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Previous studies have demonstrated that exposure to 
psychostimulant drugs can produce a lasting cross-
sensitization to the behavioral effects of stress. The main 
purpose the present study was, therefore, to determine the 
effects of psychostimulant cross-sensitization on the stress-
induced release of adrenocorticotropic hormone (ACTH) 
and corticosterone (CORT). Rats were given a series of 
injections of 

 

d

 

-amphetamine or vehicle in a regimen that 
has been shown previously to induce cross-sensitization to a 
stressor. After two weeks, half the animals in the drug and 
vehicle-treated conditions were subjected to 30 min 
restraint stress; the remaining animals served as non-
stressed controls. Animals were then sacrificed and trunk 
blood was assayed for CORT and ACTH. Prior 

 

d

 

-
amphetamine had no effect upon levels of CORT and ACTH 

in the non-stressed animals. Following 30 min restraint 
stress, however, levels of both hormones were significantly 
higher in drug-treated animals compared to controls. A 
second experiment confirmed behavioral sensitization to the 
current schedule of 

 

d

 

-amphetamine injections, and 
demonstrated neuroendocrine sensitization of ACTH and 
CORT to a subsequent drug challenge. The augmented 
release of CORT and ACTH observed in 

 

d

 

-amphetamine-
treated rats might have important implications for 
human disorders in which processes resembling 
neurochemical sensitization have been hypothesized to 
play an etiological role.
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Adverse experiences are an anticipated aspect of life for
most organisms (Goldstein 1990; Henry 1992; Folkow

1997; Sapolsky et al. 2000). Consequently, a complex set
of homeostatic mechanisms, which include endocrine,
metabolic, immune and neural defensive reactions, has
evolved to ensure that the harmful effects of most stres-
sors rarely exceed an organism’s capacity to cope with
them (Johnson et al. 1992; McEwen 1998). In certain in-
stances, however, these homeostatic mechanisms be-
come compromised, such as after chronic hypothalamic-
pituitary-adrenal (HPA) axis activation or prolonged
stress, and the noxious effects of stressors then become
exaggerated (McEwen 1998; Brown et al. 1999). The emerg-
ing concept of a physiological and psychological cost in-
volved with chronically heightened neuroendocrine
arousal to environmental stimuli, often referred to as “al-
lostatic load”, is seeing increased interest as an impor-
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tant factor in the development of many forms of human
disease (McEwen 2000; Koob and Le Moal 2001). A wealth
of evidence suggests that an increased reactivity to stres-
sors and/or the inability to respond effectively and appro-
priately to stressors plays an important role in the devel-
opment and expression of many forms of mental illness
(Ehlert and Straub 1998; Kreek and Koob 1998; Dohren-
wend 2000; Heim et al. 2000). Clearly, a better under-
standing of the underlying neurobiology of this sensi-
tivity to stressors may help in the prophylaxis and
treatment of these disorders.

Animal and human studies have demonstrated that
environmental manipulation, such as exposure to alco-
hol or stress during the pre- and early postnatal period
(Liang and Boyce 1993; Weinberg et al. 1996; Day et al.
1998), can modify an organism’s response to stressors.
Such manipulations may lead to an increased reactivity
to stressors (“sensitization”), which can be expressed
both behaviourally and neurochemically (Pitman et al.
1990; Badiani et al. 1996; Pani et al. 2000). One form of
sensitization involves the capacity of psychostimulant
drugs, such as cocaine and 

 

d

 

-amphetamine, to react in-
terchangeably with stressors in producing an augmented
behavioral response (Antelman et al. 1980; Prasad et al.
1998). This type of cross-sensitization appears to be bi-
directional, in that previous exposure to a psychostimu-
lant drug can sensitize the behavioral response to an en-
suing stressor, and vice versa. However, the capacity of
psychostimulant drugs to cross-sensitize neurendocrine
responses to subsequent stressors through effects on the
HPA axis remains undetermined. This issue is impor-
tant, as the HPA axis plays a crucial role in the homeo-
stasis of the organism, and a disruption of the normal
functioning of the HPA axis could lead to many of the
types of symptoms associated with “allostatic load”. As
sensitization-like processes have been implicated in the
development of several major psychiatric disorders (Post
1992; Duncan et al. 1999; Laruelle 2000) that are fre-
quently associated with dysregulation of the HPA axis
(Plotsky et al. 1998; Muck-Seler et al. 1999; Heim et al.
2000), the link between glucocorticoid hormone release in
response to stress and sensitization needs to be clarified.

The main purpose of the present study, therefore, was
to determine the effects of psychostimulant cross-sensiti-
zation on the stress-induced release of adrenocorticotro-
pic hormone (ACTH) and corticosterone (CORT). We
utilized an established rodent model of cross-sensitiza-
tion (Hamamura and Fibiger 1993), in which rats were
administered daily injections of 

 

d

 

-amphetamine over 14
days, and subsequently remained undisturbed for an
additional two weeks. At the end of this period, the ani-
mals were subjected to mild restraint stress, and levels
of ACTH and CORT were measured. We also con-
ducted a second experiment which confirmed the re-
sults of earlier studies showing that previous exposure
to 

 

d

 

-amphetamine induces behavioral and neurendo-

 

crine sensitization to a subsequent drug challenge
(Schmidt et al. 1995; Vanderschuren et al. 1999), by
measuring behavioral stereotypy and ACTH and CORT
levels in previously sensitized animals.

 

METHODS

Experiment 1: Effect of Exposure to 

 

d

 

-amphetamine 
on HPA Activity in Response to a
Subsequent Stressor

 

Animals.

 

Forty adult male Wistar rats (250–275g; Ani-
mal Care Centre, University of British Columbia, Vancou-
ver, BC) were pair-housed in polycarbonate cages (24 

 

�

 

16 

 

�

 

 46 cm). All animals were maintained on a 12-hr
light-dark cycle (lights on 7 

 

A

 

.

 

M

 

. to 7 

 

P

 

.

 

M

 

.). The colony
room temperature was maintained at 20

 

�

 

C (

 

�

 

 1

 

�

 

C) and
rats had unlimited access to food (Purina Rat Chow) and
water. All experimental procedures were conducted in
accordance with the guidelines provided by the Cana-
dian Council on Animal Care, the University of British
Columbia Animal Care Committee and the NIH Guide-
lines for the Care and Use of Laboratory Animals.

 

Drug Treatment.

 

Animals were randomly assigned to
one of four groups (n

 

�

 

10 per group). Two of these groups
were administered a series of injections of 

 

d

 

-amphetamine
(Smith-Kline Beecham, Oakville, ON) based upon a proto-
col that had been shown previously to induce both behav-
ioural and neurochemical sensitization to a stressor
(Hamamura and Fibiger 1993). The regimen consisted of
single daily intraperitoneal injections of 

 

d

 

-amphetamine
(2 mg/kg) for seven days, followed by single daily in-
jections of a higher dose of the drug (4 mg/kg) for an
additional seven days. The remaining two groups re-
ceived a similar regimen of vehicle injections (isotonic
saline – 1mL/kg). All injections took place in the ani-
mals’ home cage between 9 and 10 

 

A

 

.

 

M

 

., and all animals
remained undisturbed for two weeks following the final
injection, except for weekly weighing and cage changing.

 

Stress Procedure.

 

Two weeks after the final drug or
vehicle injection, one group of rats that had received

 

d

 

-amphetamine, and one that had received only saline,
were removed sequentially in pairs from the housing
colony to an adjoining test room. These rats were sub-
jected to 30 min of restraint stress, by placing them into
individual polyethylene restraining tubes (6cm diame-
ter 

 

�

 

 20cm in length, with four holes in the front and
an opening at the back for the tail). Immediately after
restraint, animals were quickly removed from the re-
straining tubes and killed by decapitation. The remain-
ing two groups of animals (

 

d

 

-amphetamine- and vehicle-
treated) served as non-stressed (basal) controls. They
were quietly removed from the housing colony in pairs,
in counterbalanced order, and quickly decapitated. All
animal handling procedures were conducted between
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8 and 10:30 

 

A

 

.

 

M

 

., when rats’ CORT levels are at their
nadir. Trunk blood was collected in ice cold polysty-
rene tubes containing 7.5 mg EDTA and 1000 KIU apro-
tinin. Blood was centrifuged at 3600 

 

�

 

 g for 10 min at
4

 

�

 

C and plasma extracted and stored in polypropylene
tubes at –70

 

�

 

C until assayed for ACTH and CORT. The
spleen, thymus and adrenal glands were removed from
all animals, and cleaned and weighed for comparison.

 

Hormone Measurements.

 

Total CORT (bound plus free)
was measured by radioimmunoassay (RIA) using our ad-
aptation (Weinberg and Bezio 1987) of the method of
Kaneko et al. (1981). Antiserum was obtained from Immu-
nocorp, Montreal, PQ, Canada and tracer was obtained
from Mandel Scientific, Guelph, ON, Canada. Dextran
coated charcoal was used to absorb and precipitate free ste-
roids after incubation. The intra and interassay coefficients
of variation were 1.55% and 4.26%, respectively.

ACTH was assayed using a modification of the Dia-
Sorin RIA kit (American Standard Company; Stillwater,
MN, USA). All reagent volumes were halved and 50 

 

�

 

l
of plasma per sample was used. The mid-range intra
and interassay coefficients of variation were 3.9% and
6.5%, respectively. One sample was spoiled (amphet-
amine/stress conditions) and had to be excluded from
further analysis.

 

Experiment 2: Effect of Exposure to 

 

d

 

-amphetamine 
on HPA Activity in Response to Subsequent
Drug Challenge

 

Animals and Drug Treatment.

 

Twenty adult male Wistar
rats (250–275g) were randomly assigned into two groups
(n

 

�

 

10 per group). One of these groups was administered
the series of injections of 

 

d

 

-amphetamine as described in
Experiment 1. The remaining group received a similar reg-
imen of injections, but with vehicle (isotonic saline – 1 ml/
kg). All animals remained undisturbed for two weeks fol-
lowing the final injection, except for weekly weighing and
cage changing.

 

Drug Challenge.

 

Two weeks after the final drug/vehi-
cle injection, both groups of rats were given a drug
challenge that consisted of a single injection of 

 

d

 

-am-
phetamine (2 mg/kg, i.p.) in their home cage, in order
to determine if behavioral and neurohormonal sensiti-
zation of the HPA axis to 

 

d

 

-amphetamine had occurred
in the group that had previously received drug. Levels
of behavioral activity were monitored prior to and ev-
ery 10 min after the drug challenge, for 30 min. Behav-
ioral activation was scored according to the stereotypy
rating scale of MacLennan and Maier (1983) (Table 1),
and consisted of the predominant behavior during a 30
sec period, every 10 mins. This allowed us to measure
baseline levels of behavior prior to drug injection, as well
as the progression of the behavioral stereotypy over
time. The behavior of the animals was scored by an expe-
rienced observer, in a quasi-random manner: the same

experimenter scored the animals’ behavior who had in-
jected them two weeks previously, in order to minimize
the potential stress to the animals. However, animals
were not housed in a systematic manner, and the exper-
imenter was unaware of the animals’ prior treatment at
the time of behavioral scoring; furthermore, the differ-
ence in behavior between treatment groups was largely
qualitative and thus less subject to experimenter bias.
Thirty min after the drug injection, animals were qui-
etly removed from the housing colony in pairs, in coun-
terbalanced order, and quickly decapitated. All animal
handling procedures were conducted between 8 and 10:30

 

A

 

.

 

M

 

., when rats’ CORT levels are at their nadir. Trunk
blood was collected and analyzed as described in Experi-
ment 1. It should be noted that no additional rats were
challenged with vehicle instead of 

 

d

 

-amphetamine, as
the results of Experiment 1 indicated no effect of prior
exposure to 

 

d

 

-amphetamine on basal levels of ACTH
and CORT (see Results).

 

Statistical Analysis

 

In Experiment 1, body weights of animals were sub-
jected to a 2-factor repeated measures Analysis of Vari-
ance (ANOVA), with drug condition and stress as the
two factors, measured across time. Organ weights of the
individual rats, expressed as relative weight (organ
weight/100g of body weight), were subjected to a drug
X stress condition ANOVA. ACTH and CORT values
were similarly subjected to drug X stress ANOVAS.
Significant main and interaction effects were analyzed
using Tukey’s 

 

post-hoc

 

 tests.
In Experiment 2, behavioral activity scores prior to

and after the drug challenge were subjected to a 1-fac-
tor ANOVA, with drug condition as the factor, mea-
sured across time. Significant main and interaction ef-
fects were analyzed using Tukey’s 

 

post-hoc

 

 tests. ACTH
and CORT values were subjected to independent sam-
ples t-tests.

 

Table 1.

 

Behavioral Activation Score, Based upon 
Stereotypy Rating Table of MacLennan and Maier (1983)

Score Behavior

 

0 Inactive
1 Intermittent activity
2 Continuous activity
3 Stereotypic rearing
4 Intermittent stereotypic sniffing and/or head 

movements
5 Continuous stereotypic sniffing and/or repetitive head 

movements
6 Continuous and restricted sniffing and/or repetitive 

head movements
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RESULTS

 

In Experiment 1, analyses of hormone measures indi-
cated significant main effects of stress condition (F

 

(1,36)

 

 

 

�

 

213.47, 

 

p

 

 

 

�

 

 .001) and drug treatment (F

 

(1,36)

 

 

 

�

 

 6.45, 

 

p

 

 

 

�

 

.05), and a significant stress X drug treatment interac-
tion (F

 

(1,36)

 

 

 

�

 

 4.57, 

 

p

 

 

 

�

 

 .05). 

 

Post-hoc

 

 analysis of the inter-
action revealed that in the non-stressed or basal condi-
tion, CORT levels in 

 

d

 

-amphetamine-treated rats did
not differ significantly from those in vehicle-treated rats
(Figure 1, Panel A). In contrast, although both 

 

d

 

-amphet-
amine- and vehicle-treated rats showed marked CORT
increases in response to restraint stress, 

 

d

 

-amphetamine-
treated rats exhibited significantly higher levels of CORT
(55.47 

 

�

 

 3.14 

 

�

 

g/dL) after stress than vehicle-treated ani-
mals (40.78 

 

�

 

 3.14 

 

�

 

g/dL) (Figure 1, Panel A). These re-
sults indicate that pretreatment with 

 

d

 

-amphetamine
augments the release of CORT in response to a stressor,
without altering basal levels.

The effects of pretreatment with 

 

d

 

-amphetamine on
basal and stress-induced levels of ACTH showed a pat-
tern of results similar to those found with CORT (Fig-
ure 1, Panel B). Significant main effects of stress condi-

tion (F

 

(1,35)

 

 

 

�

 

 46.95, 

 

p

 

 

 

�

 

 .001) and drug-treatment (F

 

(1,35)

 

 

 

�

 

18.55, 

 

p

 

 

 

�

 

 .001), and a stress X drug interaction (F

 

(1,35)

 

 

 

�

 

10.70, 

 

p

 

 

 

�

 

 .005) were observed. 

 

Post-hoc

 

 testing revealed
different effects of drug treatment on basal and stress-in-
duced levels of ACTH. For the non-stressed animals,
plasma ACTH levels did not differ significantly in

 

d-amphetamine and vehicle-treated subjects. However,
stress-induced levels of ACTH were almost 250% greater
than vehicle-treated animals, an effect that was highly
significant.

Analysis of organ weights, adjusted for body weights
(Table 2), revealed no significant main effects of stress or
drug treatment on the thymus. There was a non-signifi-
cant effect of drug treatment (F(1,35) � 3.24, p � .08) on
the adrenal gland weights, which reflected slightly
larger adrenals in d-amphetamine treated than in vehi-
cle-treated rats (12.95 � 0.62 mg/100g vs 11.35 � 0.64
mg/100g, respectively). In contrast, the ANOVA indi-
cated a significant main effect of drug treatment (F(1,35) �
5.41, p � .05) on relative spleen weights. Pretreatment
with d-amphetamine was associated with lower spleen
weights compared to those in vehicle-treated animals
(202 � 5 mg/100g vs 220 � 6 mg/100g).

Analysis of the body weights over the four weeks
of the study indicated a significant main effect of time
(F(3,108) � 736.17, p � .001), but no effects of stress or
drug-treatments (F(1,36) � 2.07, NS).

In Experiment 2, analysis of the behavioral effects of
the d-amphetamine challenge with the repeated-mea-
sures ANOVA indicated a significant main effect of
drug treatment on behavioral stereotypy (F(1,18) � 10.24,
p � .005). The ANOVA also revealed a significant effect
of time (F(3,54) � 143.18, p � .001) and a significant drug
X time interaction (F(3,54) � 3.90, p � .05), whereby ani-
mals that had been previously treated with d-amphet-
amine exhibited significantly higher stereotypy scores
upon drug challenge than those that had been treated
previously with only vehicle (Figure 2).

Analysis of the levels of CORT in d-amphetamine and
vehicle-pretreated rats 30 min after the challenge with
d-amphetamine indicated that CORT levels were signifi-
cantly higher in rats that had been previously exposed to

Figure 1. Panel A: The effect of pretreatment with saline
vehicle (crossed bars) or d-amphetamine (2mg/kg � 7 days
� 4mg/kg � 7 days) (solid black bars) on levels of CORT
after either no stress or 30 min of restraint stress (separate
groups of animals). * denotes significantly different from
vehicle-treated rats, p � .05. Panel B: The effect of pretreat-
ment with saline vehicle (crossed bars) or d-amphetamine
(2mg/kg � 7 days � 4mg/kg � 7 days) (solid black bars) on
levels of ACTH after either no stress or 30 min of restraint
stress (separate groups of animals). ** denotes significantly
different from vehicle-treated rats, p � .005. Values repre-
sent group means (� S.E.M.).

Table 2. Effects of Treatment with d-amphetamine or 
Vehicle for 14 Days on Various Body Organs, Adjusted for 
Individual Body Weight. Organs Were Removed from 
Animals 14 days after the Last Injection. Values Represent 
Mean Organ Weight (mg)/100 g Body Weight (� S.E.M.)

Vehicle d-Amphetamine

Thymus 171 (� 5) 173 (� 5)
Adrenal 11.4 (� 0.6) 13.0 (� 0.6)#
Spleen 220 (� 6) 202 (� 5)*

#Denotes marginally significant difference (0.05 � p � 0.10).
*Denotes significant difference between groups (p � 0.05).
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d-amphetamine (t(18) � 3.68, p � .005). Indeed, levels of
CORT in d-amphetamine pretreated animals were almost
double those of the control group (42.40 � 3.52 �g/dL vs
22.32� 3.52 �g/dL) (Figure 3, Panel A). Levels of ACTH
were also marginally higher in d-amphetamine pre-
treated animals than in controls (362.39 � 46.83 pg/mL
vs. 207.98 � 46.83 pg/mL), (t(18) � 1.73, p � .10) (Figure
3, Panel B).

DISCUSSION

Data from the present study confirm that prior expo-
sure to d-amphetamine can “sensitize” the HPA axis to
a subsequent challenge with the same drug. The data
also demonstrate for the first time that cross-sensitiza-
tion of the HPA-axis can occur between previous expo-
sure to d-amphetamine and a subsequent stressor, such
as restraint stress. Control animals showed the expected
increase in plasma levels of CORT and ACTH following
30-in restraint stress (Kim et al. 1996; McEwen 1998), but
pretreatment with d-amphetamine on a sensitizing sched-
ule resulted in a greatly augmented release of CORT (�
36%) and ACTH (� 245%) after exposure to the stressor,
compared to that in vehicle-treated animals. In addi-
tion, exposure to this sensitizing schedule of d-amphet-
amine caused a slight increase in adrenal weights, as
well as a significant decrease in spleen weights.

The present data are in general agreement with data
from other studies that have examined the link between
hormones of the HPA-axis and psychostimulant sensiti-
zation. For example, following exposure to intermittent
cocaine, it was found that a subsequent challenge with
the same drug augmented the release of both CORT

and ACTH in sensitized animals to a greater degree
than in non-sensitized rats (Schmidt et al. 1995). This ef-
fect was recently replicated, using a single exposure to
d-amphetamine as the sensitizing stimulus (Vander-
schuren et al. 1999). Thus, the augmented increases in
CORT and ACTH that were observed in d-amphetamine
pretreated rats in response to a drug challenge in the
present study confirm the findings of Vanderschuren et
al.(1999), and also demonstrate that a more chronic sched-
ule of d-amphetamine administration produces similar
effects. Cross-sensitization of the HPA-axis between
d-amphetamine and stress has been shown to occur when
animals were initially exposed to different stressors, and
then subjected to a d-amphetamine challenge (Schmidt et
al. 1999), which is the converse of our novel findings.

In apparent contrast to the present data, a recent ex-
periment by Sarnyai et al. (1998) failed to detect differ-
ences in stress-induced levels of CORT following 60
min of restraint stress in rats that had been previously
administered chronic cocaine, compared to control ani-
mals. In addition, their study observed increased levels
of CORT in the cocaine-treated compared to the vehi-
cle-treated animals in the non-stressed condition. These
results appear to be contrary to our findings, in which

Figure 2. The effect of pretreatment with saline vehicle
(crossed bars) or d-amphetamine (2mg/kg � 7 days � 4mg/
kg � 7 days) (solid, black bars) on behavioral activity after a
challenge injection with d-amphetamine (2 mg/kg, i.p.), based
upon stereotypy rating scale of MacLennan and Maier (1983). *
denotes significantly different from vehicle-treated rats, p �
.05. ** denotes significantly different from vehicle-treated rats,
p � .005. Values represent group means (� S.E.M.). Figure 3. Panel A: The effect of pretreatment with saline

vehicle (crossed bars) or d-amphetamine (2mg/kg � 7 days �
4mg/kg � 7 days) (solid black bars) on levels of CORT after
a challenge injection with d-amphetamine (2 mg/kg, i.p.). **
denotes significantly different from vehicle-treated rats, p �
.005. Panel B: The effect of pretreatment with saline vehicle
(crossed bars) or d-amphetamine (2mg/kg � 7 days � 4mg/
kg � 7 days) (solid black bars) on levels of ACTH after a
challenge injection with d-amphetamine (2 mg/kg, i.p.). #
denotes marginal significance from vehicle-treated rats, p � .10.
Values represent group means (� S.E.M.).
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we demonstrated that basal levels of CORT and ACTH
did not differ in d-amphetamine-treated compared to
vehicle-treated rats in the nonstressed condition, but
that stress-induced levels were differentially elevated.
The discrepancy in these findings may be attributable
to a number of different factors. The study by Sarnyai et
al. (1998) utilized a “binge” protocol of cocaine admin-
istration that consisted of multiple daily injections of the
drug, whereas we used a regimen that was designed to
induce sensitization, and was comprised of single daily
injections. Previous work has shown that the behavioral
and neurochemical effects of drug administration differ
significantly depending upon the pattern of administra-
tion (Segal and Kuczenski 1997; Lin et al. 2000). In addi-
tion, rats in the previous study were subjected to re-
straint stress the day after their final injection of cocaine.
This period probably reflects a time when the animals are
experiencing the psychological effects of drug withdrawal,
(Markou and Koob 1991; Mutschler and Miczek 1998) and
compensatory homeostatic mechanisms are engaged to re-
store a post-binge equilibrium (Koob et al. 1997). In con-
trast, animals in the present study were allowed to recover
from the drug for two weeks, and thus tested at a time at
when the effects of psychostimulant sensitization are most
pronounced (Paulson et al. 1991). Furthermore, animals in
the study by Sarnyai et al. were exposed to stress for twice
as long as in the present study, indicating that HPA activ-
ity was being measured at different timepoints, and thus
possibly during a different phase of glucocorticoid activa-
tion and/or glucocorticoid-mediated feedback.

The molecular mechanisms by which pretreatment
with d-amphetamine leads to sensitization of the HPA
axis to subsequent drug or stress challenges were not ad-
dressed by the present study. However, several impor-
tant recent studies have reported data that may provide
insight into the molecular mechanisms that are involved.
It is unlikely that the mild adrenal hypertrophy observed
in d-amphetamine sensitized rats would be the primary
cause of HPA hyperreactivity, as the increase in adrenal
weights was slight compared to the large increases in
CORT observed in response to a drug or stressor chal-
lenge. Additionally, the increased levels of ACTH in
d-amphetamine pretreated animals are suggestive of al-
terations at the level of the pituitary. An earlier study
by Robinson et al. (1987) observed that d-amphetamine-
sensitized rats exhibited greater levels of pituitary
	-endorphin release in response to a footshock stressor,
which parallels the increases in ACTH release that we
observed. The exact nature of increased neuropeptide hor-
mone release is unclear, but may be related to alterations
in the normal glucocorticoid inhibitory feedback system.

One of the most important sites of feedback is the
hippocampus (Jacobson and Sapolsky 1991; Young and
Vazquez 1996), wherein Type I (mineralocorticoid) CORT
receptors modulate primarily basal or tonic levels of
CORT, while Type II (glucocorticoid) receptors play a key

role in the inhibitory feedback following stress-induced
CORT elevations. Several recent studies have reported
that exposure of rats to sensitizing schedules of d-amphet-
amine results in selective down-regulation of glucocorti-
coid, but not mineralocorticoid, receptors in the hippoc-
ampus (Budziszewska et al. 1995; Shilling et al. 1996;
Trovero et al. 1999). These findings are entirely consistent
with the results of the present study, as we failed to ob-
serve an effect of pretreatment with d-amphetamine on
basal levels of CORT, which are mediated by mineralo-
corticoid receptors and remain unaffected by exposure
to d-amphetamine. In contrast, the elevated levels of CORT
in d-amphetamine pretreated animals following restraint
stress could be explained by down-regulated levels of glu-
cocorticoid receptors and an ensuing selective deficit in
glucocorticoid mediated inhibition of stress or drug-
related levels of CORT and ACTH. Other potential medi-
ators of a sensitized HPA axis could include the locus cer-
uleus (LC)/hypothalamic paraventricular nucleus (PVN)
system. Noradrenergic neurons of the LC are sensitized
by exposure to chronic amphetamine (Harris and Will-
iams 1992), and these neurons provide a major excitatory
input to the corticotropin-releasing hormone (CRH)-con-
taining neurons of the PVN (Day et al. 1999). As CRH has
been shown to mediate psychostimulant-induced behav-
ioral sensitization (Cole et al. 1990; Cador et al. 1992), fur-
ther research is required to determine if this system is also
involved in HPA axis sensitization to d-amphetamine.

While it is generally agreed that the hormones of the
HPA axis perform an essential function in the adapta-
tion of animals to the acute effects of stress (Sapolsky et
al. 2000), there has been renewed interest in the delete-
rious effects of alterations in the regulation of this sys-
tem. McEwen and Koob, amongst others, have suggested
that excessive and inappropriate levels of corticosteroids
over an extended period can exceed the organism’s ca-
pacity to deal with them effectively (McEwen 1998,2000;
Koob and Le Moal 2001). The resulting “allostatic load”
can lead to a host of harmful somatic and psychiatric
symptoms, as well as damage to regions of the brain
such as the hippocampus (Brown et al. 1999). As the neu-
rochemical effects of psychostimulant sensitization in an-
imals are typically long lasting (Paulson et al. 1991; Cast-
ner and Goldman-Rakic 1999), the results of the present
study may allow for a further refinement in the model of
“allostatic load”. It is predicted that psychostimulant-
sensitized animals or humans would exhibit elevated
levels of corticosteroids in response to mild stressors; if
these stressors were repeated on a regular basis, they
could exceed the homeostatic capacity and result in the
type of toxic effects that have been described. Glucocorti-
coids also exhibit a well-known immunosuppressive ef-
fect (De Bosscher et al. 2000), and chronically elevated
levels of these hormones may be responsible for the re-
duced spleen weights that we observed in d-amphet-
amine pretreated animals, which would be consistent
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with the literature on immunosuppressive effects of
chronic amphetamine (House et al. 1994; Basso et al. 1999).
Human psychostimulant abusers show a higher degree of
morbidity than the general population (Cregler 1989), and
the results of the present study suggest that alterations in
the activity of the HPA axis in response to stress might be
one factor responsible for this effect. Many human drug
addicts who abuse psychostimulants also exhibit an in-
creased reactivity to stress (Keller and Wilson 1994;
Wills et al. 1996), which is often self-medicated through
further substance abuse (Markou et al. 1998). Animal
models of drug addiction have demonstrated that stress
can be an important factor in determining the amount
of drug that is consumed, as well as increasing the prob-
ability of acquiring drug self-administration and relaps-
ing during extinction (Haney et al. 1995; Erb et al. 1996;
Tidey and Miczek 1997). As circulating levels of gluco-
corticoids play an important role in drug self-adminis-
tration (Deroche et al. 1997; Mantsch et al. 1998), the ele-
vated levels of these hormones in sensitized animals
may contribute to the effects of stress on drug self-
administration. In theory, this effect could be achieved
by either lowering the threshold of stress that would be
required to initiate or maintain drug administration (re-
quiring a less intense stressor to attain a hypothesized
“critical” level of CORT), or lengthening the duration of
the effects of stress on the HPA axis, and subsequently in-
creasing the interval of vulnerability to self-administration.

Endogenous processes resembling neurochemical sen-
sitization have also been hypothesized to underlie the de-
velopment of psychiatric disorders, including schizo-
phrenia (Lieberman et al. 1997; Laruelle 2000) and Major
Depressive Disorder (Post 1992). HPA axis abnormalities
have been widely reported in sub-populations of both of
these psychiatric disorders (Plotsky et al. 1998; Muck-
Seler et al. 1999; Heim et al. 2000). The findings of the
present study suggest that a clearer understanding of the
mechanisms by which drugs such as d-amphetamine in-
duce sensitization of the HPA axis to stressors may pro-
vide further insight into the development of psychiatric
disorders as well as current models of allostasis.
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