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Functional correlates of heroin sensitization in the rat brain
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Abstract

The aim of the study was to measure the changes in cerebral energy metabolism and c-fos mRNA expression following challenge with
heroin in drug-naive rats and in animals previously sensitized to the drug. Acute heroin administration to drug naive-rats produced a
generalized metabolic depression. In contrast, challenge with heroin in drug-sensitized rats produced selective metabolic increases in
structures belonging to the basal ganglia. These changes were accompanied by increased c-fos mRNA expression in the caudate-putamen
nucleus. These results demonstrate that the process of sensitization to heroin is coupled to functional changes that are confined to the
subcortical motor circuits of the basal ganglia. q 1997 Elsevier Science B.V.
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1. Introduction

Chronic administration of opioids produces tolerance to
the sedative effects of the drugs and enhancement of their

Ž .stimulatory properties Nestler, 1996 . This latter phe-
nomenon, termed behavioral sensitization, has been ob-

Žserved with different classes of drugs of abuse Kalivas et
.al., 1988 as well as with drugs that do not have addictive

Ž .properties, such as apomorphine Rowlett et al., 1991 .
In the case of opioids, it has been suggested that the

acute motor stimulant effects are mediated by the activa-
tion of opiate receptors located within the mesolimbic
dopaminergic system, and a subsequent increase in

Ž .dopamine release therein Nestler, 1996 . Evidence has
also been provided that this same system is involved in the
phenomenon of opioid-induced behavioral sensitization
Ž .Nestler, 1996 . However, the increased motor activity
characteristic of sensitization to opioids is accompanied by
the occurrence of intense stereotypic behavior, and it has
been suggested that functional activation of the nigrostri-
atal dopamine system is necessary to elicit stereotyped

Žactivity in experimental animals for review, Orzi et al.,
.1993 .

) Ž . Ž .Corresponding author. Tel.: 39-6 4991-4708; Fax: 39-6 444-0790.

This study was performed to evaluate the cerebral func-
tional changes underlying the process of behavioral sensiti-
zation to heroin in the rat. To address this issue, we used

w14 x Ž .the C 2-deoxyglucose method Sokoloff et al., 1977 to
measure the effects of the challenge with heroin on local
rates of cerebral glucose utilization in rats previously
sensitized to the drug. These effects were compared to
those produced by the acute administration of heroin to
drug-naive animals and to controls. Moreover, c-fos mRNA
was detected in the caudate-putamen nucleus and
sensory–motor cortex by reverse-transcription polymerase

Ž .chain reaction RT-PCR in order to measure the effects of
the treatment on the expression of an immediate early gene
that is thought to play a role in the intracellular conse-

Žquences of synaptic activation Dragunow and Robertson,
.1987 .

2. Materials and methods

2.1. Local cerebral glucose utilization

The experiments were performed on male Sprague–
Ž .Dawley rats Charles River, Italy weighing 250–275 g at

the beginning of the treatment. The animals were housed
in single cages under standard temperature and humidity,
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Žon a 12 h lightrdark cycle light on 07.00 a.m.–07.00
.p.m. . They had free access to food and water.

Ž .Heroin Salars, Italy was dissolved in fresh saline
q0.05% acetic acid. Heroin sensitization was accom-
plished by means of a three-day schedule of administration
with progressively increasing doses of the drug. The rats

Ž .were administered two subcutaneous s.c. injections per
day, at 9.00 a.m. and 9.00 p.m.. The dose of heroin in each
single injection was 5, 10, and 20 mgrkg, on day 1, 2, and
3, respectively. The control animals received an equivalent
treatment with vehicle.

Two weeks after the end of the treatment with heroin or
vehicle, the animals were lightly anesthetized with

Ž .halothane 2% in oxygen and polyethylene catheters were
inserted into the femoral vessels, then tunnelled s.c. to exit
at the nape of the neck. The rats were allowed at least 3 h
to recover from anesthesia, before being treated with either

Ž .heroin 1 mgrkg, s.c. or vehicle. Acute heroin challenge
was given to both drug-sensitized and drug-naive rats.

w14 xThe C 2-deoxyglucose experimental procedure began
5 min after the administration of heroin or vehicle, by

Ž .means of the intravenous i.v. injection of a pulse of
w14 x ŽC 2-deoxyglucose 100 mCirkg, specific activity 50–55

.mCirmmol, Amersham, UK . Timed arterial blood sam-
Žples were drawn according to the original method Soko-

.loff et al., 1977 , immediately centrifuged and plasma
w14 xglucose and C 2-deoxyglucose concentrations were mea-

sured. Approximately 45 min after the administration of
the tracer, the rats were killed by the i.v. administration of
a lethal dose of sodium pentobarbital, and the brains were
removed, frozen in isopentane at y408C and stored at
y808C until sectioning. Cryostatic coronal brain sections
Ž .20 mm were dried on a hot plate and exposed to Kodak

Ž .Min-R X-ray films Kodak, Italy , along with a set of
w14 x Ž .C methylmetacrylate standards Amersham, UK . The
resulting autoradiograms were analyzed using a computer-

Žized image-processing system MCID, Imaging Research,
. 14Canada . Local tissue C concentrations were measured

from the optical densities and a calibration curve obtained
from densitometric analysis of the autoradiograms of the
calibrated standards. Rates of glucose utilization were then
calculated according to the operational equation for the

Ž .method Sokoloff et al., 1977 .
Rates of energy metabolism were measured in 41 dis-

crete brain areas. The statistical analysis was carried out by
using a one-way analysis of variance followed by Tukey’s
t-test for multiple comparisons.

2.2. c-fos mRNA

The RT-PCR method was used to estimate the relative
changes of specific mRNA levels in the sensory–motor
cortex and caudate-putamen nucleus of the animals. The
rats were submitted to the same schedule of administration

Ž .of heroin or vehicle as above ns3 for each group , and

they were killed by decapitation 2 h after the challenge
with drug or vehicle.

Total RNA was purified by the acid guanidinium thio-
Žcyanate–phenol–chloroform method Chomczynski and

.Sacchi, 1987 followed by the elimination of genomic
ŽDNA with 2.5 u of RNase-free, pure DNase Pharmacia,

. Ž .Italy . The reverse transcriptase reaction mixture 25 ml
consisted of 1 mg of total RNA per sample, and 200 U of

ŽMonoley Murine Leukemia Virus reverse transcriptase M-
.MLV-RT, Pharmacia, Italy . Control amplification experi-

Ž .ments were routinely performed on total RNA 1 mg
without carrying out the RT reaction. One-fourth of each
cDNA sample was used in a PCR reaction mixture con-

Ž . Ž .taining forward F and reverse R primers for the gene of
Žinterest and ‘housekeeping’ gene b-actin Nudel et al.,

.1983 . The location of c-fos primers was between posi-
Ž X X. Ž .tions 5 –3 338–838 Curran et al., 1987 .

The PCR amplification was performed in a final volume
Ž .of 50 ml containing 10 mM Tris–HCl pH 8.3 , 1.5 mM

MgCl , 0.05% Tween 20, 0.05% NP40, 1% dimethyl2

sulfoxide, 250 nM of each primer, 100 mM synthetic
hexadeoxynucleotide primers, and 1–2 u of Taq DNA

Ž .Polymerase Promega, Italy . The amplification reactions
were carried out with the following settings: denaturation
at 948C for 60 s, annealing at 608C for 30 s, extension at
738C for 30 s. The optimal number of cycles to allow
detection in the linear phase of amplification was deter-
mined to vary between 22 and 26, using a Perkin Elmer-

Ž .Cetus DNA thermal cycler Italy .
The resulting PCR products were analyzed and the site

of the amplified cDNA fragment corresponded to that
predicted from the cDNA sequence and the set of primers
used.

Semi-quantitative densitometric analysis of the PCR
products was performed by using a computerized image

Ž .processing system MCID, Imaging Research, Canada .
The system was calibrated for a set of optical density

Ž .standards Kodak, USA , and background subtraction was
automatically performed. Data were analyzed as means"

S.D. Student’s unpaired t-test was performed to evaluate
the differences in the mean value of c-fosrb-actin ratio in
the caudate-putamen and sensory–motor cortex of heroin-
sensitized rats and control rats.

3. Results

3.1. BehaÕior

Catalepsy was observed following the administration of
heroin to drug-naive rats. In contrast, challenge with heroin
of drug-sensitized animals produced intense stereotypies,
particularly licking, gnawing and biting activities. In-
creased locomotor activity was also observed, although
precise measurement of locomotion was not accomplished.
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3.2. Local cerebral glucose utilization

Local rates of cerebral glucose utilization in the differ-
ent groups of rats are shown in Table 1.

3.2.1. Effects of heroin in drug-naiÕe rats
Ž .The administration of heroin 1 mgrkg, s.c. to drug-

naive rats produced a generalized depression of brain
energy metabolism. Significant decreases with respect to

Žthe control values were measured in limbic medial pre-
.frontal, anterior cingulate as well as sensory–motor corti-

cal areas. Energy metabolism was also reduced in the
caudate putamen nucleus, in several thalamic nuclei, in the

Ž .habenula both medial and lateral portions , in the hip-

Table 1
Ž .Local cerebral glucose utilization mmolr100 g per min in rats treated

with heroin

Structure Control Drug naive Sensitized
a bMedial prefrontal cortex 73"2 58"2 73"4

Ž .Nucleus accumbens shell 80"3 61"4 77"8
Ž .Nucleus accumbens core 88"3 70"5 87"8

a bAnterior cingulate cortex 109"2 90"4 107"7
a bSensory motor cortex 92"2 74"3 103"7
a bŽ .Caudate putamen dorsolateral 102"2 80"3 107"8
aŽ .Caudate putamen dorsomedial 105"2 83"4 103"8

Ž .Caudate putamen ventral 89"2 80"4 99"8
aLateral septum 66"1 52"4 60"4
a aMedial septum 94"2 64"2 75"5
aŽ .Globus pallidus ventral 80"1 60"4 70"2

Ž .Globus pallidus dorsal 54"2 48"4 59"7
a bŽ .Amygdala basolateral nucleus 86"3 64"3 91"5

Ž .Amygdala central nucleus 49"1 41"4 50"5
a bŽ .Thalamus ventromedial nucleus 110"3 79"3 114"9

bŽ .Thalamus ventrolateral nucleus 85"3 64"3 101"9
a bŽ .Thalamus anteroventral nucleus 122"3 85"7 131"10

a,bEntopeduncular nucleus 48"1 46"3 69"1
Ž . a bThalamus dorsomedial nucleus 124"2 76"5 116"5

a bŽ .Thalamus laterodorsal nucleus 112"4 75"3 111"8
a bŽ .Habenula medial 76"3 55"2 70"3
a a,bŽ .Habenula mediolateral 98"3 67"3 86"3
a bŽ .Habenula lateral 109"3 76"3 99"3

a,bSubthalamic nucleus 88"5 73"2 112"4
Lateral hypothalamus 61"3 48"4 59"1

a bŽ .Hippocampus CA1 69"3 48"5 72"4
a bŽ .Hippocampus CA2 85"5 56"4 85"3
a bŽ .Hippocampus CA3 77"6 53"5 77"2
a bŽ .Hippocampus CA4 66"4 46"5 66"3
a bDentate gyrus 79"3 53"4 80"5
a bLateral geniculate body 87"6 57"3 77"3
a bAuditory cortex 114"4 94"4 119"6
a bMedial geniculate body 108"4 83"4 106"6
a bSubstantia nigra compacta 78"5 54"4 86"7

a,bSubstantia nigra reticulata 60"4 45"3 77"5
a bVentral tegmental area 75"4 50"4 77"7
a bVisual cortex 98"5 72"4 96"4

Ž .Superior colliculus external 86"6 65"3 84"5
Ž . bSuperior colliculus deep 95"5 74"6 103"6

Inferior colliculus 122"6 100"10 127"7
a bCerebellar cortex 61"4 40"5 79"6

Ž .Values represent means"S.E.M. ns4 for each group .
a p-0.05 different from control; b p-0.05 different from drug-naive
Ž .Tukey’s t test statistic .

Fig. 1. RT-PCR reactions on the total RNA from the rat striatum and
motor cortex, performed using oligonucleotide primers specific to the rat

Ž . Ž .c-fos left and b-actin right transcripts. The specific oligonucleotides
were used to generate 252 and 750 bp products, as indicated. Lane ‘mw’,
200 ng Pharmacia f X-174-RF DNA HaeIII Digest. Lane 1scaudate-
putamen, heroin sensitized. Lane 2scaudate-putamen, control. Lane
3ssensory–motor cortex, heroin sensitized. Lane 4ssensory–motor
cortex, control. Reaction products were separated by electrophoresis on a
8% acrylamide gel and visualized with ethidium bromide staining. The
lanes contained 8 ml of each amplification reaction product.

pocampal complex, in the lateral and medial septal nuclei,
and in the structures belonging to the visual and auditory
pathways.

3.2.2. Effects of heroin in drug-sensitized rats
The effects of the same dose of heroin administered to

drug-sensitized rats produced a markedly different pattern
of changes in cerebral glucose utilization. In fact, signifi-
cant increases with respect to control values were mea-
sured only in a few structures within the basal ganglia
Žsubthalamic nucleus, entopeduncular nucleus, and sub-

.stantia nigra pars reticulata . Rates of glucose utilization
were lower than those measured in the controls in the
medial septal nuclei. In all the remaining structures, the
administration of heroin to drug-sensitized rats failed to
modify energy metabolism with respect to control values.
However, in most structures examined, the effects of the
challenge with heroin in the drug-sensitized rats were
significantly different from those measured in drug-naive
rats.

Ž .Fig. 2. c-fosr b-actin ratios in the caudate-putamen CPu and sensory–
Ž .motor cortex Cx in heroin-sensitized rats and controls. Shown are

means"S.D. for 3 animals in each group.
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3.3. c-fos mRNA

Challenge with heroin of drug-sensitized animals pro-
duced a significant increase in the c-fos mRNA signal in

Žthe caudate-putamen q21% with respect to control, P-
. Ž .0.05 Figs. 1 and 2 . In contrast, a slight, not significant

increase in the signal was measured in the motor cortex
Ž .q5% with respect to control .

4. Discussion

The results of the present study demonstrate that the s.c.
administration of heroin produces different patterns of
cerebral metabolic changes according to whether the recip-
ient rats are drug-naive or drug-sensitized. In fact, a gener-
alized depression of energy metabolism was measured
following heroin challenge in drug-naive rats, whereas
glucose metabolism was increased in selected brain areas
of drug-sensitized animals.

The effects of a cataleptic dose of heroin in drug-naive
rats were similar to those previously reported for morphine
Ž .London et al., 1986; Beck et al., 1989 . These results,
then, confirm that opioid-induced catalepsy in the rat is
associated with reduced rates of cerebral glucose utiliza-
tion. We previously reported that the i.v. administration of
morphine, at doses corresponding to those that maintain
self-administration in the rat, is associated with increased
rates of glucose utilization in the shell of the nucleus

Ž .accumbens Orzi et al., 1996 . The present report that
acute high-dose heroin challenge in the rat fails to increase
energy metabolism in the nucleus accumbens, and the shell
in particular, is further evidence that metabolic activation
in this area is the consequence of the administration of
rewarding doses of opioids.

The administration of the same dose of heroin to rats
previously sensitized to the drug produced a marked be-
havioral activation that was accompanied by a completely
different pattern of changes in glucose utilization. Thus,
the widespread reductions of energy metabolism measured
following heroin administration to drug-naive rats were not
seen. This phenomenon may reflect the functional equiva-
lence of behavioral tolerance to the sedative effects of the
drug. Metabolic activation was measured in selected brain
areas of drug-sensitized rats. It is notable that the effects of
heroin challenge in drug-sensitized animals were signifi-
cant with respect to control values only in a few areas that

Žare part of the motor circuitry of the basal ganglia sub-
thalamic nucleus, entopeduncular nucleus and substantia

.nigra pars reticulata . These results suggest that the behav-
ioral sensitization to heroin, at least using the schedule of
administration of the present study, is accompanied by
functional changes that are mainly confined to the subcor-
tical motor structures of the basal ganglia.

w14 xThe C 2-deoxyglucose method allows measurement
of a dynamic biochemical process, energy metabolism,

throughout the entire brain. The method is, however, un-
able to differentiate between direct and indirect effects of a
given stimulus. An entire pathway or circuit may be
metabolically activated even though the drug or stimulus
may have a direct action only at the origin or at some point
along the pathway. The results obtained following heroin
challenge of drug-sensitized rats suggest that the effects of
treatment are mainly localized within the motor circuitry
of the basal ganglia. In order to better localize whether
these changes are primarily at a striatal or cortical level,
we measured c-fos mRNA expression. There is, in fact,
evidence that the expression of c-fos mRNA is regulated
by a variety of receptor-mediated processes, and that the
proto-oncogene plays a role in the long-term consequences

Ž .of synaptic activation Dragunow and Robertson, 1987 .
Based on these considerations, the present observation that
c-fos mRNA expression was significantly increased in the
caudate-putamen but not in the sensory–motor cortex fol-
lowing heroin challenge of sensitized rats is further, indi-
rect, evidence that the functional changes underlying the
process of behavioral sensitization to heroin are mainly
confined to the subcortical basal ganglia circuitry and that
the caudate-putamen nucleus is likely to be the primary
site in the brain where this process occurs.

The pattern of changes in glucose utilization measured
following the administration of heroin to the drug-sensi-
tized rats appears similar to that previously reported by us
and other groups for high doses of dopamine agonist drugs
Ž .for review, Orzi et al., 1993 . This similarity of effects on
cerebral energy metabolism indirectly suggests that the
process of sensitization to heroin is accompanied by an
increased response of striatal neurons to nigrostriatal
dopamine transmission. Whether this phenomenon reflects
increased extracellular dopamine concentrations in the
striatum or the enhancement of post-synaptic mechanisms
of signal transduction cannot be defined on the basis of the
present data.

A further relevant finding of this study is, in our
opinion, the lack of effect of heroin challenge on the

Žmetabolic activity of the nucleus accumbens shell and
.core subportions in heroin sensitized rats. Previous reports

Žfrom our laboratory Pontieri et al., 1994, 1996; Orzi et al.,
.1996 suggest that increased metabolic activity in the shell

of the nucleus accumbens is a common consequence of the
acute administration of rewarding doses of drugs of abuse
in the rat. Repeated treatment with cocaine is also accom-
panied by functional changes in the nucleus accumbens
Ž .Pontieri et al., 1995 . In this respect, the lack of effect of
heroin sensitization on the metabolic activity of the nu-
cleus accumbens shown in our study suggests, in our
opinion, that the functional changes that accompany the
process of sensitization to heroin, at least under the condi-
tions used in the present study, are confined to the motor
structures of the basal ganglia and do not involve func-
tional changes at the level of the mesolimbic dopamine
system. If this is the case, our results suggest that the
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process of sensitization to heroin is relatively independent
of the rewarding properties of the drug.
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