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1 Our previous studies suggest that in addition to the cerebral dopaminergic systems the
noradrenergic ones have a crucial role in the morphine-induced behavioural sensitization in mice.
Therefore the e�ects of a2-adrenoceptor antagonist, idazoxan (1 and 3 mg kg71, i.p.) on morphine-
induced locomotor hyperactivity as well as on morphine-induced changes in cerebral noradrenaline
(NA) and striatal dopamine (DA) metabolism were studied in mice withdrawn for 3 days from 5 day
repeated morphine treatment. The concentrations of NA, free 3-methoxy-4-hydroxyphenylethylene
glycol (MOPEG), DA, 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), and 3-
methoxytyramine (3-MT) were determined.

2 Acute morphine (10 mg kg71, s.c.) increased locomotor activity in control and in morphine-
withdrawn mice; idazoxan alone did not alter the activity. Idazoxan pretreatment did not alter the
locomotor hyperactivity induced by acute morphine in control mice but potentiated it in morphine-
withdrawn mice.

3 Acute morphine elevated MOPEG less but increased DOPAC and HVA more clearly in
morphine-withdrawn mice than in controls, and decreased 3-MT only in controls. Idazoxan alone
did not alter the NA or DA metabolite concentrations in control mice, but elevated MOPEG as well
as DOPAC in morphine-withdrawn mice.

4 In control mice idazoxan enhanced acute morphine's elevating e�ect on MOPEG. In withdrawn
mice idazoxan counteracted the tolerance so that acute morphine elevated MOPEG in these mice to
about similar level as in controls.

5 Idazoxan pretreatment abolished the HVA increasing e�ect of acute morphine both in control
and withdrawn mice. In control mice idazoxan enhanced morphine's elevating e�ect on DOPAC and
abolished morphine's decreasing e�ect on 3-MT. Idazoxan did not alter morphine's e�ects on
DOPAC or 3-MT concentrations in withdrawn mice.

6 Our results show that in morphine-withdrawn mice idazoxan pretreatment reveals the morphine-
induced locomotor sensitization. This most probably occurs by overcoming the tolerance towards
the acute morphine-induced increase of cerebral NA turnover and release. It is suggested that in
mice the cerebral noradrenergic in addition to the dopaminergic systems are major determinants of
the behavioural sensitization to morphine.
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Introduction

The motor stimulation induced by acute morphine and other
opioids in rats and mice increases progressively after repeated
administration (Babbini & Davis, 1972; Ahtee, 1978;
Havemann & Kuschinsky, 1982; Fernandes et al., 1977;

Kuribara, 1995; Airio & Ahtee, 1997). In rats on withdrawal
from opioids acute opioid challenge accelerates striatal and
limbic dopamine (DA) turnover and release more than in naõÈ ve

controls (Clouet & Ratner, 1970; Ahtee, 1973; Attila & Ahtee,
1983; 1984; Acquas & DiChiara, 1992; Ahtee et al., 1989;
1990). Similar sensitization to morphine-induced increase of

striatal DA turnover and release during withdrawal has been
found in mice (Ahtee et al., 1987; Airio et al., 1994; Airio &
Ahtee, 1997).

In addition to the limbic and striatal DA, cerebral

noradrenaline (NA) has been suggested to be involved in the
morphine-induced changes in locomotor activity in mice

(Estler, 1973; Kempf et al., 1976; Ayhan, 1978; Michaluk et
al., 1991). Indeed, we recently found that when mice are
tolerant to morphine's cerebral NA turnover and release
increasing e�ect, they are not sensitized to morphine's

locomotor stimulant e�ect, in spite of a clear sensitization in
the morphine-induced increase of striatal DA turnover and
release. The locomotor sensitization is seen ®rst when the

tolerance towards NA turnover and release increasing e�ect of
morphine has disappeared, provided that morphine's increas-
ing e�ect on DA turnover and release is sensitized (Airio &

Ahtee, 1997). This temporal coupling of the e�ects of
morphine thus suggests that in addition to the cerebral
dopaminergic systems the noradrenergic ones have a crucial
role in the morphine-induced behavioural sensitization in mice.

The activity of cerebral noradrenergic neurons is regulated
by a2-adrenoceptors which are located presynaptically on
noradrenergic nerve terminals and which modulate the release

of NA via negative feedback mechanism (Starke et al., 1975;
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1984). a2-Adrenoceptor antagonist idazoxan increases NA
release in cortex and hippocampus of rats; this e�ect is
suggested to be mediated primarily by a2-adrenoceptors
located on noradrenergic nerve terminals, rather than those
located postsynaptically, somatodendritically or on the
terminals of other neuronal inputs (Dennis et al., 1987;
Thomas et al., 1994). Idazoxan also increases the concentra-

tion of NA metabolites in the mouse whole brain (Heal et al.,
1989) and in various rat brain areas (Curet et al., 1987).

In the present experiments we studied if an increase of NA

release induced by blocking presynaptic a2-adrenoceptors with
idazoxan could restore the responsiveness of cerebral
noradrenergic systems to a morphine challenge dose, and

thereby reveal the morphine-induced locomotor hyperactivity
during morphine withdrawal. Thus, we gave idazoxan
pretreatment as well as an acute morphine challenge dose to

mice withdrawn for 3 days. At this time point acute morphine
increases the locomotor activity of the morphine-withdrawn
mice to the same degree as in the controls but they still are
tolerant to the acute morphine-induced increase of NA

turnover and release. Furthermore, at this time our mice are
already sensitized to the acute morphine-induced increase of
DA turnover and release (Airio & Ahtee, 1997).

To estimate NA turnover and release we measured the
concentrations of NA and free MOPEG, the main metabolite
of NA and thus a functional index of cerebral NA turnover

and release in mice (Sharman, 1969; Ceasar et al., 1974; Heal et
al., 1989), in various brain areas. We also measured the striatal
concentrations of DA and its metabolites 3-methoxytyramine

(3-MT), 3,4-dihydroxyphenylacetic acid (DOPAC) and homo-
vanillic acid (HVA). 3-MT is generated extraneuronally by
catechol-O-methyl transferase subsequent to DA release and is
used as an index of DA release (Kehr, 1976; Wood, 1993).

DOPAC is formed by monoamine oxidase mainly intraneur-
onally and is used as an index of intraneuronal DA synthesis
and metabolism, and HVA is produced by the action of both

of these enzymes, and is considered to indicate the sum of DA
synthesis, metabolism and release (Westerink & Spaan,
1982a,b).

Methods

Animals

Male NMRI mice, weighing 21 ± 32 g at the beginning of the

experiments, were housed 6 ± 10 to a cage at an ambient
temperature of 21 ± 238C under 12 l : 12 d cycle (lights on at
0600 h). The mice had free access to fresh tap water and

standard pellet food. They were weighed daily at 0800 ±
0900 h. At the beginning of the repeated treatment the mean
weight+s.e.mean of the control mice was 23.2+0.4 g, n=90,

and that of the morphine treated mice 26.2+0.4 g, n=96.

Drugs and drug treatment

Morphine HCl (Ph. Eur., 2nd ed.) was dissolved in 0.9% NaCl
(saline) and given subcutaneously (s.c.) in a volume of
0.01 ml g71. Idazoxan HCl (RBI, Natick, MA, U.S.A.) was

dissolved in saline and given intraperitoneally (i.p.) in a
volume of 0.01 ml g71. All doses refer to the free base. During
the repeated treatment (Ahtee et al., 1987) the mice were given

morphine three times daily, at 0800 ± 0900, 1400 ± 1500 and
2200 ± 2300 h, for 5 days. The dose of morphine was increased
from 100 mg kg7163 on day 1 to 150 mg kg7163 on day 2,
and to 200 mg kg7163 on days 3 ± 5. On day 5 the third daily

morphine dose was omitted. This schedule of morphine
administration induces weight loss on the ®rst day of
withdrawal (Airio & Ahtee 1997), indicating physical

dependence (Stolerman et al., 1975). The control mice were
given similar volumes of 0.9% NaCl solution s.c. After a
withdrawal period of 3 days the acute treatments (saline,
idazoxan, morphine) were given both in the behavioural and

biochemical experiments between 1030 and 1330 h. In the
biochemical experiments the mice were killed by decapitation
1 h after acute morphine administration, between 1200 and

1500 h. The dose of acute morphine was 10 mg kg71. In our
preliminary experiments using 0.3 ± 10 mg kg71 of idazoxan,
doses smaller than 10 mg kg71 did not signi®cantly alter the

acute morphine-induced locomotor hyperactivity in control
mice. Thus, the idazoxan doses 1 and 3 mg kg71 which do not
stimulate locomotor activity in the control mice were used in

the present experiments to determine the e�ects of idazoxan
pretreatment in the morphine-withdrawn mice. Furthermore,
based on these preliminary experiments studying the onset and
duration of the e�ect of idazoxan on the locomotor activity,

idazoxan was administered 30 min before acute morphine.

Dissection of the brain

After decapitation the brains were rapidly excised and
dissected on an ice-cooled glass plate into four parts: (1)

striatum, (2) hypothalamus, (3) lower brain stem and (4) area
designated `rest of forebrain+midbrain', consisting mainly of
cortical areas, hippocampus and thalamus, as described earlier

(Attila et al., 1987). The brain parts were frozen on dry ice
immediately after dissection, weighed and stored at 7808C,
until the concentrations of NA, DA or their metabolites were
estimated.

After decapitation, DA is released and metabolized rapidly.
In rats, post-mortem 3-MT content is increased particularly
quickly and therefore microwave irradiation is the preferred

method of sacri®ce (Westerink & Spaan, 1982a,b). However, in
mouse striatum the steady state content of 3-MT is several
times larger and the turnover as well as the post-mortem

formation of 3-MT is clearly slower than in rats (Haikala,
1986; Wood et al., 1988). Thus, microwave irradiation is not
necessary in studies of mouse striatal 3-MT content, provided
that the dissection time is constant and su�ciently short. In the

present experiments the striata were dissected and frozen
within 90 ± 120 s after decapitation when the post-mortem
elevation of 3-MT concentration is about 20% (Haikala, 1986;

Wood et al., 1988).

Biochemical experiments

After 3 days' withdrawal the mice were given an i.p. injection
of idazoxan (1 or 3 mg kg71) or saline. Thirty minutes later a

challenge dose of morphine (10 mg kg71) or saline was given
s.c., the mice were killed 1 h later by decapitation, and the
brains were dissected as described above. NA and its
metabolite free MOPEG, and DA and its metabolites

DOPAC, 3-MT and HVA were puri®ed and isolated on
Sephadex gel columns as described by Haikala (1987). Brie¯y,
the proteins from the tissue samples were precipitated by 0.2 M

perchloric acid. The samples were then puri®ed and isolated
using Sephadex G-10 gel chromatography. The biogenic
amines and their metabolites were collected from the Sephadex

G-10 eluates in three individual fractions containing (1) DA,
3-MT, NA and MOPEG; (2) DOPAC and HVA; and (3) 5-
hydroxytryptamine. Fractions 1 and 2 of the Sephadex G-10
eluates were injected onto C18 reversed phase chromato-
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graphic columns for estimation of DA, NA and their
metabolites. The detector used was the ESA Coulochem
Model 5100, in some experiments the Model II detector was

used.

Locomotor activity

After 3 days' withdrawal the mice were given an i.p. injection
of idazoxan (1 or 3 mg kg71) or saline. Thirty minutes later a
challenge dose of morphine (10 mg kg71) or saline was given

s.c. and the mice were placed in groups of three mice (5 ± 10
groups) in cages 18633615 cm. Groups of three mice, taken
from the same home cage, were used in order not to a�ect the

social behaviour of the mice. The interruptions of photocell
beams (40 photocells per cage) were registered by a
computerized counter. Locomotor activity was measured

immediately after morphine or saline administration at 5 min
intervals for 2 h between 1030 and 1530 h. Each mouse was
used only once. The magnitude and duration of the
exploration phase, when compared with the onset and

magnitude of the e�ect of acute morphine, was found to be
small in our previous experiments (Airio et al., 1995).
Therefore, mice were not habituated before measurement.

Statistical analysis

A two tailed Student's t-test was used when comparing the
means of body weight changes. In the locomotor activity
experiments analysis of variance (ANOVA) with repeated

measures was used both for the e�ects of acute and repeated
treatments and for the overall e�ect; the e�ect of treatment as
well as the overall e�ect were signi®cant (P50.001). In addition,
two-way ANOVA was used to estimate the e�ects of acute

(saline+saline, saline+morphine, idazoxan 1 mg kg71+sa-
line, idazoxan 1 mg kg71+morphine, idazoxan 3 mg kg71

+saline, idazoxan 3 mg kg71+morphine) and repeated (saline,

morphine) treatments (662 groups) and acute6repeated
treatment interaction at each 15 min time point separately.
When signi®cant (P50.05) main e�ects (acute or repeated

treatment) were found comparisons of the group means at each
time point were performed using Student-Newman-Keuls
multiple range test. The two doses of idazoxan were compared
together in the statistical analyses. In addition, to estimate the

e�ects of acute and repeated saline andmorphine treatment and
their interaction only, two-way ANOVA was performed on
262 groups (acute saline, acute morphine, repeated saline,

repeated morphine) at each 15 min time point. NA, DA and
their metabolite data was analysed by two-way ANOVA to
estimate the e�ects of acute and repeated treatments (662

groups) and acute6repeated treatment interaction as well as to
estimate the e�ect of acute and repeated saline and morphine
treatment and their interaction only (262 groups). When

signi®cant (P50.05) main e�ects (acute or repeated treatment)
were found comparisons of the group means were performed
using Student's t-test with pooled variance. All ANOVAs were
calculated using BMDP Statistical Software.

Results

Body weight during treatment and withdrawal

During the 5 day repeated treatment the control mice given
three daily saline injections gained weight 3.6+0.2 g (mean+
s.e.mean, n=90) whereas the mice given repeatedly morphine
lost 2.8+0.2 g (n=94, P50.001). During the following 3 day

period when no injections were given the control mice
continued to gain weight, gaining 1.4+0.2 g (n=90). However,
during this period the morphine-withdrawn mice gained

signi®cantly more weight than the corresponding control mice
(2.4+0.2 g, n=94, P50.001), so that on the experimental day
the weight of control mice was 28.2+0.3 g (n=90) and that of
the morphine treated mice 26.1+0.3 g (n=94).

Locomotor activity

Withdrawal At 3 days after withdrawal from the repeated
morphine treatment the locomotor activity of mice was not
altered (Figures 1 and 2, groups E vs A).

Morphine challenge In the control mice the acute morphine
challenge dose 10 mg kg71 increased the locomotor activity

(P50.01, repeated measures ANOVA, Figures 1 and 2,
groups B vs A). Two-way ANOVA also showed that the
locomotor activity counts of control mice given acutely
morphine were larger at each individual 75 ± 120 min time

point (P50.05 ±P50.01) than those of control mice given
acutely saline.

In the morphine-withdrawn mice the morphine challenge

dose increased the locomotor activity (P50.01, repeated
measures ANOVA, Figures 1 and 2, groups F vs E) to about
similar degree as in corresponding control mice. Thus, the

e�ect of acute morphine on mice treated repeatedly with
morphine did not di�er from that on corresponding control
mice treated repeatedly with saline (Figures 1 and 2, groups F

vs B). Furthermore, a similar response to morphine challenge
in control and morphine-withdrawn mice was shown by two-
way ANOVA for acute and repeated saline and morphine
treatment, as no signi®cant e�ect for repeated treatment or

acute6repeated treatment interaction was found at any time
point.

Idazoxan pretreatment In control mice idazoxan alone (1 or
3 mg kg71) did not alter locomotor activity (Figures 1 and 2,
groups C vs A). Also pretreatment with 1 or 3 mg kg71 of

idazoxan was without e�ect on the morphine challenge-
induced locomotor hyperactivity in control mice (Figures 1
and 2, groups D vs B).

In the morphine-withdrawn mice idazoxan alone did not

alter the locomotor activity (Figures 1 and 2, groups G vs E).
However, idazoxan (1 or 3 mg kg71) pretreatment clearly
enhanced the acute morphine-induced locomotor hyperactivity

in the morphine-withdrawn mice. Thus, acute morphine
increased the locomotor activity of morphine-withdrawn mice
pretreated with idazoxan more than that of morphine-

withdrawn mice pretreated with saline (P50.05 and
P50.001, repeated measures ANOVA, Figures 1 and 2,
groups H vs F). Two-way ANOVA also showed that the

locomotor activity counts of morphine-withdrawn mice
pretreated with idazoxan and given acutely morphine were
larger than those of morphine-withdrawn mice pretreated with
saline (P50.01 and P50.05 at individual 105 and 120 min

time points after 1 mg kg71 of idazoxan and P50.05 ±
P50.001 at each individual 30 ± 120 min time point after
3 mg kg71 of idazoxan). Furthermore, acute morphine in

combination with idazoxan increased the locomotor activity of
morphine-withdrawn mice more than that of corresponding
control mice treated repeatedly with saline (P50.05 and

P50.001, repeated measures ANOVA, Figures 1 and 2,
groups H vs D). Two-way ANOVA also showed that acute
morphine increased the locomotor activity more in idazoxan-
pretreated morphine-withdrawn mice than in idazoxan-
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pretreated control mice (P50.05 at 120 min time point after
1 mg kg71 of idazoxan and P50.05 ±P50.001 at each
individual 30 ± 120 min time point after 3 mg kg71 of

idazoxan). These ®ndings indicate that unlike the controls, in
the morphine-withdrawn mice idazoxan pretreatment potenti-
ates the acute morphine-induced locomotor hyperactivity.

Cerebral NA

Withdrawal At 3 days after withdrawal from the repeated

morphine treatment NA and free MOPEG concentrations
were not altered in any brain area studied (Figures 3 and 4,
columns E vs A).

Cerebral NA, the area `rest of forebrain+midbrain'

Morphine challenge The 10 mg kg71 morphine challenge
dose did not alter the NA concentrations in the area `rest of

forebrain+midbrain' of either the control or morphine-
withdrawn mice (Figures 3 and 4, columns B vs A or F vs
E). However, morphine challenge increased the free MOPEG

concentration in the control (P50.001, Figures 3 and 4,
columns B vs A) as well as in the morphine-withdrawn mice
(P50.05, Figures 3 and 4, columns F vs E). The increase was,
however, smaller in the morphine-withdrawn mice. The

reduced response in the morphine-withdrawn mice was shown
by two-way ANOVA for the e�ects of acute and repeated
saline and morphine treatment; the free MOPEG concentra-

tion in the morphine-withdrawn mice after challenge with
morphine was smaller than in corresponding control mice
(P50.01) and furthermore, a signi®cant acute6repeated

treatment interaction (P50.05) was found.

Idazoxan pretreatment In the control mice idazoxan alone (1

or 3 mg kg71) increased the NA concentration (P50.05 ±
P50.01, Figures 3 and 4, columns C vs A). However, when

Figure 1 E�ect of acute morphine challenge dose (10 mg kg71 s.c.)
on the locomotor activity of mice withdrawn for 3 days from 5 day
repeated morphine treatment and pretreated with idazoxan
(1 mg kg71 i.p., 30 min before morphine challenge). Each point
gives the mean+s.e.mean cumulative locomotor activity counts of
groups of three mice and represent the following treatments: (A)
repeated saline+acute saline+acute saline (n=10 groups of three
mice); (B) repeated saline+acute saline+acute morphine (n=10); (C)
repeated saline+acute idazoxan+acute saline (n=5); (D) repeated
saline+acute idazoxan+acute morphine (n=5); (E) repeated mor-
phine+acute saline+acute saline (n=10); (F) repeated morphine+
acute saline+acute morphine (n=10); (G) repeated morphine+acute
idazoxan+acute saline (n=5); (H) repeated morphine+acute
idazoxan+acute morphine (n=5). Statistical signi®cances: e�ect of
acute morphine treatment: **P50.01, ***P50.001 as compared with
corresponding group given acute saline (B vs A, F vs E, H vs G);
e�ect of idazoxan pretreatment: +P50.05 as compared with
corresponding group given acute saline (H vs F); e�ect of repeated
morphine treatment: 8P50.05 as compared with corresponding
repeated saline group (H vs D) (repeated measures ANOVA).

Figure 2 E�ect of acute morphine challenge dose (10 mg kg71 s.c.)
on the locomotor activity of mice withdrawn for 3 days from 5 day
repeated morphine treatment and pretreated with idazoxan
(3 mg kg71 i.p., 30 min before morphine challenge). Each point
gives the mean+s.e.mean cumulative locomotor activity counts of
groups of three mice and represent the following treatments: (A)
repeated saline+acute saline+acute saline (n=10 groups of three
mice); (B) repeated saline+acute saline+acute morphine (n=10); (C)
repeated saline+acute idazoxan+acute saline (n=5); (D) repeated
saline+acute idazoxan+acute morphine (n=5); (E) repeated mor-
phine+acute saline+acute saline (n=10); (F) repeated morphine+
acute saline+acute morphine (n=10); (G) repeated morphine+acute
idazoxan+acute saline (n=5); (H) repeated morphine+acute
idazoxan+acute morphine (n=5). Statistical signi®cances: e�ect of
acute morphine treatment: *P50.05, **P50.01, ***P50.001 as
compared with corresponding group given acute saline (B vs A, D vs
C, F vs E, H vs G); e�ect of idazoxan pretreatment: +++P50.001 as
compared with corresponding group given acute saline (H vs F);
e�ect of repeated morphine treatment: 888P50.001 as compared with
corresponding repeated saline group (H vs D) (repeated measures
ANOVA).
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idazoxan was administered before the morphine challenge dose
the NA concentration was not increased (Figures 3 and 4,
columns D vs B). Idazoxan alone did not alter the free

MOPEG concentration in the control mice (Figures 3 and 4,
columns C vs A). However, idazoxan pretreatment enhanced
the morphine-induced increase of free MOPEG concentration
in the control mice (P50.01 ±P50.001, Figures 3 and 4,

columns D vs C) so that it was larger in control mice given
acutely idazoxan and morphine than in the control mice given
acutely saline and morphine (P50.01 ±P50.001, Figures 3

and 4, columns D vs B).
In the morphine-withdrawn mice idazoxan alone, as in

controls, increased the NA concentration (P50.01 ±P50.001,

Figures 3 and 4, columns G vs E). However, when idazoxan
was administered before morphine challenge the NA con-
centration was not increased (Figures 3 and 4, columns H vs

F). In the morphine-withdrawn mice idazoxan alone, in
contrast to control mice, increased the free MOPEG
concentration (P50.05 ±P50.01, Figures 3 and 4, columns
G vs E); and in combination with morphine it further increased

the free MOPEG concentration (P50.05 ±P50.01, Figures 3
and 4, columns H vs G). Thus, in the morphine-withdrawn
mice pretreated with idazoxan the free MOPEG concentration

was elevated highly signi®cantly more than in withdrawn mice
given acutely only morphine (P50.001, Figures 3 and 4,
columns H vs F).

Cerebral NA, lower brain stem

Morphine challenge The morphine challenge dose did not
alter the NA concentrations in the lower brain stem of either
the control or morphine-withdrawn mice (Figures 3 and 4,
columns B vs A or F vs E). However, morphine challenge

increased the free MOPEG concentration in the control mice
(P50.001, Figures 3 and 4, columns B vs A), and also in the
morphine-withdrawn mice (P50.01, Figures 3 and 4, columns

F vs E), but less than in the corresponding controls. The
reduced response to morphine challenge in the morphine-
withdrawn mice was shown by two-way ANOVA for the

e�ects of acute and repeated saline and morphine treatment
(P50.01) and also by a signi®cant acute6repeated treatment
interaction (P50.05).

Idazoxan pretreatment In the control mice idazoxan (1 or
3 mg kg71) did not alter the NA concentration (Figures 3 and
4, columns C vs A). However, the NA concentration was

decreased in idazoxan-pretreated mice given acutely morphine
(P50.05 ±P50.001, Figures 3 and 4, columns D vs B).
Idazoxan (1 or 3 mg kg71) alone did not alter the free

MOPEG concentration in the control mice (Figures 3 and 4,
columns C vs A). However, in the control mice pretreated with
idazoxan 3 mg kg71 morphine challenge elevated the free

MOPEG concentration more than in corresponding mice given
acutely only morphine (P50.01, Figure 4, column D vs B).

In the morphine-withdrawn mice idazoxan, morphine
challenge or both combined did not alter the NA concentra-

tions (Figures 3 and 4). In the morphine-withdrawn mice
idazoxan (3 mg kg71) alone increased the free MOPEG
concentration (P50.01, Figure 4, column G vs E). In the

idazoxan-pretreated mice morphine challenge further in-
creased the free MOPEG concentration (P50.05 ±P50.01,
Figures 3 and 4, columns H vs G). Thus, in the morphine-

withdrawn mice pretreated with idazoxan the free MOPEG
concentration was larger than in corresponding mice given
acutely morphine (P50.01 ±P50.001, Figures 3 and 4,
columns H vs F).

Cerebral NA, hypothalamus

Morphine challenge The morphine challenge dose did not

alter the hypothalamic NA concentrations either in the control
or morphine-withdrawn mice (Figures 3 and 4, columns B vs A
or F vs E). Morphine challenge increased the free MOPEG
concentration in the control mice (P50.001, Figures 3 and 4,

columns B vs A) but did not alter it in the morphine-
withdrawn mice (Figures 3 and 4, columns F vs E). This
reduced response to morphine challenge was shown by a

signi®cant acute6repeated treatment interaction (P50.001),
found also in two-way ANOVA for the e�ects of acute and
repeated saline and morphine treatment (P50.001).

Idazoxan pretreatment In the control mice idazoxan
1 mg kg71 but not 3 mg kg71 increased the NA concentration

(P50.05, Figures 3 and 4, columns C vs A). However, when
idazoxan (1 mg kg71) was given in combination with
morphine the NA concentration was signi®cantly decreased
(P50.01, Figure 3, column D vs C). Idazoxan alone did not

alter the free MOPEG concentration or modify acute
morphine's e�ect on that in the control mice (Figures 3 and
4, columns C vs A or D vs B).

In the morphine-withdrawn mice idazoxan alone did not
alter the NA or free MOPEG concentrations (Figures 3 and 4,
columns G vs E). The NA concentration tended to be smaller in

morphine-challenged mice pretreated with 3 mg kg71 of
idazoxan as compared with mice given acutely only morphine
(P50.05, Figure 4, columnHvs F). In themorphine-withdrawn

mice pretreated with idazoxan, morphine challenge clearly
increased the free MOPEG concentration so that it was larger
than in corresponding mice given acutely idazoxan (P50.01 ±
P50.001, Figures 3 and 4, columns H vs G). Furthermore, in

combination with 3 mg kg71 of idazoxan, morphine elevated
the free MOPEG concentration signi®cantly more than when
given alone (P50.001, Figure 4, column H vs F).

Striatal DA

Withdrawal At 3 days after withdrawal from the repeated
morphine treatment the striatal DA, DOPAC, HVA or 3-MT
concentrations were not altered (Figures 5 and 6, columns E vs
A).

Morphine challenge The 10 mg kg71 morphine challenge
dose did not alter DA concentrations either in the control or

morphine-withdrawn mice (Figures 5 and 6, columns B vs A or
F vs E). In control mice morphine challenge increased DOPAC
and HVA concentrations and decreased 3-MT concentration

(P50.05, P50.05 and P50.001, respectively, Figures 5 and 6,
columns B vs A).

In the morphine-withdrawn mice morphine challenge

clearly increased DOPAC and HVA concentrations (P50.01
and P50.001, respectively, Figures 5 and 6, columns F vs E).
This e�ect tended to be larger than in controls; morphine
challenge in the control mice elevated the DOPAC and HVA

concentrations by 28.5 and 29%, respectively, the correspond-
ing elevations in the morphine-withdrawn mice were 39.4 and
42.5%, respectively. Furthermore, in contrast to control mice

morphine challenge did not alter 3-MT concentration in
morphine-withdrawn mice. The di�erent responses to mor-
phine challenge in the control and morphine-withdrawn mice

were shown by a signi®cant acute6repeated treatment
interaction on 3-MT concentration (P50.05). Furthermore,
in two-way ANOVA for the e�ects of acute and repeated saline
and morphine treatment a signi®cant acute6repeated treat-
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ment interaction (P50.001) was found and 3-MT concentra-
tion was larger in morphine-withdrawn mice given acutely
morphine than in corresponding control mice (P50.001).

Idazoxan pretreatment In control mice idazoxan 3 mg kg71

alone and in combination with morphine increased DA
concentration (P50.05 and P50.001, respectively, Figure 6,

column C vs A and D vs B). Idazoxan (1 or 3 mg kg71) alone
did not alter DOPAC, HVA or 3-MT concentrations in
control mice (Figures 5 and 6, columns C vs A). However, in

combination with idazoxan 3 mg kg71, the morphine chal-
lenge further increased DOPAC concentration so that it was

larger than in mice given acutely only morphine (P50.05,
Figure 6, column D vs B). In control mice pretreatment with
idazoxan 1 mg kg71 abolished the morphine challenge-

induced elevation of HVA concentration (P50.05, Figure 5,
column D vs B), but pretreatment with 3 mg kg71 of idazoxan
did not alter acute morphine's e�ect on HVA (Figure 6,
column D vs B). Moreover, pretreatment with either dose of

idazoxan abolished the morphine-induced decrease of 3-MT
(P50.001, Figures 5 and 6, columns D vs B).

In the morphine-withdrawn mice, idazoxan 3 mg kg71

alone increased DA and DOPAC concentrations (P50.001,
Figure 6, columns G vs E). However, these increases were not

Figure 4 E�ect of acute morphine challenge dose (10 mg kg71 s.c.,
1 h before decapitation) on noradrenaline (NA) and free 3-methoxy-
4-hydroxyphenylethylene glycol (MOPEG) concentrations in the area
`rest of forebrain+midbrain', lower brain stem and hypothalamus in
mice withdrawn for 3 days from 5 day repeated morphine treatment
and pretreated with idazoxan (3 mg kg71 i.p., 30 min before
morphine challenge). The columns give the mean+s.e.mean of NA
and free MOPEG concentrations (mg g71) and represent the
following treatments: (A) repeated saline+acute saline+acute saline
(n=13± 18); (B) repeated saline+acute saline+acute morphine
(n=15± 20); (C) repeated saline+acute idazoxan+acute saline
(n=6); (D) repeated saline+acute idazoxan+acute morphine
(n=12); (E) repeated morphine+acute saline+acute saline (n=16±
20); (F) repeated morphine+acute saline+acute morphine (n=16±
20); (G) repeated morphine+acute idazoxan+acute saline (n=6);
(H) repeated morphine+acute idazoxan+acute morphine (n=12).
Statistical signi®cances: e�ect of acute morphine treatment: *P50.05,
**P50.01, ***P50.001 as compared with corresponding group
given acute saline (B vs A, D vs C, F vs E, H vs G); e�ect of
idazoxan pretreatment: +P50.05, ++P50.01, +++P50.001 as
compared with corresponding group given acute saline (C vs A, D
vs B, G vs E, H vs F) (two-way ANOVA followed by Student's t-test
with pooled variance).

Figure 3 E�ect of acute morphine challenge dose (10 mg kg71 s.c.,
1 h before decapitation) on noradrenaline (NA) and free 3-methoxy-4-
hydroxyphenylethylene glycol (MOPEG) concentrations in the area
`rest of forebrain+midbrain', lower brain stem and hypothalamus in
mice withdrawn for 3 days from 5 day repeated morphine treatment
and pretreated with idazoxan (1 mg kg71 i.p., 30 min before morphine
challenge). The columns give the mean+s.e.mean of NA and free
MOPEG concentrations (mg g71) and represent the following
treatments: (A) repeated saline+acute saline+acute saline (n=13±
18); (B) repeated saline+acute saline+acute morphine (n=15± 20);
(C) repeated saline+acute idazoxan+acute saline (n=6); (D) repeated
saline+acute idazoxan+acute morphine (n=12); (E) repeated
morphine+acute saline+acute saline (n=16± 20); (F) repeated
morphine+acute saline+acute morphine (n=16± 20); (G) repeated
morphine+acute idazoxan+acute saline (n=6); (H) repeated mor-
phine+acute idazoxan+acute morphine (n=12). Statistical signi®-
cances: e�ect of acute morphine treatment: *P50.05, **P50.01,
***P50.001 as compared with corresponding group given acute saline
(B vs A, D vs C, F vs E, H vs G); e�ect of idazoxan pretreatment:
+P50.05, ++P50.01, +++P50.001 as compared with correspond-
ing group given acute saline (C vs A, D vs B, G vs E, H vs F) and e�ect
of repeated morphine treatment: 88P50.01 as compared with
corresponding repeated saline group (H vs D) (two-way ANOVA
followed by Student's t-test with pooled variance).
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apparent when idazoxan was given before morphine challenge

(Figure 6, columns H vs F). Idazoxan (1 or 3 mg kg71) alone
did not alter HVA concentration in the withdrawn mice
(Figures 5 and 6, columns G vs E) but idazoxan pretreatment

abolished the morphine-induced increase of HVA (P50.05 ±
P50.01, Figures 5 and 6, columns H vs F). Idazoxan (1 or
3 mg kg71) did not alter 3-MT concentration in the withdrawn

mice either when given alone or before morphine challenge
(Figures 5 and 6, columns G vs E or H vs F).

Discussion

The present results emphasize the role of the cerebral

noradrenergic transmission in the expression of locomotor
sensitization to morphine in mice. In the mice withdrawn from

morphine for 3 days, but not in the control mice, idazoxan
pretreatment clearly potentiated the acute morphine-induced

locomotor hyperactivity. In the withdrawn mice idazoxan
counteracted the tolerance-induced reduction in the acute
morphine's e�ect to increase cerebral NA metabolism and

release, but idazoxan did not potentiate the enhanced striatal
DA release induced by morphine challenge. In the control mice
idazoxan somewhat increased the acute morphine-induced

increase of cerebral NA release but did not enhance
morphine's e�ects on DA release.

In mice 1 day withdrawal from repeated morphine

treatment induces modest regional changes of the NA turnover
in the forebrain area and the lower brain stem but not in the
hypothalamus (Airio et al., 1995) while after longer withdrawal
periods the a-methyl-p-tyrosine-induced depletion of cerebral

NA or the cortical MOPEG concentration are not altered

Figure 5 E�ect of acute morphine challenge dose (10 mg kg71 s.c.,
1 h before decapitation) on striatal dopamine (DA), 3,4-dihydrox-
yphenylacetic acid (DOPAC), 3-methoxytyramine (3-MT) and
homovanillic acid (HVA) concentrations in mice withdrawn for 3
days from 5 day repeated morphine treatment and pretreated with
idazoxan (1 mg kg71 i.p., 30 min before morphine challenge). The
columns give the mean+s.e.mean of DA, DOPAC, HVA and 3-MT
concentrations (mg g71) and represent the following treatments: (A)
repeated saline+acute saline+acute saline (n=25± 26); (B) repeated
saline+acute saline+acute morphine (n=28± 29); (C) repeated
saline+acute idazoxan+acute saline (n=6); (D) repeated saline+
acute idazoxan+acute morphine (n=12); (E) repeated morphine+
acute saline+acute saline (n=25± 27); (F) repeated morphine+acute
saline+acute morphine (n=27± 28); (G) repeated morphine+acute
idazoxan+acute saline (n=6); (H) repeated morphine+acute
idazoxan+acute morphine (n=12). Statistical signi®cances: e�ect of
acute morphine treatment: *P50.05, **P50.01, ***P50.001 as
compared with corresponding group given acute saline (B vs A, F vs
E); e�ect of idazoxan pretreatment: +P50.05, +++P50.001 as
compared with corresponding group given acute saline (C vs A, D vs
B, G vs E, H vs F) (two-way ANOVA followed by Student's t-test
with pooled variance).

Figure 6 E�ect of acute morphine challenge dose (10 mg kg71 s.c.,
1 h before decapitation) on striatal dopamine (DA), 3,4-dihydrox-
yphenylacetic acid (DOPAC), 3-methoxytyramine (3-MT) and
homovanillic acid (HVA) concentrations in mice withdrawn for 3
days from 5 day repeated morphine treatment and pretreated with
idazoxan (3 mg kg71 i.p., 30 min before morphine challenge). The
columns give the mean+s.e.mean of DA, DOPAC, HVA and 3-MT
concentrations (mg g71) and represent the following treatments: (A)
repeated saline+acute saline+acute saline (n=25± 26); (B) repeated
saline+acute saline+acute morphine (n=28± 29); (C) repeated
saline+acute idazoxan+acute saline (n=6); (D) repeated saline+
acute idazoxan+acute morphine (n=12); (E) repeated morphine+
acute saline+acute saline (n=25± 27); (F) repeated morphine+acute
saline+acute morphine (n=27± 28); (G) repeated morphine+acute
idazoxan+acute saline (n=6); (H) repeated morphine+acute
idazoxan+acute morphine (n=12). Statistical signi®cances: e�ect of
acute morphine treatment: *P50.05, **P50.01, ***P50.001 as
compared with corresponding group given acute saline (B vs A, F vs
E); e�ect of idazoxan pretreatment: +P50.05, ++P50.01,
+++P50.001 as compared with corresponding group given acute
saline (C vs A, D vs B, G vs E, H vs F) (two-way ANOVA followed
by Student's t-test with pooled variance).
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(Etemadzadeh, 1993; Funada et al., 1993; Airio & Ahtee,
1997). Furthermore, the striatal DA metabolism and turnover
are weakened in mice after 1 day but no longer after 3 day

withdrawal from repeated morphine treatment (Ahtee et al.,
1987; Airio et al., 1994; Airio & Ahtee, 1997). In agreement
with our earlier ®ndings in the present experiments the cerebral
NA or free MOPEG concentrations were not altered in any

brain area of mice withdrawn for 3 days from the repeated
morphine treatment. Neither were the concentrations of
striatal DA or its metabolites altered.

Acute morphine elevated the free MOPEG concentration in
all brain areas of the control mice but in the morphine-
withdrawn mice there was clear tolerance towards this e�ect.

This agrees with reports (Etemadzadeh, 1993; Airio et al.,
1995; Airio & Ahtee, 1997) indicating that in mice withdrawn
from repeated morphine treatment there is tolerance to the

cerebral NA turnover and release increasing e�ect of acute
morphine at 1 or 3 days after the withdrawal and suggests that
although withdrawal from repeated morphine treatment may
not a�ect the basal NA turnover and release in mice, it alters

the response of the cerebral noradrenergic systems to a
morphine challenge dose.

In the present experiments the acute 10 mg kg71 morphine

challenge dose increased the striatal HVA and DOPAC
concentrations both in the control and morphine-withdrawn
mice; the increases were larger in the withdrawn mice.

Furthermore, acute morphine decreased the striatal 3-MT
concentration in the control mice, but not in the morphine-
withdrawn mice. Although the main e�ect of systemic

morphine on cerebral DA in mice is to increase DA synthesis
and turnover (Ahtee et al., 1987; Attila et al., 1987;
Etemadzadeh, 1993; Airio et al., 1994; Funada et al., 1994),
acute morphine administration has been reported to decrease

the striatal 3-MT concentration in certain mouse strains
including NMRI mice (Racagni et al., 1979; Airio and Ahtee,
1997). Further, using in vivo microdialysis it has been shown in

rats that morphine when given locally inhibits the release of
striatal DA (Rossetti et al., 1990; Piepponen et al., 1995). Thus
it is likely that morphine has a dual e�ect on nigrostriatal DA

release, a stimulatory e�ect on the somatodendritic region of
dopaminergic neurons and an inhibitory e�ect on the terminal
area of these neurons. Furthermore, tolerance develops more
readily to the inhibitory e�ect of morphine which may

contribute to the sensitization of DA release (Mikkola et al.,
1995; Piepponen et al., 1995). All in all our results suggest that
in our control mice acute morphine increases the functional

utilization of DA; and the morphine-induced changes of HVA,
DOPAC and 3-MT concentrations in the striata we found in
morphine-withdrawn mice can be interpreted as an enhanced

turnover and release of DA (see Introduction). Thus, as in our
earlier studies (Airio et al., 1994; Airio & Ahtee, 1997), mice
were sensitized to the acute morphine-induced increase of

striatal DA turnover and release after 5 day repeated morphine
treatment followed by 3 day withdrawal.

Idazoxan 1 ± 20 mg kg71 has been found to increase NA
release in various rat brain areas (Scatton et al., 1983; Curet et

al., 1987; Dennis et al., 1987; Thomas et al., 1994). Based on
our preliminary experiments (see Methods), the doses of
idazoxan (1 and 3 mg kg71) used in the present study did not

increase the locomotor activity of our NMRI mice. When
given alone to control mice idazoxan evoked a dose-dependent
increase in the NA concentration of the `rest of forebrain+

midbrain' only and did not signi®cantly elevate free MOPEG
in any brain area studied. However, in the C57/B1/6 mice
idazoxan at the doses of 1 and 5 mg kg71 elevated the whole
brain MOPEG concentration (Heal et al., 1989) suggesting

that the magnitude of response to idazoxan may somewhat
vary in mice belonging to di�erent strains. In combination
with morphine idazoxan slightly enhanced the morphine-

induced increase of free MOPEG in the lower brain stem and
in the area `rest of forebrain+midbrain', but the NA
concentrations in mice given both idazoxan and morphine did
not di�er from those of saline+morphine-treated controls.

Thus, at the doses used the e�ects of idazoxan on the brain NA
turnover in our control mice were minor.

In contrast to the control mice in the morphine-withdrawn

mice idazoxan alone and in combination with morphine clearly
enhanced the NA turnover. Thus, in the withdrawn mice
idazoxan dose-dependently and signi®cantly elevated the free

MOPEG in the lower brain stem and in the area `rest of
forebrain+midbrain'. In the forebrain area idazoxan alone
elevated the NA concentration, too. However, in the

hypothalamus of the morphine-withdrawn mice idazoxan
alone did not alter the free MOPEG or NA. Thus, it seems
that idazoxan alone does not a�ect the hypothalamic NA
turnover in the morphine-withdrawn mice indicating that the

NAergic systems in the hypothalamus during morphine-
withdrawal function di�erently from those in other brain
areas. Indeed, we showed previously that tolerance to the

e�ects of acute morphine on NA metabolism persisted in the
hypothalamus longer after withdrawal from repeated mor-
phine administration than in the other two brain areas studied

(Airio & Ahtee, 1997). Also, as discussed above, in contrast to
other brain areas in the hypothalamus of mice withdrawn for 1
day from morphine the NA turnover was not enhanced (Airio

et al., 1995). However, in combination with morphine
idazoxan clearly enhanced the morphine-induced increase of
the free MOPEG in all brain areas of the morphine-withdrawn
mice elevating the MOPEG concentration to about same

degree as in controls. Thus, idazoxan pretreatment counter-
acted the reduction induced by the tolerance towards the acute
morphine-induced increase of free MOPEG concentration of

morphine-withdrawn mice. As the e�ect of idazoxan on the
cerebral NA release is suggested to be mediated primarily by
a2-adrenoceptors located on noradrenergic nerve terminals (see

Introduction), our results suggest that the reduced responsive-
ness of the cerebral noradrenergic systems to a morphine
challenge brought about by tolerance can be overcome by
blocking the presynaptic a2-adrenoceptors by idazoxan.

There are di�erences in the selectivity of available a2-
adrenoceptor antagonists. RX821002 (2-methoxy-idazoxan),
BRL 44408 and ARC 239 have a�nity for non-adrenoceptor

imidazoline and 5-hydroxytryptamine 5-HT1A-autoreceptors
(Callado et al., 1996, Meana et al., 1996), and atipamezole can
modulate the e�ects of striatal DA receptor activation in rats,

increasing motor activity (MacDonald et al., 1996). Idazoxan
binds to non-adrenoceptor imidazoline I2 binding sites as well
(Hussain et al., 1993; Miralles et al., 1993). However, this may

not contribute to the altered NA release since idazoxan labels
imidazoline binding sites in the rat, guinea-pig and human but
not in the mouse cerebral cortex membranes (Hussain et al.,
1993). On the other hand, idazoxan is an agonist at cerebral 5-

HT1A ± autoreceptors and decreases cerebral 5-HT metabolism
at doses higher than 5 mg kg71 in rats (Llado et al., 1996).
Thus, it cannot fully be excluded that receptors other than a2-
adrenoceptors on noradrenergic nerve terminals may con-
tribute to the alteration of NA metabolism by idazoxan and
may thus modulate the behaviour of mice.

At the doses used in our study idazoxan's e�ects on striatal
DA metabolism were only minor. At 3 mg kg71 idazoxan
elevated the striatal DA concentration both in control and
morphine-withdrawn mice, elevated DOPAC in the morphine-
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withdrawn mice as well as enhanced the acute morphine-
induced increase of DOPAC concentration in the control but
not in the morphine-withdrawn mice. Pretreatment with

idazoxan abolished the acute morphine-induced decrease of
striatal 3-MT concentration in the control mice. These ®ndings
agree with the reports that in rats idazoxan when given alone
stimulates cerebral DA metabolism as well as DA cell ®ring

(Tian et al., 1991; Grenho� & Svensson, 1993; Nisenbaum &
Abercrombie, 1993; Paez & Leibowitz, 1993; Chen & Reith,
1995). In rats the alteration of adrenergic tone from the locus

coeruleus may result in an alteration of the ®ring rate of
mesolimbic and striatal DA neurons (Grenho� & Svensson,
1993) or a2-adrenoceptors located on cerebral dopaminergic

neurons may exert a direct in¯uence on mesolimbic and
nigrostriatal dopaminergic neurons (Biegon et al., 1992;
Trendelenburg et al., 1994). Also in the mouse brain a2-
adrenoceptors have been suggested to be involved in the
regulation of dopaminergic neurons (Yavich et al., 1997;
Sallinen et al., 1997). However, in our control mice 1 mg kg71

but not 3 mg kg71 of idazoxan and in the morphine-

withdrawn mice both idazoxan doses prevented the acute
morphine-induced increase of striatal HVA. Thus, it is
apparent that at the doses used in our study idazoxan did

not elevate the concentrations of HVA or 3-MT, the dopamine
metabolites which are considered to indicate the release of DA.
All in all, our biochemical ®ndings indicate that at the doses

used idazoxan did not potentiate the e�ects of acute morphine
on cerebral DA release in the morphine-withdrawn mice, and
thus its e�ects on DA clearly di�er from its e�ects on cerebral

NA, the morphine-induced release of which was clearly
enhanced in the morphine-withdrawn mice as indicated by the
elevated MOPEG concentration after combined administra-
tion of acute morphine and idazoxan.

In our control or morphine-withdrawn mice idazoxan alone
did not alter the locomotor activity agreeing with studies in
which equal doses of idazoxan were used (Chojnacka-Wojcik,

1992; Jackson et al., 1992). Neither did idazoxan pretreatment
alter the acute morphine-induced locomotor hyperactivity in
the control mice but clearly potentiated it in the morphine-

withdrawn mice. In the present study as in our previous study
(Airio & Ahtee, 1997) the increases of the locomotor activity
induced by the morphine challenge dose were about similar in
the mice withdrawn from morphine for 3 days and in the

control mice. In our previous study we found locomotor
sensitization at 5 day withdrawal, when mice no longer were
tolerant to the acute morphine-induced increase of free

MOPEG concentration (Airio & Ahtee, 1997). Further, we
now report that in mice withdrawn from morphine for 3 days
and pretreated with idazoxan the morphine challenge elevates

the free MOPEG concentration to the same degree as in
control mice thus counteracting the e�ect of tolerance on
cerebral NA metabolism. These results suggest that the

morphine-induced sensitization of locomotor activity cannot
be expressed in mice until the responsiveness of the cerebral
noradrenergic systems to morphine challenge is regained,
either after longer withdrawal period or by modulating the

function of the cerebral noradrenergic systems by idazoxan.
However, the cerebral dopaminergic systems are also

important in the mediation of the morphine-induced

locomotor hyperactivity in mice (Carroll & Sharp, 1972;
Racagni et al., 1979; Longoni et al., 1987; Funada et al.,
1994). Mice are similarly sensitized to the morphine

challenge-induced increase of striatal DA turnover and
release at 3 and 5 day withdrawal from 5 day repeated
morphine treatment (Airio & Ahtee, 1997). In the present
study idazoxan pretreatment had only minor e�ects on the

morphine-induced increase of striatal DA metabolism but it
revealed the locomotor sensitization already at 3 day
withdrawal, when it counteracted the tolerance-induced

changes in morphine's e�ects on cerebral NA. The coupling
between morphine-induced changes in locomotor activity
and in cerebral NA and DA metabolism suggests that the

morphine-induced sensitization of locomotor activity is
expressed in mice only when they are sensitized to the
striatal DA turnover and release increasing e�ect of acute

morphine and when morphine increases the NA turnover
and release. As the morphine-induced changes in striatal DA
metabolism are similar in mice and rats (Ahtee et al., 1987;
Attila et al., 1987; Airio et al., 1994; Airio & Ahtee, 1997) it

is suggested that, as in rats, the sensitization of morphine-
induced locomotor hyperactivity in morphine-withdrawn
mice is brought about by hyperactive dopaminergic systems.

However, in the withdrawn mice this e�ect can be masked
by tolerance of their cerebral noradrenergic systems. Only
when the noradrenergic tone is restored morphine-with-

drawn mice, like rats, react to morphine challenge with
enhanced locomotor activity.

In conclusion, the current ®ndings suggest that morphine-

withdrawn mice are sensitized to acute morphine-induced
locomotor hyperactivity only when they are sensitized to the
striatal DA turnover and release increasing e�ect of acute
morphine and when simultaneously morphine enhances the

activity of the cerebral noradrenergic system to the same extent
as it does in naõÈ ve mice. Thus, in mice the expression of the
behavioural sensitization to morphine is determined by the

extent of the morphine-induced enhancement of cerebral
noradrenergic systems in addition to sensitization of their
dopaminergic systems.

Finally, the morphine-induced behavioural sensitization has
been implicated in its reinforcing e�ects (Shippenberg et al.,
1996). Therefore, it cannot be excluded that the noradrenergic
systems are of importance in the morphine-seeking behaviour.

Furthermore, there is some evidence that in rats the activation
of brain noradrenergic transmission is involved in the control
of locomotor activity (Salmi et al., 1998). Thus, cerebral

noradrenergic mechanisms might be involved in the sensitiza-
tion of the locomotor response and related phenomena after
repeated morphine administration not only in mice but in

other species as well. There is plenty of clinical data showing
the treatment of opioid withdrawal syndrome with a2-
adrenoceptor agonists like clonidine (Cooper et al., 1996).

Our ®ndings suggest that the e�ects of drugs a�ecting the
cerebral noradrenergic systems should also be investigated in
the treatment of compulsive opioid abuse.

We wish to thank Ms Marjo Vaha for skilful assistance.
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