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Abstract We evaluated the effects of pretreatment
with clorgyline, an irreversible monoamine oxidase
(MAO)-A inhibitor, on morphine-induced hyperloco-
motion and antinociception. A single administration of
morphine (30 mg/kg, i.p.) to male ICR mice induced a
hyperlocomotion. ANOVA analysis revealed the
statistical significance of the morphine effect on hori-
zontal locomotion and of the clorgyline pretreat-
ment X morphine interaction effect, but not of the
effect of clorgyline pretreatment. The initial (5 min
after challenge) phase of morphine actions vs. saline
challenge appeared as if morphine had a strong
inhibitory effect on locomotor activity in combination
with different doses of clorgyline. The mice adminis-
tered with morphine in combination of clorgyline
(1 and 10 mg/kg) did not show any stereotypic behav-
iors. Clorgyline at a dose of 0.1 mg/kg but not other
doses tested significantly potentiated morphine-in-
duced antinociception evaluated by tail flick but not
hot plate test. During the measurements of locomotor
activity and antinociception, clorgyline at doses of 1
and 10 mg/kg significantly inhibited monoamine
metabolism through MAO. These results suggest that
clorgyline showed an inhibitory effect on morphine-
induced hyperlocomotion, but not antinociception,
through MAO inhibition. There is not a possibility that
clorgyline pretreatment enhanced morphine action on
motor activity, resulting in the abnormal behavior from
hyperlocomotion to stereotypic movements.
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Introduction

Morphine is commonly used to treat pain. The princi-
pal protein responsible for the antinociceptive effect of
morphine is p-opioid receptor, since mice lacking the
p-opioid receptor show a loss of morphine-induced
analgesia [1] and increased sensitivity to painful stimuli
(2, 3].

In rats, morphine hyperpolarizes y-aminobutylic
acid (GABA)-containing interneurons via the activa-
tion of p-opioid receptor, reducing spontaneous
GABA-mediated synaptic input to dopamine neurons
in the ventral tegmental area (VTA) [4]. As a result,
morphine enhances dopamine release in the nucleus
accumbens (NAc) via the activation of dopamine
neurons in the VTA, leading to hypermotility [5].
Cocaine reinforcement decreased in mice lacking the
p-opioid receptor in parallel with increased GABAer-
gic input to VTA dopaminergic neurons [6], although
there is a contradictory report [7]. Also, the rewarding
property of mother-related stimuli, infant attachment
behavior, decreased in mouse puppies lacking the
p-opioid receptor [8]. In line with these observations,
the opioid system which is responsible for morphine
action (i.e. antinociception and hypermotility) is likely
to modulate the mesocorticolimbic dopaminergic
pathway, which is attributed to both addictive drugs
and natural reward systems [9-14].

The psychostimulant methamphetamine (METH)-
induced hyperlocomotion and behavioral sensitization
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were inhibited by clorgyline, a monoamine oxidase
(MAO)-A inhibitor [15, 16]. The change in mono-
amine turnover in specific brain regions was associated
with this inhibition [15, 16]. These observations pre-
dicted that clorgyline treatment could inhibit mor-
phine-induced hyperlocomotion and antinociception
via alterations in monoamine turnover. To address the
prediction, we examined the effect of clorgyline treat-
ment on morphine-induced hyperlocomotion and
antinociceptive effect in mice.

Experimental procedure
Reagents

Morphine hydrochloride was purchased from Takeda
Chemical Industries (Osaka, Japan). Dexmedetomi-
dine hydrochloride was kindly provided by Prof. K.
Noguchi of Hyogo College of Medicine (Nishinomiya,
Japan). N-Methyl-N-propargyl-3-(2,4-dichlorophenoxy)
propylamine hydrochloride (clorgyline) and all stan-
dard reagents for HPLC were from Sigma-Aldrich (St.
Louis, MO, USA). All other chemicals used were of
the highest commercially available purity. The doses of
drugs refer to the weight of salt. All drugs were dis-
solved in sterile saline. Clorgyline was administered
subcutaneously (s.c.) in a volume of 0.05 ml/10 g of
body weight. Morphine and dexmedetomidine were
administered intraperitoneally (i.p.) in a volume of

A Locomotor activity + HPLC (4 h 30 m)

Clorgyline injection
i (0, 0.1, 1, 10 mg/kg)

Single morphine (30 mg/kg) or saline injection

0.1 ml/10 g of body weight. An identical volume of
saline was used for the control.

Subjects

Male ICR mice (7 weeks old at purchase; Japan SLC,
Shizuoka, Japan) were housed in groups of 6-8 in a
temperature- (22 + 2°C) and humidity- (50 + 10%)
controlled environment under a 12-h light/dark cycle
(lights on at 0700 h) with food and water available ad
libitum except during the locomotor activity measure-
ments using Supermex apparatus and nociception test
(see below). Animal handling and care were conducted
according to the Guide for Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources,
National Academy Press 1996; NIH publication num-
ber 85-23, revised 1996) and all experiments were ap-
proved by the Institutional Animal Research
Committee. After at least 3 weeks’ habituation in this
facility, mice were used in the experiments described
below.

Behavioral analysis

Mice were weighed (34-47 g) and injected s.c. with
0.05 ml/10 g volume of sterile saline or clorgyline
(0, 0.1, 1 or 10 mg/kg) 2 h before i.p. morphine treat-
ment with 0.1 ml/10 g volume (Fig. 1A). The mice
were returned to their home cages for 1 h, then placed
into a transparent acrylic box (37 x 24 x 27 cm) with

Brain dissection

0 Home cage 1h Locomotor

B Nociception

2h Locomotor 4h30m

Cumulative morphine injection (+ DEX)

Clorgyline injection Saline injection 1 mg/kg 3 10 30
(0, 0.1, 1, 10 mg/kg) l l L l
A
[ I I I I ]
0 Home cage 1h40m 2h 2h20m 2h40m 3h 3h20m

C HPLC(2h&3h20m)
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A
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Fig. 1 Schematic representation of the experimental protocols
for measurements of locomotor activity (A) and nociception
assays (B). Horizontal locomotion was measured during the
periods indicated by hatched bars. Arrows show the time when
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an infrared sensor that detects thermal radiation from
animals (for horizontal locomotion; Supermex; Muro-
machi Kikai Co., Ltd., Tokyo, Japan) in a quiet, ven-
tilated chamber (53 x 45 x 45 cm) for next 1 h. The
mice were injected i.p. with saline or morphine (30 mg/
kg) and immediately returned to the same test box and
subjected to a measurement of horizontal locomotor
activity for 2 h 30 min at 5-min intervals [15, 16].
During the measurements, mice were given tap water
ad libitum. After locomotion measurements, mice were
sacrificed by cervical dislocation and decapitation. The
brains were immediately removed, and the regions of
striata and accumbens were isolated, weighed, and
frozen in liquid nitrogen until assay by HPLC (brain
dissection 4 h 30 m after clorgyline treatment).

Nociception test

The mice injected with saline (0.05 ml/10 g, s.c.) or
clorgyline (0.1, 1 or 10 mg/kg, s.c.) were returned to
their home cages for 1 h 40 min (Fig. 1B). Antinoci-
ceptive responses to morphine alone or with dex-
medetomidine, an oy-adrenoceptor agonist, were
examined using a hot plate and tail flick tests [17] with
slight modifications described below.

Hot plate assay

Antinociceptive effects were assessed in mice injected
at 20-min intervals with saline (0.1 ml/10 g, i.p.) and
then with ascending morphine doses producing total
drug doses of 1, 3, 10 and 30 mg/kg, i.p. with or without
30 pg/kg dexmedetomidine. Each mouse was placed on
a hot plate (55 + 1°C, Model KN-205D, Natsume Sei-
sakusho, Co., Ltd., Tokyo, Japan) after 20 min of sal-
ine injection for the baseline measurement just prior to
drug administration. Through the test, a cut-off time of
30 s was set to minimize tissue damage, and mice were
immediately removed from the hot plate when they
displayed nociceptive responses, which were jumping
or paw-licking. Baseline latencies were between 4 s
and 25 s among all the mice examined.

Tail flick assay

Following the hot plate test, the tail flick test was
conducted. Each mouse wrapped in cotton cloth was
softly restrained upright by hand. About 34 cm length
of the tail tip was placed in a hot water bath at
53 + 1°C until flicked out. Through the test, a cut-off
time of 15 s was set to minimize tissue damage, and
mice were immediately removed from the hot water

bath and returned to the home cage. Baseline latencies
were between 1 s and 7 s.

For each test time in both assays, the percentage
maximum possible effect (%MPE) was calculated as
(test latency—baseline latency)/(cut off time—baseline
latency) x 100% [17].

HPLC analysis

Brain dissections 2 h and 3 h 20 min after clorgyline
treatment were conducted as shown in Fig. 1C. Each
frozen brain sample was homogenized with a Teflon/
glass homogenizer in 10 volumes (w/v) of ice-cold 0.1 N
perchloric acid with 30 pM Na,EDTA containing 3,4-
dihydroxybenzylamine hydrobromide and isoprotere-
nol as internal standards for the catechols and indoles,
respectively. The homogenates were centrifuged at
10,000g for 10 min at 4°C and the supernatants were
filtered through a 0.20-um membrane filter (Millipore
Co., Bedford, MA, USA). The filtrates (10 ul) were
injected directly into an HPLC system (system con-
troller, model SCL-10A; auto-injector, model SIL-10A;
pump, model LC-10AD; Shimadzu Co., Kyoto, Japan)
equipped with a reversed-phase ODS-column (MCM
column 150; 4.6 x 150 mm; MC Medical, Inc., Osaka,
Japan) and an electrochemical detector (Coulochem
Model 5100A, ESA, Inc., Chelmsford, MA, USA). The
column temperature was maintained at 24°C, and the
detector potentials were set at +0.40 V, +0.15 V and
—0.35 V on the conditioning cell, Detectors 1 and 2,
respectively. The mobile phase was a 1000:35.2:85.8
(v/v) mixture of a buffer (50 mM Na,HPO,, 50 mM
citric acid, 4.4 mM 1-heptanesulfonic acid and 0.1 mM
Na,EDTA, pH 3.0), acetonitrile and methanol, and the
flow rate was set at 0.9 ml/min [18]. The monoamines
measured in this study were dopamine (DA), 3,4-di-
hydroxyphenylacetic acid (DOAPC), 3-methoxytyr-
amine  (3-MT), homovanillic acid (HVA),
norepinephrine (NE), 3-methoxy-4-hydroxyphenylgly-
col (MHPG), 5-hydroxytryptamine (serotonin, 5-HT),
and 5-hydroxyindoleacetic acid (5-HIAA).

Statistical analysis

Values are shown as the means with bars representing
the standard errors of the means (S.E.M.). Statistical
analysis was performed using one-way or two-way
analysis of variance (ANOVA) with or without
repeated measures, followed by Tukey—Kramer’s
comparisons or Student’s r-test packaged in the com-
puter program StatView 5.0. for Apple Macintosh.
Results were considered significant when P-values
were <0.05.
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Results

Effects of pretreatment with clorgyline on
spontaneous locomotion and morphine-induced
hyperlocomotion in mice

Pretreatment of the mice with different doses of clo-
rgyline had no effect on spontaneous locomotor
activities evaluated in terms of horizontal locomotion
in the period between 2 h and 4 h 30 min after clo-
rgyline injection (Fig. 2A, Saline challenge) (clorgyline
pretreatment effect, F(3,1200) = 0.381, P = 0.7669,
repeated-measure two-way ANOVA). In the habitua-
tion period between 1h and 2 h after clorgyline
injection, no effect of clorgyline pretreatment on
exploring activities was observed (data not shown).
ANOVA analysis revealed statistical significance of
the morphine effect (Fig. 2B, one-way repeated-
measure ANOVA, Morphine challenge, F(29,1200) =
10.632, P < 0.001) and of the clorgyline pretreat-
ment X morphine interaction effect (inhibition, two-
way repeated-measure ANOVA, F(87,1200) = 1.375,
P < 0.05), but not of the effect of clorgyline pre-
treatment (one-way repeated-measure ANOVA,
clorgyline dose, F(3,1200) = 1.059, P = 0.3773).

Fig. 2 Effect of clorgyline A 400 T
pretreatment on horizontal

hyperlocomotion in response c 350 1
to morphine challenge. 2 300
Horizontal locomotor activity g = |
counts within each 5-min g E 250
interval after saline (A) and o "2 200
morphine challenge (B, total, S g

2 h 30 min) are shown. Mice S @ 150
were administered with saline N S 400 :
or clorgyline (0.1, 1, and S 3 &\
10 mg/kg, s.c.). Two-hours T = 50

To reveal statistically the apparent inhibitory action
of morphine on locomotor activity during the initial
phase after the drug challenge (0-5 min after morphine
challenge vs. saline, Fig. 2), a mixed factorial ANOVA
was performed. There were significant differences
between the locomotion prior to the drug challenge
(-5 to O min after morphine/saline injection, see
Fig. 1A) and that after the drug challenge (0-5 min
after morphine/saline injection) (F(1,40) = 8.979,
P < 0.01) and between the challenge types (morphine
vs. saline) (F(1,40) = 4.386, P < 0.05). The interaction
effect (challenge types x locomotion prior to and after
the drug challenge) was also revealed to be significant
(F(1,40) = 14.678, P < 0.01).

The mice administered with morphine in combina-
tion of clorgyline (1 and 10 mg/kg) did not show any
stereotypic behaviors (data not shown) as assessed by
the method reported previously [19].

Effects of pretreatment with clorgyline on
morphine-induced antinociception in mice

Cumulative morphine administration to mice caused
dose-dependent antinociceptive effects in the hot plate
and tail flick tests (Fig. 3A and B, F(3,284) = 29.042,
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——CLO 0.1 mg/kg
—=-CLO 1
—-—CLO 10
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Fig. 3 Effect of clorgyline pretreatment on morphine-induced
antinociceptive effect in hot plate (A) and tail flick tests (B).
Mice were injected i.p. with morphine at the indicated concen-
trations in a cumulative manner. The values are shown as the

P < 0.001 and F(3,284) = 148.883, P < 0.001, respec-
tively, repeated-measure two-way ANOVA). In the
hot plate test, co-administration of dexmedetomidine
(30 pg/kg, i.p.) with morphine or pretreatment with
clorgyline had no effect on the antinociceptive effect
induced by morphine (Fig. 3A, F(12,284) = 1.253,
P =0.2488). In the tail flick test, co-administration of
dexmedetomidine with morphine and pretreatment
with clorgyline (0.1 mg/kg) significantly potentiated
the antinociceptive effect induced by morphine (at
doses of 1 and 10, and 10 mg/kg, respectively) (Fig. 3B,
F(12,284) = 1.997, P < 0.05). Apparent hyperalgesic
effect of lower doses of morphine was observed in the
hot plate but not in the tail flick test.

Tissue levels of monoamines and their metabolites

The results obtained from HPLC-based measurements
of the contents of brain monoamines and their metab-
olites after the clorgyline pretreatment and morphine
challenge are presented in Table 1. ANOVA analysis
revealed statistical significance of the clorgyline pre-
treatment effect, morphine effect (shown in Table 1),
and of a clorgyline pretreatment X morphine interac-
tion effect in all monoamines and metabolites except
DOPAC (F(3,40) = 3.514, P < 0.05, F(3,40) = 7.329,
P < 0.001, F(3,40) = 5.593, P < 0.01, F(3,40) = 4.809,
P < 0.01, F(3,40) =3.592, P < 0.05, F(3,40) = 3.549,
P < 0.05, and F(3,40) = 7.367, P < 0.001 for dopa-
mine, 3-MT, HV A, norepinephrine, MHPG, 5-HT, and
5-HIAA, respectively). In DOPAC content, no signifi-
cant clorgyline pretreatment x morphine interaction
effect was observed (and F(3,40) = 1.652, P = 0.1926).
It should be noted that the data on 3-MT level
might not be valid, since post-mortem changes in 3-
MT levels were not prevented even by focused micro-
waves.

Tail flick

*kk
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—&— CLO 0.1mg/kg
—— CLO 1

—— CLO 10

*

—— DEX

L L ]

-20

1 3 10 30
Morphine (mg/kg)
means + S.E.M. of 14-20 mice. CLO, clorgyline; DEX, 30 pg/kg

dexmedetomidine. *P < 0.05, compared with control animals
(saline challenge) (Student’s #-test)

Apparent monoamine turnover

As shown in Fig. 4A—C, apparent monoamine turnovers
in saline-challenged mice pretreated with clorgyline
(protocol shown in Fig. 1A) and mice pretreated with
clorgyline (protocol shown in Fig. 1C) were evaluated
by calculating the ratio of the tissue contents of mono-
amines and their metabolites. ANOVA analysis
revealed statistical significance of the clorgyline effect
(dose) (F(3,44) = 105.492, P < 0.001, F(3,44) = 74.945,
P < 0.001, F(3,44) =193.127, P < 0.001, F(3,44) =
19.647, P < 0.001, and F(3,44) = 69.726, P < 0.001 for
the ratio of DOPAC to dopamine, 3-MT to dopamine,
HVA to dopamine, MHPG to norepinephrine, and
5-HIAA to 5-HT, respectively), but not of the effect of
clorgyline treatment period (time) (F(2,44) = 0.572,
P =05683, F(2,44)=0.007, P=0.9927, F(244)=
0.686, P =0.5091, F(2,44)=1.796, P =0.178, and
F(2,44) = 3.201, P = 0.62 for the ratio of DOPAC to
dopamine, 3-MT to dopamine, HVA to dopamine,
MHPG to norepinephrine, and 5-HIAA to 5-HT,
respectively) or of the dose x time interaction effect
(F(6,44) = 0.822, P =0.5587, F(6,44)=1.856, P =
0.1102, F(6,44) =2.109, P =0.0712, F(6,44) = 1.928,
P =0.0975, and F(6,44) = 0.74, P = 0.62 for the ratio of
DOPAC to dopamine, 3-MT to dopamine, HVA to
dopamine, MHPG to norepinephrine, and 5-HIAA to
5-HT, respectively).

Discussion

A single administration of morphine induced hyperlo-
comotion in mice with a maximal level attained at
75 min after drug administration, then hypermotility
gradually decreased to the basal level at 150 min after
drug administration (Fig. 2B). The time course was
similar to that reported by Mori et al. [20] in which mice
were subjected to a single morphine administration
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Table 1 Tissue contents of monoamines and their metabolites in the region of the striatum and accumbens of the mice at 4 h 30 min
after clorgyline pretreatment

Challenge Pre. DA DOPAC 3-MT HVA

Saline S 7.85 = 0.54 0.653 + 0.046 0.367 + 0.044 0.617 + 0.055
CLO 0.1 8.61 + 0.68 0.564 + 0.119* 0.511 + 0.091 0.517 + 0.061%*
CLO 1 11.11 + 0.36% 0.210 + 0.030* 1.201 + 0.131%* 0.298 + 0.025*
CLO 10 10.91 + 0.32* 0.135 + 0.027* 1.325 + 0.053* 0.238 + 0.031*

Morphine S 7.50 £ 0.37F 0.822 + 0.045 0.434 + 0.053% 0.850 + 0.066
CLO 0.1 6.64 + 0.45% 0.570 + 0.083* 0.366 + 0.038+ 0.667 + 0.049*
CLO 1 7.86 = 0.41*% 0.121 + 0.026* 0.719 + 0.033*+ 0.214 + 0.027*
CLO10 9.11 + 0.35%7 0.124 + 0.029* 0.860 + 0.053*f 0.195 + 0.022*

Challenge Pre. NE MHPG 5-HT S5-HIAA

Saline S 0.760 + 0.071 0.416 + 0.021 0.481 + 0.028 0.378 + 0.012
CLO 0.1 0.772 + 0.065 0.415 + 0.018 0.437 + 0.042 0.354 + 0.016
CLO 1 1.335 + 0.077* 0.527 + 0.054 0.727 + 0.066* 0.293 + 0.015%*
CLO 10 1.733 + 0.058* 0.399 + 0.042 0.854 + 0.024* 0.245 + 0.021*

Morphine S 0.760 + 0.071 0.586 + 0.027 0.541 + 0.038 0.497 + 0.025F
CLO 0.1 0.909 + 0.050 0.634 + 0.0167F 0.564 + 0.022 0.430 + 0.022
CLO 1 1.459 + 0.068* 0.562 + 0.0217 0.684 + 0.045* 0.270 + 0.013*f
CLO 10 1.447 + 0.084* 0.484 + 0.0277 0.745 + 0.032* 0.236 + 0.013*+

Values are expressed as nanograms per milligram of wet tissue (mean + S.E.M., n = 6). *P < 0.05, compared with saline-pretreated
mice. TP < 0.05, compared with saline-challenged mice (two-way ANOVA followed by Tukey—Kramer test). CLO 0.1, 0.1 mg/kg of

clorgyline; CLO 1, 1 mg/kg of clorgyline; CLO 10, 10 mg/kg of clorgyline; Pre., pretreatment; S, saline

(20 mg/kg). Pretreatment with increasing doses of clo-
rgyline, an irreversible MAO-A inhibitor [21], 2 h prior
to morphine administration inhibited morphine-
induced hyperlocomotion in a dose-dependent manner,
reaching significant inhibition with a dose of 10 mg/kg
(Fig. 2B). Statistical evaluation revealed a significant
difference in morphine effect (i.e. hypermotili-
ty) x clorgyline pretreatment interaction effect. How-
ever, there was no statistical significance in the
clorgyline pretreatment effect itself because of indi-
vidual variations in the locomotion data (Fig. 2A).
Based on the statistical analysis, it is suggested that
clorgyline pretreatment delayed the onset of morphine-
induced hyperlocomotion, although clorgyline pre-
treatment appeared to reduce the peak activity of
morphine-induced hyperlocomotion. This hypothesis is
supported by evidence that the initial (5 min after
challenge) phase of morphine actions versus saline
challenge appeared as if morphine had a strong inhib-
itory effect on locomotor activity in combination with
various doses of clorgyline (Fig. 2; see Results section
for statistical analysis). No stereotypic behavior was
observed in mice treated with morphine in combination
with clorgyline, as assessed by the method reported
previously [19]. Therefore, there is not a possibility that
clorgyline pretreatment enhanced morphine action on
motor activity, resulting in the abnormal behavior from
hyperlocomotion to stereotypy.

In this study, the ratio of the major metabolite to the
corresponding monoamine is used as an index of

@ Springer

monoamine turnover. For 5-HT metabolism, the ratio
of 5-HIAA/5-HT is a good index of apparent serotonin
turnover [22]. HPLC analysis revealed that clorgyline
pretreatment showed typical pharmacological proper-
ties as an irreversible MAO-A inhibitor throughout the
period of measurement of morphine-induced hyperlo-
comotion (Fig. 4A-C). Significant alteration in mono-
amine turnover was observed at doses of 1 and 10 mg/
kg of clorgyline. In parallel with this, significant inhi-
bition by clorgyline (1 and 10 mg/kg) of morphine-
induced hyperlocomotion was observed (Fig. 2B),
suggesting that the inhibitory effect of clorgyline on
morphine administration-induced hyperlocomotion
was attributed primarily to MAO-A inhibition by clo-
rgyline. The clorgyline effect on monoamine turnover
appeared to peak 2 h after pretreatment, since the
maximal inhibition of 5-HT metabolism by clorgyline
(1 and 10 mg/kg, s.c.) in the rat brain was reported to
be observed 2 h after pretreatment [23].

Inhibition by dopamine D5 receptor agonist of the
levels of dopamine metabolites (DOPAC and HVA),
but not dopamine, in NAc was accompanied by the
inhibition of morphine-induced hyperlocomotion in
mice, suggesting that the inhibitory effect of Dj
receptor agonist on morphine-induced hypermotility
might be attributed to decrease in the apparent dopa-
mine turnover (ratio of DOPAC to dopamine) [24].
Similarly, in this study, clorgyline (10 mg/kg) pre-
treatment inhibited dopamine turnover (ratio of DO-
PAC to dopamine) by 14.9 and 12.4% in mice after
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Fig. 4 Apparent monoamine turnover in the striatum + accum-
bens of the mice at 2 h (A), 3 h 20 min (B), and 4 h 30 min (C)
after clorgyline pretreatment. Each column represents the
mean = S.EM. (n = 4-6). CLO, clorgyline. *P < 0.05, signifi-
cantly different change in apparent monoamine turnover
between control (saline) and clorgyline-pretreated mice (two-
way ANOVA interaction effect)

saline and morphine challenges, respectively (Fig. 4C).
However, in contrast to the result of Suzuki et al. [24]
that no change in the level of dopamine was observed
after D receptor agonist, pretreatment with clorgyline
significantly decreased the striatal level of dopamine
after morphine challenge, compared with the control
(saline challenge) (P < 0.05, Table 1). Assuming that
the synthesis of dopamine decreases in the striatum
after clorgyline pretreatment, animal motility might be
reduced, accompanied by a decreased level of striatal
dopamine. There is another possibility that the
increased release of striatal dopamine from presynap-
tic storage into the synaptic cleft might explain the
decreased level of dopamine, and it was seen that
pretreatment of rats with clorgyline (4 mg/kg)

increased in extracellular dopamine in the brain [25].
Further study is needed to clarify why the striatal
dopamine was decreased after clorgyline pretreatment.

Clorgyline, in spite of a well-known selective MAO-
A inhibitor, can irreversibly inhibit MAO-B as well as
MAO-A at higher doses, as reported previously [23].
The MAO-B inhibitory action of clorgyline depends on
doses and treatment period. In our previous study,
L-deprenyl, a MAO-B inhibitor, did not block METH
(1 mg/kg)-induced hyperlocomotion in mice [15]. This
observation led us to a speculation that the unexpected
inhibitory action of clorgyline on MAO-B could not
contribute prominently to the inhibitory effect of clo-
rgyline on morphine-induced hyperlocomotion.

Morphine caused dose-dependent antinociception in
both hot plate and tail flick tests (Fig. 3A and B).
Apparent hyperalgesic effect of morphine (1 and 3 mg/
kg) was observed in the hot plate test (Fig. 3A). This
might be attributed to the degree of habituation to the
hot plate test apparatus. Therefore, we tried to habit-
uate the mice to the apparatus 1 day before nociception
tests, and got the same data as that shown in Fig. 3A
(data not shown), excluding the possibility of habitua-
tion. No apparent hyperalgesic effect of morphine was
observed when p-opioid receptor gene knockout mice
(and the corresponding wild type mice) were used [17].
The p-receptor KO mice had a mixed C57BL/6/129Sv
background [2, 17], and appeared to show lower spon-
taneous locomotion than that observed in ICR mice
used in this study. It is considered that the apparent
hyperalgesic effect of lower doses of morphine
(Fig. 3A) might be due to strain differences, i.e. dif-
ference between the genetic background of ICR (closed
colony) and C57/BL6 (inbred). If the apparent hyper-
algesic effect of morphine is attributed to stress-in-
duced analgesia when testing in the baselines, the effect
ought to be observed more strongly in the tail flick test
than in the hot plate test since the mice were forced to
wrap in cotton cloth, but was not (Fig. 3B).

In the hot plate assay, doses of morphine tested did
not induce ca. 100% of MPE (Fig. 3A). To address
whether the mice could show 100% MPE in this assay,
co-administration of morphine with dexmedetomidine,
an oy-adrenoceptor agonist, was performed. Dexmede-
tomidine in combination with 30 mg/kg of morphine
attained ca. 90% of antinociception, which was similar to
the result reported by Tham et al. [26].

When the mice were pretreated with 0.1 mg/kg of
clorgyline, the antinociceptive effect of morphine
(10 mg/kg) was potentiated in the tail flick test
(Fig. 3B). The effect appeared not to be associated
with the clorgyline effect on MAO-A, since no signif-
icant alteration in the monoamine turnover was
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observed at 0.1 mg/kg of clorgyline (Fig. 4A-C).
Therefore, a mechanism(s) other than MAO inhibition
should be investigated to clarify the action of clorgyline
as low as 0.1 mg/kg. There is evidence that clorgyline
at a dose of 0.1 mg/kg, but not 1 nor 10 mg/kg, signif-
icantly delayed the onset of METH-induced stereotypy
in mice, whereas higher doses of clorgyline (1-10 mg/
kg) had no effect [19], suggesting that clorgyline
interacted not only with MAO-A but also with
g-receptors and/or imidazoline I,-preferring receptors
[27, 28] or unknown sites other than MAO depending
on the dosage used.

As reported previously, natural form of morphine
((=)-morphine) is glucuronidated only at the 3-position
and not at the 6-position in the rat liver by UDP-
glucuronosyltransferase isoform, Ugt2bl [29, 30]. A
large fraction of morphine absorbed into the body is
removed by this first-pass metabolism. Morphine
6f-glucuronide, but not morphine 3f-glucuronide is
reported to stimulate locomotor activity in mice [31]
and show analgesic activity in rats [32]. In contrast to
metabolism of morphine, various cytochrome P450
enzymes, especially P450 2B1, are involved in metab-
olism of clorgyline. Clorgyline was found to inactivate
P450 2B1 as well by forming a metabolic intermediate
complex with the enzyme [33]. This process appears not
to interact with liver glucuronidation. Therefore, the
possibility that the interaction of clorgyline with central
morphine effects is pharmacokinetic could be ruled out.

Overall, this study suggested that, in contrast to our
prediction, clorgyline pretreatment showed an inhibi-
tory effect on morphine-induced hyperlocomotion, but
not antinociception, through MAO inhibition. Appar-
ent strong inhibitory action of morphine on motor
activity in mice pretreated with clorgyline in the initial
phase is not negligible to better understand the change
in the locomotion.
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