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Gait and balance disorders unresponsive to dopaminergic drugs in Parkinson’s disease (PD) are secondary to lesions located outside the
dopaminergic system. However, available animal models of PD fail to display L-3,4-dihydroxyphenylalanine (DOPA)-responsive parkin-
sonism and drug-resistant gait and balance disorders, and this lack of appropriate model could account for the deficit of efficient
treatments. Because the pedunculopontine nucleus (PPN) plays an important role in locomotion control, we conducted the present study
to investigate the consequences of combined dopaminergic and PPN lesions in a same animal. We used macaques that received first
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) intoxication to render them parkinsonian and then local stereotaxic lesion of the
PPN. Adding bilateral PPN lesions in MPTP-lesioned macaques induced dopamine-resistant gait and balance disorders but unexpectedly
improved hypokinesia. Additional MPTP injections resulted in the association of a severe DOPA-responsive parkinsonism together with
DOPA-unresponsive gait disorders. Histological examination assessed a severe dopaminergic degeneration and a significant loss of PPN
cholinergic neurons. We observed similar results in aged monkeys intoxicated with MPTP: they developed severe DOPA-responsive
hypokinesia and tremor together with unresponsive gait and balance disorders and displayed dopaminergic lesion and a weak but
significant cholinergic PPN lesion. Our results highlight the complex role of the cholinergic PPN neurons in the pathophysiology of PD
because its lesion induces a dual effect with an improvement of hypokinesia contrasting with a worsening of DOPA-unresponsive gait and
balance disorders. Thus, we obtained a primate model of PD that could be useful to test symptomatic treatments for these heavily
disabling symptoms.

Introduction
Gait and balance disorders represent a major burden in the el-
derly population and are commonly observed in advanced forms
of Parkinson’s disease (PD) (Bloem et al., 2004). The lack of
efficiency of dopaminergic (DA) treatment on these axial symp-
toms suggests that the underlying lesions involve non-DA sys-
tems. Several studies have shown that the cholinergic neurons of
the pedunculopontine nucleus (PPN) degenerates in PD (Hirsch
et al., 1987; Zweig et al., 1987; Jellinger, 1988). Growing evidences
suggest that the PPN is crucial in the development of gait and
balance disorders: (1) experimental manipulation of the PPN in
mammals highlights the involvement of this region in posture
and locomotion (for review, see Nutt et al., 2011); we showed

recently that lesion of PPN cholinergic neurons in monkeys was
sufficient to induce gait and balance disorders resistant to DA
agents (Karachi et al., 2010); (2) cholinergic PPN neurons are lost
in faller but not in non-faller PD patients (Karachi et al., 2010);
and (3) low-frequency stimulation of the PPN mildly alleviates
gait and falls in advanced PD patients (Stefani et al., 2007; Ferraye
et al., 2010; Moro et al., 2010).

Monkeys intoxicated with 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP) are widely used as a model of parkinsonism. It
has been demonstrated that MPTP injected in young animals in-
duced degeneration of the nigrostriatal pathway without any loss of
cholinergic PPN neurons (Herrero et al., 1993; Heise et al., 2005)
associated with classical parkinsonian symptoms. Because all these
symptoms are reversed by DA treatment (Karachi et al., 2010), this
model does not recapitulate entirely the clinical features of advanced
PD patients who suffer from gait and balance disorders resistant to
DA treatment.

To gain additional insights in the understanding of gait
disorders in PD and to better reproduce the symptomatology
of PD, our goal was to determine whether PPN lesions in
MPTP-lesioned monkeys will add gait and balance disorders
resistant to DA treatment, to classic parkinsonian symptoms.
To test this hypothesis, we choose to combine in the same
animal both DA and cholinergic PPN lesions using two differ-
ent approaches.
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The first approach was to determine whether a PPN lesion in
young MPTP-lesioned monkeys will add gait and balance disorders
resistant to DA treatment associated with parkinsonian L-3,4-
dihydroxyphenylalanine (DOPA)-sensitive symptoms. We also
wanted to test whether a specific lesion involving only PPN cholin-
ergic neurons (Clark et al., 2007; Karachi et al., 2010) will have the
same behavioral effect than a lesion affecting both cholinergic and
noncholinergic neurons.

The second approach was to use aged MPTP-lesioned mon-
keys because they have been shown to display balance disorders
(Ovadia et al., 1995) associated with a loss of PPN cholinergic
neurons (Karachi et al., 2010). However, axial symptoms as well
as their sensitivity to DA treatment have never been fully
characterized.

Using these approaches, our aim was to develop a new mon-
key model of advanced PD. This model would be pertinent to
better understand the pathophysiology of the disease and to test
new therapeutic approaches for the end stage of PD.

Materials and Methods
Animals. All experiments were performed in accordance with the recom-
mendations contained in the European Community Council Directives
of 1986 (86/609/EEC) and the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by the French
Animal Ethics Committee of the National Institute of Health and Med-
ical Research. The animals were housed under conditions of constant
temperature (22 � 1°C), humidity (55 � 5%), and air replacement (16
times per hour) on a 12 h light/dark cycle with access ad libitum to food
and water. The experimental protocol was designed to minimize the
number of animals used, and everything was done to minimize their
suffering.

The study was performed on 10 macaques (Macaca fascicularis). The
first group was composed of six aged female macaques, estimated to be
�25–30 years old according to their dentition and their hair appearance.
Three were MPTP intoxicated (A MPTP group) and were maintained for
6 –10 weeks to observe the motor disorders obtained, including gait and
posture. Three other aged monkeys were used as a control group (A
control group). The second group of four young male macaques, 3–5
years old and weighing 3–5 kg, received MPTP intoxication and then
stereotactic lesions of the PPN, followed by a few of MPTP injections (Y
double-lesioned group). We also used brain sections obtained from five

control young male macaques (Y control
group) used previously in another study (Ka-
rachi et al. 2010) to quantify the number of
cholinergic PPN and DA nigral neurons.

MPTP treatment. We used a previously de-
scribed regimen of MPTP intoxication (Kara-
chi et al., 2010). Injections were performed
intramuscularly under anesthesia (5 mg/kg
ketamine) every 3–5 d until a stable parkin-
sonian state was reached. A lower dose of
MPTP was administered in aged macaques
than in young ones (0.3 vs 0.4 mg/kg, respec-
tively) because of the increased susceptibility
of aged animals to MPTP (Ovadia et al.,
1995). The animals were examined every 2 d,
and parkinsonian symptoms were scored on
a disability scale of 0 –25 (Luquin et al.,
1999).

PPN lesions. We performed PPN lesions
stereotactically on young MPTP-lesioned
monkeys using the procedure described pre-
viously (Karachi et al., 2010). We used injec-
tions of urotensin II-conjugated diphtheria
toxin (10 �l, 20%) into the PPN of two ma-
caques and ibotenic acid (5 �l, 10 �g/�l)
into the PPN of the two others. Urotensin
toxin has been developed to specifically kill

PPN cholinergic neurons, which have been shown previously to ex-
press specifically the urotensin II receptor in rodents (Clark et al.,
2007). Lesions were made unilaterally first in all four animals and
then, 3– 4 weeks later, contralaterally in three animals. The fourth
animal only received unilateral PPN lesion because it was to be in-
volved in a subsequent experimental protocol.

Behavioral analyses. The global motor activity of the animals was
assessed as they freely moved in their home cage by means of a video
image analyzer system (Vigie Primates, Lyon, France). This system
determined the level of activity over the 20 min period of observation
from changes in gray level in pixels from one image to the next
counted every 80 ms.

Rigidity and tremor were assessed on a semiquantitative scale
(from 0 to 3) when the monkey sat quietly in a primate chair. Rigidity
was assessed qualitatively to differentiate plastic parkinsonian hyper-
tonia with cogwheel from other types of hypertonia. To better char-
acterize tremor episodes, we used TremAn software (Uhrikova et al.,
2011) that was designed to perform frequency analysis from video
recordings. Gait and posture parameters were measured while the
animals were walking in a hallway after a training period. These pa-
rameters included speed and length of steps, back curve, knee angle,
height of the pelvis, and tail position and were quantified as described
previously (Karachi et al., 2010). Balance deficit was also rated be-
tween 0 and 3 based on the frequency of disequilibrium in the hall-
ways (number of disequilibrium occurring during 10 min, averaged
on five sessions). We considered that the global activity in the home
cage, the length and speed of steps, reflected hypokinesia. Back curve,
knee angle, height of the pelvis, and balance deficits were used as
indicators of postural parameters.

Old (n � 3) and young (n � 4) monkeys were assessed at each step of
the experimental paradigm started by a control condition. They were
tested without and with apomorphine treatment (Figs. 1, 2).

Apomorphine treatment. Intramuscular injections of apomorphine
(Aguettant) at doses of 60 –120 �g/kg were given at each step of the
experiment (after MPTP intoxication and PPN lesion) when symp-
toms reached a maximum level of severity. The therapeutic dose re-
quired to release the symptoms has been determined for each
individual after MPTP treatment and did not change over the whole
experiment.

Tissue processing. All animals were killed 3– 4 weeks after the last MPTP
injection. The aged monkeys received a lethal overdose of anesthesia and
were perfused intracardially with 0.9% NaCl as fresh tissue was needed

Figure 1. A, Comparison of MPTP-induced symptoms in young macaques and aged animals. Parkinsonian and postural
parameters were evaluated in each animal under control conditions (Ctrl) after MPTP intoxication in young (Y MPTP) and
aged (A MPTP) macaques, and after apomorphine treatment in young (Y Apo) and aged (A apo) macaques. All values are
expressed in percentage of control data, except for tremor scaled from 0 to 3. *p � 0.05, Kruskall–Wallis test followed by
Mann–Whitney U test in the event of statistically significant differences. B, Spectral analysis of tremor recorded at the left
elbow in one aged macaque.
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for other studies. The brains were hemisected along the midline, and each
hemisphere was cut into blocks along the frontal plane. Blocks from one
hemisphere were postfixed in 4% paraformaldehyde in PBS for 9 d,
rinsed in PBS, and then immersed in 30% sucrose for 4 d. Free-floating
serial 40 �m transverse sections were then cut on a freezing microtome.
Young animals were deeply anesthetized and perfused transcardially with
400 ml of saline, followed by 5 L of 4% paraformaldehyde (in 0.1 M PBS,
pH 7.4, at 4°C) and 1 L of PBS with 5% sucrose. The brains were removed
from the skull, rinsed in PBS complemented with 10% sucrose for 1 d and
20% sucrose for 1 d, and then frozen and cut into 50-mm-thick sections
transversally.

Histological analyses. Series of regularly interspaced (500 �m apart)
fresh-frozen sections were processed for NADPH histochemistry as de-
scribed previously (Hirsch et al., 1987). Some sections were counter-
stained with neural red or cresyl violet. Other series of free-floating
sections used for tyrosine hydroxylase (TH) immunohistochemistry
(François et al., 1999).

The number of neurons immunoreactive for NADPH (NADPH �)
was counted on five regularly interspaced PPN sections (every 400 �m in
aged animals and 500 �m in young macaques) covering the anteropos-
terior extent of the structure. The extent of DA denervation was assessed
by counting TH � neurons on eight regularly interspaced nigral sections
(every 1440 �m) using the same method. Estimation of the total number
of cholinergic and DA neurons was performed using a semiautomatic
stereology system with a computer-based system (Mercator; Explora-
Nova). The number of non-NADPH �, Nissl-stained neurons in the PPN
and in the adjacent cuneiform nucleus (CuN) was also counted on
NADPH counterstained sections using the same method and was
expressed as the number of cells per cubic millimeters.

Statistical analyses. Behavioral parameters were quantified (1) at the
control state, (2) after MPTP intoxication for all the monkeys (n � 7), (3)
after unilateral PPN lesion (n � 4 young monkeys) and bilateral PPN
lesion (n � 3 young animals), (4) after a subsequent MPTP intoxication,
and (5) after apomorphine treatment at each step of the experiment.

Mann–Whitney rank-sum test was performed to determine the loss of
TH �, NADPH �, and non-NADPH � neurons between two groups of
individuals. The relative effects of MPTP on TH � nigral neurons were
assessed using aged-matched controls: young macaques treated with
MPTP (Y double-lesioned group) were compared with a control popu-
lation of young healthy macaques (Y control group). Conversely, a con-
trol population of old healthy macaques (A control group) was used to
assess the loss of TH � nigral cell in older macaques after MPTP intoxi-
cation (A MPTP group). A Kruskall–Wallis test, followed by a Mann–
Whitney U test in the event of statistically significant differences, was
used to analyze the variations in parkinsonian symptoms and postural
parameters in the different conditions. Results with p � 0.05 were
considered significant for all the analyses. All data are presented as
mean � SEM.

Results
Behavioral effects of PPN lesions performed after MPTP
intoxication in young macaques
Parkinsonian symptoms
After MPTP intoxication, macaques displayed severe hypokine-
sia, characterized by a dramatic decrease in global activity and in
the speed and length of steps, plastic hypertonia with limb cog-
wheel rigidity, and episodes of postural and action tremor. Pos-
tural parameters were also affected after MPTP intoxication,
characterized by an increase in the height of the back and a
decrease in the angle of the knee and the height of the pelvis.
Apomorphine injections resulted in an improvement of all
parameters (50%). No balance deficit was detectable either with
or without apomorphine treatment. Therefore, young MPTP-
lesioned macaques displayed DOPA-sensitive parkinsonian
symptoms and gait disorders but no balance deficit.

PPN lesions in MPTP-lesioned macaques
PPN lesions were then performed in the four young MPTP-
lesioned macaques using either a toxin specific for cholinergic
neurons (two animals) or a nonspecific toxin (ibotenic acid) (the
other two animals). A unilateral and especially a bilateral PPN
lesion performed with either specific or nonspecific toxin for
cholinergic neurons resulted in an improvement of tremor and
hypokinesia in the four monkeys (Fig. 2A; Table 1). The PPN
lesions performed with the specific toxin resulted in a greater
improvement of hypokinesia than the injections performed with
ibotenic acid (Fig. 2B). Conversely, muscle tone of limbs was
markedly decreased on the side contralateral to the lesion but was
increased on the ipsilateral side, extending to the neck.

The PPN lesion, performed with either specific or nonspecific
toxin, impaired gait and worsened postural parameters: a flexed
trunk deviated toward the side contralateral to the lesion and
erect tail (Fig. 2C), an increase of knee angle and height of the
pelvis, and weak but persistent balance deficits that induced falls
(Fig. 2D). These symptoms were maximal immediately after the
lesion and progressively regressed over 3– 4 weeks but without
returning to baseline. Compared with a specific cholinergic PPN
lesion, a nonspecific lesion resulted in more severe balance defi-
cits and changes in muscle tone (Fig. 2E).

At the same dose as that given after MPTP intoxication, apo-
morphine injection improved hypokinesia but did not result in a
significant improvement of postural and gait parameters (Fig.
2A,D; Table 1).

Monkey model of advanced PD in young animals
To obtain robust gait deficits and classical parkinsonian symp-
toms in all our young monkeys, some additional MPTP injec-
tions were performed after the PPN lesions because of the
improvement of hypokinesia.

Additional doses of MPTP induced a dramatic worsening of
hypokinesia. Finally, hypokinesia reached a more severe plateau
than the one observed at the peak of the first MPTP intoxication
period. Global activity in the home cage was nearly suppressed,
and both the length and speed of steps were strongly decreased.
The postural parameters were severely affected (increase in the
height of the back and decrease in knee angle). All the animals
displayed balance deficits during walking. None of these symp-
toms improved over a 3 week observation period (Fig. 3A,B;
Table 1). Interestingly, the effect was particularly drastic after
only one MPTP injection in the two macaques with cholinergic
PPN lesions. After the second series of MPTP injections, the per-
centage improvement after apomorphine treatment was inter-
mediate (35%) (Fig. 3B).

Simultaneous lesion of both cholinergic and DA neurons in
aged MPTP-lesioned macaques
We take advantage of aged parkinsonian monkeys to determine
whether simultaneous DA and cholinergic lesions provoked by
MPTP intoxication induced DOPA-resistant gait and balance
disorders.

After MPTP intoxication, aged macaques displayed more se-
vere hypokinesia, hypertonia, and episodes of postural and action
tremor than in young monkeys (Table 1). The mean frequency of
the tremor obtained from 15 measurements on the four limbs in
the most severely impaired aged macaque was 5.84 � 0.33 Hz
(Fig. 1B). Postural parameters measured during walking were
also more severely affected in aged than in young monkeys after
MPTP intoxication (Table 1). Apomorphine injections resulted
in an improvement of hypokinesia, rigidity, tremor, gait, and pos-

11988 • J. Neurosci., July 17, 2013 • 33(29):11986 –11993 Grabli, Karachi et al. • Gait Disorders in Parkinsonian Monkeys



ture, which was greater in young (50%) than in aged (37%) ma-
caques (Fig. 1A; Table 1). Disequilibrium and falls during
walking in the hallway after apomorphine were observed in all
aged MPTP-lesioned macaques.

Assessment of lesions
We quantified nigral DA neurons and cholinergic and noncho-
linergic neurons of the PPN and CuN (Table 2). As expected, a

severe decrease in TH immunoreactivity
was observed in the putamen and caudate
nucleus of all MPTP-lesioned macaques.
There was a loss of 74% of TH-positive
cells in the substantia nigra pars compacta
of young macaques (lesioned, 22,594 �
743 neurons, n � 4; control, 84,150 �
4154 neurons, n � 5; p � 0.005, Mann–
Whitney U test) and a loss of 73% in
aged macaques (lesioned, 20,588 � 4037
neurons, n � 3; control, 76,121 � 1125,
n � 3; p � 0.05, Mann–Whitney U test)
(Fig. 4A).

Whereas there was no loss of NADPH�

neurons in the PPN of young MPTP-
lesioned macaques, the loss reached 22% in
aged MPTP-lesioned monkeys (lesioned,
6360 � 80 neurons, n � 3; control, 8128 �
81, n � 3; p � 0.05, Mann–Whitney U test)
(Table 2). Toxin PPN injections in the four
young MPTP-lesioned macaques resulted
in a bilateral neuronal loss of 41% (range,
24–57%) (lesioned, 4808 � 370 neurons,
n � 4; control, 8178 � 198 neurons, n � 5;
p � 0.005, Mann–Whitney U test) (Fig. 4B;
Table 2).

We also estimated the loss of Nissl-
stained noncholinergic neurons in both the
PPN and the CuN (Fig. 4C, photograph).
Whatever the toxin injected, the number of
noncholinergic neurons was reduced by
only 6% (range, 2–19%) in the whole PPN
of the MPTP-lesioned group compared
with controls (lesioned, 3341 � 53 neurons,
n � 4; control, 3551 � 117 neurons, n � 5;
p � 0.394, Mann–Whitney U test) (Fig. 4B;
Table 2). The lesion also reached the CuN,
with a loss of 7% of noncholinergic neurons
(range, 1–26%), which was not statistically
significant (lesioned, 23,882 � 919 neurons,
n�4; control, 25,142�118 neurons, n�5;
p � 0.05, Mann–Whitney U test) (Fig. 4B;
Table 2). Ibotenic acid injections induced a
higher loss of noncholinergic neurons in the
PPN and above all in the CuN than the uro-
tensin toxin (10 and 13% in the PPN and
CuN vs 3 and 1%, respectively). There was
no loss of noncholinergic neurons in either
the PPN or the CuN of aged MPTP-lesioned
macaques (Table 2).

Discussion
In this study, using two different ap-
proaches, we showed that a PPN lesion
together with a DA lesion in monkeys in-
duced gait disorders unresponsive to do-

pamine agonist in addition to classical parkinsonian symptoms.
To our knowledge, this is the first attempt to combine both DA
and PPN lesions in monkeys that allowed reproducing a close
model of the advanced PD.

In aged macaques, MPTP intoxication induced severe parkin-
sonism with mild midline symptoms, such as balance disorders,
as described previously (Ovadia et al., 1995). Compared with

Figure 2. Effect of PPN lesion on parkinsonian symptoms and gait parameters in young MPTP macaques (n � 4). Parkinsonian
and postural parameters were evaluated under control conditions (Ctrl) after MPTP intoxication (MPTP), after a subsequent PPN
lesion (MPTP � PPN), and after apomorphine treatment (Apo) in the two MPTP states. A, PPN lesion resulted in an improvement
of hypokinesia (global activity and step speed) and tremor. Step length and knee angle were also improved but at a lesser degree.
B, Improvement of hypokinesia was less after ibotenic acid lesions than after urotensin toxin lesions. C, Worsening of posture and
locomotion after PPN lesion assessed by the position of the tail and body, which was turned contralaterally to the lesion. Knee
angle, height of the pelvis, and balance deficit were also worsened. D, Postural disorders shown in the same monkey under control
condition (Ctrl), after intoxication by MPTP, after a subsequent PPN lesion, and after apomorphine treatment (Apo) in the two
MPTP states. PPN lesion resulted in a worsening of these postural parameters. E, Worsening of postural parameters after PPN lesion
was more important after ibotenic acid lesions than after urotensin toxin lesions. All values are expressed in percentage of control
data, except for the tremor and balance deficits scaled from 0 to 3. *p � 0.05, Kruskall–Wallis test followed by Mann–Whitney U
test in the event of statistically significant differences. F, Photographs of the same animal in the control state (Ctrl), after MPTP
administration, and then after PPN lesion (MPTP � PPN).
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young MPTP-lesioned macaques, hypo-
kinesia in aged monkeys was less DOPA
responsive. All three aged macaques dis-
played postural deficits, but only one de-
veloped marked balance disorders during
gait, worsened by apomorphine. These
clinical findings are consistent with the
histological examination that showed a
severe TH neuronal cell loss in the sub-
stantia nigra in both young and aged
MPTP animal groups, whereas the loss of
PPN cholinergic neurons was significant
in aged monkeys only. However, the mild
severity of this loss (22%) compared with
the loss of 44% induced by stereotaxic
PPN lesion could explain why the axial
symptoms were not predominant. More-
over, lesions or pathological changes out-
side the substantia nigra and PPN
probably existed in these animals and may
also explain the existence of DA-resistant
symptoms. Thus, because both PPN cho-
linergic loss and dopamine-unresponsive
gait disorders were mild in aged MPTP-
lesioned monkeys, we considered that this
approach could not be a convincing can-
didate for a model of advanced PD. In
contrast, young MPTP-lesioned monkeys
with subsequent stereotaxic lesion of the
PPN developed robust midline signs, in-
cluding gait and balance disorders, indepen-
dently of apomorphine treatment. The
extent of the non-DA lesions was fully con-
trolled, involving the PPN area without any
other extranigral neuronal loss. In addition,
according to the toxin used (specific to cho-
linergic neurons or not), we could dissect
the specific contribution of these different populations of PPN neu-
rons in the pathophysiology of parkinsonian symptoms. As dem-
onstrated previously, diphtheria toxin conjugated with urotensin II
resulted in a lesion mainly restricted to the PPN and almost specific
to cholinergic neurons (Clark et al., 2007; Karachi et al., 2010) with
no extension in the adjacent CuN. In comparison, the nonspecific
ibotenic acid injected into the cholinergic part of the PPN induced a
larger lesion, which extended to the noncholinergic neurons of the
CuN.

As hypothesized and in line with our previous results (Karachi
et al., 2010), PPN lesions in young MPTP-lesioned monkeys re-

sulted in the additional occurrence of DA-unresponsive altera-
tion of gait, balance, and posture. The postural changes, as
assessed by tail position and knee angle, were strictly similar to
those observed in the animals that received PPN bilateral lesion
but were not intoxicated with MPTP in our previous study and
were not improved by DA agonist treatment (Karachi et al.,
2010). In addition, they remained unchanged after the second
series of MPTP injections, whereas hypokinesia was dramatically
worsened. Thus, postural changes induced by PPN lesion seem to
be essentially independent of the relationship between the PPN
and the DA/basal ganglia system. It is possible that postural

Table 1. Summary of the effect of MPTP intoxication and then PPN lesion on parkinsonian and gait and postural parameters

Treatment
Global activity
(%)

Step speed
(%)

Step length
(%) Tremor (0 –3) Rigidity (0 –3)

Height of the
back (%)

Angle of the
knee (%)

Pelvis height
(%)

Balance deficit
(0 –3)

Control 100 100 100 0 0 100 100 100 0
A MPTP (apo) (n � 3) 3 (21) 48 (66) 75 (80) 2 (1.2) 1.7 (1) 125 (114) 91 (96) 91 (98) 0 (1.7)
Y MPTP (apo) (n � 4) 10* (45**) 52* (73**) 81* (89) 0.9* (0.4**) 1.8* (0.5**) 133* (114) 97 (99) 96 (99) 0
Y PPN (apo) (n � 4) 52*,*** (58) 67*,*** (80) 83* (87) 0.3*** (0.3) 0.5*,***(0.5) 123 (116) 103 (102) 106 (102) 1*,*** (1.5)
Y MPTP2 (apo) (n � 4) 8* (17) 46* (66) 76* (79) 1* (0.5) 1.7* (0.8) 150* (129) 95 (95) 98 (100) 0.8 (1)

Mean values of parkinsonian and gait and postural parameters were calculated in aged macaques in the control state and after MPTP intoxication (A MPTP). They were also calculated in young macaques in the control state and after MPTP
intoxication (Y MPTP) and then after PPN lesion (Y PPN) and after an additional series of MPTP injections performed after PPN lesion (Y MPTP2). Values are expressed as a percentage of corresponding values in the control state, except for
tremor, rigidity, and balance deficit, expressed on a scale of 0 –3. Values in parentheses correspond to values in a given state after apomorphine (apo) treatment.

*p � 0.05 versus control.

**p � 0.05 versus respective treatment before apomorphine.

***p � 0.05 versus MPTP. Kruskall–Wallis test followed by Mann–Whitney U test in the event of statistically significant differences.

Figure 3. Drastic worsening of all symptoms including balance deficits after additional doses of MPTP in double-lesioned
macaques. Apomorphine (Apo) was also administered to analyze the symptoms restored by DA treatment. A, Photographs of the
same animal in control state (Ctrl), after MPTP administration, and then after PPN lesion and additional MPTP injections (MPTP �
PPN � MPTP). B, Examples of parkinsonian and postural and gait parameters that were evaluated under control conditions (Ctrl)
after MPTP intoxication (MPTP), after a subsequent PPN lesion and additional MPTP injections (MPTP � PPN � MPTP), and after
apomorphine treatment (Apo) in the two MPTP states. All values are expressed in percentage except for balance deficits scaled
from 0 to 3. #p � 0.05 for comparison between pre- and post-apomorphine conditions; *p � 0.05 for comparisons with control
state. C, Photographs of balance deficit observed after additional doses of MPTP in a monkey. *p � 0.05, Kruskall–Wallis test
followed by Mann–Whitney U test in the event of statistically significant differences.
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changes related to PPN lesions are mediated through complex
effects on axial and limb muscle tone because the PPN belongs to
the mesencephalic reticular formation, known to control muscle
tone (Rye et al., 1988; Lai and Siegel 1990; Takakusaki et al., 2004)
via its descending input to the reticulospinal tract. The occur-
rence of alterations in muscle tone after PPN lesions is in line with
experiments in decerebrated cats showing that electrical modu-
lation of the PPN area resulted in a dramatic decrease of muscle
tone (Takakusaki et al., 2003). Moreover, it has been reported
recently that cholinergic inputs to reticulospinal neurons, possi-
bly arising from the PPN, were capable of amplifying and extend-
ing the duration of locomotor output, depending on axial muscle
tone, in lampreys (Smetana et al., 2010). Hypertonia has been
reported previously after bilateral specific cholinergic lesions of
the PPN (Karachi et al., 2010). A larger PPN lesion performed
unilaterally in monkeys using kainic acid also produced flexed
posture in the limbs but on the contralateral side (Kojima et al.,
1997). Although a plausible explanation is not easy to find, dif-
ferences in the location and extent of the lesions might account
for this discrepancy regarding the side of hypertonia.

In young monkeys, balance deficits and falls were observed
only with the combination of DA and PPN lesions, never with DA
or PPN lesions alone (Karachi et al., 2010). This observation is
crucial because it highlights the fact that neither DA nor PPN
degeneration alone is sufficient to induce falls and that balance
failure depends on lesions within multiple neuronal systems. This
is highly consistent with our previous finding in PD patients that
fallers had a greater neuronal loss in the PPN than non-fallers
(Karachi et al., 2010). Interestingly, in that study, we focused on
the PPN cholinergic neurons. In the present work, PPN lesion
performed with a toxin specific for cholinergic neurons in two
MPTP-lesioned monkeys systematically resulted in the occur-
rence of falls, suggesting that cholinergic neurons are involved in
balance control. In humans, the results of a positron emission
tomography study with a cholinergic tracer also support this hy-
pothesis, because faller PD patients had a lower cholinergic in-
nervation of the thalamus arising from the PPN than patients
non-fallers (Bohnen et al., 2009). However, our monkeys with
nonspecific cholinergic lesions displayed more severe balance
deficits than those with specific lesions, indicating that noncho-
linergic neurons of the PPN and above all of the CuN are also
probably involved in balance control, in addition to cholinergic
and DA systems. In all the monkeys, balance deficits and falls
were increased under apomorphine. Our results are consistent
with the observation that the response of gait and balance disor-
ders to levodopa decreases over time in PD patients and that
some forms of freezing of gait may be worsened by prolonged

levodopa treatment or high-frequency stimulation of the subtha-
lamic nucleus (Giladi et al., 2001). Some reports also suggest that
falls may be more frequent under DA agonist in older patients
with advanced PD than in younger patients (Elmer et al., 2012).

Several hypotheses might be considered to explain the im-
provement of hypokinesia that we observed in our MPTP-
lesioned monkeys after PPN lesion. (1) One could argue that
parkinsonian symptoms recovered over time. However, this is
unlikely to account for the improvement of hypokinesia, because
the delay between the end of MPTP intoxication and PPN lesion
was 9 weeks in the most severely affected MPTP-lesioned mon-
key. In a previous study, we showed that, after the interruption of
MPTP intoxication, parkinsonism either recovered or stabilized
within 2–5 weeks (Mounayar et al., 2007). (2) Another possible
explanation is that a partial cholinergic PPN lesion performed
with urotensin II-conjugated diphtheria toxin, which is �50%
and thus similar to that observed in PD postmortem (Hirsch et
al., 1987; Karachi et al., 2010), induces an increased activity of the
remaining cholinergic neurons. Accordingly, hyperactive cholin-
ergic terminals were observed at the level of DA nigral neurons in
PD patients (Anglade et al., 1993). It is possible that, when lesions
are more severe and nonspecific to cholinergic neurons, the re-
maining neurons might no longer be able to activate their nigral
and thalamic targets. That could explain why a larger PPN lesion
using kainic acid in intact nonhuman primates induced typical
parkinsonism with hypokinesia and hypertonia (Kojima et al.,
1997; Munro-Davies et al., 1999; Matsumura and Kojima, 2001),
whereas this was not the case after partial lesion specific to cho-
linergic neurons (Karachi et al., 2010). This may also explain why,
in the current study, nonspecific PPN lesions were less effective at
improving hypokinesia than a cholinergic-specific lesion. How-
ever, although the excitatory PPN projection to the remaining
DA nigrostriatal neurons and to thalamocortical neurons might
explain an improvement of hypokinesia after partial PPN lesion,
its excitatory drive to the subthalamic nucleus and the zona in-
certa would, on the contrary, contribute to an excessive overac-
tivity of these nuclei and would thus result in a worsening of
hypokinesia. (3) It is also possible that PPN neurons display
decreased activity after partial PPN lesion in MPTP-lesioned
monkeys, as reported after MPTP intoxication in macaques
(Gomez-Gallego et al., 2007). Consequently, PPN neurons would
reduce their excitatory drive toward the subthalamic nucleus,
resulting in an improvement of hypokinesia. Improvement of
tremor is another interesting point. Because there is a cerebellar
pathway to the PPN (Hazrati and Parent, 1992), a loss of the
target for cerebellar input may in turn modulate the severity of
tremor. This is in accordance with recent functional MRI work in
tremor-predominant PD patients showing that tremor ampli-
tude is related to a dysfunction within the cerebello-thalamo-
cortical pathway (Helmich et al., 2012). In summary, the
symptoms ultimately obtained in double-lesioned macaques
would result from the balance between the severity of the DA cell
loss and the complex effects attributable to the PPN lesion.
Double-lesioned macaques could also be useful to study other
non-DA symptoms of PD, possibly related to PPN dysfunction,
such as sleep disorders (Arnulf et al., 2010) or cognitive deficits
(Winn, 2006).

In conclusion, the combination of PPN and DA lesions in
young MPTP-lesioned monkeys is technically difficult to per-
form because stereotaxic injections of neurotoxin within the
brainstem are needed. Even if the examination of gait and posture
is different in monkeys and humans and difficult to compare,
these monkeys had consistent gait and balance disorders resistant

Table 2. Extent of the lesion after MPTP intoxication and PPN lesion

Groups of macaques TH � neurons
NADPH �

neurons
PPN non-NADPH �

neurons

CuN non-
NADPH �

neurons

A control (n � 3) 76,121 � 1125 8128 � 81 2893 � 227 19,544 � 774
A MPTP (n � 3) 20,588 � 4037 6360 � 80 2786 � 284 17,683 � 547
Loss 73%* 22%*
Y control (n � 5) 84,150 � 4154 8178 � 198 3551 � 117 25,142 � 118
Y double-lesioned

(n � 4)
22,594 � 743 4808 � 370 3341 � 53 23,882 � 919

Loss 74%* 41%* 6% 7%

The numbers of TH � neurons in the substantia nigra pars compacta, NADPH � neurons in the PPN, and non-
NADPH � neurons in the PPN and CuN were stereologically quantified in aged control (A control) and MPTP-lesioned
(A MPTP) macaques and in young control (Y control) and double-lesioned (Y double-lesioned) macaques. The
neuronal loss is expressed as a percentage, taking the respective controls as 0%.

*p � 0.05 versus MPTP, Mann–Whitney U test.
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Figure 4. Assessment of DA lesion within the nigrostriatal pathway and of cholinergic and noncholinergic lesion in the PPN and the CuN. A, Coronal sections immunostained with TH showing a severe
decrease in TH � fibers in the striatum (putamen and caudate nucleus) and in TH � neurons in the substantia nigra pars compacta (SNc) in a young double-lesioned macaque (MPTP) compared with a young
control. A�, Graphic representation of the number of nigral TH � neurons in young double-lesioned macaques and their controls and in aged MPTP-lesioned macaques and their controls. B, Top, Photomicro-
graphs of PPN sections labeled for NADPH histochemistry showing the toxin injection site into the PPN compared with a control. Bottom, NADPH � neurons (blue) were mapped in a control and in lesioned
animals. All injection sites of the four macaques were transferred onto the corresponding brainstem map. Each individual is represented by a different color. Note that the cholinergic part of the PPN was lesioned
in all animals. Each dot represents an NADPH � neuron; yellow areas represent the extent of the CuN. FLM, Medial longitudinal fasciculus; PCS, superior cerebellar peduncle. B�, Graphic representation of the
number of NADPH � neurons in the PPN in young double-lesioned macaques and their controls and in aged MPTP-lesioned macaques and their controls. C, Section immunostained with NADPH and
counterstained with Nissl showing the presence of non-NADPH � neurons (yellow triangles) and NADPH � neurons (blue triangles). Computer-generated map showing that the injection site (gray area)
involved not only the PPN but also the CuN more dorsally located (yellow area). C�, Graphic representation of the distribution of noncholinergic neurons in the CuN (top) and PPN (bottom) in animals that received
toxin lesions. Left, The number of noncholinergic neurons in lesioned macaques (n�4) were compared with controls (n�5). Right, Distribution of noncholinergic neurons in macaques after ibotenic acid lesion
(n � 2) and after urotensin toxin lesion (n � 2). Ctrl, Control; ibo, ibotenic acid; uro, urotensin toxin. Scale bars: A, B, 2 mm; C, 50 �m. *p � 0.01, ***p � 0.001, Mann–Whitney U test.
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to DA associated with classical parkinsonian symptoms. These
results shed new light on the complex role of PPN degeneration in
the pathophysiology of parkinsonian axial symptoms and pave
the way toward a closer model of advanced PD.
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