses.

The inconsistent findings and lack of
a clear explanation for them demand more
research on the role of the BNST in leam-
ing and memory. The BNST receives
dense innervation of noradrenergic fibers
from the A1, A2 regions and locus coe-
ruleus of the brain stem. The nuclei con-
tain the highest concentration of dopa-
mine-b-hydroxylase immunoreactivity in
the brain as well as abundance of a1a,
alb, a2 and P receptors. Stress of immo-
bilization caused in vivo release of NE in
the BNST. In view of the importance of
NE in memory formation, it is worthwhile
to investigate the role of NE, as well as
various subtypes of its receptor within the
BNST in memory. The BNST also con-
tains high densities of CRF immuno-



reactive cell bodies and neural processes.
This neuropeptide is implicated in modu-
lating emotional experience: Avoidance of
water stress activated expression of c-fos
in the BNST, which was mediated through
CRF. In view of the previous findings that
infusion of CRF into the amygdala or hip-
pocampus enhanced retention of an
racoime cwoldavye task, this study also
examined the effect of posttraining infu-
sion of CRF into the BNST on memory.
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L Effects of intra-BNST infusion of lido-
caine on memory

Four groups were used in this experi-
ment. They were trained on the task with a
1 mA/1 s footshock. Two groups received
intra-BNST infusion of Veh or 2% (w/v)
lidocaine immediately after training, while
the other two groups received intra-BNST
infusion of Veh or lidocaine 3 min before
the 1-day retention test. Results showed
that suppression of the BNST immediately
after training caused a retention deficit:
The median retention score of the Veh
group was 600 s (Q1/Q3: 600/600, n=15),
while that of the lidocaine group was
133.4 5 (Q1/Q3: 18.9/377.1, n=13), the
difference was statistically significant
(U=40, p<0.01). Conversely, suppression
the BNST during testing failed to affect
retention performance: The median reten-
tion scores of the Veh and lidocaine

groups were, respectively, 593.2 s (Q1/Q3:

284.5/600, n=10) and 600 s {Q1/Q3.
600/600, n=9), this difference was not sta-
tistically significant (U=34.5, p>0.10).

IL Effects of intra-BNST infusion of pra-
ZONsin on memory

Five groups of rats were trained on
the task with a 1 mA/1 s footshock. They
received intra-BNST infusion of Veh or
0.3, 1.0 or 3.0 pg prazosin immediately
after training or 1.0 mg prazosin 4 hrs af-

ter training. The 1-day retention perform-
ance analyzed by a Kruskal-Wallis one-
way ANOVA revealed a significant dif-
ference among various groups (H{4)=
10.95, p<0.05). The effect was mainly due
to significantly poorer retention scores in
rats receiving immediately after training
1.0 pg prazosin than in the Veh controls
{(U=64, p<0.05). On the other hand, rats
receiving the drug treatment 4 hrs after
training had retention scores not signifi-
cantly different from those of the Veh
controls'(U=51.5, p>0.1). While the dif-
ference between the groups having 1.0 pug
prazosin either immediately or 4 hrs after
training failed to reach statistical signifi-
cance (U=45, p>0.10), a median test
showed that the difference in the two
score distributions approached statistical
significance (x*=3.0, 0.05<p<0.10), sug-
gesting that the delay infusion group ap-
peared to have fewer rats than the imme-
diate infusion group (2 vs. 10) showing
scores lower than the grand median of the
two groups pooled together.

This experiment additionally ex-
plored the effect of intra-BNST infusion
of the P antagonist propranolol on reten-
tion and found that 5.0 pg of propranolol
administered into the BNST immediately
after training yielded a median retention
score of 373.6 (Q1/Q3: 2.3/ 600, n=9) and
that was comparable to the median reten-
tion score of the control group (363.7,
Q1/Q3: 102.4/ 600, n=10) (U=49, p>0.1).

Two additional groups of rats were
trained on the task without receiving any
treatment before or shortly after training.
Intra-BNST infusion of Veh or 1.0 pg
prazosin was administered 3 min before
the 1-day retention test. The medians for
the Veh and prazosin groups, respectively,
were 600 (Q1/Q3: 475.2/ 600, n=7) and
334.8 (Q1/Q3: 155.4/ 600, n=7). While
the prazosin group appeared to have



poorer retention performance, the differ-
ence failed to reach statistical significance
(U=13.5, p>0.10).

II. Effects of intra-BNST infusion of NE
on memory

Five groups of rats were trained on
the task with a 0.6 mA/0.6 s footshock.
They received intra-BNST infusion of
Veh, 0.02, 0.2, 1.0 pg of NE 0r 0.2 mg NE
plus 0.3 mg prazosin. An additional group
trained simultaneously received intra-
BNST :infusion of 0.2 mg NE 4 hrs after
training. Immediate posttraining intra-
BNST infusion of NE caused a dose- and
time-dependent retention enhancement,
which was attenuated by prazosin. A
Kruskal-Wallis one-way ANOV A re-
vealed a significant difference among the
various groups (H(5)=20.76, p<0.001).
Further paired comparisons showed that
rats having 0.2 or 1.0 pg NE immediately
after training showed significant better
retention scores than the Veh controls

=92, p<0.05, U=23.5, p<0.001). In con-
trast, rats receiving 0.2 pg NE 4 hrs after
training failed to show retention scores
significantly different from those of the
Veh controls (U=62.5, p>0.10). While the
difference between the two groups having
0.2 pg of NE either immediately or 4 hrs
after training failed to reach statistical sig-
nificance (U=85, p>0.10), a median test
indicated that the difference in the two
score distributions approached statistical
significance (32=3.36, 0.05<p<0.10), sug-
gesting that the immediate infusion group
appeared to have more rats than the delay
infusion group {14 vs. 3) showing scores
higher than the grand median of the two
groups pooled together.

Further, rats receiving 0.2 ug NE
plus 0.3 mg prazosin showed retention
scores not different from the Veh group
{U=80, p>0.10) but significantly lower
than those receiving only 0.2 pg NE

(U=39, p<0.01), indicating that the o1 an-
tagonist attenuated the retention enhanc-
ing effect of NE. Consistent with this no-
tion, posttraining intra-BNST 1nfusion of
the a2 agonist idazoxan (1.0 pg) failed to
produce a significant retention enhance-
ment: The idazoxan group had a median
score of 204.4 (Q1/Q3: 93.0/394.8, n=13),
while the Veh controls had a median score
of 117.0 (Q1/Q3: 79.4/242.4, n=10), no
significant difference between the two
groups was detected (U=51.5, p>0.10).
To exantine the effect of NE on memory
retrieval, two additional groups of rats
were trained as described above without
being treated around training. They had
intra-BNST infusion of Veh or 1.0 mg NE
3 mun prior to the 1-day retention test. The
results showed that pretest intra-BNST
infusion of NE did not affect retention
performance. The median scores for the
Veh and the NE groups were 6.6 (Q1/Q3:
4.7/155.5, n=7) and 85.7 (Q1/Q3:
53.6/455.6, n=7), respectively. Although
the NE group appeared to have higher
scores, the difference was not statistically
significant (U=14, p>0.10).
IV. Effects of intra-BNST infusion of
CRF on memory

Four groups of rats were trained on
the task with 2 0.7 mA/1 s footshock, and
received intra-BNST infusion of Veh or
0.03, 0.1 or 0.3 pg CRF immediate after
training. The 1-day retention performance
analyzed by a Kruskal-Wallis one-way
ANOVA showed that difference among
various groups only approached statistical
significance (H’(3)=7.5, p<0.06). How-
ever, paired comparisons showed that the
0.1 mg group had significantly higher
retention scores than the Veh control or
0.03 ug group (U=7, p<0.05 for both com-
parisons). Difference in other pairs of
comparisons failed to reach a statistical
significance level.



V. Effects of intra-BNST infusion of lido-
caine or prazosin on locomotion

Four groups were used in this experi-
ment: Two of them received intra-BNST
infusion of 2% lidocaine or its vehicle—
the specific brain buffer, while the other
two recetved intra-BNST infusion of 1.0
mg prazosin or its vehicle—10% propyl-
ene glycol. The results revealed a clear
trend of habituation in locomotion over
the testing period with a gradually de-
scending trend of the travel distance (in
centimeters). Neither lidocaine nor pra-
zosin infused into the BNST seemed to
have any effect. These data were analyzed
separately for effects of lidocaine and pra-
zosin by two 2x5 repeated measure design
two-way ANOV As with Drug as the be-
tween subject variable and Block as the
within subject variable. In both analyses,
the Block main effect was significant (F(4,
92)=16.34, p<0.001 for the lidocaine ex-
periment, F(4, 48)=4.74, p<0.01 for the
prazosin experiment), yet neither the Drug
main effect nor the Drug*xBlock interac-
tion effect was statistically significant (all
Fs<1).
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This study reported the following
findings on a passive avoidance task: First,
suppression of the BNST with lidocaine
immediately after training impaired later
retention. Second, immediate posttraining
intra-BNST infusion of NE ora cl an-
tagonist prazosin caused, respectively,
dose-dependent enhancement or impair-
ment of retention. Application of drugs
activating or blocking other types of
adrenergic receptors appeared to have lit-
tle effect. Third, immediate posttraining
intra-BNST infusion of CRF enhanced
retention. Fourth, various drug treatments
applied to the BNST during testing failed
to alter expression of the passive avoid-
ance response.

Altered performance in a leaming
task could be caused by influences on sen-
sory-motor reactivity and/or motivation
factors in addition to acquisition and/or
retention processes per se. In the present
study, all drugs were administered aftera
single tnial of training; therefore, it is
unlikely that the treatment affects reten-
tion by acting on performance factors. As
a matter of fact, when two drugs used in
this study were infused into the BNST, no
change in locomotion was observed. Fur-
ther, these drugs failed'to affect retention
when applied before testing, ruling out
any possibility that animals treated as such
were incapable of sensory discrimination
or impaired in motivational function. Both
NE and prazosin induced a prominent ef-
fect if applied to the BNST immediately
after training but had little effect if applied
4 hrs later. This time-dependent effect ar-
gues strongly for a role of the BNST in
formation processing of passive avoidance
memory.

Extensive evidence has implicated
the central noradrenergic activity in mem-
ory processing. Consistently, the present
study found that posttraining infusion of
NE into the BNST, a brain region most
densely innervated by NE fibers, im-
proved formation of affective memory ina
dose-dependent manner: It caused no ef-
fect at 0.02 pg but significant enhance-
ment at 0.2 and 1.0 pg. Infusion of pra-
zosin—a ol antagonist—into the same
region caused an opposite effect and cre-
ated an inverted U dose-response curve:
1.0 ug impaired retention but neither
lower nor higher doses had any effect. The
reason that a high dose of prazosin had no
effect is not readily clear. However, a pre-
vious study did report a similar inverted
{U-shape dose-response curve for influ-
ences of prazosin injected subcutaneously
on water maze learning. The possibility



that prazosin at a high dose may bind non-
specifically to other types of receptors and
antagonize the effect of a1 transmission
blockade should be explored in the future.
The enhancing and impairing effects of
NE and prazosin acting on the BNST, re-
spectively, paralleled to those caused by
infusing these agents into the amygdala.
The present study showed that prazosin at
a dose of 0.3 pg blocked enhancement of
memory induced by 0.2 ug of NE. This
dose of prazosin had no impairing effect

\ of its own; the attenuation thus could not
be due to a pure summation of two oppo-
site effects bearing no relevance in recep-
tor mechanisms. These results suggest that
NE infused into the BNST may act on o1
adrenergic receptors to affect memory for-
mation. These findings are consistent with
the reports that a1 agonists enhanced re-
tention when administered peripherally or
directly into the brain. The present study
also reported that 1.0 ug of idazoxan—an
a2 agonist—infused into the BNST failed
to cause a significant enhancing effect,
which may reduce, but not completely
eliminate, the probability of participation
of BNST a2 receptors in memory
processing. That 1.0 pg of prazosin
induced a memory deficit by itself is
worth noting. This finding implies that NE
is released endogenously in the BNST
during training and works as an intrinsic
memory modulator under natural condi-
tions. Indeed, there is evidence that emo-
tional events such as immobilization stress
caused in vivo NE release in the BNST,
which played a crucial role in endocrinal
and behavioral responses to a conditioned
fear stimulus. In the present context, it is
of interests to note that the stress-induced
NE release in the BNST and CRF-like
immunorecactivity in the hypothalamus
were subjected to influences from the
central amygdala nuclei.

With regard to noradrenergic modu-
fation of learning-related neural plasticity,
early evidence has implicated solely a B-
mediated mechanism: Postiraining intra-
amygdala infusion of the B blocker pro-
pranolol impaired retention and attenuated
the memory enhancing effect of NE, the
latter effect was mimicked by postraining
intra-amygdala infusion of a P agonist
isoproterenol or 8-bromo-cAMP, an ana-
logue of the second messenger coupled to
activation of Pp receptors. However, the
present study failed to find an effect of
posttraining infusion into the BNST of
propranolol at the same dose that had a
marked effect when given to the amygdala
(5.0 pg). While a wider range of doses
should be tested before a definite conclu-
sion could be reached for the role of
BNST p receptors in memory, recent
findings have nonetheless shown that
noradrenergic modulation of memory
processes involved complicated interac-
tion among various subtypes of adrenergic
receptors. In particular, § receptors ap-

peared to act cooperatively with a1 recep-

tors in modulating memory formation: Pa-
zosin infused into the basolateral amyg-
dala nucleus attenuated the memory en-
hancing effect of a b agonist clenbuterol,
but not that of 8-bromo-cAMP, by shifting
the dose-response curve to the right. In
addition, concomitant infusion of

a 3 antagonist atenolol blocked an other-
wise significant memory enhancing effect
of activating a1 receptors in the same re-
gion, It was thus suggested that in the ba-
solateral amygdala, the influence of acti-
vating a1 receptors on memory might be
mediated via modification of cAMP gen-
eration caused by activation of P receptors.
In view of these findings, one should seri-
ously consider the possibility that perturb-
ing P receptors in the BNST would pro-
duce a more evident effect only under a



condition when a1 function there is con-
comitantly altered.

The findings that NE-containing fi-
bers synapse with CRF immunoreactive
sites in the BNST suggest possible inter-
action between these two neurochemicals
in certain behavioral functions. Evidence
has suggested a role of CRF in modulating
formation of memory for affective expen-
ence. The present study showed that post-
training ntra-BNST infuston of CRF
caused a dose-dependent enhancement of
passive avoidance memory with 0.1 mg
being most effective. Similar effect was
also reported for infusing the same dose of
CRF into the amygdala after training,.
Thus, the BNST is among the several
brain sites on which endogenously re-
leased CRF may act to modulate memory.
In the dentate gyrus, it has been shown
that the memory enhancing effect of CRF
may be due to its presynaptic facilitation
of NE release from its terminals, because
the effect was attenuated by infusion into
the same region of either propranolol or
N-2-chloroethyl-N-ethyl-2-
bromobenzylamine (DSP-4, an NE neuro-
toxin), the noradrenergic modulation of
memory in turn relied upon an N-methyl-
D-aspartate (NMDA) mechanism because
it can be blocked by MK-801. In view of
the anatomical evidence that NE fibers in
the BNST terminate on CRF containing
dendrites or dendritic spines and the
physiological evidence that in the BNST
through an NMDA mechanism glutamate
enhanced release of NE, which in turn ex-
erted negative feedback on release of glu-
tamate through an o2 mechanism, it is un-
clear whether CRF, NE and glutamate
would interact in a similar cascade 1n the
BNST to modulate memory as that in the
dentate gyrus. On the other hand, NE re-
leased by glutamate 1n the BNST could
modulate memory by affecting CRF re-

lease. The exact mode of interaction
among these neurochemicals in the BNST
to participate in memory processes would
be a subject of great interests for further
elucidation,

On basis that BNST lesions blocked
light-induced or CRF-induced potentiation
of startle but failed to block conditioned
fear potentiation of startle, it has been pro-
posed that the BNST mediates uncondi-
tioned but not conditioned fear responses,
implying that this structure may not be
involved in learning and memory. This
implication 1s consistent with the report
that changes in Fos- or Fos-like protein
induced by intra-ventricular infusion of
arginine-vasopressin were detected in the
BNST of unconditioned, but not condi-
tioned, rats. On the contrary, the present
study found a significant effect on reten-
tion of a passive avoidance response by
reversibly suppressing this nucleus with
lidocaine or perturbing its adrenergic or
CRF function shortly after training. Con-
sistently, lesions of the BNST have been
shown to attenuate various conditioned
endocrine responses. Further, presentation
of a conditioned inhibitor readily induced
expression of c-fos in the BNST. These
results thus provide support for a role of
the BNST in acquisition or expression of
conditioned association.

The exact cause for the above dis-
crepant findings remains elusive. Condi-
tioned and unconditioned responses might
engage different neural substrates in the
BNST. For example, in mice, the CRF1
and CRF2 receptors of the lateral septum
and dorsal hippocampus were shown to be
differentially involved in enhancing ac-
quisition of fear conditioning and induc-
ing anxiety, respectively. In view that both
CRF1 and CRF2 receptors are found in
the BNST, various studies may just probe
into different aspects of the BNST func-

-



tion due to subtle difference in manipula-
tion regimens and target regions.
Altematively, there has been evidence that
certain posttraining treatments were effec-
tive only in one-trial learning paradigms
such as the racoime awodavye task
used in the present study but not in multi-
ple-trial paradigms such as the condi-
tioned freezing responses. However, we
have shown that pre- or posttraining intra-
BNST infusion of prazosin or NE affected
acquisition/retention in a multi-trial and
multi-session learning task—the Morris
water maze (unpublished observation).
The discrepancy could also be due to that
classical conditioning of fear responses is
less susceptible to posttraining manipula-
tion of the BNST function than inhibitory
or active avoidance learning, in which
successful performance requires execution
of an instrumental act in addition to asso-
ciation of an otherwise neutral cue with an
aversive unconditioned stimulus. As a
matter of fact, previous studies have
shown that the ventral amygdalofugal
pathway, but not the ST, was solely re-
sponsible for classical conditioning of fear
responses, whereas both of these pathways
were critical for a passive avoidance task,
although they subserved different roles.
Clarification of these issues should be
pursued in the future.

The BNST has been proposed as part
of the extended amygdala. To a certain ex-
tent, this notion is substantiated by the
present findings that CRF and NE in the
BNST, just as those in the amygdala, were
also involved in modulating formation of
aversive memory. However, the function
of these two structures in learning and
memory appeared not to be totally identi-
cal. In a previous study, we have shown
that suppression of the amygdala with 6-
cyano-7-nitroquinoxaline-2,3-dione
(CNQX) during testing impaired memory

expression in the 1-day but not the 21-day
test. In contrast, the present study showed
that pretest intra-BNST infusion of lido-
caine, prazosin ot NE had no effect on
memeory expression in the 1-day test. With
caution in mind that negative findings and
comparisons between effects of different
drugs could be hard to interpret, the find-
ings taken together imply that the role of
the BNST may be limited to the consoli-
dation phase and yet that of the amygdala
may be extended to early expression of a
learned response. Given the intimate re-
ciprocal connections between the two
structures, the BNST and amygdala may
form, among others, a circuitry allowing
reverberation of neural activity to occur,
which has long been hypothesized to be
crucial for consolidation of memory traces
elsewhere in the brain. Alternatively, the
BNST may simply serve as a relay station
for conveying the amygdala influences to
other brain sites during the memory for-
mation period. Further research address-
ing these two possibilities should be un-
dertaken.
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