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This three-year project aims to explore
the neural mechanisms underlying induc-
tion and extinction of behavioral changes
induced by amphetamine. The results for
the third year of this project showed that
the amygdala is involved in forming asso-
ciation between reward and cues, the nu-
cleus accumbens is involved in forming




association of nonreward and cues, while
the ventral hippocampus is involved in
consolidate such association. The medial
prefrontal cortex is involved in coordinat-
ing these two aspects of association during
testing to express preference associated
with amphetamine. This study also found
that CRF may regulate the expression of
sensitization of acoustic startle response
induced by amphetamine.
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The goal for this integrated project is
to study behavioral plasticity underlying
amphetamine addiction. We focus on the
long-term behavioral changes induced by
repeated administration of amphetamine,
mainly sensitization, and the neural bases
underlying such changes. This project
based on an assumption that amphetamine
addiction involves reinforcement-related
learning and memory resulting in indeli-
ble brain changes. Thus, intense drug
craving, which causes frequent relapses
long after detoxification, can only be un-
derstood by disclosing the neural circuitry
underlying acquisition, retention and ex-
tinction of amphetamine reinforced be-
havior. This subproject specifically aims
to investigate the neural mechanisms un-
derlying the acquisition and extinction of
conditioned place preference (CPP), whi-
ch is the most utilized animal model of
drug addiction. In this task, a rat was
placed into one chamber of a two-
chamber apparatus and injected with am-
phetamine on alternated days; it was
placed into the other chamber and injected

with saline on the other days. After 4 or
more pairings for saline and amphetamine,
the rat was tested under no drugs by giv-
ing free access to either chamber; the time
spent in the amphetamine-pairing cham-
ber relative to the saline-pairing chamber
was used as an index of preference. In the
1* year, we developed the paradigm and
successfully determined the critical fac-
tors involved in retention and extinction
of this response. In the 2™ year, we
showed that the amygdala was involved in
acquisition and expression, but not memo-
ry consolidation, of this habit. In the 3"
year, we showed in the following report
that this learning actually involved
widespread area of the brain.

In addition, this project also investi-
gated the behavioral and neural mecha-
nism underlying sensitization induced by
chronic injections of amphetamine. In the
first year, we developed a novel paradigm
by using acoustic startle to assess the sen-
sitization effect of amphetamine. We
found that the development of sensitiza-
tion relied more on the behavioral context
than the environment context, in other
words, rats developed sensitization only
when amphetamine was induced in the
startle session. In the second year, we de-
monstrated that in contrast to other find-
ings, adrenal hormones were not critical
for induction and/or expression of sensiti-
zation induced by amphetamine. This led
us to investigate the role of the corticotro-
pin releasing factor (CRF).
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Previous evidence had demonstrated
some sort of lateralization of emotional
functions in limbic structures. To address




this issue further, rats were trained on the
CPP task. They received unilateral infu-
sion of vehicle (Veh) or lidocaine (Lid)
just before training and testing of CPP;
the infusion was given into the left or/and
right amygdala. The results indicated that
rats with suppressed left or right amygdala
during training still showed robust CPP
(t(5) = 3.12 or 2.69, p < 0.05), therefore,
no lateralization of the amygdala function
was found in acquisition of the CPP task.
However, during testing, suppressing the
left amygdala did not blocked CPP, rats
stayed longer in the drug chamber (1(7) =
1.91, p <0.05). On the other hand, sup-
pressing the right amygdala blocked ex-
pression of CPP, rats such treated showed
no difference in the time spent in two
chambers (t(7) = 0.91, p > 0.10).

II. Suppressing the dorsal hippocampus
failed to affect CPP,

Existing evidence suggests possible
involvement of the hippocampus in CPP
learning. Rats received bilateral infusion
of Veh or Lid into the dorsal hippocampus
shortly before or after each training ses-
sion or shortly after the testing session.
Results indicated that Lid infusion before
training or testing failed to blocked CPP
acquisition or expression, rats in all
groups showed significantly longer time
staying in the drug chamber (t(7) = 2.44
for controls, t(8) = 2.39 and t(5) = 2.50 for
the pretraining and pretesting groups, all
ps < 0.05). Posttraining Lid infusion into
the dorsal hippocampus failed to block
formation of CPP memory, all groups of
rats spent significantly longer time in the
drug chamber (t(7) = 3.525 for controls,
t(7) = 3.281 for the posttraining group, p <
0.05).

111. Suppressing the ventral hippocampus
{ nogired CPP R . I
expression.

Certain evidence suggests that the

ventral hippocampus may be more critical
in learning involved emotional events than
the dorsal hippocampus, which was en-
gaged in learning of complex spatial cues,
an attribute, which contributes not much
to the mastering of the CPP task. Rats re-
ceived bilateral infusion of Veh or Lid
into the ventral hippocampus shortly be-
fore or after each training session or
shortly before the testing session. Results
indicated that Lid infusion before training
failed to block CPP acquisition: Veh- or
Lid-treated rats had significantly longer
time staying in the drug chamber (t(6) =
5.18 for controls, t(8) = 2.99 for the pre-
training group, all ps < 0.05), however,
pretesting infusion blocked CPP expres-
sion, rats showed no difference in the time
spent in either the drug or saline chamber
(t(6) =-0.812, p > 0.05). Posttraining Lid
infusion did block CPP memory formation,
the Veh group showed preference for the
drug chamber (t(6) = 4.41, ps < 0.05), rats
receiving Lid immediately after the train-
ing session showed no preference for the
drug chamber (1(10) = 0.831, p > 0.5), yet
rats receiving Lid 4 hrs after training
showed strong preference for the drug
chamber (t(7) = 4.48, p < 0.01).

IV. Suppressing the nucleus accumbens
sion

Rats received bilateral infusion of
Veh or Lid into the nucleus accumbens
shortly before or after each training ses-
sion or shortly before the testing session.
Results indicated that pretraining or pre-
test Lid infusion blocked CPP acquisition
or expression, respectively: Veh -treated
rats had significantly longer time staying
in the drug chamber (t(9) = 2.58, p< 0.05),
yet rats had pretraining Lid infused into
the nucleus accumbens failed to show any
preference (t(7) = 1.32, p > 0.5), neither




did rats receiving pretest Lid infusion (t(7)
=0.47, p > 0. 5). Posttraining Lid infusion
did not block CPP memory formation, the
Veh group showed preference for the drug
chamber (t(6) = 4.41, ps < 0.05), rats re-
ceiving Lid immediately or 4 hrs after the
training session also showed preference
for the drug chamber (t(7) = 2.41 and 3.25,
respectively; p <0.5).

V. Suppressing the medial prefrontal cor-

tex impaired expression but not acqui-

" c CPP
Rats received bilateral infusion of

Veh or Lid into the medial prefrontal cor-
tex shortly before or after each training
session or shortly before the testing ses-
sion. Results indicated that pretraining Lid
infusion had no effect on CPP acquisition,
but pretest Lid infusion blocked CPP ex-
pression. Veh-treated rats had signifi-
cantly longer time staying in the drug
chamber (t(7) = 3.30, p <0.05), so did rats
had pretraining Lid infused into the me-
dial prefrontal cortex (t(7) =2.67, p <
0.05), yet rats receiving pretest Lid infu-
sion showed no preference for the drug or
saline chamber (t(8) = 0.91, p > 0.1).
Posttraining Lid infusion did not block
CPP memory formation: Rats receiving
Lid immediately after the training session
showed preference for the drug chamber
(t(4)=5.99, p<0.5).

VL Diff ial invol e vari
structures in the reward and nonre-
l _r the CPP task.

In a CPP task a rat had to combine
two pieces of information obtained on al-
ternating days: Certain cues were associ-
ated with amphetamine reward, while oth-
ers were associated with saline nonreward.
During testing, the rat made a preference
choice on the basis of the two associations.
It is unclear whether those structures criti-

cal for acquisition or memory formation
of CPP were involved in processing both
associations or simply involved in one of
them. To address this issue, we infused
Lid into the above structures specifically
during the amphetamine-pairing trials but
save the saline-pairing trials or vice versa.
The results indicated that when infused
into the amygdala, Lid blocked CPP if
given before the amphetamine-pairing tri-
als: Rats such treated showed little prefer-
ence for the drug chamber (1(7) = 0.435, p
< 0.676). However, the same treatment
applied during the saline-pairing trials had
no effect: Rats such treated showed clear
preference for the drug chamber (t(7) =
2.683, p <0.05). The opposite was found
when Lid was infused into the nucleus ac-
cumbens: Lid given prior to the ampheta-
mine-pairing trials had no effect on acqui-
sition of CPP, rats treated as such showed
clear preference for the amphetamine
chamber (t(7) = 3.05, p <0.05), on the
other hand, Lid infused prior to the saline-
pairing trials blocked acquisition of CPP,
rats treated as such showed no preference
for the drug chamber (t(14) = 1.537,p =
0.147). Likewise Lid infused into the
ventral hippocampus blocked memory
formation of CPP when given immedi-
ately after the saline trials: Rats treated as
such showed no preference for the drug
chamber (t(9) = 1.479, p > 0.5). On the
other hand, Lid given immediately after
the amphetamine-pairing trials did not
block CPP memory formation: Rats treat-
ed as such showed clear preference for the
drug chamber (1(6) = 6.39, p < 0.01).

VIL Differential effects of peripheral in-
—r ¢ amol » i
I o of various brai
structures.
The above findings indicated that the



expression of CPP is most sensitive to dis-
ruption of brain functions, it was readily
blocked by suppression of the amygdala,
ventral hippocampus, nucleus accumbens
and medial prefrontal cortex. In a CPP
task a rat was tested for memory under a
drug-free state. It is interesting to know
whether additional retrieval cues present-
ed during testing would overcome the de-
ficits caused by lesioning various brain
regions. Previous studies has shown that
retrieval of operant behavior in obtaining
drug rewards, such bar pressing for self-
administration of opiates, is facilitated by
giving the subject a priming injections
prior to the testing session. Accordingly,
this study investigated whether a pretest
injection of amphetamine (1.5 mg/kg)
could serve as a reminding cue for rats
with suppression of various brain regions.
Various groups of rats bearing cannulae in
different brain structures were trained on
the CPP task as previously described.
They received Lid infusion into the target
regions just prior to testing, however, a
peripheral injection of amphetamine was
given simultaneously. The results indicat-
ed that rats received Lid infused into the
amygdala, ventral hippocampus and me-
dial prefrontal cortex showed no prefer-
ence for the drug chamber (1(6) = -0.681,
t(7) =-0.547, t(6) = 1.642, p > 0.5). On
the other hand, rats with Lid infused into
the nucleus accumbens showed clear pref-
erence for the drug chamber after receiv-
ing a peripheral injection of amphetamine
(t(5) = 3.675, p < 0.05). These data sug-
gest that amphetamine can serve as an ef-
fective reminding cue to overcome the
deleterious effect of nucleus accumbens
suppression.

VIII. Modulation of amphetamine-induced

The finding that adrenalectomy failed

to abolish amphetamine-induced sensiti-
zation of acoustic startle led us to explore
the role of central CRF in this effect. Rats
were subjected to daily acoustic startle
sessions for consecutive 7 days and re-
ceived pre-session injections of CRF (5.0
mg/kg), as described in the last year’s re-
port. Two days later, they received 4
challenge tests in the following order: ve-
hicle, amphetamine 3.0 mg/kg, ampheta-
mine 3.0 mg/kg + a-helical-CRF 10 ug
and amphetamine 3.0 mg/kg. In the initial
analysis of the results, we detected minor
but significant effect of sensitization, yet
no effect of chCRF was found. However,
careful examination of the data revealed
that the subjects could be divided into two
groups: One showed conspicuous sensiti-
zation in the amphetamine-challenge test,
while the other showed little sensitization.
Further analyses of the data by treating
appearance of sensitization as a factor re-
vealed a significant 3-way interactive ef-
fect (F(3, 24) =3.30, p < 0.05): for the
group which showed prominent sensitiza-
tion after chronic amphetamine injections,
ohCRF depressed the sensitized responses,
the effect was significant on the 2™ block
of the testing session (p < 0.05). In con-
trast, for rats which failed to show sensiti-
zation at the initial amphetamine chal-
lenge, icv infusion of ahCRF unmasked
an otherwise non-apparent sensitization
effect, the thCRF treated-animals showed
pronounced potentiation of the startle re-
sponse in the amphetamine + ochCRF test
(p <0.01). Itis even more interesting to
note that on the fourth test when ahCRF
was withdrawn and only amphetamine
was given, the effect of thCREF still per-
sisted: Rats with sensitization unmasked
by ohCRF showed sensitized responses to
further amphetamine-only challenge, and
rats with sensitization depressed by
ohCRF showed no sensitized responses to




further amphetamine-only challenge. The
interactive effect between types of treat-
ment and the initial response profile was
significant (F(3, 24) =4.92, p <0.01).
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This study investigated the neural
substrates underlying association of neu-
tral cues with rewarding effect of am-
phetamine through a CPP paradigm. The
results showed that pretraining, but not
posttraining, infusion of lidocaine, a local
anesthetic, into the amygdala or nucleus
accumbens impaired acquisition of CPP.
Posttraining, but not pretraining, infusion
of lidocaine into the hippocampus im-
paired memory consolidation of CPP. Nei-
ther pretraining nor posttraining infusion
of lidocaine into the medial prefrontal
cortex had any effect on acquisition or
memory consolidation of CPP. However,
inactivation of all above areas prior to the
retention test blocked expression of CPP
memory. The above structures appeared to
be involved in different aspects of CPP
memory. That blocking the amygdala was
effective only during the amphetamine tri-
als suggests involvement of this structure
in coding association of cues and drug re-
ward. While most findings in the field im-
plicated importance of the nucleus ac-
cumbens in reward learning, our findings
suggest on the contrary that it is involved
in coding the association between cues
and non-reward. Manipulation of the ven-
tral hippocampus was effective only when
given after training as the rat has returned
to the home cage. Given that the hippo-
campus is involved in context learning, it
may be critical for a rat subjected to CPP
learning to detect the difference between a
nonreward environment in the task con-
text and a nonreward environment in the
non-task context. This discrimination is of
great importance for a rat to have good

performance in the CPP task because dif-
ferent modes of behavior should be initi-
ated in these two situation. In a task con-
text, encounter of cues associated with
nonreward may activate movement and
search for where the rewarding cues are
present. On the other hand, such move-
ment may not be initiated in a non-task
situation because any search of this kind
will be futile. In a sense, a CPP memory
could not be viewed as well formed until
when the rat not only can discriminate the
drug and the nondrug chambers but also
can discriminate the task and non-task
conditions.

It is interesting to note that the me-
dial prefrontal cortex, while not involved
in acquisition or consolidation of CPP
memory, it is critical involved in expres-
sion of CPP memory. The medial prefron-
tal cortex possesses reciprocal connections,
either directly or indirectly, with the ven-
tral hippocampus, amygdala and nucleus
accumbens. Thus anatomically, this area
is in a strategic position to integrate all the
information required for performing in a
CPP test.

All the aforementioned areas except
for the nucleus accumbens are essential
for operating CPP memory. The present
study showed that the memory retrieval
deficit induced by suppressing the nucleus
accumbens can be overcome by a dose of
amphetamine. Such results suggest that in
correct performance of CPP, information
concerning the nonreward place is not ir-
replaceable, a rat would still showed cor-
rect preference if the input from the re-
ward association is augmented by a re-
minding injection of amphetamine.

In the previous year, we showed that
adrenalectomy or adrenal medullectomy
failed to suppress the induction or expres-
sion of amphetamine-induced sensitiza-
tion of acoustic startle responses. Given




the suggestion that the HPA axis is criti-
cally involved, we pursued the role of
CREF in expression of sensitization. We
found that endogenous CRF may work as
a toggle switch in expressing sensitization
induced by CREF. Its presence may either
turn on or off the sensitization response
depending on the present status of the
animal. For those animals which showed
sensitization in the first place, ahCRF
turned ofY the sensitization response, and
the animal remained desensitized in the
following amphetamine challenge even
without further administration of ahCREF,
for those rats which showed no sensitiza-
tion in the initial challenge, ahCRF turned
on the response, and the response re-
mained sensitized. The mechanism un-
derlying this biphasic modulatory effect
remains unclear. However, it is likely that
there is an optimal level of CRF for the
amphetamine sensitized response to ap-
pear, too high or to low may conceal ex-
pression of the sensitization. In view of
the notion that CRF may serve as an en-
dogenous mediator of stress or anxiety,
such findings may bear significance on
how stress be a critical factor for the
specific system sensitized by ampheta-
mine to express the abnormal function.




