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Abstract

The present study utilized the acoustic startle response to evaluate the sensitization effect of
repeated administration of amphetamine (AMPH). Intraperitoneal injections of AMPH induced a dose-
dependent enhancement of startle: 5.0 mg/kg caused a robust effect, 1.0 or 3.0 mg/kg caused a negligible
effect. Sensitization was generated by repeated administration of 5.0 mg/kg AMPH for 7 consecutive
days and tested on the 8th and 9th days with challenge of saline and 3 mg/kg AMPH. The results showed
that rats receiving chronic injections of AMPH, but not saline, showed significant enhancement of startle
to 3.0 mg/kg AMPH, and this effect lasted at least for a month. To explore the role of the hypothalamo-
pituitary-adrenal axis in this sensitization effect, rats received adrenalectomy, adrenal demedullation,
or sham adrenal operation, and then were subjected to acute or chronic injections of 5.0 mg/kg AMPH.
Removal of the whole adrenal gland or only the medulla abolished neither the startle enhancing effect
of AMPH injected acutely nor the sensitization effect of AMPH injected chronically. In addition,
intracerebroventricular infusion of a CRF antagonist, o-helical CRFg_4;, prior to the challenge test
failed to alter the sensitization effect of AMPH. These findings suggest that neither adrenal hormones
nor CRF was indispensable for induction/expression of AMPH-induced sensitization in acoustic startle.

Key Words: adrenal cortex, adrenal medulla, corticosteroid, epinephrine, CRF, emotion abnormality,
the hypothalamo-pituitary-adrenal axis

Introduction

Repeated treatments of certain psychostimulants
intermittently would sensitize behavioral responses
to subsequent exposure of these drugs. For.example,
an acute injection of amphetamine (AMPH) increased
locomotion or stereotyped behavior in rats, and
repetitive administration of the drug further
potentiated these effects (22, 42, 65). Pre-exposure to
cocaine or AMPH also potentiates their subsequent
influences on rotational behavior in animals bearing
unilateral 6-hydroxydopamine lesions (17, 57).
Evidence has suggested that some sensitized effects
involve the dopaminergic pathway that projects from
the ventral tegmental area to the nucleus accumbens.
This dopaminergic projection is also implicated in the

reinforcing effects of addictive drugs, as attested by
findings from self-administration or conditioned place
preference studies (67). Repeated administration of
addictive drugs further enhanced their potencies in
these tasks (20, 34, 50). These findings have led to a
view that drug-induced sensitization of psychomotor
behavior could model for the development of com-
pulsive drug-seeking behavior in addiction (58, 60).

Chronic use of psychostimulants also causes
progressive emotional disturbance and contributes to
psychiatric disorders including anxiety and affective
or psychotic syndromes in drug addicts. Behavioral
sensitization could play a role in evolution of
pathological emotional changes (52, 53). For example,
the post-traumatic stress disorder (PTSD) is conceived
as sensitization of fear responses to stress (16, 54, 69)
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based on that a single catastrophic event induces
PTSD just as a single injection of psychostimulant
induces sensitization (59). Despite this apparent
parallelism and the cross-sensitization between stress
and AMPH in affecting locomotion (1, 35), the
relevance of locomotor sensitization to evolving
emotion abnormality is essentially obscured in terms
of underlying mechanisms.

To tackle this issue, we develop a sensitization
of acoustic startle paradigm in rats. The startle reflex
involves rapid twitches of facial and body muscles
evoked by sudden appearance of intense stimuli. It
serves to protect the organism against imminent danger
or harmful stimuli. This paradigm has advantages
over locomotor sensitization. First, the pathway
subserving this swift reflex has been traced in the
nervous system (10), which allows better delineation
of how it may be affected by AMPH and pinpointing
the synaptic plasticity underlying sensitization.
Further, and probably the most important, the acoustic
startle response is very sensitive to emotional states
of fear or anxiety (9, 30). Enhanced startle to acoustic
or other stimuli has been used as a clinical criterion
for diagnosing heightened anxiety in PTSD patients.
An early study has shown that an acute injection of
AMPH enhanced the acoustic startle response (11).
Kokkinidis and his colleagues have demonstrated
that in mice chronic administration of AMPH induced
sensitization of acoustic startle (26-28). However,
few data are available for rats. Thus, it is imperative
to replicate and extend such findings in rats.

Stress induces emotional disturbance and
contributes to relapse in human addicts (29). Animal
studies show that brief exposure to intermittent
footshock reinstated self-administration behavior (51).
In this regard, it is worth noting that prenatal stress
facilitated sensitization of motor responses to AMPH
(19). Stress involves activation of the hypothalamo-
pituitary-adrenal (HPA) axis. Consistently, chronic
administration of corticosterone enhances sensitiza-
tion induced by AMPH in locomotion (14, 48), and
activation of glucocorticoid receptors appears to be
needed for AMPH-induced behavioral sensitization
(12, 55). Further, AMPH causes release of corti-
cotropin-releasing factor (CRF) in the brain (66), and
also sensitizes the HPA axis several weeks later
(62). Intracerebroventricular (icv) infusion of CRF
in rats produced a pronounced dose-dependent
enhancement of the acoustic startle reflex, which was
reversed by administration of a CRF antagonist, o-
helical CRFy_ 4, (40). This effect could be further
augmented by stress or chronic injections of
corticosterone (33, 49). Thus, CRF, either by working
directly in the brain or by releasing corticosteroid
peripherally, might also be involved in AMPH-induced
sensitization of the acoustic startle.

On the other hand, evidence discordant with a
mediating role of corticosterone in behavioral
sensitization is also available. A study reported that
sensitization of AMPH-induced stereotyped behavior
was accompanied with reduced rather than elevated
plasma levels of corticosterone (46). Further, Schmidt
and his colleagues reported that chronic exposure to
AMPH or morphine enhanced locomotor responses to
later AMPH challenge, yet in the former case increase
of ACTH and corticosterone and in the latter decrease
of both hormores were observed (64). These findings
suggested that the sensitized response to AMPH
challenge could be dissociated from the HPA activity.
Conversely, evidence has shown that norepinephrine
mediates the excitatory effect of high doses of AMPH
on startle (8, 24). Systemic injections of AMPH
enhanced retention in avoidance tasks by releasing
adrenal epinephrine (43), which influences memory
through engaging the central noradrenergic function
(36, 38, 39). Thus, the adrenal medulla rather than the
adrenal cortex may play a more pivotal role in the
AMPH-induced sensitization.

The present study addressed the above issues.
Experiment I was designed to replicate the acute
enhancing effect of AMPH on startle. Experiment II
was designed to study whether this effect could be
sensitized after repeated administration of AMPH.
Experiment IIT was designed to evaluate the effects of
adrenalectomy and adrenal demedullation in
sensitization. Experiment IV investigated the role of
CRF in expression of startle sensitization by examining
whether icv infusion of a-helical CRF,._4, blocked the
sensitized responses to an acute AMPH challenge.

Materials and Methods

Subjects

Male Sprague-Dawley rats weighing 350 to 450
grams were used. After receiving from the National
Experimental Animal Breeding Center (Nankang,
Taiwan, ROC), they were individually housed in the
air-conditioned vivarium with free access to food and
water. Throughout the study, a 12:12 hr light-dark
cycle was maintained with lights on at 12:00 noon.
Behavioral tests were always carried out in the light
phase. All procedures adhered to the Guidelines for
Care and Use of Experimental Animals of the Chinese
Psychological Association.

Surgery

Adrenalectomy and adrenal demedullation.
Animals were first injected intra-peritoneally with
0.3 mg/kg atropine sulfate (Sigma, St. Louis, MO,
U.S.A.) and 10 minutes later with 45 mg/kg sodium
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pentobarbital (MTC Pharmaceuticals, Cambridge,
Ontario, Canada). An incision was made caudal to the
last rib on the lateral body wall of a fully anaesthetized
rat. For adrenalectomy (ADX), the adrenal gland and
adjacent adipose tissue were totally removed. For
adrenal demedullation (ADMX), the adrenal gland
was clamped and medulla tissue was removed with
iris scissors (3). Afterwards, the remaining cortex
was replaced into the abdominal cavity. For sham
operation, both adrenals were clamped, but no tissue
was removed. The muscle wall was sutured and the
skin was clipped. After surgery, the ADX rats were
maintained on 1% saline. Animals were allowed to
recover for one week prior to behavioral assessments.
Cannula implantation. After fully anaesthetized,
the rats was placed onto a stereotaxic instrument
(David Kopf Instruments, DKI-900, Tujunga, CA,
U.S.A.) and the skull was exposed. A -12-mm 26-
guage stainless cannula was implanted into the lateral
ventricle (AP 0.0 mm, ML +1.2 mm, DV -3.5 ~ -4.5
mm). Two jewelery screws were implanted to serve
as anchors. The whole assembly was affixed onto the
skull with dental cement. The stainless cannula was
connected to a 10-cm polyethylene tube (Intramedic
PE-20, Sparks, MD, USA), which was filled with
artificial cerebrospinal fluid (ACSF) and sealed by
heat to prevent contamination. A small plastic cylinder
was inserted to protect the juncture between cannula
and PE tube. After a recovery period of at least one
week, rats were subjected to startle assessment.

Drugs and Drug Administration

D-Amphetamine hydrochloride (Sigma, St.
Louis, MO, U.S.A.) was dissolved in saline to the
appropriate concentration and was administered
intraperitoneally. Alpha-helical CRFg_4; (Sigma, St.
Louis, MO, U.S.A.) was dissolved in ACSF (10 pg/
ul) and was infused into the lateral cerebral ventricle.

The icv infusion device was constructed as
follows: A piece of 50-cm PE-20 tubing was connected
to a 25-ul microsyringe (Hamilton 702, Reno, NV,
USA) on one end and it was cemented to a 26-guage
needle on the other. The syringe and tubing were first
filled with distilled water. About 10 pl of ACSF was
introduced into the cannula from the injection needle,
followed by c-helical CRFg.4; or ACSF. Tiny air
bubbles were placed between different solutions to
prevent intermixing. The injection needle was inserted
into the PE tube of icv cannula and infusion of drug
was administered to a conscious rat held gently. Care
was taken to minimize stress for the animal. The
infusion was administered at a rate of 2.5 ul/min
through a syringe pump (Carnegie Medicin, CMA/
100, Stockholm, Sweden). Five microliter of ACSF
or a-helical CRFqg4, was infused into the lateral

ventricle and then followed by 8 ul ACSF to flush the
dead volume in the PE tubing of icv cannula. The
catheter was sealed again by heat immediately after
the end of infusion.

Behavioral Apparatus

The startle response was measured in a startle
apparatus (San Diego Instrument, San Diego, U.S.A.)
as described in a previous study (5). Briefly, the
animal was constrained in a Plexiglas cylindrical tube
(length 20 cm, diameter 10 cm) with an accelerometer
sensor attached on the base. The whole set-up was
enclosed in a ventilated, sound-attenuating cabinet
(length 38 cm, width 38 cm, and height 55 cm). The
acoustic startle stimuli were high-intensity white noise
bursts and were delivered by a speaker 30 cm above
the animal. After the stimulus onset, the sensor
sampled startle-induced vibration for 200 ms. The
vibration was transduced into voltage signals and
then digitized online by an IBM-PC compatible
computer. The startle amplitude of each trial was
defined as the maximum vibration within the 200 ms
period. All data were reserved for off-line analyses.

Measurement of the Acoustic Startle Responses

Matching. At the beginning of each experiment,
rats were first matched for their startle amplitude.
Briefly, animals were placed into the startle apparatus
with a continuous 55 dB background noise. Five
minutes later, 30 noise bursts (40 ms in duration) with
a 30-s inter-trial interval (ITT) were presented. The
intensities were 95, 105, and 115 dB with 10 bursts at
each intensity. Noise bursts were presented in a
balanced and quasi-random order. The mean startle
amplitude across the 30 noise-burst trials was
calculated for each animal and was used to assign rats
into various groups such that different groups would
have comparable mean startle amplitude.

Startle sessions. Rats were placed into the
apparatus with a background noise of 45 dB. Following
a 5-min acclimation period, the startle test session
began. It was separated into two segments: The first
one contained 60 trials, and the second one contained
120 trials. The ITI was 30 s. Drug administration was
interposed between the two segments of a session.

Induction and Expression of Sensitization by
Amphetamine

To induce AMPH sensitization, rats were sub-
jected to repeated AMPH injections for 7 consecutive
days. In each daily startle session of this induction
phase, different group of rats received vehicle or 5.0
mg/kg of AMPH immediately after the 60th startle



78 CHEN AND LIANG

trial. The expression of AMPH sensitization was
evaluated one or two days after the last chronic treat-
ment. During this expression phase, all rats were in-
jected with both vehicle and AMPH (3.0 mg/kg) in al-
ternating days. Half of the group was challenged with
vehicle first and then with AMPH, while the other
half received the two injections in a reverse order.

Data Analysis

Sensitization was evaluated by the startle
responses to 3.0 mg/kg AMPH in comparison with
those to saline in the challenge phase. The last 20
startle responses before the injection were averaged
to serve as the pre-injection baseline. The effect of
AMPH for an individual subject was represented by a
change score, which equals to the post-injection startle
amplitude minus the pre-injection baseline as depicted
in Figure 1. Mean change scores were calculated for
blocks of 10 trials. These data was analyzed by
mixed-design analyses of variance (ANOVA). Post-
hoc tests for individual comparisons were conducted
according to the adjusted procedures for accurate
comparison in the mixed-design ANOVA (25) and a
significant level of .05 was adopted.

Results

Experiment I: The Effect of Acute Amphetamine on
Acoustic Startle Responses

To evaluate the acute effect of AMPH on acoustic
startle, four groups of naive rats (n = 8 in each group)
received injections of saline, 1.0 mg/kg, 3.0 mg/kg, or
5.0 mg/kg AMPH. Figure 2 shows that the control
group had lower startle than the pre-injection baseline
after saline injection. An injection of 5.0 mg/kg
AMPH enhanced acoustic startle well above the
baseline level, and the enhancement grew along with
time. Lower doses (1.0 or 3.0 mg/kg) produced less
prominent effects. The data were analyzed by a two-
way mixed-design ANOV A with Drug as the between-
subject variable and Block as the within-subject
variable. The analysis revealed that the main effects
for Drug and Block were statistically significant
(F(3,28) =2.95, p < .05; F(11,308) = 4.08, p < .0001,
respectively), so was the DrugxBlock interaction
(F(33,308) = 1.55; p < .05). Post-hoc tests indicated
that only 5.0 mg/kg AMPH significantly enhanced
startle (p < .05), while the effect of 1.0 or 3.0 mg/kg
failed to reach statistical significance.

Experiment I11: Amphetamine-induced Sensitization of
Acoustic Startle

To examine whether repeated administration of
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Fig. 1. A diagram illustrating the startle assessment procedure and data
processing.

AMPH induced sensitization of acoustic startle, two
groups of rats received chronic injections of saline (n
= 8) or 5.0 mg/kg AMPH (n = 7) during the 7-day
induction phase. They were then challenged in the
expression phase. Figure 3 shows that 5.0 mg/kg
AMPH enhanced acoustic startle in each daily session
of the induction phase, and this enhancing effect did
not diminish with repeated administration. The data
were analyzed by a two-way mixed-design ANOVA
with Drug as the between-subject variable and Day as
the within-subject variable. The Drug main effect
was statistically significant (F(1,13) = 28.99, p <
.001), but the Day effect and DrugxDay interaction
effect were not (F(6,78) = 0.87, F(6,78) = 1.39,
respectively). Post-hoc tests indicated that the Drug
effect was significant in each day (p < .001 for Day 1
to Day 4, p < .05 for Day 5 to Day 7). Trend analyses
showed neither linear nor quadratic tendency in the
Drug effect over the 7-day period (all ps > .20).
Expression of sensitization is shown in Figure
4: In comparison with saline challenge, 3.0 mg/kg of
AMPH significantly enhanced startle in rats receiving
repeated administration of AMPH, but not in rats
repeatedly exposed to saline in previous days. The
effects were analyzed by a 3-way mixed-design
ANOVA with Chronic Injection as the between-
subject variable and Challenge as well as Block as
two within-subject variables. The main effects of
Chronic Injection and Challenge were both significant
(F(1,13) = 6.82, p < .05; F(1,13) = 9.64, p < .01), but
their interaction was not (F(1,13) = 1.56, p > .05).
Post-hoc tests showed that only rats received 5.0 mg/
kg AMPH injections during the induction phase
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Fig. 2. The effect of acute amphetamine (AMPH) on acoustic startle responses. a. Time course of the startle-enhancing effect induced by an acute injection
of AMPH. Mean change scores were calculated for blocks of 10 trials in 5 min. b. Averaged enhancement on acoustic startle over the whole period
of one hour after injection. Mean change scores were collapsed for all trials. (*p < .05, **p < .01, ***p < .001, different from the scores of the

saline group)
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Fig. 3. AMPH (5.0 mg/kg) significantly enhanced startle in the induction
phase. (*p <. 05, **p < .01, ***p < .001, different from the scores
of the saline group)

displayed sensitized startle to a challenge of 3.0
mg/kg AMPH (p < .05), but rats received saline
during the induction phase did not. The startle
responses significantly varied across time as indicated
by a significant Block main effect (F(11,143) = 4.52,
p < .001). The BlockxChallenge and three-way
interactions were also significant (F(11,143) = 5.24,

p <.001; F(11,143) = 2.46; p < .01, respectively). For
rats with AMPH pre-exposure, post hoc tests showed
that 3.0 mg/kg AMPH significantly increased startle
responses in comparison to saline challenge at Blocks
3 and 5-12 (all ps < .01). In contrast, AMPH challenge
did not significantly enhance startle re-sponses across
all blocks in rats with saline pre-exposure.

To examine whether AMPH induced sensitiza-
tion of acoustic startle could last for a long time, an
additional group of rats received injections of 5.0 mg/
kg AMPH (n = 8) during the 7-day induction phase
and were challenged one month after the last chronic
treatment. Results in Figure 5 shows that 3.0 mg/kg
AMPH significantly enhanced acoustic startle one
month after drug withdrawal, indicating a significant
long-term sensitization. The data were analyzed by a
two-way mixed design ANOVA with Drug as the
between-subject variable and Block as the within-
subject variable. The Drug effect was statistically
significant (F(1,7) = 12.32, p < .01), but the Block
main effect and BlockxDay interaction effect were
not (F(11,77) = 0.81, F(11,77) = 1.13, respectively).
Post-hoc tests indicated that the drug effect was
significant in all blocks except for the first one (all ps
< .05). '

Experiment Ill: Adrenalectomy and Adrenal Demedullation
Failed to Attenuate the Acute and Sensitization Effects of

Amphetamine on Startle.

To evaluate the effect of adrenalectomy and
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Fig. 5. One month after AMPH withdrawal, rats expressed significant
sensitization in the challenge phase. a. Time course of the
responses to a challenge dose of AMPH or saline. b. Averaged
effect of the challenge treatment on acoustic startle over the 1-hr
period after injection. (*p <.05, **p < .01, ***p < .001, different
from the scores under saline challenge in the correspondent

group)

adrenal demedullation on augmentation of startle
induced by an acute injection of AMPH, three groups
of rats were subjected to adrenalectomy (ADX, n =
28), adrenal demedullation (ADMX, n = 28), or sham
operation (n = 31). After recovery, rats in each group
were subdivided into four groups receiving saline or
AMPH at a dose of 1.0, 3.0, 5.0 mg/kg during the
startle test session (n = 6, 4, 6, 15 for sham operation;
n=35,4,5, 14 for ADMX; n =6, 4, 5, 13 for ADX).

] Saline
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200 9 | B2 AMPH 5.0 mg/kg

(24

100
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N
[=3
o

1
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(5) (4) (5) (14)
ADMX ADX

(6) (4) (6) (15)
Sham

Fig. 6. Effects of adrenalectomy and adrenal demedullation on startle-
enhancement induced by an acute injection of AMPH. (*p < .05,
#*p <.01, ¥**p <001, different from the scores of the correspon-

dent saline group)

Results shown in Figure 6 indicate that acute
administration of 5.0 mg/kg AMPH enhanced startle,
and this enhancing effect was not attenuated by ADX
or ADMX. The data was analyzed by a three-way mixed-
design ANOVA with Drug and Surgery as two between-
subject variables and Block as the within-subject
variable. The analysis revealed a significant main
effect of Drug (F(3,75) = 7.24, p < .001), yet the
Surgery main effect and DrugxSurgery interaction
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Fig. 7. For rats subjected to ADX, ADMX, or sham operation, AMPH (5.0 mg/kg) significantly enhanced startle in the induction phase. (*p <.05, **p

< .01, different from the scores of the correspondent saline group)

effect did not reach the statistically significant level
(F(2,75) = 0.13; F(6,75) = 0.10, respectively),
suggesting that AMPH caused similar augmentation
of startle in rats receiving sham or adrenal operations.
Post-hoc tests showed that only at the dose of 5.0
mg/kg AMPH significantly enhanced startle in each
group (all ps < .05), but the effect of 1.0 or 3.0 mg/kg
failed to reach statistical significance. There was no
significant Block effect (F(11,825) < 1), but the BlockXx
Drug interaction was significant (F(33,825) = 1.85, p
< .01), indicating that the enhancement became greater
as the session progressed. However, the BlockxGroup
and three-way interactions were not significant (both
Fs < 1).

In view of the above findings, we further
investigated whether ADX or ADMX would attenuate
the sensitization effect induced by repeated injections
of AMPH. Groups of sham operated, ADMX and
ADX rats were subjected to the sensitization procedure
as described in the Method section. In the midst of
startle sessions during the induction phase, half of
rats received saline for 7 days (sham: n = 9; ADMX:
n = 6; ADX: n = 7), and the other half received 5.0
mg/kg of AMPH (sham: n = 9; ADMX: n = 8; ADX:
n = 10). After one or two days of withdrawal, they
were challenged with saline and 3.0 mg/kg AMPH in
two consecutive days to evaluate the sensitization
effect. The induction phase data are shown in Figure
7. They were analyzed by a three-way mixed-design
ANOVA with Drug and Surgery as two between-
subject variables and Day as the within-subject vari-
able. The analysis revealed a significant main effect

3004 Challenge
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AMPH 3.0 mg/kg

200

Change Scores
8

(9) (6) {7) (9) (8) (10)
Sham ADMX  ADX Sham ADMX  ADX
Saline for 7 days AMPH 5.0 mg/kg for 7 days

-200

Fig. 8. ADX and ADMX failed to disrupt AMPH induced sensitization.
(*p < .05, different from the scores under saline challenge in the
correspondent group)

of Drug (F(1,43) = 21.46, p < .001). The Surgery and
Day main effects as well as all interaction effects did
not reach statistical significance (all Fs < 1).
Results shown in Figure 8 indicate that repeated
injections of AMPH induced sensitization in the
acoustic response, and such sensitization was pre-
vented neither by ADX nor by ADMX. A preliminary
analysis indicated that all effects involving the Block
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factor were not significant, therefore the data were
collapsed for all blocks and analyzed by a three-way
mixed-design ANOVA with Chronic Injection and
Surgery as two between-subject variables and
Challenge as the within-subject variable. The main
effects of Chronic Injection and Challenge were
significant (F(1,43) = 4.37, p < .05; F(1,43) = 18.63,
p <.001), and so was their interaction (F(1,43) = 8.05,
p < .01). The Surgery main effect and all other
interactions did not reach statistical significance (all
Fs < 1). Post-hoc tests revealed that for the various
operated groups of rats receiving repeated injections
of saline in the induction phase, there was no sign of
sensitization in response to a challenge dose of AMPH
(all ps >.05). In contrast, all rats receiving AMPH in
the induction phase showed significant sensitization
no matter they were in the SHAM, ADMX, or ADX
group (p < .05, p<.01, p < .05; respectively).

Experiment IV: Lack of Effect of Icv Infusion of a-helical
CRFg 4, on Expression of Sensitization

The above findings led to further pursue on
whether the AMPH-induced sensitization in startle
involves increased release of CRF. Three groups of
rats implanted with icv cannula were subjected to the
procedures of inducing sensitization. Group 1 (n = 5)
received saline during the induction phase whereas
Group 2 (n = 5) and Group 3 (n = 16) received 5.0
mg/kg AMPH during the induction phase. Figure 9
shows that 5.0 mg/kg AMPH enhanced acoustic startle
during the induction phase. The data were analyzed
by a two-way mixed-design ANOVA with Drug as the
between-subject variable and Day as the within-subject
variable. The Drug effect was significant (F(1,24) =
4.18, p < .05), but the Day effect and DrugxDay
interaction were not (both Fs < 1).

At the expression phase, Group 1 and Group 2
received icv infusion of vehicle, whereas Group 3 received
icv infusion of 50.0 pg of a-helical CRFy 4. After drug
challenge, rats received additional 240 trials for two hours.
Their averaged startle change scores were calculated for
each hour. Figure 10 shows that in rats treated with saline
in the induction phase and icv infusion of vehicle in the
expression phase, AMPH challenge unexpectedly sup-
pressed startle, chronic injections of AMPH attenuated
this suppressing effect. Infusion of the CRF antagonist did
not block this attenuation of suppressing effect, actually it
tended to render the enhancing effect of AMPH on startle
more, rather than less, prominent. Preliminary inspection

of the results showed different pattern of effects on the first

and second hours, thus data was analyzed by a three-way
mixed-design ANOV A with Group as the between-subject
variable and Challenge and Hour as two within-subject
variables. The main effect was significant for Group
(F(2,23) =7.01, p < .01), but not for Challenge (F(1,23) <
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Fig. 9. AMPH (5.0 mg/kg) significantly enhanced startle in the induction
phase in Experiment IV. (*p < .05, **p < .01, different from the
score of Group 1)

1). The Hour main effect approached statistical signifi-
cance (F(1,23) = 3.91, .05 < p < .06). There were also
significant GroupxDrug and DrugxHour interaction ef-
fects (F(2,23) = 5.12, p < .01; F(1,23) = 7.46, p < .01,
respectively). Post-hoc tests showed that over the total
two-hour testing period, AMPH challenge elicited lower
change scores than saline challenge for Group 1, which
received chronic saline injections and icv infusion of
vehicle during challenge. The change scores under AMPH
challenge in Groups 2 and 3, which received chronic
AMPH injections, were higher than those in Group 1, but
Groups 2 and 3 did not differ from each other. The data
were further analyzed on an hour by hour basis. For the
first hour, the scores under AMPH challenge were signifi-
cantly higher than those under saline challenge in Group 3
(p <.01), but not in Groups. 1 and 2. However, the change
scores under AMPH challenge in Groups 2 and 3 were
higher than those in Group 1 (p < .05, p<.001, respectively).
For the second hour, the scores under AMPH challenge
were significantly lower than saline challenge in Group 1
(p <.05), but no such difference was significant in Groups
2 and 3. In addition, the change scores under AMPH
challenge of Group 3 were higher than the correspondent
scores of Group 1 (p < .05).

To explore whether a clearer pattern would
emerge by reducing in-group variability, the data of
Groups 1, 2 and 3 were divided into high responder
and low responder subgroups (as defined by change
scores above or below the group median, respectively).
The results are depicted in Figure 11. In the low
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responder subgroups, 3.0 mg/kg AMPH suppressed
startle to a level lower than the pre-injection baseline
in rats treated with chronic saline, and this suppression
was abolished in rats treated with chronic AMPH. In

the high responder subgroups, 3.0 mg/kg AMPH
caused no significantly higher startle than the baseline
in rats treated with chronic saline. The chronic AMPH
treatment sensitized the rat to 3.0 mg/kg AMPH,
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replicating the findings of previous experiment. In
both low and high responder subgroups, a-helical
CRFy_4; did not abolish the effect induced by the
chronic AMPH treatment.

Discussion

Results of Experiment I replicated the findings
that acute injection of AMPH enhanced acoustic startle
in rats at a dose range comparable to that of a previous
study (11). Such an enhancing effect became apparent
10 min after the AMPH injection, and remained
undiminished for the rest of a test session. As a matter
of fact, it could last for more than 2 hours according
to our unpublished observation. The high startle
score observed in this study could not have been due
to inadvertent activation of the sensor by stereotyped
movement of a sensitized rat, because when an acute
injection of AMPH at a dose inducing intensive
stereotypy was administered, negligible scores could
be recorded by the vibration sensor in the absence of
any startle-eliciting stimulus (unpublished observa-
tion).

Results of Experiment II demonstrated a robust
sensitization effect induced by AMPH to enhance
acoustic startle in rats. Augmentation of the AMPH
effect was evident in two manners. First, during the
induction phase, the saline-injected rats showed
progressive startle habituation either within or between
the daily sessions over a 7-day period. In contrast,
rats receiving 5.0 mg/kg of AMPH persistently showed
enhanced acoustic startle and no sign of habituation
over the period. The lack of progressive elevation of
startle during this period may be due to a ceiling ef-
fect. Second, in the challenge phase, previous ex-
posure of AMPH facilitated an otherwise subthreshold
effect of 3.0 mg/kg AMPH, suggesting that rats became
more sensitive to a low dose of the drug. These results
extended what has been demonstrated in mice by
Kokinidis and colleagues (26-28).

Studies have reported evidence that more robust
sensitization developed only after a long abstinence
period. For example, chronic AMPH administration
enhanced rates of local cerebral glucose utilization
when challenged one week or one month after
withdrawal, but caused only mild effects if challenged
two days after the pretreatment (21). It was also
reported that sensitized stereotyped behaviors did not
express until two weeks after discontinuation of
AMPH treatment (47). The present study showed that
sensitization persisted one month after withdrawal
from induction. However, with the present injection
regimen, AMPH induced significant sensitization of
acoustic startle in rats without a long withdrawal
period. This rapid development of sensitization could
be somehow related to the intrinsic properties of the

affected system--the acoustic startle response.
Alternatively, the high dose regimen used in this
study may accelerate the development of sensitization.
It should be noted that under certain conditions, for
example, when a single shot of 3.0 mg/kg AMPH was
given, AMPH-induced sensitization in acoustic startle
took more than two weeks to become fully apparent
(Chen & Liang, in preparation). Factors affecting the
progress rate of plastic changes underlying drug-
induced sensitization should be pursued in the future.

Substantial evidence shows that corticosteroid
plays a role in various forms of neural plasticity
related to learning and memory (44, 45), aging (70),
stress-induced atrophy of hippocampus (41) as well
as drug- or stress-induced sensitization of locomotor
behavior (13, 55, 56). Results from Experiment III
find that eliminating adrenal corticosteroid by ADX
did not block the acute or chronic effects of AMPH on
acoustic startle: The ADX rats showed responses to
AMPH similar to those of the sham operated controls.
Our findings are consistent with a suggestion that
adrenal cortical hormones circulating in the blood are
not necessary for development of behavioral
sensitization (2). On the other hand, a study did show
that adrenalectomy blocked sensitization induced by
AMPH in a prepulse inhibition of startle paradigm
(71), although another study failed to reproduce such
sensitization (15). Thus, subtle differences in the
dosing regimen and behavioral paradigm may
contribute to the discrepant findings on the role of
corticosteroid in induction/expression of the
psychostimulant sensitization effect. Peripheral
epinephrine is critical for the action of AMPH on
experience-dependent neural plasticity as attested by
removal of the adrenal medulla, which is the major
source of peripheral epinephrine, attenuating AMPH-
induced memory enhancement (43). However, this
action may not contribute much to the neural plasticity
underlying sensitization, because sensitization
persisted after either ADX or ADMX.

Eliminating corticosteroid from the periphery
increases release of CRF, and acute injections of
AMPH also elevates the brain CRF level (66). In
view of the evidence that CRF is involved in AMPH-
induced sensitization of locomotor or stereotypy
behavior (4, 6, 7, 61), elevated CRF after ADX may
have enhanced startle and thus counteracted an
otherwise apparent blockade of sensitization effects
by elimination of corticosteroid. Results from
Experiment IV are not consistent with this conjecture
by showing that in the presence of o-helical CRFg_4,
a challenge still elicited augmented startle responses
in rats pretreated with chronic injections of AMPH.
In rats pretreated with chronic injections of saline, the
icv infusion procedure switched an otherwise sub-
threshold startle enhancing effect of 3.0 mg/kg AMPH
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into a suppression effect, as shown in Group 1 of the
experiment. Such an effect was largely contributed
by 3 low responders to AMPH (see Figure 11). The
exact reason for this reversal is unknown but may be
due to complicated interactive influences between the
icv infusion stress and AMPH on acoustic startle.
Chronic AMPH injections lifted the suppression (see
low responders of Group 2), and this effect was not
blocked by a-helical CRFqg_4; (Group 3). For the high
responders, a genuine sensitization effect was found
by comparing Group 1 and Group 2, and this
sensitization was even slightly enhanced by a-helical
CRFy.4; (the high responders of Group 3). It appears
unlikely that increased CRF release contributes to the
expressed sensitization response, although other doses
of a-helical CRFg.4, and alternative infusion
procedures should be tested. The present results by
themselves could not rule out a role of CRF in induction
of sensitization, however, other data showed that in
enhancing acoustic startle, repeated icv infusion of
CRF for six days led to tolerance rather than
sensitization (Liang, unpublished findings).

Early and late phases of sensitization in
locomotion were shown to be mediated, respectively,
by transient and persistent forms of plasticity in the
nervous system (18, 68). Likewise, in acoustic startle,
different mechanisms may also be engaged on the
basis of whether short- or long-term sensitization is
accrued. Chronic administration of psychostimulants
induced long-lasting sensitization of the HPA axis
with a delayed rather than immediate onset (63). The
possibility that corticosterone and/or CRF mediates
only long-term sensitization of the acoustic startle
could not be refuted by the present results in which
sensitization was assessed shortly after chronic
exposure. However, Schmidt and his colleagues
demonstrated that long-term locomotor sensitization
induced by stress or drugs was not correlated to ac-
tivity of the HPA axis after three weeks of withdrawal
(64) and suggested that long-term sensitization in-
duced by drug is also independent of the HPA activity.

In conclusion, the present study demonstrated
in rats a robust sensitization of the acoustic startle
responses after intermittent injections of AMPH. The
effect appeared shortly after termination of chronic
treatments. Further, this quickly developed sen-
sitization effect is not altered by adrenalectomy,
adrenal demedullation, or CRF antagonism, suggesting
that the HPA activity might not be highly involved in
this type of sensitization. While more research is
needed to completely exclude a role of corticosteroid,
epinephrine, or CRF in AMPH-induced sensitization
of acoustic startle, the present effect may nonetheless
involve other actions of AMPH or stress. AMPH
causes marked release of central catecholamines
including dopamine and norepinephrine. Yohimbine,

an 0, antagonist, which may enhance the central
noradrenergic tone by blocking inhibition of the locus
coeruleus mediated through autoreceptors, exerts an
excitatory effect on acoustic startle, which was also
impervious to adrenalectomy (23). The central
noradrenergic function is extensively implicated in
behavioral plasticity (31, 32, 37), and may work
either conjunctively or independently with the HPA
axis. Future research should address the contribution
of altered central noradrenergic or other functions to
the AMPH-induced sensitization effect.
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