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Abstract

Repeated amphetamine administration can cause an augmentation of regional cerebral metabolic activity. This study analyzed the
regional cerebral metabolic changes which occurred in rats after pretreatment with the selective dopamine D and D receptor agonists,1 2
Ž . ŽŽ . . Ž Ž ." SKF 38393 " -2,3,4,5-tetrahydro-7,8-dihydroxy-1-phenyl-1H-3-benzazepine HCl and quinpirole trans- y -4a R-

Ž . . w14 x4,4a,5,6,7,8,8a,9-octahydro-5-propyl-1H-pyrazolo 3,4-g quinoline , as measured by the 2- C deoxyglucose method. The results showed
selective metabolic augmentation in rats pretreated with SKF 38393 but not in those pretreated with quinpirole alone or with quinpirole in
combination with SKF 38393. These findings demonstrated that dopamine D receptors may play a critical role in the development of1

metabolic augmentation after repeated stimulant administration. q 1997 Elsevier Science B.V.

Keywords: Amphetamine administration, chronic; Deoxyglucose; Sensitization; SKF 38393; Quinpirole

1. Introduction

Repeated administration of psychomotor stimulants re-
sults in behavioral sensitization to subsequent stimulant
administration. It has been suggested that repeated admin-
istration of amphetamine to experimental animals may
provide an insight into the mechanisms underlying am-
phetamine psychosis and, perhaps, schizophrenia in hu-

Ž .mans Robinson and Becker, 1986 . Several recent reports
have suggested that dopamine D receptors may play a1

critical role in the development of behavioral sensitization
ŽVezina and Stewart, 1989; Drew and Glick, 1990; White

.et al., 1990; Mattingly et al., 1993 . However, Ujike et al.
Ž . Ž .1989 and Weiss et al. 1989 reported that selective
dopamine D receptor antagonists block the development2

) Ž . Ž .Corresponding author. Tel.: 886-2 826-7069; Fax: 886-2 821-2884;
e-mail: ynho@dns.ym.edu.tw

1 This experiment was performed in the Cerebral Metabolism Labora-
tory, Institute and Department of Anatomy, National Yang-Ming Univer-
sity, Taiwan, Republic of China.

of behavioral sensitization to methamphetamine and co-
caine. It has been suggested that dopamine D receptor2

antagonists interfere with the development of conditioning
and the development of conditioned stimulus control over
the expression of sensitization, rather than with the devel-

Ž .opment of sensitization itself Reith et al., 1986 . In addi-
tion, this discrepancy may come from the difference in the

Ž .behaviors measured Tirelli and Jodogne, 1993 .
The physiological changes which occur in conjunction

with chronic stimulant treatment are not entirely clear. We
demonstrated earlier that repeated amphetamine adminis-
tration can cause an augmentation of the rate of local
cerebral glucose utilization, especially in the dopaminergic

Ž .pathways Huang et al., 1995 . The rate of local cerebral
w14 xglucose utilization can be assessed with the 2- C de-

oxyglucose method which simultaneously and globally
Žmaps the sites of drug action in the brain Sokoloff et al.,

.1977 . Because of the close coupling between energy
metabolism and functional activity, this method may pro-
vide an alternative way to explore the underlying mecha-
nisms of stimulant induced sensitization.

In order to examine the relative contribution of
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dopamine D and D receptor-mediated mechanisms to the1 2

metabolic augmentation which occurs following chronic
amphetamine treatment, the selective dopamine D and D1 2

Ž . ŽŽ .receptor agonists, " SKF 38393 " -2,3,4,5-tetrahydro-
.7,8-dihydroxy-1-phenyl-1H-3-benzazepine HCl and quin-

Ž Ž .pirole trans- y -4a R-4,4a,5,6,7,8,8a,9-octahydro-5-pro-
Ž . .pyl-1H-pyrazolo 3,4-g quinoline , were administered alone

or in combination to rats over a period of 2 weeks.
Following a 7 day recovery period, the metabolic response
to amphetamine challenge was evaluated.

2. Materials and methods

2.1. Animals

Adult experimentally naive male rats of Sprague–Daw-
ley descent weighing from 300–450 g were used in this
study. The animals were housed in group cages with
standard controlled temperature and a 12 h lightrdark
cycle. Food and water were provided ad libitum.

Table 1
Ž .Effects of repeated administration of dopamine agonists on local cerebral glucose utilization mean"standard error mean, mmolr100 g per min in rats

Ž . Ž . Ž . Ž .Structure Normal saline ns4 SKF 38393 ns6 Quinpirole ns6 SKF 38393qQuinpirole ns6

Extrapyramidal system
Caudatoputamen 103"6 106"4 109"3 106"4
Globus pallidus 65"4 61"3 59"3 60"3
Substantia nigra pars compacta 85"5 87"3 89"4 82"6

a bSubstantia nigra pars reticulata 42"3 59"7 44"2 53"4
Subthalamic nucleus 74"6 84"3 74"3 79"4

Limbic and related areas
Anterior pretectal nucleus 104"7 102"3 109"5 99"8

bArcuate nucleus 49"1 57"3 48"1 52"4
Basomedial amygdala 76"3 76"2 72"2 69"3
Central amygdala 56"4 62"3 54"2 58"3
Hippocampus formation 80"7 84"3 84"3 80"5
Interpeduncular nucleus 119"9 119"4 125"6 112"11
Nucleus accumbens

Core 78"4 83"3 82"4 86"4
Shell 65"5 69"4 66"2 69"4

Lateral habenular nucleus 97"6 101"4 97"2 94"7
aMedial preoptic nucleus 49"6 63"4 49"2 53"2

Medial septal nucleus 63"4 69"3 72"2 72"3
Nucleus diagonal band of Broca

Horizontal limb 91"10 80"4 93"2 84"6
Vertical limb 71"5 74"3 74"2 74"4

a bParaventricular nucleus 41"3 53"2 47"1 48"3
Posterior cingulate cortex 108"9 116"4 122"5 113"9
Ventral tegmental areas 63"5 64"8 63"3 65"7
Ventromedial nucleus 53"2 66"3 60"3 62"4

Neocortex
Anterior cingulate cortex 91"3 111"4 106"5 105"7
Auditory cortex 139"8 138"5 151"6 138"7
Frontal cortex 99"7 94"7 97"5 87"6
Medial prefrontal cortex 95"1 107"8 109"5 98"6
Motor cortex 94"4 93"4 100"3 92"5
Somatosensory cortex I 109"7 107"3 115"4 109"7
Somatosensory cortex II 128"11 125"3 141"4 127"9

Sensory-motor system
Lateral geniculate nucleus 81"5 93"4 85"3 90"7
Medial geniculate nucleus 100"6 103"6 104"5 97"6
Mediodorsal nucleus 109"8 106"3 111"2 106"9
Parafasicular nucleus 96"5 112"7 96"3 97"5
Paratenial nucleus 101"11 100"4 101"3 95"5
Superior colliculus 85"5 85"4 81"4 82"6
Ventrobasal nucleus 102"7 101"4 99"4 97"6

a P-0.05 compared to normal saline control group.
b P-0.05 compared to SKF group.
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2.2. Drug administration

SKF 38393 and quinpirole were purchased from Re-
Ž .search Biochemicals International Natick, MA, USA and
Ž .D-amphetamine sulfate from Sigma St. Louis, MO, USA .

SKF 38393 was dissolved in distilled water. D-Ampheta-
mine and quinpirole were dissolved in 0.9% saline. SKF
38393 and quinpirole were administered intraperitoneally
at 10.0 and 1.0 mgrkg, respectively. The animals were
randomly divided into four treatment groups. The groups
received either intraperitoneal injections of distilled

Ž .water–saline control group , distilled water–quinpirole,
SKF 38393–saline and SKF 38393–quinpirole, once daily
for 14 days followed by a withdrawal period of 7 days.

w14 xThe 2- C deoxyglucose method was applied 15 min
after the 0.5 mgrkg amphetamine challenge intraperi-
toneally. A 7 day recovery period was provided in order to
avoid the effects of depressed metabolic rates during stim-

Ž .ulant withdrawal Clow and Hammer, 1991 . It has been
reported that sensitization did not develop fully until after

Žone to two weeks of abstinence White et al., 1990;
.Kelland et al., 1991 .

2.3. Local cerebral glucose utilization

On the final day of the experiment, the rats were
anesthetized with 1% halothane and femoral arterial and
venous catheters were inserted. The rats were lightly re-
strained on wooden blocks. After 3 h of recovery from
anesthesia, the rats were challenged with 0.5 mgrkg D-
amphetamine intraperitoneally. 15 min following the am-

w14 xphetamine challenge a pulse of 100 mCirkg of 2- C de-
Žoxyglucose New England Nuclear; specific activitys58.0

.Cirmmol was injected through a venous catheter. Arterial
blood samples drawn from an arterial catheter at timed
intervals over the experimental period were analyzed for
the glucose level. 45 min after administration of the tracer,
the animals were killed with an intravenous overdose of
sodium pentobarbital. The brains were rapidly removed,
frozen in isopentane at y508C, then coated with embed-
ding medium and stored in a freezer at y708C until

Ž .sectioning. Coronal sections of the brain 20 mm thick
were made in a cryostat. Every third section was placed on
a glass coverslip and dried on a standard slide-warming

Ž .tray 658C . Kodak SB-5 X-ray films along with a set of
Ž w14 xcalibrated standards Amersham, C Micro-Scales RPA

.504L were exposed to the sections for 10 days. The
autoradiograms were analyzed by quantitative densitom-
etry, using a computerized-image processing system
Ž . w14 xMCID, BRS2 . Tissue C -concentrations were deter-
mined by densitometry of the autoradiograms with refer-
ence to the calibrated standards. Rates of glucose utiliza-
tion were then calculated from the local 14C tissue concen-
trations, the time course of the plasma glucose and 14C
concentrations, according to the operative equation of the

Ž .method Sokoloff et al., 1977 .

2.4. Statistical analysis

The statistical significance of the local cerebral glucose
utilization was evaluated by one-way analysis of variance
followed by Duncan’s multiple range test.

3. Results

The effect of chronic administration of selective
dopamine agonists on local cerebral glucose utilization
was examined in 37 cerebral structures and the results are
listed in Table 1. Repeated SKF 38393 administration
significantly increased local cerebral glucose utilization in
the substantia nigra pars reticulata, the medial preoptic
nucleus or the paraventricular nucleus, compared with the
control group. No regions were significantly affected by
chronic treatment with quinpirole alone or in combination
with SKF 38393.

4. Discussion

The major finding of this study was that repeated SKF
38393 but not quinpirole alone or in combination with
SKF 38393 produced increases in glucose utilization in the
substantia nigra pars reticulata, the medial preoptic nucleus
and the paraventricular nucleus. Previous reports from
studies which used the same regimen demonstrated that the
density of dopamine D receptors was decreased following2

chronic treatment with quinpirole alone or in combination
with SKF 38393 whereas SKF 38393 by itself had no

Ž .effect on this receptor Subramaniam et al., 1992 . In
addition, the density of dopamine D receptors was in-1

creased following treatment with SKF 38393 where quin-
pirole by itself had no effect on dopamine D receptors.1

Our findings are at variance with those of another study
that showed no differences in metabolism between saline

Ž .and SKF 38393 pretreatment groups Thomas et al., 1996 .
However, these authors followed a different schedule of

ŽSKF 38393 treatment 2 mgrkg at day 1 and challenge
.with cocaine 30 mgrkg on the next day . The major

difference between these two studies was the length of the
Ž .withdrawal period 1 versus 7 days . It was found that

chronic administration of SKF 38393 induced functional
desensitization of D dopamine receptors, but 1 week1

Žwithdrawal was followed by sensitization White et al.,
.1990; Kelland et al., 1991 .

The substantia nigra pars reticulata is one of the two
Ž .major output nuclei of the striatum Gerfen et al., 1990 . In

situ hybridization histochemical studies have demonstrated
that the D dopamine subtype is localized in striatal neu-1

rons that project directly to the substantia nigra. There was
a previous report that chronic SKF 38393 administration
resulted in an increased number of dopamine D receptors1
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Ž .in the substantia nigra Subramaniam et al., 1992 . These
results could explain the metabolic augmentation in the
substantia nigra pars reticulata which occurs with chronic
SKF 38393 administration. Our findings are also consistent

Ž .with those of Trugman and Wooten 1987 who found that
the enhanced local cerebral glucose utilization response to
dopamine D stimulation was an index of dopaminergic1

supersensitivity.
The medial preoptic nucleus and the paraventricular

nucleus also showed metabolic augmentation after SKF
Ž .38393 pretreatment Table 1 . Increases in local cerebral

glucose utilization following chronic SKF 3839 adminis-
tration may be a direct or an indirect effect, since an entire
pathway may be activated, even though the direct action of
the drug is exerted only at the origin of the pathway
Ž .Porrino et al., 1987 . The increased metabolism in the
medial preoptic nucleus and the paraventricular nucleus
which occurs after chronic SKF 38393 treatment is of
clinical significance. The medial preoptic nucleus appears
to exert a generally facilitative effect on sexual behavior
Ž .Malsbury, 1971 . The increased metabolic response in this
region found in the present study was compatible with
previous clinical findings that increased libido was de-

Ž .scribed by 52% of amphetamine abusers Ellinwood, 1967 .
The paraventricular nucleus is ideally situated to modulate
activity in limbic forebrain sites that have been implicated
in schizophrenia and are affected by antipsychotic drugs
Ž .Cohen and Wan, 1996 . The metabolic change in this
nucleus may be related to the psychosis induced by chronic
amphetamine abuse.

In our previous study, metabolic augmentation was
found in the nucleus accumbens after chronic am-
phetamine administration and this did not occur in the

Žpresent study with SKF 38393 pretreatment Huang et al.,
. Ž .1995 . Willner et al. 1992 suggested that there are differ-

ences in the sensitization effects induced by amphetamine
and direct dopamine agonists. There are several differences
in the manner in which amphetamine and agonists activate
the dopamine systems. For example, it appears that am-
phetamine stimulates receptors other than dopamine recep-
tors and that amphetamine may act both the pre- and
postsynaptically. In addition, the D dopamine agonist,1

SKF 38393, we now used is a partial dopamine D recep-1
Žtor agonist. A full dopamine D receptor agonist for1

.example SKF 82958 , might induce greater metabolic sen-
sitization.

In summary, the findings of this study suggest that SKF
38393 pretreatment, but not pretreatment with quinpirole
alone or in combination with SKF 38393, results in an
augmented metabolic response to subsequent amphetamine
challenge. The regions with an augmented response in-
cluded dopaminergic and non-dopaminergic nuclei. These
results have implications for therapy which employs psy-
chostimulant sensitization and for the interpretation of
positron emission tomography of amphetamine psychosis
and schizophrenia.
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