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Abstract

Over the past 10 years, there has been a resurgence of interest in examining the role of melatonin in health and disease. While the
brunt of research in this area has portrayed melatonin in a favorable light, there is a growing body of evidence suggesting that melatonin
may possess adverse effects contributing to the development of various neuropsychiatric disease states. In preclinical models of
Parkinson’s disease (PD), melatonin has been shown to enhance the severity of this condition while its antagonism, using constant light
or pinealectomy, facilitates recovery. To test this hypothesis further, the present study employed the melatonin analogues ML-23 and S-
20928 in a post-6-OHDA injection regime to determine whether they may have a favorable effect on the symptoms of this more chronic
model of PD. When ML-23 was injected L.P. in a dose of 3 mg/kg twice daily for 3.5 days after 6-OHDA, significant improvement in
motor function and regulatory deficits was observed. Similarly, the injection of S-20928 in a 1 mg/kg dose (I.P.), in the same regimen,
facilitated modest improvement in motor function and regulatory deficits while the larger dose enhanced the severity of behavioural
deficits and produced severe side effects causing deterioration in condition during the course of drug administration. ML-23
administration totally abolished the 6-OHDA-induced mortality, which accompanies dopamine (DA) degeneration, while S-20928 had no
effect on this parameter. These results suggest that some melatonin analogues can aid in recovery from DA depleting lesions after DA
degeneration has commenced and the recovery is not attributable to the antioxidative properties of this hormone. While the exact
mechanism by which ML-23 and S-20928 are exerting their therapeutic effect is unclear, it is possible that antagonism of melatonin
receptors may play some role and this should be considered when assessing the potential of melatonin analogues for treatment of human
neuropsychiatric disorders.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Melatonin; Melatonin receptor antagonists; ML-23; S-20928; Parkinson’s disease; Neuropsychiatric disease

1. Introduction

There is a growing interest in the role of the pineal
gland and melatonin secretion in neuropsychiatric disorders
and, in particular, Parkinson’s disease (PD). Current
theories have focused on the antioxidative properties of
melatonin and many regard this characteristic as the most
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important in relation to its normal physiological function
and in the compromised function of neurodegenerative
disease. In this capacity, it is proposed to act as a natural
deterrent to oxidative stress underlying neuropsychiatric
disorders such as PD (Reiter et al.,, 1999; Mayo et al.,
1998; Jin et al., 1998). The practical outcome of such a
hypothesis, however, has major limitations in that dop-
amine (DA) degeneration has progressed to an advanced
stage for several decades before the disease can be
diagnosed (Horstink and Morrish, 1999). At this late
stage, melatonin, as an antioxidant, would serve little to
improve the condition. In fact, there is experimental
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evidence that administration of melatonin in some models
of PD is capable of exacerbating some aspects of motor
impairment (Willis and Armstrong, 1999; Burton et al.,
1991).

In view of this controversy and of reports demonstra-
ting that melatonin has little or no effect in the treatment
of PD itself (Shaw et al., 1973; Papavasiliou et al., 1972),
other theories as to the role of melatonin in neuro-
psychiatric disease are emerging. Advocates of melatonin
for therapeutic application in PD and other neuropsy-
chiatric disorders fail to address commonly reported
findings such bradykinaesia and deterioration of motor
performance after the central or peripheral administration
of melatonin (Reis et al., 1963; Minneman et al., 1976;
Bradbury et al.,, 1985; Chuang and Lin, 1994; Araghi-
Nikham et al., 1999; Arushanyan and Ovanesov, 1989;
Rodriguez et al., 1984; Willis and Armstrong, 1999;
Burton et al., 1991). The implementation of a drug, which
causes bradykinaesia, in a disease where this symptom is a
cardinal feature, would contraindicate its use in the
therapeutic regimen. One possible explanation is that
while melatonin may prevent oxidative stress in the early
stages of the degenerative process, it may exacerbate
various aspects of DA degeneration during the more
chronic stages of the disease. This is supported by reports
which demonstrate that melatonin reverses experimental
PD when administered at the time of neurotoxic insult
(Dabheni-Sala et al., 2001), while the antagonism of
melatonin, using methods such as constant light and
pinealectomy (Artemenko and Levin, 1996; Willis and
Armstrong, 1999; Willis and McLennan, 2001b), alleviates
the symptoms during the more advanced stages of disease
in animals and man. To address this question, the present
experiments were undertaken with the aim of validating
this concept by determining whether pharmacological
antagonism of melatonin, using the melatonin analogues
ML-23 (Zisapel and Laudon, 1987) and S-20928 (Guar-
diola-Lemaitre and Delagrange, 1995; Delagrange et al.,
2003; Merle et al., 2000), to antagonize the melatonin
receptor, could improve experimental PD in a manner
similar to that reported after pinealectomy or constant light.
While ML-23 was selected on the basis of its described
function as a melatonin receptor antagonist in Syrian
hamster brain synaptosomes (Anis and Zisapel, 1991;
Zisapel and Laudon, 1987), we acknowledge that this has
been subsequently challenged (Buzzell et al., 1990; Chong
et al., 1993; Sugden, 1992) and that ML-23 may be a partial
agonist (Iuvone and Gan, 1994). However, in this capacity,
it may also function to antagonize the melatonin receptor
(Nonno et al., 1999). Furthermore, given the recent
suggestion that the search for more effective drugs for the
aged should include those which prolong life (Reiter, 1998),
ML-23 has been reported to share this feature with
melatonin (Oaknin-Bendahan et al., 1995) and, on this
basis, it thereby serves as a potential candidate for this

purpose.

2. Method

Fifty-three outbred male, Sprague Dawley rats were
obtained from the Bronowski Institute colony or from
Monash University Animal Services. Rats were housed
individually in wire mesh cages with standard food pellets
made available ad libitum from the cage floor. Tap water
was made available from bottles attached to the front of each
cage. Animals ranged in weight from 250 to 350 g at the
commencement of surgery. Room temperature was main-
tained at 22%2 °C with a 12-h light/dark cycle with lights
on at 0700 h. The room was illuminated with two
fluorescent tubes with the intensity of light within each
cage averaging 250 Ix during the lights on phase of the light/
dark cycle. All experiments were performed under the
auspices of the Animal Experimentation Ethics Committee
of the Bronowski Institute of Behavioural Neuroscience
implementing protocols conforming to the National Guide-
lines for the Care and Use of Animals for Scientific
Purposes.

2.1. Surgery

After habituation into the colony for at least 7 days, rats
were anaesthetized with 89 mg/kg of Alphaxalon and then
placed in a stereotaxic instrument. The site of cannulation
for intracranial (I.C.) injection for achieving experimental
PD was the posterior lateral hypothalamus (Willis and
Armstrong, 1998) just rostral to the midbrain diencephalon
border in the bundle of nigro-striatal fibres. To achieve
experimental Parkinsonism, rats were placed in a stereotaxic
instrument whereby 23-gauge stainless steel cannulac were
implanted just dorsal to the intended site of injection at the
coordinates AP=—1.8 mm, L=+ 1.8 mm, D=—6.1 mm. The
injection needle extended 2 mm beyond the cannula tip in a
ventral direction to minimize damage to the injection site
(Willis et al., 1976). All coordinates were relative to bregma
and in the plane of Pelligrino et al. (1979). This position has
been found to be effective in producing severe Parkinso-
nian-like effects in animals (Fink and Smith, 1979; Willis
and Armstrong, 1998, 1999; Willis and Smith, 1985). Rats
were allowed at least 10 days of recovery before commen-
cing the formal of each study.

2.2. Solutions and injections

2.2.1. Intracerebral (1.C.) 6-OHDA injections
6-Hydroxydopamine hydrobromide (Sigma, St. Louis,
MO, USA) was mixed in a concentration of 8 pg/ul and
injected in a volume of 2 pl per site. Injections were made at
a rate of 1 pl/min and the needle was left in situ for at least
30 s after each injection was complete to insure that the drug
diffused from the end of the needle. 6-OHDA was dissolved
in saline ascorbic solution to prevent rapid oxidation of the
drug (Willis and Armstrong, 1999; Willis et al., 1976). New
solutions of drug were prepared immediately prior to



G.L. Willis, A.D. Robertson / Pharmacology, Biochemistry and Behavior 79 (2004) 413—429 415

injection with stock solutions kept refrigerated or on ice
until used. All solutions were kept shielded from light and
then discarded immediately at the end of each injection
session.

2.2.2. Intraperitoneal (L.P) ML-23, S-20928 or vehicle
injections

ML-23 (M-(2,4,dinitrophenyl)-5-methoxytriptamine) and
S-20928 were synthesized by AMRAD. ML-23 was
weighed then dissolved in approximately 0.5 ml of 10%
dimethylsulfoxide (DSMO) then brought to volume to
achieve a 3 mg/ml solution with the final volume of
injection being 1.5 ml/kg. S-20928 was weighed then
dissolved in approximately 0.5 ml of 10% in DMSO then
brought to volume to achieve 1.0 and 5.0 mg/ml solutions.
The final solutions were injected in a volume of 1 ml/kg.
Control injections were made with a 10% DMSO/water
mixture. All injections were made via the I.P. route. The
doses of ML-23 and S-20928 were determined on the basis
of previous work with these compounds (Oaknin-Bendahan
et al., 1995; Merle et al., 2000).

For the ML-23 study, there were three groups employed
in a balanced paradigm with seven animals randomly
assigned to each group post-surgery. The first group was
injected with 1.C. 6-OHDA followed by I.P. vehicle. The
second group was injected with [.C.6-OHDA then ML-23 at
3 mg/kg. The third group served as a control group
receiving intracerebral vehicle then I.P. ML-23 in a dose
of 3 mg/kg. Implementation of the last group permitted the
assessment of the effects of intracerebral injection and of the
side effects of ML-23.

In the S-20928 study, four groups were employed in a
balanced paradigm with eight animals randomly assigned to
each group post-surgery. The first group was injected with
I.C. 6-OHDA followed by I.P. vehicle. The second group
was injected with I.C. 6-OHDA then S-20928 in a dose of 1
mg/kg. The third group was injected with I.C. 6-OHDA then
S-20928 at 5 mg/kg. The fourth group served as a control
group receiving 1.C. vehicle then I.P. Implementation of the
last group served as controls permitting the assessment of
the effects of 1.C. and I.P. injections.

Seven consecutive I.P. injections of ML-23 or S-20928
were made at 12 h intervals, with the first occurring
approximately 12 h (=2100 h) after the intracerebral
injection of 6-OHDA (=0900 h). The drug injection
regime was selected on the basis of previous research
demonstrating that strategic injection of DA receptor
antagonists in the same regimen for 3 days post 6-OHDA
enhances recovery from experimental PD (Glick and
Greenstein, 1974). Since subsequent research has demon-
strated that such recovery is not necessarily due to its
effect on striatal DA receptors (Willis et al., 1983a), the
use of this regime is particularly useful in the present
application given that extra-striatal, circumventricular sites
such as the pineal may be implicated (cf. Willis and
Armstrong, 1998; Willis et al., 1983a; Carlisle and

Reynolds, 1961). In addition, it has been demonstrated
that melatonin exerts a protective effect on degenerating
DA neurons when it is administered before or during
neurotoxic treatment. Therefore, implementation of a post-
treatment regime in the present study reduces the
possibility that injection of ML-23 or S-20928 is inter-
fering with the primary neurotoxic insult induced by
6-OHDA.

2.2.3. Behavioural, regulatory and histological assessment

Control measurements for all motor parameters were
made at least 24 h prior to 6-OHDA injection during the
light (1000-1500 h) and dark phase (2200-0300 h) of the
light/dark cycle. Motor function was assessed during the
light and dark phases at two crucial time periods after 6-
OHDA injection. The first time of measurement was on or
before day 7 post-6-OHDA and is referred to as the “acute
phase” of testing. At this time, deficits become increasingly
severe until death occurs or spontaneous recovery commen-
ces, that is, recovery without the aid of artificial feeding.
This permits the assessment of the impact of brain lesions
and the therapeutic potential of a treatment on motor
function and mortality without confounding the procedure
with artificial feeding. The object of testing at this time is to
assess the impact of DA degeneration using the optimal
number of animals prior to spontaneous death. The second
time of measurement was between days 12 and 15 and was
termed the “recovery phase” of testing. This period was also
chosen on the basis of previous work (Willis and Arm-
strong, 1999; see Willis and Smith, 1985 for review) and is
defined as the time during which recovery from the acute
effects of the neurotoxic insult and homeostatic control has
returned whereby animals are capable of regulating their
nutritive intake on their own and brain lesions are no longer
life threatening after this time.

Locomotion and rearing were measured with the aid of a
50x30%20 cm PVC box fitted with infrared sensors. The
total number of squares crossed and the number of rearings
onto the hind feet during a 10-min test session were
measured and recorded with the aid of a microprocessor.
A series of three motor reflex tests were performed
immediately at the conclusion of the open field test (Willis
and Armstrong, 1999). The latency to retract the left and
right front limbs when they were elevated 2.5 cm from the
table surface, the latency to step up or down from a raised
platform when the rear torso was elevated and the latency to
ambulate outside of a 4X6 cm rectangle were tested during
each test session directly after each animal was removed
from the locomotion chamber as described and used
previously (Balagura et al., 1969; Willis and Armstrong,
1999). Body weight was measured daily commencing at
about 1000 h for at least 9 days prior to and 17 days after 6-
OHDA injection. Food and water intake were measured for
a 2-h period commencing at 1900 h on day 10 (ML-23
Study) or day 5 (S-20928 Study), post 6-OHDA treatment.
Powdered food was made available from dishes designed to
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minimize spillage (£1 gm/day) and water was made
available from calibrated cylinders attached to the cage
front (spillage=%2 ml/day).

Clinical examination of each animal was undertaken
during the course of drug administration when animals were
handled each day. Parameters including grooming, eye
closure, kyphosis, penile erection, general muscle tone and
haematuria were assessed on a regular basis in all groups.
Each parameter was rated on a four-point scale with O=not
present, 1=slight, 2=moderate and 3=severe. Percent mortal-
ity was determined by comparing the total number of
spontaneous deaths with the total number of animals for
each group.

The performance of rats in the I.C. 6-OHDA plus LP.
vehicle injected groups was compared to that of the I.C. 6-
OHDA plus LP. drug injected groups in each study and
subjected to statistical comparison between the means for
each of the day and night testing sessions when each drug
was tested during the acute and recovery phases of the
experiments. In a balanced paradigm, a group of I.C. vehicle
plus LP. drug or vehicle were also run to determine if the
therapeutic agent possessed any side effects and to control
for the I.C. and L.P. injection procedures (controls). Addi-
tional analysis was undertaken at the end of the experiment
by combining the locomotion and rearing data from the day
sessions for the acute and recovery phases for each
respective group in each study. Similarly, the locomotion
and rearing data for the night sessions for the acute and
recovery phase testing were combined to reveal any overall
day/night effects. Statistical analysis employed was a one-
way ANOVA with Tukey’s HSD for multiple comparisons
(SPSS 11.0 for Windows) unless otherwise indicated. The
confidence levels were chosen pre hoc and set at 5% to
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depict a minimal significant effect while confidence levels
ranging from .06 to .09 depicted a significant trend.

At the end of the study, all remaining animals were
sacrificed with pentobarbitone sodium (325 mg/ml). Each
animal was injected with 0.5 ml of the stock solution. The
entire brain was removed and placed in 10% formalin. After
fixing each brain, they were sectioned and the site of
injection was examined bilaterally to permit the identifica-
tion of the site of I.C. injection. The extent of damage and
anatomical position for each injection site was defined in
relation to anatomical landmarks and then transcribed onto
mapped coronal sections as defined by Pelligrino et al.
(1979).

3. Results

As shown in Fig. 1, the I.P. injection of ML-23 for 3 days
post 6-OHDA caused significant, long-lasting improvement
in body weight regulation commencing on the second day
post 6-OHDA and lasting for the duration of the study. At the
end of the observation period, rats treated with ML-23
showed a 35 g increase in body weight over those treated
with 6-OHDA+vehicle. A one-way ANOVA revealed a
significant treatment effect (df=3,540; F=21.08; p=.0001).
Tukey’s HSD for multiple comparisons revealed no signi-
ficant difference between the control group and 6-
OHDA+ML-23 injected group (p=.83). However, the 6-
OHDA+vehicle injected group showed a significant decrease
in body weight compared to both groups as revealed by this
post hoc comparison (p=.0001 in both cases).

As illustrated in Fig. 2, animals injected with 1 or 5 mg/
kg of S-20928 or vehicle showed a significant drop in body
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Fig. 1. The effect of 3 mg/kg of ML-23 on 6-Hydroxydopamine (6-OHDA) induced experimental PD: the mean cumulative change in body weight. The open
circles represent the mean daily body weight of rats receiving I.C. injection of vehicle followed by I.P. injection of ML-23 (3 mg/kg). Open diamonds represent
1.C. 6-OHDA injections followed by I.P. injection of ML-23, while the closed circles represent animals injected I.C. with 6-OHDA followed by I.P. vehicle.
I.C. injections were made on the morning of day 13 and this is marked with an arrow. L.P. injections were made on the 4 days marked with an asterisk with the
first in the P.M. 12 h after 6-OHDA injection on day 13. The p value shown depicts the level of significance for the comparison between the group injected with

6-OHDA plus ML-23 compared to rats injected with 6-OHDA plus vehicle.
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Fig. 2. The effect of 1 or 5 mg/kg of S-20928 on 6-Hydroxydopamine (6-OHDA) induced experimental PD: the mean cumulative change in body weight. The
open circles represent the mean daily body weight of rats receiving I.C. injection of vehicle followed by L.P. injection of vehicle (1 ml/kg). Open diamonds
represent I.C. 6-OHDA followed by I.P. S-20928 (1 mg/kg) while closed diamonds represent I.C. 6-OHDA followed by 1.P. S-20928 (5 mg/kg). Closed circles
represent animals injected I.C. with 6-OHDA followed by L.P. injection of vehicle and these served as a control group. I.C. injections were made on the
morning of day 10 and this is marked with an arrow. L.P. injections were made on the 4 days marked with an asterisk with the first occurring in the PM. 12 h

after 6-OHDA on day 10.

weight compared to controls after 6-OHDA injection and
continuing for the duration of the study (ANOVA: df=3,
540; F=21.08, p=.0001). Further analysis with Tukey’s
HSD test revealed that the drop in body weight was
significant for all three groups compared to controls
(p=.0001 in all cases). When analysis was performed for
the critical 6 days post 6-OHDA, on a day-to-day basis, the
6-OHDA+vehicle group showed a significant drop in body
weight. Post hoc testing using Tukey’s HSD revealed the
difference on day 1 (ANOVA with df=3,28 for all
comparisons; F=99.8; p=.0001), day 2 (F=2.78; p=.04),
day 3 (F=5.3; p=.04) and day 4 ( F=5.1; p=.006), compared
to controls. This group also showed a significant trend
toward enhanced body weight loss on day 5 relative to
controls (F=2.53; p=.09). Rats injected with 1 mg/kg of S-
20928 only showed significant loss of body weight
compared to controls on day 1(F=9.8; p=.002) and day
3(F=5.3; p=.04), with a significant trend toward enhanced
body weight loss on day 4 (F=5.1; p=.07). Rats injected
with 5 mg/kg of S-20928 showed significant loss of body
weight compared to controls on day 1(F£=9.8; p=.001), day
3 (F=5.3; p=.03) and day 4 (=5.1; p=.009).

Fig. 3 illustrates the effect of ML-23 or S-20928 on the
locomotor performance (horizontal movement) for rats
treated with 6-OHDA during the acute and recovery test
sessions. When the performance of 6-OHDA plus ML-23
treated group was compared to that of vehicle treated
controls, no difference was observed (left traces; ANOVA,
df=2,39; F=3.73; p=91). However, Tukey’s post hoc
revealed that the number of squares crossed during the 10-
min test session for rats treated with 6-OHDA plus
vehicle, during the acute phase of testing, was signifi-
cantly impaired when compared to that seen for controls

(p=.03). When tested during the recovery phase, several
days later, the horizontal movement for all three groups
was similar and not significantly different. Note, however,
that three animals in each of the 6-OHDA+vehicle or 6-
OHDA plus S-20928 groups died during the acute phase
of testing and this contributed to the lack of observable
effect and spontaneous recovery contributed to the
improved condition.

The grouped traces on the right of Fig. 3 illustrate the
differences in horizontal movement between the three test
groups employed in the S-20928 study during the acute and
recovery phases of testing. ANOVA revealed a significant
treatment effect (df=3,60; F=3.37; p=.02). Post hoc multiple
comparison revealed that while the group injected with 5
mg/kg were similar to controls (p=.12) during the acute
phase of testing, rats injected with 1 mg/kg or vehicle after
6-OHDA were significantly different from controls (p=.05
and .03, respectively). When tested during the recovery
phase, ANOVA again revealed a significant treatment effect
(df=3,63; F=11.2; p=.0001). Post hoc analysis with Tukey’s
multiple comparisons revealed that the 5 mg/kg group
showed the most severe decrement in horizontal movement
and this was highly significant (p=.001) when compared to
control performance. Similarly, although not as severely,
animals treated with vehicle after 6-OHDA were signifi-
cantly impaired at this time when compared to controls
(p=.01). There was a significant trend for those animals
treated with the 1 mg/kg dose to also display a slight
decrement when compared to controls (p=.07). Multiple
comparison also revealed a significant increase in the
severity of impairment in the rats treated with 5 mg/kg of
S-20898 compared to those treated with 6-OHDA plus
vehicle (p=.03).
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Fig. 3. The effect of ML-23 or S-20928 treatment on locomotion (horizontal movement) in experimental PD. The change in number of squares entered for each
group was calculated on the basis of control performance prior to I.C. 6-OHDA injection and was compared to test performance post-6-OHDA injection. The
open bars represent the mean change in number of squares crossed for control animals injected I.C. with vehicle then L.P. with ML-23 (left traces) or with I.C.
vehicle then L.P. with vehicle at 1 ml/kg (right traces). The diagonal bars represent the mean of animals injected I.C. with 6-OHDA plus I.P. ML-23, while the
filled bars represent those animals receiving 1.C. 6-OHDA plus L.P. vehicle. The white bars with light stippling represent the mean of animals injected with 6-
OHDA plus 1 mg/kg of S-20928 while the dark cross-hatched bars represent those injected with 5 mg/kg of this drug. The acute phase test measurement
occurred during days 5—7 while the recovery phase test measurements occurred during days 15—-17. The level of significance is expressed above the bars where
statistical significance occurred. The 7-bars represent the standard error of the mean.

As illustrated in Fig. 4, a significant treatment effect was
revealed between the three groups tested for vertical
movement (rearing)(ANOVA: df=2,39, F=6.1, p=.005).
Post hoc analysis revealed that animals treated with ML-
23 and tested during the acute phase showed a similar
performance to that of controls (p=.851) and this was
significantly better than the performance of those animals

receiving 6-OHDA+vehicle (p=.006). Similarly, rats treated
with 6-OHDA+vehicle were significantly impaired when
compared to controls (p=.02). ANOVA again revealed a
significant treatment effect on the number of rearings
between groups (df=2,39; F=7.01; p=.003) during the
recovery phase. Tukey’s multiple comparisons revealed a
significant difference between control animals and those
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A
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-70 o5
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Fig. 4. The effect of ML-23 or S-20928 treatment on rearing (vertical movement) in experimental PD. The change in number of rearings for each group was
calculated on the basis of control performance prior to I.C. 6-OHDA injection and was compared to test performance post-6-OHDA injection. The open bars
represent the mean change in number of squares crossed for control animals injected I.C. with vehicle then L.P. with ML-23 (left traces) or with I.C. vehicle then
I.P. with vehicle at 1 ml/kg (right traces). The diagonal bars represent the mean of animals injected I.C. with 6-OHDA plus I.P. ML-23, while the filled bars
represent those animals receiving 1.C. 6-OHDA plus L.P. vehicle. The white bars with light stippling represent the mean of animals injected with 6-OHDA plus
1 mg/kg of S-20928 while the dark cross-hatched bars represent those injected with 5 mg/kg of this drug. The acute phase test measurement occurred during
days 5—7 while the recovery phase test measurements occurred during days 15—-17. The level of significance is expressed above the bars where statistical
significance occurred. The 7-bars represent the standard error of the mean.
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injected with 6-OHDA plus vehicle (p=.002). Rats injected
with 6-OHDA+vehicle were also significantly impaired in
their ability to rear onto the hind feet when compared to
those injected with 6-OHDA plus ML-23 (p=.03).

Fig. 5 illustrates the effects of ML-23 and S-20928 on the
ability to perform the first of three motor tests assessed at
the end of each open field session. ANOVA revealed a
significant treatment effect for the latency to retract a limb
during the acute phase of testing (df=2,81; F=8.87;
p=.0001). Post hoc analysis revealed that the latency to
retract a limb after 6-OHDA+ML-23 was not significantly
different from that of controls (p=.650) while the group
treated with 6-OHDA plus vehicle were significantly
impaired (p=.0001). A significant difference between the
6-OHDA+ML-23 and the 6-OHDA and vehicle treated rats
was also detected (p=.007). During the recovery phase, a
significant treatment effect was observed (ANOVA:
df=2,81; F=4.97; p=.009) in respect to the latency to retract
a limb. Multiple comparisons performed on that data
revealed that impairment in the 6-OHDA+ML-23 (p=.01)
or 6-OHDA+vehicle (p=.03) were similar for the two
groups, when compared to control performance. Similarly,
the injection of 6-OHDA produced a significant treatment
effect in respect to the latency to retract during acute phase
testing for animals treated post-6-OHDA with vehicle or
either dose of S-20928 after 6-OHDA (ANOVA: df=3,124;
F=5.05; p=.002). Tukey’s multiple comparisons revealed a
significant difference only between control animals and
those injected with 6-OHDA+1 mg/kg of S-20928
(p=.001). During the recovery phase of testing, the latency
to retract was significantly impaired as a result of treatment
(ANOVA: df=3,124; F=4.15; p=.008). Multiple compar-

N
N

isons again revealed the significant difference to lie in the
impaired performance of the 5 mg/kg treated group, when
they were compared to controls (p=.005).

ML-23 administration significantly improved impaired
performance on the latency to step from a raised platform
during the acute phase of testing as this group was not
significantly different to controls (ANOVA: df=2,39;
F=4.46; p=.473). Post hoc testing revealed that the
significant difference detected occurred between the 6-
OHDA+vehicle treated and the control group (p=.01).
During recovery phase testing, the latency to step was
significantly impaired only in the 6-OHDA+ML-23 group
compared to controls (ANOVA with Tukey’s HSD: 2,39;
F=4.7; p=.01) (Fig. 6).

The latency to step in animals treated with vehicle or S-
20928 was not significantly affected during the acute phase
of testing as they did not vary significantly from controls
and ANOVA revealed no main effect (df=3,60; F=1.56;
p=.208). Similarly, during the recovery phase of testing a
significant main effect was detected (ANOVA: df=3,60;
F=2.76; p=.05). However, Tukey’s multiple comparisons
revealed that only the S-20928 injected animals showed a
significant trend toward impaired latency to step (p=.07).
Otherwise, all other treatment groups were similar to
controls on this parameter.

The latency to ambulate during the acute test phase was
significantly impaired in the 6-OHDA-+vehicle treated
animals compared to control animals injected with I.C.
vehicle+I.P. ML-23 (Fig. 7). ANOVA with Tukey’s multiple
comparisons revealed this to be statistically significant
(df=2,39; F=8.04; p=.001) while animals injected with 6-
OHDA+ML-23 did not differ significantly from controls
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Fig. 5. The effect of ML-23 or S-20928 treatment on latency to retract a limb in experimental PD. The open bars represent the mean latency to retract for control
animals injected I.C. with vehicle then I.P. with ML-23 (left traces) or with I.C. vehicle then I.P. with vehicle at 1 ml/kg (right traces). The diagonal bars
represent the mean of animals injected 1.C. with 6-OHDA plus I.P. ML-23, while the filled bars represent those animals receiving I.C. 6-OHDA plus L.P.
vehicle. The white bars with light stippling represent the mean of animals injected I.C. with 6-OHDA plus 1 mg/kg of S-20928 while the dark cross-hatched
bars represent those animals injected with I.C. 6-OHDA plus 5 mg/kg of this drug. The acute phase test measurement occurred during days 5-7 while the
recovery phase test measurements occurred during days 15—17. The level of significance is expressed above the bars where statistical significance occurred.

The T-bars represent the standard error of the mean.
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Fig. 6. The effect of ML-23 or S-20928 treatment on latency to step from a raised platform in experimental PD. The open bars represent the mean latency to
step for control animals injected I.C. with vehicle then I.P. with ML-23 (left traces) or with I.C. vehicle then I.P. with vehicle at 1 ml/kg (right traces). The
diagonal bars represent the mean of animals injected I.C. with 6-OHDA plus I.LP. ML-23, while the filled bars represent those animals receiving I.C. 6-OHDA
plus LP. vehicle. The white bars with light stippling represent the mean of animals injected I.C. with 6-OHDA plus 1 mg/kg of S-20928 while the dark cross-
hatched bars represent those animals injected with I.C. 6-OHDA plus 5 mg/kg of this drug. The acute phase test measurement occurred during days 5—7 while
the recovery phase test measurements occurred during days 15—17. The level of significance is expressed above the bars where statistical significance occurred.
The T-bars represent the standard error of the mean.

(p=.176). Other than a significant trend for ML-23 treated,
6-OHDA injected rats that showed slight impairment for
latency to ambulate during the recovery phase of testing
(ANOVA: df=2,39; F=2.74; p=.06), no other differences in
performance on this parameter were observed at this time.
The latency to ambulate for S-20928 or vehicle injected
animals was not significantly altered during the acute phase
of testing as no main effect was seen (ANOVA: df=3,63,
F=2.05; p=.116). However, during the recovery phase, the
6-OHDA treated rats injected with 5 mg/kg of S-20928 were

N
[6)]

significantly impaired on this parameter compared to
controls (ANOVA: df=3,63; F=7.67, p=.0001), to those
receiving 6-OHDA+1 mg/kg of S-20928 (p=.002) or to rats
injected with 6-OHDA+vehicle (p=.03).

When the number of squares crossed during the day test
sessions for the acute and recovery period for rats treated
with ML-23 was, there were no significant differences
between any of the treatment groups for this parameter
(ANOVA: df=2,39; F=1.49; p=238. £ difference scores: 6-
OHDA+vehicle, ¥=—116.4 S.E.=%+39.8: 6-OHDA+ML-23,

- N N
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Fig. 7. The effect of ML-23 or S-20928 treatment on latency to ambulate in experimental PD. The open bars represent the mean latency to ambulate for control
animals injected I.C. with vehicle then I.P. with ML-23 (left traces) or with I.C. vehicle then L.P. with vehicle at 1 ml/kg (right traces). The diagonal bars
represent the mean of animals injected 1.C. with 6-OHDA plus I.LP. ML-23, while the filled bars represent those animals receiving I.C. 6-OHDA plus L.P.
vehicle. The white bars with light stippling represent the mean of animals injected I.C. with 6-OHDA plus 1 mg/kg of S-20928 while the dark cross-hatched
bars represent those animals injected with I.C. 6-OHDA plus 5 mg/kg of this drug. The acute phase test measurement occurred during days 5—7 while the
recovery phase test measurements occurred during days 15—17. The level of significance is expressed above the bars where statistical significance occurred.
The T-bars represent the standard error of the mean.
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x=—109.4 S.E.=%+32.7: vehicle+tML-23 (control),
Xx=—91.1£23.5). Similarly, combined night test sessions
for this parameter were unaffected by the various ML-23 or
vehicle treatments (ANOVA: df=2,39; F=.660, p=.522. X
difference scores: 6-OHDA+vehicle, ¥==—90.8 S.E.=+35.8:
6-OHDA+ML-23, ¥=—31.6 S.E.=% 28.8: vehicle+tML-23
(control), x=—33.4+13.2).

There was only a slight trend to rear less during the
combined day test sessions for animals injected with 6-
OHDA+vehicle, compared to controls (ANOVA with
Tukey’s HSD: df=2,39, F=2.91; p=.07. x difference scores:
6-OHDA+vehicle, ¥=—50.7 S.E.=£6.5: 6-OHDA+ML-23,
x=—33.6 S.E.=%7.5: vehicle+tML-23, ¥=—29.4+5.7). Oth-
erwise, there were no other differences detected. During the
combined night sessions, there was no significant difference
in rearing for rats treated with 6-OHDA+ML-23 compared
to controls as revealed by ANOVA with post hoc compar-
isons. Those rats treated with 6-OHDA plus vehicle did
show significant impairment in rearing behaviour during the
same combined test periods in the dark (ANOVA: df=2,39;
F=8.44; p=.999 and p=.003, respectively; ¥ difference
scores: 6-OHDA-+vehicle, ¥=—57.5, S.E=+ 8.6: 6-
OHDA+ML-23, x=—18.3 S.E.=+7.6: vehicletML-23,
7=—18.616.9).

The injection of either dose of S-20928 has no effect on
the number of squares crossed during the day, after 6-
OHDA treatment. (ANOVA: df=3,60; F=2.05, p=.116: 6-
OHDA+vehicle, ¥=—118.8, S.E.=%24.4: 6-OHDA+1 mg/
kg, ¥=—147.3, S.E.=131.3: 6-OHDA+5 mg/kg, ¥=—140.2,
S.E.=%+32.4: vehiclet+vehicle (control), ¥=—57.4, S.E.=
+25.2). During the night there was a significant trend for
the number of squares to decrease after 6-OHDA+vehicle

-
N

treatment when compared to control performance while the
number of squares crossed by the 1 mg/kg (p=.476) or 5
mg/kg dose groups (p=.254) were not significantly different
from controls. (ANOVA plus Tukey’s HSD: df=3,60;
F=2.13, p=.06 for the 6-OHDA+vehicle group, x=—133.0,
S.E=%30.0: 6-OHDA+1 mg/kg, ¥=—87.0, S.E.=%28.8: 6-
OHDA+5 mg/kg, x=—104.6, S.E.=£39.3: vehicle+vehicle
(control), x=—26.3, S.E=%15.8).

Rearing onto the hind limbs during test sessions in the
light were not affected significantly by drug treatment in any
of the groups tested after vehicle or S-20928 injection.
(ANOVA: df=3,60;, F=1.245, p=.302: 6-OHDA+vehicle,
x=-31.5, S.E.=£7.6: 6-OHDA+1 mg/kg, ¥=—47.2,
S.E=%5.9: 6-OHDA+5 mg/kg, ¥=—38.1, S.E.=%8.7:
vehicletvehicle, ¥=—29.9, S.E.=%5.5). During the dark
phase of the light/dark cycle rats injected with 5 mg/kg of S-
20898 showed a significant decrease in rearing performance
for the acute and recovery sessions combined and compared
to controls (ANOVA with Tukey’s HSD: df=3,60; F=5.15,
p=.003: cf. 6-OHDA+vehicle, ¥=—30.5, S.E=%£9.1: 6-
OHDA+1 mg/kg, ¥=—31.9, SE=%6.8: 6-OHDA+5 mg/
kg, ¥=-55.8, S.E.=+7.2: vehicletvehicle (control),
x=—17.9, S.E=%3.7). Analysis using post hoc multiple
comparisons revealed that rats injected with 1 mg/kg of S-
20928 or vehicle were not significantly different from
controls at this time.

Results from the food and water intake tests are
expressed in Fig. 8. During the recovery phase of testing,
at day 10 after 6-OHDA injection, there was a significant
difference in the quantity of food eaten by 6-OHDA+ML-23
injected animals compared to those injected with 6-
OHDA+vehicle (ANOVA: df=2,15; F=5.95; p=.01), albeit
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Fig. 8. The effect of ML-23 or S-20928 on food and water intake in experimental Parkinson’s disease. Rats treated with ML-23 (left trace) were tested at 1900—
2100 h on day 10 after 6-OHDA injection while S-20928 injected rats were tested on day 5 post-6-OHDA (right traces). For the ML-23 and food intake study,
the open bars represent the mean food intake of rats injected with I.C. vehicle and I.LP. ML-23 or I.C. vehicle plus I.P. vehicle. These animals served as controls.
The diagonally banded bars represent rats injected I.C. with 6-OHDA then I.P. with ML-23. In the S-20928 study, the filled bars represent food and water intake
for rats injected I.C. with 6-OHDA then I.P. with vehicle. The light stippled bars represent animals injected I.C. with 6-OHDA then L.P. with 1 mg/kg S-20928.
The diagonal bars represent the mean response of rats injected I.C. with 6-OHDA plus 5 mg/kg S-20928. Statistical comparisons revealed no significant
treatment effects on these parameters. The 7-bars represent the standard error of the mean.
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ML-23

S-20928

Fig. 9. Anatomical maps from Pelligrino et al. (1979), depicting injection sites after the I.C. injection of 6-OHDA with the centre of the lesion depicted for each
injection site. The upper two map groups represent the locus of injection for the ML-23 study. The open circles represent sites of injection for rats receiving I.C.
vehicle plus L.LP. ML-23. The filled circles represent the injection sited for rats injected 1.C. with 6-OHDA then L.P. vehicle. The open triangles represent
injection sites in rats injected I.C. with 6-OHDA then I.P. with ML-23. The lower two map groups represent the injection loci for the S-20928 study. The open
circles represent sites of injection for rats receiving I.C. vehicle plus I.P. ML-23. The filled circles represent the injection sites for rats injected 1.C. with 6-
OHDA then LP. vehicle. The open triangles represent injection sites in rats injected 1.C. with 6-OHDA then LP. with 1 mg/kg of S-20928 while the filled
triangles represent the injection sites in rats injected I.C. with 6-OHDA then L.P. with 5 mg/kg of S-20928. The placement of the lesions generally ranged in an
anterior—posterior position extending from 1.4 to 1.8 mm posterior to bregma as indicated.
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a change of minor magnitude. The occurrence of a
significant trend to reduce food intake in the presence of
6-OHDA+vehicle administration when compared to control
intake (p=.07), while 6-OHDA+ML-23 injected rats did
not, suggests that the significant difference between ML-23
and vehicle administration noted above is probably due to a
type I error.

Similarly, neither the 1 or 5 mg/kg dose of S-20928, nor
the injection of vehicle caused significantly improvement in
the depressed food intake at day 5 after 6-OHDA injection,
as all were significantly reduced when compared to controls
(ANOVA with multiple comparisons: df=3,28;F=5.107;
p=.007; p=.04; and p=.02, respectively). None of these
groups differed from each other at this time. In addition,
water intake was significantly depressed in all three groups,
compared to control intake, with Tukey’s multiple compar-
isons revealing these differences to be highly significant
(ANOVA: df=3,28;F=20.9; p=.0001 in all cases). Neither of
the groups treated with 6-OHDA+S-20928 or 6-OHDA+
vehicle differed from each other at this time.

Assessment of all rats on clinical parameters during the
time of testing revealed that only those treated with 5 mg/kg
of 20898 showed more severe impairment of grooming,
increased eye closure, and kyphosis, around the time of I.P.
injection than did the animals injected with 1 mg/kg of
S-20928 or vehicle. In addition, penile erection, loss of
general muscle tone and haematuria were seen more
frequently in these animals than in any other group. Rats
in the 1 mg/kg of S-20928 group showed these signs less
frequently, and with less severity, than the 5 mg/kg dose
group. These symptoms disappeared 1-2 days after LP.
injections ceased while they were not observed in animals
injected L.P. with vehicle or ML-23.

The mortality of rats treated with 6-OHDA was
prevented by ML-23 administration as none of this group
became moribund and died during the course of the
experiment. Three of the rats treated with 6-OHDA+
vehicle died between the 7th and 18th day of observation
(47%). In the S-20928 study, three out of eight rats died in
the 6-OHDA plus 1 mg/kg group, the 6-OHDA plus 5 mg/
kg group and the 6-OHDA plus vehicle group. In both
experiments, all animals that died as a result of the acute
severity of DA depleting lesions could not be assessed
during the recovery phase of the experiment. Therefore,
the impact or longer term physiological and behavioural
parameters was limited to those animals experiencing
spontaneous recovery.

Histological examination of the brain tissue post-mortem
(Fig. 9) revealed that the lesions resulting from the injection
of 6-OHDA or vehicle into the PLH caused necrotic tissue
damage of a similar volume of tissue and in similar
anatomical placement in all three groups tested. Necrosis
depicting the site of injection was located just rostral to the
substantia nigra, extending from the lateral hypothalamus,
through the PLH and into the anterior part of the substantia
nigra.

4. Discussion

These results demonstrate that the administration of some
melatonin analogues can reverse the PD like deficits seen in
more chronic models of PD and can facilitate recovery of
motor and homeostatic control. Traditionally, one of the
most difficult parameters to recover in the bilateral, 6-
OHDA model for this disorder is reduced food intake and
loss of the ability to regulate body weight. Consequently,
animals ether die within a few days after 6-OHDA injection
or they have to be maintained with artificial feeding for
several weeks until spontaneous recovery occurs. Even
when DA replacement therapy is employed (Dunnett and
Bjorklund, 1984; Ljungberg and Ungerstedt, 1976), the
reinstatement of such regulatory functions is not readily
achieved. However, when the melatonin analogue, ML-23,
was employed in a paradigm shown previously to induce
recovery from DA depleting lesions using other drugs
(Glick and Greenstein, 1974), a permanent, complete
recovery was observed.

In the present study, we have employed a paradigm
which has been used frequently to ascertain the role of DA
receptor supersensitivity in recovery from DA degenerating
lesions of the brain. Traditionally, DA receptor antagonists
or tyrosine hydroxylase (TH) enzyme inhibitors have been
administered 3 days prior to or 3 days after DA depletion.
This produces a reduction of DA receptor occupancy in the
striatum thereby inducing a state of paucity of transmitter
and hypersensitivity of the postsynaptic receptor ensues. In
previous studies, we have challenged this model by
employing a DA receptor antagonist which fails to cross
the blood—brain barrier and yet produces a robust recovery
of motor control and regulatory function (Willis et al.,
1983a). This suggested that extra-striatal mechanisms were
involved in the aetiology and recovery from DA depleting
lesions. In the present study, we choose this regime of drug
administration for two additional reasons. In the first
instance, the time of first injection in this regime occurs at
least 12 h after the administration of 6-OHDA and
interference of the drug with the acute neurotoxicity of
6-OHDA is unlikely (Antolin et al.,, 2002; Kim et al.,
1998; Mayo et al., 1999; Reiter, 1998). Since the cascade
of degenerative events would already be well passed by
the time the first ML-23 or S-20928 injection occurred, it
is unlikely that an antioxidative effect is responsible for the
observed behavioural recovery. Contemporary work with
melatonin, suggesting that it has prophylactic utility in PD
as an antioxidant, is linked with a mechanism of action
dependent on administration around the time of neurotoxic
insult. This is based on reports demonstrating that
melatonin loses its efficacy in this capacity about 1 h
after neurotoxin administration (i.e. lacovitti et al., 1997).
With the profile of recovery depicted by body weight loss
after 6-OHDA illustrated in Fig. 1 showing a pattern or
recovery that strengthens over several days post-6-OHDA,
such an effect is not consistent with a simple antioxidative
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effect. Secondly, a similar injection regime has been
employed with the TH inhibitor alpha-methyl-para-tyro-
sine (AMPT) to induce DA receptor hyperactivity prior to
induction of DA degeneration thereby reducing the
severity of experimental PD (Glick et al., 1972). It so
happens that AMPT injection also causes dramatic
reduction of nocturnal pineal melatonin (Zimmerman et
al., 1994), and like the drugs employed in the present
study, such treatment would reduce melatonin bioavail-
ability providing an alternative explanation for the
observed recovery in DA-deficient rats. This phenomenon
may well involve an extra-striatal mechanism. (Carlisle
and Reynolds, 1961; cf. Glick and Greenstein, 1974; Willis
et al.,, 1983a). Further to this, relief of bradykinaesia,
rigidity, insomnia and depression have been reported in
studies employing bright light therapy to induce recovery
from PD in animals (Willis and Armstrong, 1999) and man
(Artemenko and Levin, 1996; Willis and McLennan,
2001b) and such treatment has also been linked to reduced
melatonin bioavailability (Rosenthal et al., 1986). Consis-
tent with this interpretation is the suggestion that melatonin
may have a more acute (non-antioxidative) role in
facilitating DA degeneration and that prevention of
melatonin signaling may be beneficial in mediating recover
from PD. We suspect that the pineal plays a major role in
this regard, and in relation to the psychiatric side effects
which typify long-term use of DA replacement therapy
(Willis and McLennan, 2001a).

One of the most interesting findings in the present
study is the differential effects that drug administration
had on motor responses in the light versus the dark phase
of the light/dark cycle. Vertical movement seemed to be
particularly sensitive to the reparative effect of ML-23 at
night. The night-time performance of ML-23 injected rats
with experimental PD was the same as controls for the
duration of the experiment, an effect that was not
observed in 6-OHDA treated rats injected with vehicle.
Given that rats are nocturnal: increased activity would be
predicted in the dark for all groups. The ML-23 injected
group showed the most remarkable improvement in
rearing during testing in the dark (+47%). Control rats
improved slightly less (+37%) while 6-OHDA+vehicle
injected rats deteriorated (-7%). Similarly, in the S-20928
study, a significant trend toward enhanced impairment of
horizontal movement was observed at night in 6-OHDA+
vehicle treated controls, but not in Parkinsonian rats
treated with either dose of drug. The night-time rearing
performance of control rats improved by 54%, as did the
performance of rats treated with 1 mg/kg (+40%) or 5 mg/
kg (+26%) of the active drug while rats injected with
6-OHDA+vehicle deteriorated when tested in the dark
(—12%). These findings add further support to the
contention that melatonin is directly involved in actiology
of experimental PD and that the observed treatment effects
are mediated by pineal melatonin. This theme is currently
under intensive investigation.

The use of melatonin as an adjunct therapy for PD to
either halt progressive degeneration or for the symptomatic
treatment of PD is problematic. In the first instance, when a
PD patient presents, DA degeneration is well in progress
and at such advanced stages melatonin would not be
expected to be particularly effective. It is generally accepted
that clinical PD is characterized by degeneration of at least
80% of the ascending DA system. Ideally, to overcome this,
melatonin therapy would have to commence 10-30 years
prior to diagnosis. In this respect, the early diagnosis of PD
this far in advance is unrealistic not to mention the potential
for unwanted side effects with prolonged use (Guardiola-
Lemaitre, 1997; Weaver, 1997). So the time, dose and
duration of melatonin administration in PD is riddled with
many practical limitations. The most promising application
for melatonin in PD is to retard or halt the progressive
degeneration characterizing this disease. However, there
have been many attempts to do so using other compounds
with antioxidative properties but this has met with limited
success (Baronti et al., 1992; Fahn, 1996; Gerlach et al.,
1994a; 1994b; Stocchi and Olanow, 2003). Given that there
are other antioxidants, more potent and effective than
melatonin (Martinez-Cruz et al., 2002) and that most
antioxidants (including melatonin) also possess pro-oxida-
tive qualities (Kienzl et al., 1995; Medina-Navarro et al.,
1999; Oyanagui, 1997; Tang et al., 1998; Waddington and
Crow, 1979; Youdim et al., 1989), further work with other
antioxidative candidates is in order before a consensus is
reached about the suitability of melatonin in this capacity.

On balance, the reports suggesting that melatonin is of
therapeutic benefit in PD do not present an overwhelmingly
convincing story. In the original clinical studies where
melatonin was administered to PD patients (Anton-Tay,
1974; Anton-Tay et al., 1971), there were difficulties with
experimental design and interpretation. Firstly, the defini-
tion of each patient’s condition prior to treatment and their
response after treatment commenced and during drug
withdrawal was not detailed or standardized. Secondly, the
doses of melatonin employed were large (1.2 g/day),
making a meaningful interpretation as to the therapeutic
mechanism difficult to decipher (Guardiola-Lemaitre,
1997). Thirdly, the melatonin was mixed with 2% alcohol
solution, a combination which will enhance the sedative
effect of melatonin (Willis and McLennan, 2001a,b).
Furthermore, subsequent attempts to replicate the work
showed that melatonin therapy was ineffective in treating
PD (Papavasiliou et al., 1972; Shaw, 1977; Shaw et al.,
1973). This, combined with conflicting reports describing
inhibitory effects of melatonin upon DA synthesis and
release (Alexiuk and Vriend, 1993; Nowak et al., 1992;
Tenn and Niles, 1997; Zisapel et al., 1982; 1985), makes the
DA replacement theory using melatonin unlikely and does
not encourage the use of melatonin in the treatment of PD. It
is entirely possible that symptomatic relief, such as
reduction in tremor and anxiety, may be related to a
sedative effect similar to that observed with the benzodia-
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zepines (Garfinkel et al., 1999; cf. Antén-Tay, 1974;
Dowling and Aminoff, 1999; Patterson and Vickers, 1984;
Shaw, 1977). The introduction of melatonin for treating
secondary symptoms of PD presents additional problems
such as increased falling (Culebras, 1992), reduced vigi-
lance (Wirz-Justice and Armstrong, 1996), and decreased
motor performance (Araghi-Nikham et al., 1999; Arush-
anyan and Ovanesov, 1989; Bradbury et al., 1985; Burton et
al., 1991; Chuang and Lin, 1994; Minneman et al., 1976;
Reis et al., 1963; Rodriguez et al., 1984; Willis and
Armstrong, 1999). Each of these factors should be carefully
and thoroughly examined before melatonin is considered as
an adjunct therapy in PD (Mayo et al., 1998; Zisapel, 2001;
Bruguerolle and Simon, 2002).

Like the putative melatonin receptor antagonist, ML-23,
the antagonist S-20928 also possesses anti-Parkinsonian
properties that enhance recovery in a chronic model of PD.
However, unlike ML-23, the observed therapeutic effects
of S-20928 are not as robust with dose-dependent proper-
ties and toxicity limiting its utility. While some anti-
Parkinsonian effects were seen with the 1 mg/kg dose, the
5 mg/kg caused deleterious side effects. Haematuria, penile
erection, exaggerated kyphosis and abdominal pain during
L.P. injection were much more severe in the 5 mg/kg group
than in the 1 mg/kg or vehicle treated groups. It is likely
that these side effects interfered with the recovery from the
6-OHDA-induced PD. Whether this is an issue specifically
related to S-20928 or whether it is a problem associated
with some classes of melatonin receptor antagonists is
unclear. Body weight was improved significantly by the
lower dose of S-20928, suggesting that motor versus
regulatory deficits may be differentially sensitive to the
effects of different antagonists. Previous work using non-
pharmacological methods of melatonin antagonism,
namely pinealectomy and light (Willis and Armstrong,
1999), is devoid of side effects suggesting that melatonin
antagonism in itself is not responsible for the observed
complications. These deleterious versus the therapeutic
effects may be specific to the dose of S-20928 employed
and further work with doses less than 1 mg/kg may
elucidate the answer.

The dose-related effects of S-20928 might be similar to
those observed with DA replacement. In the case of L-
DOPA, the dose-response curve is bell-shaped with
moderate doses facilitating recovery while higher doses
cause motor impairment (Fredriksson et al., 1990; Bell et
al., 1971; Fink and Smith, 1979; Willis et al., 1983b; Asami
et al., 1986; Messiha, 1989). In fact, this phenomenon could
account for the high incidence of psychiatric side effects and
motor abnormalities seen in the clinic after prolonged use of
these drugs (Banerjee et al., 1989; Cardoso and Jankovic,
1997; Olanow and Houser, 1990). Further dose-response
studies with other melatonin receptor antagonists in more
chronic models (Gerlach and Riederer, 1996) should also
shed light on the nature of the inhibitory versus facilitatory
effects observed with some antagonists.

Of particular significance is the finding that ML-23 was
effective in totally eliminating the high morbidity associated
with this acute model of PD, while S-20928 had no effect on
this parameter. Typically, the mortality rate after bilateral,
intracerebral 6-OHDA is 30-50% in most studies under-
taken over the past 20 years (see Willis and Smith, 1985;
Willis and Armstrong, 1998). Reduced mortality is similar
to that observed in studies which specifically employed
melatonin and the analogue ML-23, to increase the
longevity of survival in normal rats (Oaknin-Bendahan et
al., 1995). In that study, it was assumed that the increased
survival of melatonin treated rats would be reversed by the
administration of the antagonist ML-23; however, both
compounds increased life span and no explanation as to the
basis for this phenomenon was forthcoming. The current
study confirms the life enhancing characteristics of ML-23
and, for the first time, demonstrates that such an effect can
be observed in models of human disease. While we are yet
to elucidate the precise mechanism by which this decreased
mortality occurs, our choice of this drug as a potential
candidate for clinical development was made on the basis of
this feature. Such a feature is now recognized as an
important criterion for selecting potential drug candidates
for diseases of advancing age (Reiter, 1998).

That the antagonism of melatonin might be the
mechanism underlying the observed effect is supported
by inference from numerous studies. For example,
melatonin secretion is associated with increased occurrence
of seborrhea (Maietta et al., 1991). Interestingly, seborrhea
is a common secondary symptom associated with PD
(Burton et al, 1970, 1973). Both seborrhea and the
negative symptoms of PD can be corrected with light
therapy in man (Artemenko and Levin, 1996; Willis and
McLennan, 2001b) and similar effects on motor function
have been achieved in animal models of the disease (Willis
and Armstrong, 1999). Consistent with this, L-DOPA
therapy has been reported to reduce the occurrence of
seborrhea in parallel with its therapeutic efficacy on PD
(Burton et al., 1970, 1973) and may do so by reducing
melatonin secretion (Rosenthal et al., 1986). Given the
relationship between (1) light therapy and remission from
depression (Rosenthal et al., 1986) or PD (Willis and
McLennan, 2001a,b; Artemenko and Levin, 1996), (2)
exposure to daylight, reduced melatonin secretion and its
effects on Seborrheic dermatitis (Maietta et al., 1991), (3)
the occurrence of Seborrheic dermatitis in PD and its
remission with L-DOPA therapy (Burton et al., 1970,
1973), (4) the antidepressive properties of the melatonin
receptor antagonist Luzindole (Dubocovich et al., 1990),
and (5) the common occurrence of depression prior to and
during the course of PD (Deniker et al., 1975; Fonda,
1985; Girotti et al., 1986; Okun and Watts, 2002), an
intriguing picture emerges which suggests that excess
melatonin and the pineal play a major role in PD, DA
replacement and related neuropsychiatric disorders (Willis
and Armstrong, 1998; Willis and McLennan, 2001a).
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The mechanism involved in the reparative effects
observed with ML-23 may be mediated by its ability to
antagonize melatonin and to counteract melatonin’s effect
on the cytoskeleton and impaired axoplasmic transport in
dying neurones. In this regard, there are similarities between
the effects that melatonin has on cellular structure and
function with those occurring in neuropsychiatric condi-
tions, including PD (Appel, 1981; Gajdusek, 1985; Gold-
man and Yen, 1986; Schmid, 1993). Earlier work with
melatonin has shown that, like other mitosis inhibitors and
neurotoxins, it inhibits axoplasmic transport and interferes
with cytoskeletile organization (Cardinalli and Friere, 1975;
Huerto-Delgadillo et al., 1994; Matsui and Machado-
Santelli, 1997). Pharmacological antagonism of the melato-
nin receptor provides the opportunity to test this hypothesis
as MTI1 receptor subtypes provide direct access to the
subcellular compartment and subcellular organization
(Bordt et al., 2001). We have not, however, ruled out the
possibility that ML-23 may be acting directly on the
cytoskeletile structure as it passes readily through cellular
membranes and accesses intracellular compartments.
(Finocchiaro and Glikin, 1998; Melchiorri et al., 1995;
Reiter, 1998).

The present work suggests that circadian influences work
via the lateral hypothalamus and related parts of the
diencephalon and that such areas may be involved in the
etiology of PD. Previous work has explored the anatomical
relationship of this area in the circuitry from the retina to the
pineal gland in mammalian brain (Rowland, 1976; Axelrod
et al., 1966). By virtue of this anatomical relationship, we
suspect that the pineal is involved to a much larger degree in
the aetiology of PD than has been suggested previously.
Recent work concerning the role of the pineal gland in DA
replacement therapy suggests that it acts via its influence on
the pineal gland rather than by replacing deficient DA per se
(Willis and McLennan, 2001a; Willis et al., 1983a; Ghaemi
et al., 2001). This position is confirmed by the present work
as compounds such as ML-23 have little or no direct effect
on central DA.

In conclusion, the object of the present study was to test
the hypothesis that pharmacological antagonism of the
melatonin receptor would be as effective as other methods
of melatonin antagonism in recovering rats from exper-
imental PD. The present work, taken together with recent
reports, confirms that melatonin may play a deleterious
role in neurones already compromised by the process of
DA degeneration, and that its antagonism may enhance
recovery from conditions with such neuropathological
aetiologies. From the broader perspective and taking into
account (1) the ubiquitous nature of melatonin, (2) its
dwindling functional importance in the ageing organism
(Reyes, 1982), and (3) the high incidence of neuro-
psychiatric conditions such as PD and dementia which
are marked by cytoskeletile and cellular transport pathol-
ogy (Appel, 1981; Gajdusek, 1985; Goldman and Yen,
1986; Price et al., 1987; cf. Cardinalli and Friere, 1975)

suggests further that this hormone may play a role in these
conditions during some stage of the degenerative process
(Cardinalli and Friere, 1975; Matsui and Machado-Santelli,
1997; Meléndez et al., 1996; Willis and McLennan, 2001a;
see review; Willis and Armstrong, 1998). From the present
work, it may be concluded that a complex role for
melatonin in the aetiology of PD is likely and intimates
that blocking of melatonin function or decreasing its
bioavailability may offer a novel approach to the treatment
of this debilitating degenerative disease.
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