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Summary. The present study examined the effect of the highly potent and
selective MAO B inhibitor PF9601N on L-DOPA-induced rotational behav-
ior in unilateral nigrostriatal 6-hydroxydopamine lesioned rats. Three doses of
PF9601N (20, 40 and 60mg/kg) were administered 30min before an injection
of L-DOPA (25mg/kg), and both contralateral and ipsilateral rotational
behavior was measured. In addition, we also studied the effect produced
by another MAO B inhibitor, deprenyl (20mg/kg), the MAO A inhibitor,
clorgyline (20mg/kg), and the dopamine reuptake inhibitor, GBR2909
(7.5mg/kg) on L-DOPA-induced rotational behavior. The results showed that
PF9601N plus L-DOPA significantly enhanced the duration of contralateral
rotational behavior with respect to L-DOPA plus vehicle in a dose-related
manner. At the dose of 40 and 60mg/kg, PF9601N produced significantly
more overall contralateral turning than L-DOPA plus vehicle, and at the dose
of 60mg/kg, PF9601N produced significantly more turning behavior than L-
DOPA plus deprenyl. These results suggest that PF9601N may be used as a
novel tool in the treatment of Parkinson’s disease.

Keywords: MAO B inhibitors, L-DOPA, turning behavior, Parkinson’s
disease.

Introduction

The monoamine oxidase (MAO) type B inhibitors such as deprenyl, produce
significant increases in striatal dopamine (DA) concentrations by diminishing
dopamine metabolism in the nigrostriatal system, promoting release, and
blocking the reuptake of dopamine (Knoll, 1978). In animal studies, it
has been shown that deprenyl (Heikkila et al., 1981), as well as another
MAO B inhibitor, MDL 72145 (Fozard et al., 1986) enhance L-DOPA (L-3,4-



dihydroxyphenylalanine)-induced contralateral rotational behavior in unilat-
eral nigrostriatal 6-hydroxydopamine denervated animals. More recently,
Heeringa et al. (1997) have shown that Ro 19-6327 (MAO B inhibitor) in
conjunction with the MAO A inhibitor, Ro 41-1049, prolonged the duration
of L-DOPA-induced rotation, although the total number of turns were not
increased. Moreover, type B MAO inhibitors have been shown to protect
dopamine neurons from MPTP neurotoxicity in mice and monkeys, as well
as from 6-hydroxydopamine neurotoxicity (for reviews see Heinonen and
Lammintausta, 1991; Lange et al., 1994). These agents are currently used
in the clinic for the treatment of Parkinson’s disease, either alone or in
combination with L-DOPA (Marsden, 1990; Galler et al., 1996).

PF9601N is a novel, potent, and selective MAO B inhibitor. In biochemi-
cal studies we have shown that under similar experimental conditions, this
compound resembles deprenyl in that it blocks the reuptake of amines, and
increases the release of dopamine in human and rat slices (Pérez et al.,
1999a,b). However, this compound showed greater selectivity and greater
potency than deprenyl in inhibiting MAO B, and unlike deprenyl, PF9601N is
not transformed to amphetamine or methamphetamine (Pérez et al., 1999a).
In addition, like other MAO B inhibitors, PF9601N can also protect
nigrostriatal dopamine neurons against MPTP neurotoxicity in C57BL/6 mice
(unpublished observations).

In the present study, we investigated the effects of PF9601N on L-DOPA-
induced contralateral rotational behavior in unilateral 6-hydroxydopamine
nigrostriatal lesioned rats. The actions of PF9601N were compared with those
of deprenyl, the MAO A inhibitor clorgyline, and the selective dopamine
reuptake blocker, GBR12909.

Methods

Animals

Male Sprague-Dawley rats were used in all groups. Initially, rats (150 6 10g) were housed
eight to a cage (59 3 38 3 20 cm), with free access to rat chow and water. They were
maintained in a temperature controlled environment (21 6 1°C) on a 12 h. light/dark cycle
(lights on at 8 a.m.) when they were not in experimental sessions. This experiment was
carried out in compliance with the European Communities Council Directive of Novem-
ber 24, 1986 (86/609/EEC) for care and use of laboratory animals.

Surgical procedure

Rats were anaesthetized with a sodium pentobarbital solution (40mg/kg, i.p.) and placed
in a David Kopf stereotaxic frame with the incisor bar set at 2.4mm (König and Klippel,
1963). Unilateral microinjections of 8 µg of 6-hydroxydopamine HCl (calculated as free
base, Sigma, USA) in 4µl of physiological saline with 0.2% ascorbic acid were performed
using a Hamilton syringe with a conically shaped needle of maximum diameter equal
to 0.4 mm. The rate of infusion was 1µl/min. The infusions were aimed at the medial
forebrain bundle (A 24.4, L 21.2, V 27.8mm, calculated from bregma and dura). This
lesion has been shown to extensively denervate the dopaminergic nigrostriatal system
(Ungerstedt, 1971). After surgery, rats were housed four to a cage for the remainder of
the experiment.
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Rotational behavior

Rotational behavior was recorded using a computerized system (Panlab S. A., Spain).
Animals were placed individually in plastic hemispherical bowls (40cm in diameter),
attached to a harness and connected to photoelectric detectors. The number of contralat-
eral and ipsilateral half turns was monitored.

Animal selection

In order to select the successfully denervated animals, thirty days post-surgery, all rats
were challenged with a low dose of apomorphine (0.05mg/kg, s.c.). The apomorphine test
was repeated four times with an interval of one week between treatments. Only rats
showing more than 500 contralateral half (180°) turns in one hour during the last two tests
with apomorphine were used in this study. Contralateral turning reflects the stimulation
of supersensitive dopamine receptors in the lesioned hemisphere (Schwarting and
Huston, 1996). Several authors have demonstrated that at least 90% dopamine depletion
is needed for apomorphine to induce contralateral rotational behavior (Hefti et al., 1980;
Hudson et al., 1993).

Drugs

Apomorphine and L-DOPA (Sigma, USA) were dissolved in 0.9% physiological saline.
Clorgyline (Sigma, USA), deprenyl, GBR-12909 (RBI), as well as PF9601N (Cruces et al.,
1991), were dissolved in a 10% solution of â-cyclodextrin (Cerestar, USA) in distilled
water. All drugs were injected intraperitoneally in a volume of 5ml/kg, except apomor-
phine that was injected subcutaneously in a volume of 1ml/kg.

Biochemical assays

At the end of the behavioral experiments, rats were sacrificed, their brains extracted,
and both lesioned and non-lesioned striatal tissue was dissected and stored at 280°C
(approximately 5 to 6h after L-DOPA administration). The concentration of DA and
3,4-dihidroxyphenylacetic acid (DOPAC) in striatal tissue was determined by high
performance liquid chromatography (HPLC) coupled with an electrochemical detector.
The mobile phase was comprised of citric acid (0.1M), EDTA (0.05 mM) and octane
sulfonic acid (1 mM) in 1% acetonitrile at pH 2.5. Briefly, tissues were homogenized
in perchloric acid (0.25M), EDTA (0.1 mM) and sodium metabisulphite (0.25mM;
1mg/25µl), centrifuged (16,000 3 g, 15min). A 20 µl aliquot of supernatant was injected
onto a 5µ Kromasil C-18 column (Teknokroma, Spain) attached to an HPLC system
equipped with a Coulochem II coulometric detector (ESA, UK). The monoamines
were quantified by peak height comparisons with standards prepared in the homogenate
medium.

General procedure

Sixty-nine well denervated animals were randomly allocated in 7 different groups. Rats
were placed in the rotometers, and following a 15min habituation period, group 1 re-
ceived an injection of the vehicle solution (5ml/kg, n 5 10), group 2 received an injection
of PF9601N (20 mg/kg, n 5 10), group 3 received an injection of PF9601N (40mg/kg, n 5
10), group 4 received an injection of PF9601N (60mg/kg, n 5 10), group 5 received an
injection of deprenyl (20 mg/kg, n 5 10), group 6 received an injection of clorgyline
(20mg/kg, n 5 10), and group 7 received and injection of GBR-12909 (7.5mg/kg, n 5 9).
Thirty minutes after the first injection, all rats received an injection of L-DOPA (25mg/
kg). Ipsilateral and contralateral rotational behavior was recorded for 30min after the
first injection, and for 240min after the second injection.
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Data analysis

Differences in total number of turns between groups were analyzed using a one-way
ANOVA, followed by the Duncan post-hoc test. Rotational behavior was also compared
between groups in 7 different time periods (blocks of 30 min) after L-DOPA administra-
tion using a repeated measures MANOVA, post-hoc analyses were carried out with the
Contrast option in MANOVA.

Results

DA and DOPAC concentrations

Dopamine concentration measured in striatal tissue from the lesioned side
(87.0 6 48.0 pg/mg) was found to be significantly smaller than the concentra-
tion measured in the intact side (10,596 6 1,031pg/mg) (p , 0.001). Similarly,
DOPAC concentration measured in striatal tissue from the lesioned side (29.0
6 15pg/mg) was significantly smaller than the concentration observed in the
intact side (651.0 6 111.0pg/mg) (p , 0.001). These values represent more
than 99% dopamine depletion in the lesioned striatum.

Rotational behavior

Systemic administration of PF9601N, deprenyl, clorgyline or GBR12909, 30
minutes before L-DOPA (25mg/kg) administration, produced very little ipsi-
lateral (PF9601N 20mg/kg: 13.10 6 2.11; 40mg/kg: 12.0 6 4.22; 60mg/kg: 8.30
6 1.74; clorgyline 20mg/kg: 16.80 6 3.39; GBR 7.5mg/kg: 16.89 6 3.85;
deprenyl 20 mg/kg: 10.40 6 2.88; vehicle: 11.30 6 2.92) and contralateral
(PF9601N 20mg/kg: 36.40 6 12.24; 40 mg/kg: 46.70 6 17.66; 60mg/kg: 32.70 6
7.72; clorgyline 20mg/kg: 87.0 6 24.71; GBR 7.5mg/kg: 42.22 6 15.43;
deprenyl 20mg/kg: 19.80 6 7.04; vehicle: 40.0 6 20.16) rotational behavior,
which was not significantly different between groups.

As shown in Fig. 1, contralateral rotational behavior following treatment
with L-DOPA plus vehicle produced increasing levels of contralateral rota-
tional behavior during the first 30min after administration. Turning behavior
was maintained at high levels during 60min, and then started to decrease
at 90min. L-DOPA in combination with the different doses of PF9601N,
deprenyl, clorgyline or GBR12909 produced lower levels of contralateral
turning with respect to L-DOPA plus vehicle during the first 90min (Deprenyl
. PF9601N 60mg/kg . PF9601N 40mg/kg . PF9601N 60mg/kg . clorgyline
. GBR12909), but no significantly differences were found between groups at
this time point. At 150min, the groups treated with L-DOPA plus PF9601N
(20, 40 and 60mg/kg), deprenyl or clorgyline still showed rotational behavior,
while the groups treated with L-DOPA plus vehicle or plus GBR12909
reached values near zero. At 180 min, the groups injected with L-DOPA
plus clorgyline, or plus PF9601N at the doses of 40 and 60mg/kg showed
significantly more rotational behavior than L-DOPA plus vehicle, plus
deprenyl or plus PF9601N at the dose of 20mg/kg. At 210min, rotational
behavior in the groups treated with L-DOPA plus deprenyl, or plus PF9601N
at the dose of 20mg/kg, decreased to near zero values, while the groups
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injected with L-DOPA plus PF9601N at the doses of 40 and 60mg/kg, or plus
clorgyline still showed turning behavior. At 240min, the groups treated with
L-DOPA plus PF9601N at the doses of 40 and 60mg/kg showed more con-
tralateral turning than the groups treated with L-DOPA plus vehicle, plus
PF9601N at the dose of 20mg/kg, plus deprenyl and plus GBR12909. At this
time point, no significant differences were observed between the group
treated with L-DOPA plus PF9601N at the dose of 40mg/kg and the group
treated with L-DOPA plus clorgyline. In addition, the group treated with L-
DOPA plus PF9601N at the dose of 60mg/kg, showed significantly more
turning than the group treated with L-DOPA plus PF9601N at the dose of
40mg/kg.

Fig. 1. Time-related effects of PF9601N (20, 40 and 60mg/kg), deprenyl (20mg/kg),
clorgyline (20 mg/kg), GBR 21109 (7.5 mg/kg), or vehicle (1ml/kg) on contralateral rota-
tional behavior induced by L-DOPA (25mg/kg) in unilateral 6-hydroxydopamine dener-
vated rats. L-DOPA was administered 30min after pretreatment with the various
substances. The data are expressed as half turns/10 minutes 1 S.E.M. Significant dif-
ferences between groups were found at 150min: [F(6,60) 5 8.17, p , 0.001], (* t , 4.25,
p , 0.002, L-DOPA plus PF9601N 20, 40 and 60mg/kg or plus clorgyline . L-DOPA plus
vehicle or plus GBR12909). At 180min: [F(6,60) 5 19.33, p , 0.001], (* t , 5.18, p , 0.03,
L-DOPA plus PF9601N 40 and 60 mg/kg or plus clorgyline . L-DOPA plus vehicle, plus
GBR12909, or PF9601N 20 mg/kg, or plus deprenyl). At 210min: [F(6,60) 5 13.37, p ,
0.001], (* t , 5.28, p , 0.001, L-DOPA plus PF9601N 40 and 60mg/kg or plus clorgyline
. L-DOPA plus vehicle, plus GBR12909, plus PF9601N 20mg/kg, or plus deprenyl). At
240min: [F(6,60) 5 7.77, p , 0.001], (* t , 4.98, p , 0.03, L-DOPA plus PF9601N 60 mg/
kg . L-DOPA plus vehicle, plus GBR12909, plus PF9601N 20mg/kg, plus deprenyl, or

plus clorgyline)
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Figure 2 shows the total number of ipsilateral and contralateral turns in
240min induced by the various drugs studied plus an injection of L-DOPA.
For contralateral turning, statistical comparisons revealed significant dif-
ferences between groups [F(6,62) 5 8.76, p , 0.0001]. The Duncan post-hoc
test showed that the groups injected with PF9601N at the doses of 40 and
60mg/kg plus L-DOPA showed significantly more overall contralateral turn-
ing as compared to the group injected with vehicle plus L-DOPA (p , 0.05).
In addition, PF9601N at the dose of 60mg/kg plus L-DOPA, produced
significantly more contralateral rotational behavior than deprenyl (20mg/kg)
plus L-DOPA (p , 0.05). In contrast, GBR12909 (7.5mg/kg) plus L-DOPA
significantly reduced contralateral turning with respect to saline plus L-
DOPA (p , 0.05). Low levels of ipsilateral turning were observed following
L-DOPA administration plus the different compounds. Statistical compari-

Fig. 2. Effects of PF9601N (PF: 20, 40 and 60 mg/kg), deprenyl (Dep: 20mg/kg),
clorgyline (Clor: 20 mg/kg), GBR21109 (GBR: 7.5mg/kg), or vehicle (Veh: 1ml/kg) on
the overall contralateral (a) and ipsilateral (b) rotational behavior induced by L-DOPA
(25 mg/kg). Data are expressed as total number of half turns 1 S.E.M in 240 min. The
asterisks represent significant differences with respect to vehicle plus L-DOPA (Duncan,
p , 0.05). The plus sign (1) represents significant differences with respect to deprenyl

plus L-DOPA (Duncan, p , 0.05)
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sons showed that PF9601N plus L-DOPA did not significantly enhance ipsilat-
eral turning with respect to vehicle plus L-DOPA at any of the doses tested.
In contrast, deprenyl (20mg/kg) plus L-DOPA significantly enhanced ipsilat-
eral turning with respect to vehicle plus L-DOPA (p , 0.05).

Discussion

In this study we show that, while PF9601N had no effect on rotational behav-
ior by itself, it increased the duration of L-DOPA-induced contralateral rota-
tional behavior in 6-hydroxydopamine denervated rats in a dose-related
manner. Similarly, both deprenyl and clorgyline significantly enhanced the
duration of L-DOPA-induced contralateral turning. However, clorgyline as
well as high doses of PF9601N prolonged the duration of L-DOPA’s effect
to a greater extent than did deprenyl. In contrast, the selective dopamine
uptake inhibitor GBR12909 (Anderson, 1989) reduced the contralateral
turning induced by L-DOPA, resembling the actions of amphetamine in 6-
hydroxydopamine denervated rats (Pycok, 1980). However, it did not increase
the ipsilateral turning produced by L-DOPA plus vehicle, indicating that the
action of L-DOPA in the denervated striatum primes over the action of
GBR12909 in the non-denervated striatum.

Previous studies have shown that non-selective doses of deprenyl (20mg/
kg), and clorgyline (5–20mg/kg), can potentiate the total number of turns
induced by L-DOPA, as well as, its duration of action (Heikkila et al., 1981;
Fozard et al., 1986). In our study deprenyl did not potentiate the total number
of contralateral turns induced by L-DOPA probably because it also
significantly increased the amount of ipsilateral rotational behavior. This
increase in ipsilateral turning may be explained by the fact that deprenyl
is rapidly metabolized to amphetamine and methamphetamine (Reynolds
et al., 1978), thus promoting dopaminergic activity in the non-denervated
striatum.

In 6-OHDA-lesioned rats, the dopamine produced by the decarboxylation
of L-DOPA can be broken down by MAO present in glia (MAO A), and in
the nerve terminals that have not been destroyed by the lesion (MAO A and
MAO B). Thus, the ability of non-selective doses of deprenyl and clorgyline
to potentiate L-DOPA-induced contralateral turning in this animal model is
likely due to an increase of dopamine in the lesioned striatum produced by the
inhibition of both type A and type B MAO. A recent report however, suggests
that MAO B inhibition may not account for the potentiation of L-DOPA-
induced rotational behavior in denervated rats since the potent type B MAO
inhibitor, RO19-6327, dose not potentiate L-DOPA-induced rotational be-
havior (Heeringa et al., 1997). In addition, in vivo microdialysis experiments
have shown that MAO B inhibition increases the levels of dopamine derived
from L-DOPA in intact rats, but not in rats lesioned with 6-hydroxydopamine
(Wachtel and Abercrombie, 1994; Finberg et al., 1995). Alternatively, MAO
A inhibition has been shown to play a major role in dopamine metabolism
both in non-denervated and denervated striatum (Finberg et al., 1995), and
there is data showing that type B MAO inhibitors at doses that produce more
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than 90% inhibition of type B MAO, still caused 25% inhibition of type A
MAO (Finberg et al., 1995).

Our results showing that PF9601N potentiates L-DOPA-induced con-
tralateral turning in an animal model of hemiparkinson can be due to its
ability to increase the levels of dopamine in the denervated striatum through
inhibition of both type A MAO present in intact nerve terminals, and type B
MAO present in the glia. An alternative mechanism of action for PF9601N
may involve direct stimulation of hypersensitive dopamine receptors in the
denervated striatum by the compound itself or by an active metabolite. In this
respect, we have found that PF9601N is metabolized to its corresponding
amine form within 30min (unpublished observations). However, more studies
are needed in order to confirm this hypothesis.

PF9601N may also increase dopamine levels by its ability to increase
release and inhibit the reuptake of dopamine (Pérez et al., 1999a,b). In unilat-
eral 6-hydroxydopamine lesioned rats, this mechanism of action would be
present predominantly in the non-lesioned striatum to produce ipsilateral
turning. However, in this study PF9601N plus L-DOPA did not significantly
increase ipsilateral turning with respect to vehicle plus L-DOPA.

In conclusion, our results showing that the new type B MAO inhibitor,
PF9601N, increases the duration of action produced by L-DOPA in an animal
model of hemiparkinson, suggest that this compound may be a useful thera-
peutic adjuvant in the treatment of Parkinson’s disease.
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