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Acute Morphine Treatments Alleviate Tremor in 1-
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Abstract

Parkinson’s disease (PD) is a chronic and progressive neurodegenerative disorder associated with decreased striatal
dopamine levels. Morphine has been found to elevate dopamine levels, which indicates a potential therapeutic effect in PD
treatment that has not been investigated previously. To evaluate this hypothesis, an investigation of the acute effects of
morphine on PD symptoms was carried out in male rhesus PD monkeys that had been induced with MPTP. All MPTP
induced monkeys displayed progressive and irreversible PD motor symptoms. The behavioral response of these animals to
morphine and L-Dopa were quantified with the Kurlan scale. It was found that L-Dopa alleviated bradykinesia, but did not
significantly improve tremor. In contrast, acute morphine alleviated tremor significantly. These results suggested that,
compared to L-Dopa, morphine has different therapeutic effects in PD therapy and may act through different biological
mechanisms to alleviate PD symptoms.
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Introduction

Parkinson’s disease is a progressive neurodegenerative disorder
characterized clinically by tremor, bradykinesia and rigidity [1].
This pathology is associated with the loss of dopaminergic neurons
in the substantia nigra pars compacta (SNc) and the resultant
dopamine (DA) depletion in the striatal nerve terminals [2,3]. In
PD patients, a large proportion (50%) of dopaminergic neurons in
the SNc and approximately 80% of striatal dopamine levels have
been lost [4,5,6]. Due to the large loss of brain dopamine,
therapies of PD are mainly focused on the elevation of brain
dopamine levels. Thus, the mainstay therapy is dopamine
replacement [7]. I-3,4-dihydroxyphenylalanine (L.-Dopa), the DA
precursor, is a classic drug used in PD patients. The enzyme dopa
decarboxylase converts L-Dopa to DA, which exogenously
increases the levels of brain dopamine. Other drugs, such as
monoamine oxidase B inhibitors, dopamine agonists and N-
methyl-D-aspartate antagonists, are also used alone or in
combination with L-Dopa in the treatment [8].

Morphine is an opiate alkaloid which is clinically used for pain
management [9]. In addition to analgesia, morphine has an ability
to elevate dopamine levels in the mesolimbic dopamine system
[10,11]. Morphine treatments elevate dopamine levels by mim-
icking the effects of endogenous morphine at y, ¥ and /or 8 opioid
receptors [12]. Among these receptors, stimulation of the L opioid
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receptor in the ventral tegmental area (VT'A) has displayed the
strongest effects in activating the mesolimbic dopamine system
[11,13,14,15,16]. This is dependent on the high affinity of the p
opioid receptor for morphine [11]. Stimulation of the p opioid
receptor hyperpolarizes y-amino-butyric acid (GABA) interneu-
rons in the VTA, thereby inhibiting GABA release [17]. This leads
to activation of dopaminergic neurons and enhancement of
dopamine release by disinhibition [18,19,20]. These interactions
between opioid receptors and dopamine in the mammalian brain
indicates there is a potential therapeutic effect of morphine in PD
treatment.

Previous studies investigating the interactions between dopa-
mine and opioid receptors [21,22,23,24,25] have reported that
morphine can decrease levodopa-induced dyskinesia [22,23,26]
and induce akinesia [23,26,27]. However, no therapeutic effect of
morphine on PD symptoms has been reported. Nonetheless, the
ability of morphine to elevate brain dopamine levels through
different mechanisms than L-Dopa and the different pathological
mechanisms that underlie different clinical PD symptoms [28]
suggest that morphine may have different effects on the PD
symptoms than L-Dopa. These differences may have important
mmplications in PD treatments as well as in understanding their
mechanisms of action. To elucidate the effects of morphine on PD
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Figure 1. Evolution of daily motor scores for each monkey
(group | and Il) under MPTP induction. The animals received
progressive MPTP injection (0.2 to 0.4 mg/kg, i.m.) every 2 to 3 days
until motor symptoms were fully expressed ( a total Kurlan score >15).
doi:10.1371/journal.pone.0088404.g001

symptoms, a number of clinical symptoms were Investigated
separately in this study using a rhesus macaque PD model.

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a neu-
rotoxin that selectively targets dopaminergic cells and has been
found to produce parkinsonian syndromes in rodents, primates
and human [6,29,30]. MPTP and its metabolite 1-methyl-4-
phenylpyridinium (MPP") are generally thought to inhibit
mitochondrial complex I of the electron transport chain and
generate reactive oxygen species, which leads to an apoptotic
response in dopaminergic neurons [31,32]. In primates, MPTP
treatments can replicate almost all of the motor symptoms of
human PD, such as rigidity, bradykinesia, as well as tremor, which
has been the most difficult symptom to reproduce in many PD
animal models [33,34]. Furthermore, MPTP treatments have also
been shown to reproduce other classic changes that occur in PD
patients, such as cognitive, biochemical, and histological changes
[35,36]. In addition, symptoms induced by MPTP are ameliorated
with pharmacological treatments of L-Dopa and other DA agonist
drugs [37]. All these make the chronic MPTP primate model an
ideal PD model to examine whether morphine can attenuate PD
symptoms. L-Dopa, because it is the most effective symptomatic
therapy [8], was used in this study as a positive control and for the
comparison of morphine treatment effects.

Materials and Methods

Ethics statement

The five monkeys (macaca mulatta) (6-8 years old, 7-9 kg) from
the breeding colonies at the Kunming Institute of Zoology (KIZ)
were used in this study. These animals were housed in a room (6 *
6 * 5 m) under controlled conditions of humidity (60%), tempera-
ture (20°C *2°C) and light (12-hour light/12-hour dark cycles:
lights on at 7:00 A.M.). Each monkeys had its own cage (80 * 80 *
80 cm ) and could communicate with others. Two toys (such as
hollow balls, for child use) were put in each cage and were
changed every week. In addition, videos were played three times
per week to enrich animals’ environment. Food (commercial
monkey biscuits) and water were available ad &bitum. In addition,
the animals were fed with fruits and vegetables once daily.

Care and treatment of the monkeys were in strict accordance
with the guidelines for the National Care and Use of Animals
approved by the National Animal Research Authority (P.R.China)
and the Institutional Animal Care and Use Committee (IACUC)
of Kunming Institute of Zoology (approval ID SWYX-2010010).
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Figure 2. The appearance of individual PD symptoms in
monkeys given MPTP intoxication. This graph presents the
average day of appearance for each symptom. Error bars indicate the
SEM for appearance of each symptom (n=5).
doi:10.1371/journal.pone.0088404.g002

All efforts were made to minimize suffering. For example, in
addition to the daily fruits and vegetables feeding, we fed monkeys
with extra fruits before and after each injection. Therefore, these
animals were trained to receive the Injections readily (no
anesthetics were used). All animals behavior was recorded using
a digital video recorder, which helped the monitoring. The routine
veterinary care was done by professional keepers and veterinar-
ians.

After this study, no animals were sacrificed. These monkeys
were carefully housed and were subjected to other studies.

MPTP treatment

All five monkeys received progressive MPTP (Sigma, St Louis,
MO, USA) treatment (intramuscular injection, 0.2 to 0.4 mg/kg,
injections spaced by 2 to 3 days) to develop the chronic PD model.
Injections were repeated until motor symptoms were fully
expressed (see ‘Behavioral analysis” section below).

After the MPTP administration, the five MPTP-treated
monkeys were divided into two groups for L-Dopa treatment
(n =2, group I) and morphine treatment (n = 3, group II).

L-Dopa treatment

Each monkey in group I received L-Dopa treatments for the
period of one month. The L-Dopa dosage (d) was determined
according to the Mech-Rubner conversion formula: A =kW??;
where A is the total body surface area, k is the Meeh-Rubner
constant (kmonkey = 11.8, khyman =10.6) and W is the animal’s
weight. The dose ratio for the monkeys was dmonkey (Mg) = @human
(mg) X (Amonkey/ Ahuman)- L-Dopa was given at 10 mg/kg for the
first week and was then increased by 5 mg/kg per week. The
animals were given treatments twice a day in the form of
pulverized tablets (Kunming Quanxin Biological Pharmacy
Company, Yunnan, China) dissolved in orange juice.

During the evaluation of the long-term effects of L-Dopa on PD
symptoms in group I monkeys, the monkeys in group II were used
as controls to exclude the effects of any natural recovery in the
animals following the completion of the MPTP administration.
Group II animals were not given any drugs for one month period
to measure the extent of the natural recovery.

Morphine treatment

After the one-month control period, group II was subjected to
morphine treatments. Each monkey in group II (n = 3) received a
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Figure 3. Chronic effects of L-Dopa treatments on total motor scores. (A) Evolution of daily motor scores during L-Dopa treatment. Timelines
are aligned such that day 0 corresponds to the day on which the MPTP intoxication was stopped for each animal. Monkeys in group | received L-Dopa
from day 1 and scores were taken from recordings prior to the daily L-Dopa administration. Significant differences between the two groups appeared
at day 15 and continued into the later days (day 16-30). (B) Total Kurlan scores on day 31 of the two groups. Monkeys in group | received L-Dopa and
displayed improvement in their total PD scores compared with the control group. Group I, n=2; group II, n=3. "P< 0.05, “P<0.001. Data are

presented as mean = SEM.
doi:10.1371/journal.pone.0088404.9003

single intramuscular morphine injection (morphine hydrochloride
(C17H19NO3-HCI-3H,0O); Sheng Yang 1st Medical Company,
Sheng Yang, China; 5 mg/kg) [38] to examine whether morphine
can attenuate motor symptoms. A single dosing was used to avoid
repeated exposures to morphine, which may lead to dependence
and addiction [16].

Behavioral analysis

All monkeys’ behavior was recorded in their home cages using a
digital video recorder. In order to obtain monkeys’ PD scores and
determine the severity of parkinsonism, the behavior was
quantified by using the rating scale proposed by Kurlan [39].
The scale includes 7 items rated between 0 and 2 or 4, with a total
score of 20. It takes into account classical motor symptoms
(tremor, bradykinesia, posture and arm posture)as well as
spontaneous activities (arm movements) and other activities
(balance and defense reaction). A score = 15 corresponds to the
full expression of parkinsonism, similar to stage IV of the scale of
Hoen and Yahr [40].

During the induction of the PD model using MPTP, each
monkey was recorded once per day (one hour) to obtain its daily
total PD score (the sum of all the scores of the 7 symptoms
mentioned above: tremor, bradykinesia, balance etc.). This
allowed for the evolution of PD symptoms to be followed. During
both the L-Dopa and morphine treatments, monkeys’ behavior
were recorded twice per day: (1) to obtain the daily total PD scores
in order to assess the chronic effects of L-Dopa treatments on PD.
This was the first one-hour recording which was carried out before
the monkey received the treatment for the day; (2) to obtain the
score of each symptom in order to evaluate the acute effects of L-
Dopa and morphine on each individual PD symptom. This was
the second one-hour recording which was carried out right after
the administration of the drug.

Data analysis

Each behavioral recording was split equally into four parts (15
min each), and each part served as an unit for acquiring PD scores.
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In order to follow the evolution of PD symptoms and assess the
chronic effects of L-Dopa treatments on PD, the daily total PD
scores were obtained from the recordings during the MPTP
induction period and the first one-hour observations (see
’Behavioral analysis’ section above) during the L-Dopa treatments.
All four parts of each of those recordings were scored and then
averaged to obtain the daily total score. During the one-month L-
Dopa-treatment period, the difference in the daily total scores
between group I (monkeys were given L-Dopa) and group II
(monkeys were not given any drugs) was assessed by a independent
t-test and analysis of variance analysis.

To evaluate the acute effects of both the L-Dopa and morphine
treatments on each individual PD symptom, the second post-
administration one-hour recording for L-Dopa and morphine
treatments were evaluated. The first 15-min section of each
recording was excluded to account for immediate drug metabolism
and the three remaining 15-min sections were evaluated. The
change of each PD symptom was calculated individually using the
same comparisons between the scores before and after the drug
administration. The acute effect of morphine and L-Dopa was
scored using measurements on the same day, respectively.
Whereas, each PD symptom was assessed for the chronic effect
of L-Dopa by comparing the scores after the last L-Dopa
treatment (day 31) with the score prior to any L-Dopa
administration (day 0). Paired ftest and analysis of variance
analysis was used.

Three levels of significance were considered: P<<0.05, P<<0.01
and P<<0.001. All data were presented as the mean * standard
error of mean.

Results

Evolution of symptoms

Monkeys (groups I and II) received 20 to 22 (mean 21.2 = 0.9)
weeks of MPTP injections for a cumulative dose of 11 to 12.6 mg/
kg (mean 11.9 * 0.8 mg/kg). The pattern of parkinsonism
symptom development was similar in all MPTP-treated monkeys
(575). In the first four weeks, monkeys gradually displayed more
daily naps and less movement. Subsequently, monkeys displayed
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Figure 4. Behavioral scores of tremor, imbalance, bradykinesia
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Behavioral scores after an acute dose of morphine. Tremor and loss of
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more prominent in group Il monkeys. (B) Behavioral scores after the first
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of bradykinesia and defensive reaction on the first day of L-Dopa
therapy. Tremor did not statistically change. (C) Behavioral scores after
the last dose of L-Dopa. Monkeys in group | received L-Dopa treatments
for 31 days and displayed amelioration of bradykinesia and defensive
reaction on the last day (day 31) of L-Dopa therapy. No significant
differences were found for tremor. Group I, n=2; group II, n=3. "P<
0.001. Data are presented as mean * SEM.
doi:10.1371/journal.pone.0088404.9g004
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increasing bradykinesia with a flexed posture. Other behaviors,
such as rigidity, freezing, loss of balance, impaired defensive
reactions and tremor were also observed in the animals. All
symptoms gradually worsened over time until these animals all
developed motor symptom scores larger than 15 (full expression)
(Fig. 1).

The first motor symptom to appear was usually bradykinesia,
while tremor and impaired defense reaction came out lastly (Fig.
2). Other early appearing symptoms included rigidity and loss of
balance (Fig. 2). This pattern of symptom development was
consistent with a previous study that developed PD symptoms
using MPTP induction [41]. This consistency between the
macaque PD model developed here, which displayed all important
PD symptoms, and those developed earlier suggested that it was
suitable to evaluate further drug administration (L-Dopa and
morphine, respectively).

Chronic effects of L-Dopa treatments measured by total
PD scores

After one-month of L-Dopa treatments, the PD symptoms
induced by MPTP in group I were found to be significantly
alleviated. This was reflected by a significant decrease in the daily
total PD scores on the parkinsonian rating scale that began on day
15 of treatment (Fig. 3A). The total scores improved by 53% (P <
0.001) after the one month administration of L.-Dopa (day 31) (I'ig.
3B). The improvements observed in group I (n = 2) were due to L-
Dopa treatments; no statistically significant decrease in PD scores
were observed in group II monkeys, which did not received any
treatment and served as a control for the one-month period of L-
Dopa administration, suggesting that little natural recovery from
the MPTP period occurred over the one-month period. The result
that PD symptoms in group I responded to L-Dopa therapy was
consistent with previous studies [42,43] and further confirmed the
success of the development of the PD model in this study.

Comparison of the effects between morphine and L-

Dopa treatments on each symptom

After a single morphine injection, the three group II monkeys
displayed some therapeutic responses to morphine which were
noted in regards to tremor and imbalance (Fig. 4A). Before the
morphine injection, the monkeys displayed a severe level of tremor
and had major lapses in balance during the majority of the time
being analyzed. After the application of morphine, the tremor and
loss of balance significantly improved (P < 0.001). However,
bradykinesia worsened (akinesia) after the injection of morphine
compared to before the injection (P < 0.001). Other motor
symptoms, such as defensive reaction, did not improve (Fig. 4A).

In contrast, the effects of L-Dopa treatments on each motor
symptom were found to be different from those of the morphine
treatments. As group II monkeys only received one morphine
treatment to avoid potential addiction complication, the behav-
ioral scores were compared to the first day scores for each
symptom in group I monkeys treated with L-Dopa. On the first
day that group I monkeys received L-Dopa treatment, animals
displayed temporary improvements in bradykinesia and their
defensive reactions, which lasted for about one hour (P<<0.001)
(Fig.4B). However, no change in tremor was found (Fig.4B).
Similar to the L-Dopa effects on day 1, bradykinesia and defensive
reaction behaviors were found to be alleviated on the last day of
the L-Dopa treatments, both prior to and after administration (day
31), however there was no significant improvement on tremor
observed (Fig. 4C). This suggested that the effects of the acute
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morphine treatment on PD symptoms were different from the
effects of L-Dopa in either acute and chronic treatments.

Discussion

Morphine can be endogenously synthesized and can increase
DA firing rate through disinhibition [44,45]. In addition,
upregulation of neuronal endogenous morphine-like compound
immunoreactivity was found in human PD [46]. These facts
suggest morphine may have potential therapeutic relevance in PD
treatment as dopaminergic neuron loss is related to Parkinson’s
disease etiology. However, the use of morphine as a potential
therapeutic for PD has not been reported. In this study, an initial
investigation into the acute effects of exogenous morphine on PD
symptoms was carried out. A rhesus macaque chronic PD model
was established through MPTP intoxication. The evolution of PD
symptoms were observed to be consistent with other progressive
PD models [41,47,48]. Following which the animals were treated
with either L-Dopa or morphine, four PD symptoms, tremor,
bradykinesia, imbalance and defensive reaction, were found to be
differentially affected by either morphine or L-Dopa. However, we
would concentrate on the changes of tremor and bradykinesia as
the two symptoms were the primary PD symptoms. Most notably,
morphine treated PD monkeys displayed significant improvements
in tremor. This beneficial effect of morphine has not been reported
before and indicates a potential therapeutic effect of morphine in
PD treatment.

Interestingly, the therapeutic effect of morphine was different
than that of L-Dopa, the classical PD symptomatic therapy. On
the first day of L-Dopa treatment, L-Dopa-treated monkeys
displayed temporary improvements on bradykinesia, which was
not witnessed in the morphine-treated monkeys. However, L-
Dopa did not display the same improvement that morphine
treatment had on tremor. After one-month of L-Dopa treatment,
these differences persisted between the chronic effects of L-Dopa
and the acute effect of morphine. It is noteworthy that the L-Dopa
chronically treated monkeys displayed lasting improvements on
bradykinesia in comparison to acute morphine or acute L-Dopa
treatments. Nonetheless, the chronic L-Dopa treatment was not
found to improve tremor, which was consistent with previous
studies [42,43]. The different effects of acute morphine on PD
symptoms in comparison to the acute and long-term effects of L-
Dopa suggest that morphine may have an alternative or
complementary role in the treatment of PD symptomology,
especially as it pertains to tremor.
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The different therapeutic effects of morphine and L-Dopa may
due to different mechanisms in elevating brain dopamine levels. L-
Dopa is DA precursor and converts to dopamine directly by the
enzyme dopa decarboxylase. In addition to this direct way of
increasing brain dopamine, L-Dopa has also been demonstrated to
increase production of dopamine in nigral dopaminergic neurons
[49,50] by exciting nigral dopaminergic neurons through AMPA/
kainate receptors and other receptors [42,43,44]. However, in
contrast, morphine elevates brain dopamine levels by stimulating p
opioid receptor, which inhibits GABA release and consequently
enhances dopamine release [17,19].

In addition to the different mechanisms of elevating brain
dopamine between morphine and L-Dopa, the differences in the
neuronal bases between tremor and bradykinesia could be another
possible reason to explain their different therapeutic effects. In PD
patients and animals, dopaminergic cell loss in SNc and dopamine
depletion in the striatum, particularly in the dorsolateral putamen
[51], are strongly linked to bradykinesia [52]. While tremor may
result from a pathological interaction between the basal ganglia
loop and the cerebello-thalamo-cortical circuit [53,54]. The
cerebello-thalamo-cortical circuit receives signals from dopa-
mine-depleted basal ganglia (pallidal) through the primary motor
cortex [28,54,55,56] and then produces the tremor and controls its
amplitude [57]. Considering the different effects between mor-
phine and L-Dopa, the brain structures mentioned above might
have different responses to the two drugs.

Altogether, a novel effect of morphine on PD symptoms has
been observed in this study by using a rhesus macaque chronic PD
model, which was induced by MPTP intoxication and was
confirmed in two animals who responded to L-Dopa therapy. The
therapeutic effect of morphine is different from the effects of L-
Dopa, most notably by reducing tremor where L-Dopa does not.
This novel effect of morphine provides some information on
opioid receptor related PD therapy [58,59], which suggests a
potential new strategy for PD treatment in the future.

Acknowledgments

The excellent technical assistance of Hong Wei Li is gratefully
acknowledged.

Author Contributions

Conceived and designed the experiments: TY YM. Performed the
experiments: TY HL BH. Analyzed the data: TY. Contributed reagents/
materials/analysis tools: XH SY. Wrote the paper: TY JDR.

9. Bekheet SH (2010) Morphine sulphate induced histopathological and histo-
chemical changes in the rat liver. Tissue Cell 42: 266-272.

10. Winger G, Woods JH (2001) The effects of chronic morphine on behavior
reinforced by several opioids or by cocaine in rhesus monkeys. Drug Alcohol
Depend 62: 181-189.

11. Boutrel B (2008) A neuropeptide-centric view of psychostimulant addiction. Br J
Pharmacol 154: 343-357.

12. De Vries TJ, Shippenberg TS (2002) Neural systems underlying opiate
addiction. J Neurosci 22: 3321-3325.

13. Kieffer BL (1999) Opioids: first lessons from knockout mice. Trends Pharmacol
Sci 20: 19-26.

14. Kalivas PW, Duffy P (1988) Effects of daily cocaine and morphine treatment on
somatodendritic and terminal field dopamine release. J Neurochem 50: 1498—
1504.

15. Devine DP, Wise RA (1994) Self-administration of morphine, DAMGO, and
DPDPE into the ventral tegmental area of rats. J Neurosci 14: 1978-1984.

16. Nakagawa T, Suzuki Y, Nagayasu K, Kitaichi M, Shirakawa H, et al. (2011)
Repeated exposure to methamphetamine, cocaine or morphine induces
augmentation of dopamine release in rat mesocorticolimbic slice co-cultures.
PLoS One 6: ¢24865.

17. Johnson SW, North RA (1992) Opioids excite dopamine neurons by
hyperpolarization of local interneurons. J Neurosci 12: 483-488.

February 2014 | Volume 9 | Issue 2 | e88404



20.

21.

22.

23.

24.

27.

28.

30.

31.

36.

37.

. Nestler EJ (1992) Molecular mechanisms of drug addiction. J Neurosci 12: 2439~

2450.

. Pierce RC, Kumaresan V (2006) The mesolimbic dopamine system: the final

common pathway for the reinforcing effect of drugs of abuse? Neurosci Biobchav
Rev 30: 215-238.

Bontempi B, Sharp FR (1997) Systemic morphine-induced Fos protein in the rat
striatum and nucleus accumbens is regulated by mu opioid receptors in the
substantia nigra and ventral tegmental area. ] Neurosci 17: 8596-8612.
Vermeulen RJ, Drukarch B, Sahadat MC, Goosen C, Schoffelmeer AN, et al.
(1995) Morphine and naltrexone modulate D2 but not D1 receptor induced
motor behavior in MPTP-lesioned monkeys. Psychopharmacology (Berl) 118:
451-459.

Samadi P, Gregoire L, Bedard PJ (2003) Opioid antagonists increase the
dyskinetic response to dopaminergic agents in parkinsonian monkeys: interaction
between dopamine and opioid systems. Neuropharmacology 45: 954-963.
Samadi P, Gregoire L, Bedard P] (2004) The opioid agonist morphine decreases
the dyskinetic response to dopaminergic agents in parkinsonian monkeys.
Neurobiol Dis 16: 246-253.

Samadi P, Gregoire L, Rouillard C, Bedard PJ (2005) Dyskinesias occur in
response to saline and naltrexone alone after priming with combination of
dopaminergic agents and naltrexone in the MPTP parkinsonian monkeys.
Neurobiol Dis 19: 266-272.

Samadi P, Bedard PJ, Rouillard C (2006) Opioids and motor complications in

Parkinson’s disease. Trends Pharmacol Sci 27: 512-517.

5. Berg D, Becker G, Reiners K (1999) Reduction of dyskinesia and induction of

akinesia induced by morphine in two parkinsonian patients with severe sciatica. J
Neural Transm 106: 725-728.

Bjorndal N, Casey DE, Gerlach J (1980) Enkephalin, morphine, and naloxone in
tardive dyskinesia. Psychopharmacology (Berl) 69: 133-136.

Benninger DH, Thees S, Kollias SS, Bassetti CL, Waldvogel D (2009)
Morphological differences in Parkinson’s disease with and without rest tremor.
J Neurol 256: 256-263.

. Burns RS, Chiueh CC, Markey SP, Ebert MH, Jacobowitz DM, et al. (1983) A

primate model of parkinsonism: selective destruction of dopaminergic neurons in
the pars compacta of the substantia nigra by N-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine. Proc Natl Acad Sci U S A 80: 4546-4550.

Xu CL, Wang QZ, Sun LM, Li XM, Deng JM, et al. (2012) Asiaticoside:
attenuation of neurotoxicity induced by MPTP in a rat model of Parkinsonism
via maintaining redox balance and up-regulating the ratio of Bcl-2/Bax.
Pharmacol Biochem Behav 100: 413-418.

Javitch JA, D’Amato R]J, Strittmatter SM, Snyder SH (1985) Parkinsonism-
inducing neurotoxin, N-methyl-4-phenyl-1,2,3,6 -tetrahydropyridine: uptake of
the metabolite N-methyl-4-phenylpyridine by dopamine neurons explains
selective toxicity. Proc Natl Acad Sci U S A 82: 2173-2177.

. Jenner P (1989) Clues to the mechanism underlying dopamine cell death in

Parkinson’s disease. J Neurol Neurosurg Psychiatry Suppl: 22-28.

. Bergman H, Raz A, Feingold A, Nini A, Nelken I, et al. (1998) Physiology of

MPTP tremor. Mov Disord 13 Suppl 3: 29-34.

. Elsworth JD, Taylor JR, Sladek JR Jr, Collier TJ, Redmond DE Jr, et al. (2000)

Striatal dopaminergic correlates of stable parkinsonism and degree of recovery in
old-world primates one year after MPTP treatment. Neuroscience 95: 399-408.
Schneider JS, Kovelowski CJ 2nd (1990) Chronic exposure to low doses of
MPTP. 1. Cognitive deficits in motor asymptomatic monkeys. Brain Res 519:
122-128.

Benazzouz A, Gross C, Dupont J, Bioulac B (1992) MPTP induced
hemiparkinsonism in monkeys: behavioral, mechanographic, electromyographic
and immunohistochemical studies. Exp Brain Res 90: 116-120.

Collier T]J, Steece-Collier K, Kordower JH (2003) Primate models of Parkinson’s
disease. Exp Neurol 183: 258-262.

PLOS ONE | www.plosone.org

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

51.

52.

53.

54.

56.

57.

58.

Acute Morphine Alleviates Tremor in MPTP Monkeys

Liu N, Liu Y, Fan Y, Yu H, Wilson FA, et al. (2005) EEG activities in the
orbitofrontal cortex and dorsolateral prefrontal cortex during the development
of morphine dependence, tolerance and withdrawal in rhesus monkeys. Brain
Res 1053: 137-145.

Smith RD, Zhang Z, Kurlan R, McDermott M, Gash DM (1993) Developing a
stable bilateral model of parkinsonism in rhesus monkeys. Neuroscience 52: 7—
16.

Hoehn MM, Yahr MD (2001) Parkinsonism: onset, progression, and mortality.
1967. Neurology 57: S11-26.

Mounayar S, Boulet S, Tande D, Jan C, Pessiglione M, et al. (2007) A new
model to study compensatory mechanisms in MPTP-treated monkeys exhibiting
recovery. Brain 130: 2898-2914.

Pare D, Curro’Dossi R, Steriade M (1990) Neuronal basis of the parkinsonian
resting tremor: a hypothesis and its implications for treatment. Neuroscience 35:
217-226.

Vingerhoets EJ, Schulzer M, Calne DB, Snow BJ (1997) Which clinical sign of
Parkinson’s disease best reflects the nigrostriatal lesion? Ann Neurol 41: 58-64.
Fricchione G, Stefano GB (2005) Placebo neural systems: nitric oxide, morphine
and the dopamine brain reward and motivation circuitries. Med Sci Monit 11:
MS54-65.

Stefano GB, Kream RM (2010) Dopamine, morphine, and nitric oxide: an
evolutionary signaling triad. CNS Neurosci Ther 16: e124-137.

Charron G, Doudnikoff E, Laux A, Berthet A, Porras G, et al. (2011)
Endogenous morphine-like compound immunoreactivity increases in parkin-
sonism. Brain 134: 2321-2338.

Hantraye P, Varastet M, Peschanski M, Riche D, Cesaro P, et al. (1993) Stable
parkinsonian syndrome and uneven loss of striatal dopamine fibres following
chronic MPTP administration in baboons. Neuroscience 53: 169-178.

Bezard E, Imbert C, Deloire X, Bioulac B, Gross CE (1997) A chronic MPTP
model reproducing the slow evolution of Parkinson’s disease: evolution of motor
symptoms in the monkey. Brain Res 766: 107-112.

Mosharov EV, Larsen KE, Kanter E, Phillips KA, Wilson K, et al. (2009)
Interplay between cytosolic dopamine, calcium, and alpha-synuclein causes
selective death of substantia nigra neurons. Neuron 62: 218-229.

Guatteo E, Yee A, McKearney J, Cucchiaroni ML, Armogida M, et al. (2013)
Dual effects of -DOPA on nigral dopaminergic neurons. Exp Neurol.

Kish §J, Shannak K, Hornykiewicz O (1988) Uneven pattern of dopamine loss
in the striatum of patients with idiopathic Parkinson’s disease. Pathophysiologic
and clinical implications. N Engl ] Med 318: 876-880.

Albin RL, Young AB, Penney JB (1989) The functional anatomy of basal ganglia
disorders. Trends Neurosci 12: 366-375.

Bergman H, Deuschl G (2002) Pathophysiology of Parkinson’s disease: from
clinical neurology to basic neuroscience and back. Mov Disord 17 Suppl 3: S28—
40.

Helmich RC, Hallett M, Deuschl G, Toni I, Bloem BR (2012) Cerebral causes
and consequences of parkinsonian resting tremor: a tale of two circuits? Brain

135: 3206-3226.

. Jellinger KA (1999) Post mortem studies in Parkinson’s disease—is it possible to

detect brain areas for specific symptoms? J Neural Transm Suppl 56: 1-29.
Benabid AL, Pollak P, Gervason C, Hoffmann D, Gao DM, et al. (1991) Long-
term suppression of tremor by chronic stimulation of the ventral intermediate
thalamic nucleus. Lancet 337: 403-406.

Helmich RC, Janssen MJ, Oyen W], Bloem BR, Toni I (2011) Pallidal
dysfunction drives a cerebellothalamic circuit into Parkinson tremor. Ann
Neurol 69: 269-281.

Hudzik TJ, Howell A, Payza K, Cross AJ (2000) Antiparkinson potential of
delta-opioid receptor agonists. Eur J Pharmacol 396: 101-107.

Gainetdinov RR, Premont RT, Bohn LM, Lefkowitz RJ, Caron MG (2004)
Desensitization of G protein-coupled receptors and neuronal functions. Annu
Rev Neurosci 27: 107-144.

February 2014 | Volume 9 | Issue 2 | e88404



