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Abstract

The present study investigated the reinforcing effect of L-deprenyl on conditioned place preference in mice and its mechanism.
Conditioned place preference was induced by 10 and 25 mgrkg L-deprenyl in a dose-dependent fashion during five consecutive
conditioning days, and its reinforcing property was about five-fold less potent than that of L-amphetamine. Pretreatment with the

Ž . Ž .dopamine antagonist, haloperidol 1 mgrkg i.p. , effectively blocked the place preference produced by L-deprenyl 10 and 25 mgrkg i.p.
Ž .and L-amphetamine 2 and 5 mgrkg i.p. , but haloperidol itself produced no place aversion. The neurotoxin, 1-methyl-4-phenyl-1,2,3,6-

Ž .tetrahydropyridine MPTP , 30 mgrkg did not modify the place preference induced by both L-deprenyl and L-amphetamine, though the
Ž .dopamine concentration in striata assayed by high performance liquid chromatography with electrochemical detection HPLC-EC was

significantly reduced. These results suggest that L-deprenyl has amphetamine-like reinforcing properties. The reinforcing effect of
L-deprenyl may be mediated by central dopaminergic neuronal systems, while the nigrostriatal dopaminergic pathway is not involved.
q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .L-Deprenyl selegiline , a selective irreversible inhibitor
of monoamine oxidase B, has been used as an important
adjuvant to L-DOPA in the treatment of Parkinson’s dis-

Žease Birkmayer et al., 1975; Knoll, 1983; The Parkinson
.Study Group, 1993 for more than 20 years. L-Deprenyl

has also been used alone as a primary treatment in the
Žearly phase of Parkinson’s disease Myllyla et al., 1989;
.The Parkinson Study Group, 1989 , as an antidepressant

Ž .Mendlenicz and Youdim, 1983; Mann et al., 1989 , an
Žanti-Alzheimer’s disease agent Monteverde et al., 1990;

. ŽTariot et al., 1993 , a smart drug Knoll, 1988; Morgen-
. Žthaler, 1992 and as medication for drug abuse Winger et

.al., 1994; Zheng et al., 1995 .
Although there are few reports about the physical de-

pendence and abuse potential of L-deprenyl in clinical
application, including no evidence for the development of
tolerance during the continuation and abstinence syn-
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dromes after the discontinuation of L-deprenyl therapy
Ž .Yasar et al., 1993b; Schneider et al., 1994 , the abuse
liability of L-deprenyl still needs attention. There are sev-
eral reasons for this. Firstly, L-deprenyl is mainly metabo-
lized into L-methamphetamine and L-amphetamine, both of
which have definite abuse potential and can produce physi-

Ž .cal dependence Salonen, 1990; Heinonen et al., 1994 .
Secondly, L-deprenyl can augment the effects of

Žphenylethylamine and other sympathomimetic agents Ort-
.mann et al., 1984; Timar and Knoll, 1986 , which means it

Žcan induce abuse potential for humans Risner and Jones,
.1977; Shannon and De Georgio, 1982 . Thirdly, some

preclinical studies demonstrate that L-deprenyl has am-
phetamine- and cocaine-like discriminative stimulus prop-

Žerties in experimental animals Johanson and Barrett, 1993;
.Yasar et al., 1994; Yasar and Bergman, 1994 . Further,

L-deprenyl has become attractive to the general population
as a potent enhancer of cognition, concentration, intellec-
tual activity and longevity, even as an aphrodisiac, all of

Žwhich appear to be forms of drug abuse Knoll, 1988;
.Morgenthaler, 1992; Schneider et al., 1994 . Finally, trials

to evaluate the abuse of L-deprenyl in clinical application
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Žhave not been designed systematically Schneider et al.,
.1994 .

In preclinical research, several studies have been de-
signed to evaluate the physical dependence potential of
L-deprenyl. Such studies involve watching behavior,
recording cortical electrical activity, and analyzing the

Želectroencephalogram of experimental animals Nickel et
.al., 1994 . The abuse potential of L-deprenyl was evaluated

both in a drug discrimination procedure, which showed
that L-deprenyl fully substituted for both amphetamine in

Žrats and methamphetamine in monkeys Yasar and
.Bergman, 1994 , and with an intravenous self-administra-

tion method, which indicated that high doses of L-deprenyl
could maintain cocaine-induced self-administration behav-

Ž .ior of monkeys Winger et al., 1994 .
ŽWe now applied a modified model Carr and White,

.1986; Bals-Kubik et al., 1993 of conditioned place prefer-
ence to assess the reinforcing property of L-deprenyl in
mice, and used pretreatment with a dopamine receptor
antagonist, haloperidol, and a dopaminergic neurotoxin,

Ž .1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine MPTP , to
investigate the possible involvement of central dopaminer-
gic neuronal pathways.

2. Materials and methods

2.1. Animals

Ž .Female C57BLr6 mice 18–22 g from the Animal
Center of the Shanghai Institute of Materia Medica
Ž .Shanghai, China were housed with constant temperature
Ž . Ž .22–248C and humidity 50–60% for 1 week before the
experiments. The animals were kept on a 12-h light and
dark cycle with free access to food and water.

2.2. Drugs

L-Deprenyl and 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
Ž . Žpyridine MPTP were purchased from RBI Natick, MA,

.USA . L-Amphetamine and dopamine were obtained from
Ž .Sigma St. Louis, MO, USA . Haloperidol was produced

Ž .by Puhai Pharmaceutical Factory Shanghai, China . The
drugs were dissolved in saline just before use.

2.3. Apparatus for conditioned place preference

The testing apparatus was a rectangular plastic box
Ž 3.60=20=20 cm , consisting of two distinct intercon-
nected chambers of equal volume. One chamber with
white walls and a glossy floor was illuminated by a 15-W

Ž .bulb white chamber , and the other chamber with black
Ž .walls and a grid floor had no illumination black chamber .

The chambers were separated by a guillotine door. The
apparatus was placed in a sound-insulated room.

2.4. Procedure for conditioned place preference

Each mouse was allowed to freely explore the two
chambers for 15 min on three consecutive days before any
drug treatment. The time spent by each animal in the black
and white chambers was respectively recorded by visual
observation and a manually operated timer. The chamber
in which the animal spent most time was considered to be
the preferred side, and almost all the animals preferred the
black chamber. From the 4th day on, each animal of
different groups injected intraperitoneally with saline, L-

Ž . Ždeprenyl 2, 10 or 25 mgrkg , L-amphetamine 2 or 5
. Ž . Ž .mgrkg , haloperidol 1 mgrkg or MPTP 30 mgrkg

Žwas immediately placed in the non-preferred side white
.chamber for 30 min with the guillotine door closed.

Animals from other groups were pretreated with haloperi-
Ž . Ž .dol 1 mgrkg i.p. or MPTP 30 mgrkg i.p. , and then

Ž .injected with L-deprenyl 2, 10 or 25 mgrkg i.p. or
Ž .L-amphetamine 2 or 5 mgrkg i.p. 30 min later. Immedi-

ately after the later injection the animals were also placed
in the white chamber for 30 min. This conditioning phase
was run for five consecutive days. On the 9th day, the
mice received no drug and were allowed to explore two
chambers with the door opened again for 15 min, and the
time spent in the chambers was recorded.

2.5. Preparation of samples for HPLC

Immediately after the time spent in the chambers was
recorded on the 9th day, the mice were decapitated. The
paired striata were dissected out, weighed and homoge-
nized in ice-cold 0.1 M HClO containing 1% Na EDTA4 2

Žand 0.5% Na S O . After centrifugation 20 000=g, 152 2 5
.min, 48C , the supernatants were collected for chromato-

graphic assay.

2.6. HPLC conditions

A modified method of Antkiewicz-Michaluk et al.
Ž .1997 was used to measure dopamine by liquid chro-

Žmatography CC-5, Bioanalytical Systems, West Lafayette,
. Ž .IN, USA with electrochemical detection LC-44, BAS . A

Ž .phase-2 ODS-3 mm column 100=3.2 mm, BAS was
used for all separations with flow rate maintained at 1.0

Ž .mlrmin PM-80, BAS . The full scale on the detector
Ž .LC-4C, BAS was set to 10 nA, the operating potential
was 750 mV, and the temperature was controlled at 258C
Ž .LC-22C . The mobile phase consisted of 0.15 M
monochloroacetate, 0.117 M NaOH, 1 mM sodium octyl
sulfate, 0.1 mM Na EDTA and 6% methanol. Dopamine2
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Ž .was quantified from the peak area DA-5, BAS compared
with that for a standard run on the same day.

2.7. Statistical analysis

Data are expressed as means"S.E.M. Statistical analy-
ses were performed using an analysis of variance followed
by the Student–Newman–Keuls test to identify significant
differences between experimental groups. P-0.05 was
considered significant.

3. Result

3.1. Effects of L-deprenyl on conditioned place preference

Ž .Three groups of mice ns10 received different doses
Ž .of L-deprenyl 2, 10 and 25 mgrkg i.p. . After five

consecutive conditioning days, these mice spent more time
Ž .in the drug-paired side white chamber than before. Fig. 1

showed that L-deprenyl induced place preference in a
dose-dependent fashion.

3.2. Amphetamine-like reinforcing property of L-deprenyl

L-Amphetamine is one of main metabolites of L-depre-
nyl, thus the reinforcing property of L-amphetamine was
compared with that of L-deprenyl. Groups of mice received

Fig. 1. The amphetamine-like reinforcing property of L-deprenyl on place
preference in mice. The bars represent the mean"S.E.M., ns10, ) ) P
-0.01, ) ) ) P -0.001 compared with saline group.

Fig. 2. Effects of haloperidol on the reinforcing effects of L-deprenyl in
mice. The bars represent the mean"S.E.M., ns8, ) P -0.05, ) ) P -

0.01, ) ) ) P -0.001 compared with saline group; aaP -0.01 compared
Ž . qqwith L-deprenyl 10 mgrkg i.p. group; P -0.01 compared with

Ž .L-deprenyl 25 mgrkg i.p. group.

different doses of L-amphetamine to determine the optimal
doses at which place preference was achieved. L-
Amphetamine at doses of 2 and 5 mgrkg i.p. significantly
induced place preference in the mice, and its reinforcement
potency was approximately equal to that of L-deprenyl at

Ž .doses of 10 and 25 mgrkg i.p., respectively Fig. 1 .

Fig. 3. Effects of haloperidol on the reinforcing effects of L-amphetamine
in mice. The bars represent the mean"S.E.M., ns8, ) P -0.05, ) ) P -

0.01, ) ) ) P -0.001 compared with saline group; aP -0.05 compared
Ž . qqwith L-amphetamine 2 mgrkg i.p. group; P -0.01 compared with

Ž .L-amphetamine 5 mgrkg i.p. group.



( )W.-R. Wu, X.-Z. ZhurEuropean Journal of Pharmacology 364 1999 1–64

3.3. Effects of haloperidol on reinforcing property of
L-deprenyl

Ž .Haloperidol 1 mgrkg i.p. was given as pretreatment
Ž .to additional groups of mice ns8 , and 30 min later

Žthese mice were injected with L-deprenyl 10 or 25 mgrkg
. Ž .i.p. or L-amphetamine 2 or 5 mgrkg i.p. , respectively.

Haloperidol effectively antagonized the L-deprenyl- and
Ž .L-amphetamine-induced place preference Figs. 2 and 3 .

3.4. Effects of MPTP on reinforcing property of L-deprenyl

Ž .MPTP 30 mgrkg i.p. was given as pretreatment to
Ž .additional groups of mice ns10 injected with different

Ž .doses of L-deprenyl 2, 10 and 25 mgrkg i.p. . MPTP did
Ž .not modify the effects of L-deprenyl Fig. 4 and L-

Ž .amphetamine data not shown on conditioned place pref-
erence, and MPTP itself had no reinforcing property.

3.5. Effects of MPTP and L-deprenyl on dopamine leÕels of
striata

MPTP, whose effects are mediated by 1-methyl-4-phen-
Ž q.ylpyridinium MPP , has a selective neurotoxic effect on

the dopamine-containing nerve terminals of the nigrostri-
Žatal system to lead to nerve degeneration Heikkila et al.,

.1984; Anne Johnson et al., 1989 , which can be antago-
nized by L-deprenyl, an irreversible inhibitor of monoamine

Ž .oxidase B Gerlach et al., 1996; Wu et al., 1999 . MPTP
Ž .30 mgrkg i.p. significantly induced dopaminergic neuro-
toxicity, depleting the striatal dopamine level by 72.9%, an

Žeffect which was partially antagonized by L-deprenyl 2

Fig. 4. Effects of MPTP on the reinforcing property of L-deprenyl in
mice. The bars represent the mean"S.E.M., ns10, ) ) P -0.01, ) ) ) P
-0.001 compared with saline group; aaP -0.01, aaaP -0.001 com-
pared with MPTP group.

Fig. 5. Effects of MPTP and L-deprenyl on the dopamine levels of striata
in mice. The bars represent the mean"S.E.M., ns6, ) P -0.05, ) ) P -

0.01, ) ) ) P -0.001 compared with saline group; aP -0.05, aaP -0.01,
aaaP -0.001 compared with MPTP group.

.and 10 mgrkg i.p. and completely blocked by L-deprenyl
Ž . Ž .25 mgrkg i.p. Fig. 5 .

4. Discussion

Although metabolites of L-deprenyl such as L-
amphetamine and L-methamphetamine can induce depen-
dence and abuse, L-deprenyl itself seems to have no abuse
potential when used clinically for the treatment of parkin-
sonism. However, series of studies on L-deprenyl in exper-
imental animals have provided preclinical data predictive

Žof human abuse liability Winger et al., 1994; Zheng et al.,
.1995 . L-Deprenyl, but not other monoamine oxidase B

Žinhibitors, has dose-dependent amphetamine-like Porsolt
.et al., 1984; Yasar et al., 1993a , methamphetamine-like

Ž . ŽYasar and Bergman, 1994 and cocaine-like Johanson
.and Barrett, 1993; Yasar et al., 1994 discriminative stimu-

lus properties in rats, monkeys and pigeons. High doses of
L-deprenyl can also maintain drug-seeking and drug-taking
behaviors by intravenous self-administration in monkeys
Ž .Winger et al., 1994 . These results indicate that such
effects are predominantly induced by amphetamine
metabolites of L-deprenyl with effects other than the inhi-
bition of monoamine oxidase B, and also suggest that the
relatively weak reinforcing potency of L-deprenyl is due to
the slow formation of its amphetamine metabolites.

In our studies, conditioned place preference was used to
further investigate the reinforcing effect of L-deprenyl. The
results demonstrated that L-deprenyl had a dose-dependent
amphetamine-like reinforcing effect in C57 mice, and that
its reinforcing potency was approximately one-fifth that of

Ž .L-amphetamine Fig. 1 . Although the data from this re-
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spondent reinforcement paradigm are not completely con-
sistent with those from the operated reinforcement model
Ž .Winger et al., 1994 , conditioned place preference has
been proved to be a more useful and convenient technique
than self-administration for evaluating the reinforcing
properties of some drugs. Conditioned place preference
can avoid some limitations of the self-administration pro-
cedure, such as a typical inverted U-shaped dose–effect

Ž .curve Yokel, 1987 and possible false negative results,
also the apparatus is simple and the procedure short-lasted
Ž .File, 1986; Tao and Zheng, 1996 .

Drug reward involves multiple brain neurotransmitter
Žsystems White et al., 1991; Shippenberg et al., 1993;

. ŽBardo, 1998 and neuroanatomical brain regions White et
.al., 1991; Kalivas, 1993; McGregor et al., 1996 . Since

dopamine acted as a critical mediator in drug reward, the
dopamine antagonist, haloperidol, was used in this study to
investigate the neurochemical mechanism of the reinforc-

Žing effect of L-deprenyl. Our finding that haloperidol 1
.mgrkg i.p. effectively blocks the reinforcing effects of

Ž .L-deprenyl and L-amphetamine Figs. 2 and 3 clearly
implies a role for dopamine receptors in L-deprenyl-in-
duced reward. The results also suggest that a similar
mechanism is involved in the effects of these two drugs.
MPTP-lesioned C57 mice were also used to detect whether
the reinforcing effect of L-deprenyl was mediated by the
mesolimbic or by the nigrostriatal dopaminergic system.
Our results demonstrated that MPTP treatment induced a
significant depletion of the striatal dopamine level in C57
mice, which could be antagonized by the neuroprotective

Žactions of L-deprenyl Gerlach et al., 1996; Wu et al.,
.1999 , but did not modify the reinforcing effect of L-depre-
Ž .nyl Figs. 4 and 5 . These results suggest that the dopamine

level in the nigrostriatal pathway plays no role in the place
preference induced by L-deprenyl, which is consistent with
the previous suggestion that the mesolimbic dopaminergic

Žsystem is a critical pathway underlying drug reward Liu
.and Zhang, 1996; Bardo, 1998 and that the nigrostriatal

dopaminergic system may not be involved in modification
of the reinforcing effects, especially those of stimulants
Ž .Carr and White, 1986; Bals-Kubik et al., 1993 . The
results also imply that MPTP has a relatively selective
neurotoxicity in the nigrostriatal system, or that the
dopamine neurons of the mesolimbic system are more
resistant than those of the nigrostriatal system. These
suggestions are supported by results of other studies that
show not only different vulnerability to neurotoxins be-

Ž .tween central dopaminergic pathways Hung et al., 1995 ,
Žbut also differences in gene expression Hung and Lee,

. Ž1996 , oxidative stress and antioxidative response Hung
.and Lee, 1998 .

To try to resolve the controversy about the abuse liabil-
ity of L-deprenyl found in preclinical studies and for
clinical applications, we suggest that not only the nigrostri-
atal dopaminergic system but also the mesolimbic
dopaminergic system of patients with Parkinson’s disease

Žis damaged to a certain degree Chinaglia et al., 1992;
.Menza et al., 1993 . The fact that the mesolimbic

dopaminergic system, the critical pathway underlying drug
reward, is not intact in these patients might explain the
small number of cases of L-deprenyl abuse reported. How-
ever, evidence from the general population belies the abuse
potential of L-deprenyl. L-Deprenyl appears to be popular
as a ‘smart drug’, which is sought out for its ability to
produce desirable effects relating to cognition, mood, at-

Ž .tention, libido Morgenthaler, 1992; Schneider et al., 1994 .
Therefore, the abuse liability of L-deprenyl should be
further evaluated, especially in the general population.

In conclusion, the present studies demonstrated that
L-deprenyl has amphetamine-like reinforcing properties and
that the mesolimbic dopaminergic pathway, but not the
nigrostriatal dopaminergic pathway, may play an important
role in the reinforcing effect of L-deprenyl.
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