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1. Abstract 

Hyperkinetic movement disorders include tremors, dystonia, chorea, tics, myoclonus, 

stereotypies, restless legs syndrome, and various other disorders with abnormal involuntary 

movements. Although several disorders could be included in such a broad spectrum, a limited 

number of conditions are modeled in non-human primates. These disabling conditions include 

notably L-dopa-induced dyskinesia in Parkinson’s disease, tardive dyskinesia, essential 

tremor and Huntington’s disease. Non-human primate models of these conditions exist. This 

short opiniated review surveys the current state of use of these models as well as the future 

developments. 

2. Introduction 

Hyperkinetic movement disorders include tremors, dystonia, chorea, tics, myoclonus, 

stereotypies, restless legs syndrome, and various other disorders with abnormal involuntary 

movements. Although a number of disorders could be included in such a broad spectrum, a 

limited number of conditions are modeled in non-human primates (NHPs). These conditions 

include notably L-dopa-induced dyskinesia (LID) in Parkinson’s disease (PD), tardive 

dyskinesia (TD), essential tremor (ET) and Huntington’s disease (HD). NHP models of these 

conditions exist. They were or are currently in use in a limited number of laboratories 

throughout the world. Although the translational value of NHP in neurological research is 

widely acknowledged, the field is everywhere submitted to non-scientific concerns and hence 

pressure towards diminishing their use, thereby actually limiting the number of teams 

achieving top-notch science in these species. Moving away from such valuable models would 

however ultimately jeopardize our capability to develop effective treatments for the 

neurological conditions of concern, would we be left with the sole rodent models whose brain 

physiology and anatomy are in nature different from the one of primate lineage to which 

human beings belong. This short opiniated review surveys the current state of use of these 

models as well as the future developments. 

3. Primate models of L-DOPA induced dyskinesia in Parkinson disease 

Searching for therapeutic solutions has fuelled the search for valid translational experimental 

NHP models of the L-dopa-induced side effects in animals. Modeling LID in NHPs became 

possible because of the development of the now gold-standard model of parkinsonism 

obtained by exposure to the toxin MPTP. MPTP is a neurotoxin that induces a form of 
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parkinsonism in humans which is indistinguishable from idiopathic PD (Langston et al., 

1983). Primates exposed to MPTP show most of the motor problems typically encountered 

with L-dopa therapy, including wearing-off and peak-dose dyskinesia (but not on–off 

fluctuations) (Clarke et al., 1987; Crossman, 1987; Crossman et al., 1987; Langston and 

Ballard, 1984). They are moreover sensitive to the main risk factors for LID, such as the loss 

of nigrostriatal DA projections (Guigoni et al., 2005), the dosage of L-dopa (Huot et al., 2012, 

2013; Porras et al., 2014) and an increased incidence of dyskinesia with chronic L-dopa 

treatment (Bezard et al., 2001; Iderberg et al., 2012). 

Four species have been regularly used, namely the macaque monkeys (Macaca mulatta and 

Macaca fascicularis), the common marmoset (Callithrix jacchus) and the squirrel (Saimiri 

sciureus) monkeys. The vast majority of pathophysiological studies have however been 

conducted in the macaque monkeys, the species on which this review focuses. A thorough 

review of the pros and cons of the different species is reviewed by Bastide et al. (Bastide et 

al., 2015). The cynomolgus (Macaca fascicularis) and rhesus (Macaca mulatta) macaques 

display the human-like symptoms of PD and LID and are currently the species of choice to 

study LID (Bezard et al., 2001; Iderberg et al., 2012; Johnston et al., 2010; Johnston et al., 

2013; Koprich et al., 2013; Langston et al., 2000; Morin et al., 2013; Porras et al., 2012). 

Dyskinetic MPTP-intoxicated macaques exhibit various combinations of choreic-athetoid (i.e. 

characterized by constant writhing and jerking motions), dystonic and even ballistic 

movements (i.e. large-amplitude flinging, flailing movements), although less frequently for 

those latter (Ahmed et al., 2010; Bezard et al., 2001; Bezard et al., 2003; Iderberg et al., 2012; 

Johnston et al., 2010; Johnston et al., 2013; Koprich et al., 2011; Koprich et al., 2013; 

Langston et al., 2000; Morin et al., 2013; Porras et al., 2012). Both the repertoire and severity 

of dyskinesia are not distinguishable from LID occurring in PD patients (Bezard et al., 2003; 

Fox et al., 2012).  

Once MPTP-induced parkinsonism is stable, macaques are then treated with daily 

administration of L-dopa (L-dopa/carbidopa, ratio 4:1) for 4-5 months at an individually 

tailored dose designed to produce a full reversal of the parkinsonian condition, i.e. in a 

clinically relevant approach. Over this period, animals develop consistent and reproducible 

dyskinesia (Iderberg et al., 2012). Moreover, even if the L-dopa treatment is stopped for 

months, only one L-dopa administration will be sufficient to induce the same AIMs scores as 

observed before (Ahmed et al., 2010; Bezard et al., 2003; Bezard et al., 2004; Fasano et al., 

2010; Gold et al., 2007; Iderberg et al., 2012; Porras et al., 2012; Rylander et al., 2010), i.e. a 

profile of response observed in humans as well who do not benefit from drug holidays. 
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Although L-dopa doses are individually tailored, the benefit of the L-dopa therapy is 

invariable and consistent for each MPTP macaque, which mimics the treatment adaptation to 

parkinsonian patients performed in the clinic and underlies how this model is relevant before 

undergoing clinical trials. 

Even if the similarity to human symptoms makes the MPTP macaque relevant on a clinical 

level for LID, this model is expensive, sizable (weighing up to 7-10kg) and need specialized 

infrastructures with highly qualified personnel to handle the animals (Iderberg et al., 2012; 

Morin et al., 2013). 

4. Primate model of tardive dyskinesia 

Tardive dyskinesia (TD) is a disabling motor complication encompassing all persistent, 

abnormal, involuntary hyperkinetic movements occurring in the setting of chronic therapy 

with dopamine receptor-blocking agents, such as antipsychotic drugs (Blanchet, 2003). 

Although of relatively high prevalence with old anti-psychotics, developing NHP models of 

this debilitating complication has remained challenging over the years (Blanchet et al., 2012), 

notably characterized by the instability of the displayed symptoms often present with together 

with acute dystonic reactions (Gunne and Barany, 1976, 1979). These issues explain the 

existing gap in knowledge between the TD and LID pathophysiologies.  

At odds with LID, TD are mostly modeled in new world NHP species such as squirrels 

(Saimiri sciureus), capuchins (Cebus apella) and marmosets (Callithrix jacchus) while 

macaques were originally used (Blanchet et al., 2012). The current knowledge of basal 

ganglia physiology and pathophysiology derives mainly from knowledge accumulated in 

macaque species (Camus et al., 2015; Porras et al., 2012). NHP models of any condition 

generated in a non-macaque species are thus limited in their biological scope as molecular and 

physiological anatomies are then unknown. 

Phenotypically, a precautious long-term (typically over a year) exposure to intramuscular 

depot of haloperidol elicits abnormal movements are similar to those found in humans and 

typically stereotyped, without concomitant acute dystonic reaction or interference with food 

intake and well-being. The list of manifestation is as long as in humans, complicating the 

rating, including orofacial dyskinetic movements (e.g. forehead contractions, chewing 

movements, tongue protrusions, and lip retraction), neck rotation, intermittent back extension, 

and flexion/extension movements of the toes (Blanchet et al., 2012). Those manifestations 

may last for several months following drug withdrawal as in human TD, although irreversible 

TD are often reported in patients (at odds with the NHP models). 



 5

5. Primate model of essential tremor 

Although ET is the most common movement disorder, its pathophysiology remains elusive 

despite early attempts to decipher its pathophysiology. The field has however clearly not yet 

benefited from the progress in physiology and in molecular neuroscience as it should have 

and so are as well the NHP models of ET. A classical NHP model (rodent as well) of ET is 

the harmaline- induced model, promoting the concept that the action tremor induced by 

harmaline treatment through enhancing the coupling between the inferior olivary neurons is 

actually ET. Although far-fetched because of little evidence that harmaline-related alkaloids 

might be present in plasma of ET patients, it is a phenotypic model of ET in a wide variety of 

animals, including mice, rats, cats and NHPs (Battista et al., 1970) suggesting an 

evolutionarily conserved olivocerebellar circuit for tremor generation. Interestingly the 

frequency of ET in macaque monkeys (EB unpublished observations) corresponds to ET 

patients (4-12 Hz) (Bhatia et al., 2018) but, like in other species, present some differences in 

term of pharmacological response (Pan et al., 2018). A recent thorough review of animal 

models of ET noted a very limited number of peer-reviewed contributions that used NHP in 

ET research (Pan et al., 2018).  

6. Primate model of Huntington disease 

Contrary to the three other conditions presented in this short review, HD, a rare monogenic 

autosomal dominant inherited fatal disease, is subject to an intense, although mainly 

technological, research in NHP because of the apparent simplicity of its cause (Aron Badin, 

2018). Phenotypic models have been first developed while pathocopies are now being 

proposed thanks to the progress of genetic engineering for which HD has become a school 

case (Yang et al., 2008). Neurotoxins, i.e. excitotoxic agents (quinolinate, kainate, ibotenate 

and malonate) or the mitochondrial toxin 3-nitropropionate (3NP), have been used to replicate 

some features of HD in rodents, but also in NHPs (Brouillet et al., 2005; Burns et al., 1995; 

Ferrante et al., 1993; Hantraye et al., 1990; Roitberg et al., 2002). The local overexpression of 

the huntingtin protein using viral vectors is another approach to replicate this monogenic 

disease that has seen a NHP version with the lentiviral-mediated overexpression of the 

pathologic (80Q) exon 1 of the human huntingtin protein in the putamen of adult macaques 

that induces motor abnormalities (spontaneous chorea, limb and orofacial dyskinesia, leg 

dystonia) similar to those observed in HD patients (Palfi et al., 2007). Most models, however, 

suffer from the limited number of investigations and each model is only partially 

characterized. To address that issue, Lavisse et al. in an unprecedented effort, characterized an 
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excitotoxic (intrastriatal quinolinic acid) lesion model of striatal dysfunction using cognitive 

and motor behavior assessment as well as functional imaging and post-mortem anatomical 

analyses (Lavisse et al., 2019). They convincingly showed that this NHP model presents 

specific behavioral (learning, execution and retention of cognitive tests) and metabolic 

functional deficits that were not mimicked by any available large animal model of striatal 

dysfunction (Lavisse et al., 2019). In addition, such deficits correlated to a significant cell loss 

in the striatum and its main input and output structures (Lavisse et al., 2019). 

As good as is this phenotypic model, it does not, however, bear the progressive accumulation 

and aggregation of huntingtin, limiting its relevance to symptomatic treatments of HD and not 

for the validation of putative disease-modifying approaches. As soon as 2008, the first 

transgenic NHP model of a neurological condition targeted HD (Yang et al., 2008). The hope 

generated by this first breakthrough was however dampened by the complexity and the 

enormous workload required for generating a few transgenic animals, a burden justified by 

the interesting motor disorders displayed by the offspring. A two-year longitudinal study of a 

transgenic HD macaque revealed a progressive reduction in striatal volume (Chan et al., 

2014) further confirmed by post-mortem histopathological analysis (Chan et al., 2015).  The 

observed motor impairment worsened over time (Snyder and Chan, 2018). In parallel, several 

other neurodegenerative and neurological diseases are being modelled, more or less 

successfully. The development of the next generation of tools paves the way, however, to 

future success that it uses systemic administration of viral vectors (Chansel-Debordeaux et al., 

2017; Dehay et al., 2012; Foust et al., 2010) or next transgenesis methodologies (Kang et al., 

2015; Liu et al., 2014; Liu et al., 2016; Niu et al., 2014). 

7. Considerations for the use of primate in translational research 

This author strongly supports the need of NHPs in Neuroscience on the ground that it is 

indispensable to the translation of knowledge to the human brain (Roelfsema and Treue, 

2014), despite the obvious challenges faced by basic and applied scientific researchers, such 

as expense and technical expertise. While this may be reflected in the relative number of 

monkeys used for research compared to other species like rodents (0.1% vs. 80%, 

respectively) (Roelfsema and Treue, 2014), NHPs remain critical for the accumulation of 

biomedical knowledge given that they are the closest resemblance to humans in aspects of 

anatomy, physiology, immunology, social behaviors, and cognitive function (Roelfsema and 

Treue, 2014). The anatomy, physiology and pharmacology of the brain are sufficiently 

different between primates and non-primates to make uncertain the extrapolation to primates 
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(including man) of data obtained in non-primates such as rodents. For instance, while the 

neuronal density decreases uniformly with the increase of cortex neurons in most mammalian 

species, the primate brain shares the unique characteristic of keeping a stable neuronal density 

with an increased number of neurons (Herculano-Houzel et al., 2014; Wallis, 2011). Using 

functional magnetic resonance imaging and cluster analysis, evidence has been provided for 

several topologically and functionally correspondent human and monkey networks in sensory-

motor and attention regions, especially for the human ventral attention network (Mantini et 

al., 2013). The brain size (Wallis, 2011), the biophysical properties of the cebrebro-spinal 

fluid, the intercellular structure delimiting the extracellular space are as well very different 

that extrapolation to humans requires NHPs. Only NHPs appear to be capable of the physical 

expression of certain forms of movement disorder (e.g. chorea) (Crossman, 1987; Porras et 

al., 2012) or of cognitive disorders (frontal syndrome, dementia as they are the only one 

exhibit a real frontal cortex) (Camus et al., 2015; Wallis, 2011) in a way that makes it possible 

to recognize their human counterpart. Among other differences, it is worth noting that several 

neuronal populations have a different physiology between rodents and primates. Notable, a 

key difference between rodent and NHP dopaminergic neurons is the lack of neuromelanin in 

rodents (Barden and Levine, 1983; Carballo-Carbajal et al., 2019). Only NHPs exhibit the 

accumulation of neuromelanin in the substantia nigra dopamine neurons (thus its name 

“nigra”) (Marsden, 1961). It has been suggested that the presence of this neuromelanin plays a 

pivotal role in buffering toxic insults or in modulating the vulnerability of dopamine neurons 

in PD (Hirsch et al., 1988; Vila et al., 2019). The microenvironment of neurons is different in 

primates versus non-primate species. Primate brain is heavily enriched in non-neuronal cells 

(i.e. glial cells) that are at least three times more numerous in monkey brain compared to 

rodent brain (Charron et al., 2014; Herculano-Houzel, 2009). Since their role in organizing 

the extracellular space as well as in pathologies such as psychosis, Alzheimer and Parkinson’s 

disease and is documented, one shall use a species exhibiting a ratio of glial cells / neuronal 

cells comparable to the Human when tackling such issues. Experimental neurology has 

demonstrated that it is possible to produce an outstanding model of human neurological 

disorders using NHPs. A comprehensive system of measures of cognitive and motor 

performances has been specifically developed for NHPs, that are homologous to those used in 

man for clinical trial purposes. 

When using models, whatever the species, researchers are facing a catch-22 situation (i.e. 

unsolvable as it involves mutually conflicting or dependent conditions). Controversies 

regarding animal models might come from the distinct definitions of validities used by 
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researchers. But it is also likely that a good animal model requires more than the expected 

validity criteria. The “homological validity” (involving the species and strain choices 

regarding the aim of the model) or the “remission validity” (i.e. the reversal of the 

pathological state by treatments should involve the same mechanisms in animals and 

Humans) are obvious although hard to achieve. More and more often, the issue of sample 

sizes is raised since it is often too small to be soundly analyzed (Button et al., 2013). Sample 

sizes are twice as important as they guarantee the relevance of the results’ statistical 

significance. Underpowered studies might lead to false-negative or false-positive results 

(Button et al., 2013). However, this should be balanced with the ethical legislation, such as 

the 3R rule (i.e. replacement of animal models when possible, refinement of experimental 

conditions and reduction of sample sizes). Therefore, and contrary to a general assumption, it 

is neither ethical nor statistically valid to use a low number of NHPs while a properly 

weighted study, although involving more NHPs, is perfectly scientifically valid and hence 

ethical because the data can be trusted. 

8. Concluding remarks 

NHP models of hyperkinetic movement disorders have been developed for L-dopa-induced 

dyskinesia in Parkinson’s disease, tardive dyskinesia, essential tremor and Huntington’s 

disease. Heuristic, predictive and hence translational phenocopic NHP models exist for the 

symptomatic management of L-dopa-induced dyskinesia in Parkinson’s disease and 

Huntington’s disease. Validating pathocopies of these hyperkinetic disorders is now required 

for hoping to develop disease-modifying strategies. 

 

9. Acknowledgments 

This review was supported by INSERM, CNRS and University of Bordeaux. The funders had 

no role in study design, data collection and analysis, decision to publish, or preparation of the 

manuscript. This review did not intend to be exhaustive and only reflect the opinion of the 

author. 

10. References 

Ahmed MR, Berthet A, Bychkov E, Porras G, Li Q, Bioulac BH, Carl YT, Bloch B, Kook S, 

Aubert I, Dovero S, Doudnikoff E, Gurevich VV, Gurevich EV, Bezard E. Lentiviral 



 9

overexpression of GRK6 alleviates L-dopa-induced dyskinesia in experimental 

Parkinson's disease. Sci Transl Med, 2010; 2: 28ra. 

Aron Badin R. Nonhuman Primate Models of Huntington's Disease and Their Application 

in Translational Research. Methods Mol Biol, 2018; 1780: 267-84. 

Barden H, Levine S. Histochemical observations on rodent brain melanin. Brain Res Bull, 

1983; 10: 847-51. 

Bastide MF, Meissner WG, Picconi B, Fasano S, Fernagut PO, Feyder M, Francardo V, 

Alcacer C, Ding Y, Brambilla R, Fisone G, Jon Stoessl A, Bourdenx M, Engeln M, 

Navailles S, De Deurwaerdere P, Ko WK, Simola N, Morelli M, Groc L, Rodriguez MC, 

Gurevich EV, Quik M, Morari M, Mellone M, Gardoni F, Tronci E, Guehl D, Tison F, 

Crossman AR, Kang UJ, Steece-Collier K, Fox S, Carta M, Angela Cenci M, Bezard E. 

Pathophysiology of L-dopa-induced motor and non-motor complications in 

Parkinson's disease. Progress in neurobiology, 2015; 132: 96-168. 

Battista AF, Nakatani S, Goldstein M, Anagnoste B. Effect of harmaline in monkeys with 

central nervous system lesions. Exp Neurol, 1970; 28: 513-24. 

Bezard E, Brotchie JM, Gross CE. Pathophysiology of levodopa-induced dyskinesia : 

Potential for new therapies. Nature Rev. Neurosci., 2001; 2: 577-88. 

Bezard E, Ferry S, Mach U, Stark H, Leriche L, Boraud T, Gross CE, Sokoloff P. Attenuation 

of levodopa-induced dyskinesia by normalizing dopamine D3 receptor function. 

Nature Med., 2003; 9: 762-7. 

Bezard E, Hill MP, Crossman AR, Brotchie JM, Michel A, Grimee R, Klitgaard H. 

Levetiracetam improves choreic levodopa-induced dyskinesia in the MPTP-treated 

macaque. Eur. J. Pharmacol., 2004; 485: 159-64. 

Bhatia KP, Bain P, Bajaj N, Elble RJ, Hallett M, Louis ED, Raethjen J, Stamelou M, Testa 

CM, Deuschl G, Tremor Task Force of the International P, Movement Disorder S. 

Consensus Statement on the classification of tremors. from the task force on tremor 

of the International Parkinson and Movement Disorder Society. Mov Disord, 2018; 

33: 75-87. 

Blanchet PJ. Antipsychotic drug-induced movement disorders. The Canadian journal of 

neurological sciences. Le journal canadien des sciences neurologiques, 2003; 30 

Suppl 1: S101-7. 

Blanchet PJ, Parent MT, Rompre PH, Levesque D. Relevance of animal models to human 

tardive dyskinesia. Behav Brain Funct, 2012; 8: 12. 

Brouillet E, Jacquard C, Bizat N, Blum D. 3-Nitropropionic acid: a mitochondrial toxin to 

uncover physiopathological mechanisms underlying striatal degeneration in 

Huntington's disease. J Neurochem, 2005; 95: 1521-40. 

Burns LH, Pakzaban P, Deacon TW, Brownell AL, Tatter SB, Jenkins BG, Isacson O. 

Selective putaminal excitotoxic lesions in non-human primates model the movement 

disorder of Huntington disease. Neuroscience, 1995; 64: 1007-17. 

Button KS, Ioannidis JP, Mokrysz C, Nosek BA, Flint J, Robinson ES, Munafo MR. Power 

failure: why small sample size undermines the reliability of neuroscience. Nature 

reviews. Neuroscience, 2013; 14: 365-76. 

Camus S, Ko WK, Pioli E, Bezard E. Why bother using non-human primate models of 

cognitive disorders in translational research? Neurobiol Learn Mem, 2015; 124: 123-

9. 

Carballo-Carbajal I, Laguna A, Romero-Gimenez J, Cuadros T, Bove J, Martinez-Vicente M, 

Parent A, Gonzalez-Sepulveda M, Penuelas N, Torra A, Rodriguez-Galvan B, Ballabio A, 

Hasegawa T, Bortolozzi A, Gelpi E, Vila M. Brain tyrosinase overexpression implicates 



 10

age-dependent neuromelanin production in Parkinson's disease pathogenesis. Nature 

communications, 2019; 10: 973. 

Chan AW, Jiang J, Chen Y, Li C, Prucha MS, Hu Y, Chi T, Moran S, Rahim T, Li S, Li X, Zola 

SM, Testa CM, Mao H, Villalba R, Smith Y, Zhang X, Bachevalier J. Progressive cognitive 

deficit, motor impairment and striatal pathology in a transgenic Huntington disease 

monkey model from infancy to adulthood. PloS one, 2015; 10: e0122335. 

Chan AW, Xu Y, Jiang J, Rahim T, Zhao D, Kocerha J, Chi T, Moran S, Engelhardt H, Larkin 

K, Neumann A, Cheng H, Li C, Nelson K, Banta H, Zola SM, Villinger F, Yang J, Testa CM, 

Mao H, Zhang X, Bachevalier J. A two years longitudinal study of a transgenic 

Huntington disease monkey. BMC Neurosci, 2014; 15: 36. 

Chansel-Debordeaux L, Bourdenx M, Dovero S, Grouthier V, Dutheil N, Espana A, Groc L, 

Jimenez C, Bezard E, Dehay B. In utero delivery of rAAV2/9 induces neuronal 

expression of the transgene in the brain: towards new models of Parkinson's disease. 

Gene Ther, 2017; 24: 801-9. 

Charron G, Doudnikoff E, Canron MH, Li Q, Vega C, Marais S, Baufreton J, Vital A, Oliet SH, 

Bezard E. Astrocytosis in parkinsonism: considering tripartite striatal synapses in 

physiopathology? Frontiers in aging neuroscience, 2014; 6: 258. 

Clarke CE, Sambrook MA, Mitchell IJ, Crossman AR. Levodopa-induced dyskinesia and 

response fluctuations in primates rendered parkinsonian with 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP). Journal of the neurological sciences, 1987; 78: 

273-80. 

Crossman AR. Primate models of dyskinesia: the experimental approach to the study of 

basal ganglia-related involuntary movement disorders. Neuroscience, 1987; 21: 1-40. 

Crossman AR, Clarke CE, Boyce S, Robertson RG, Sambrook MA. MPTP-induced 

parkinsonism in the monkey: neurochemical pathology, complications of treatment 

and pathophysiological mechanisms. The Canadian journal of neurological sciences. 

Le journal canadien des sciences neurologiques, 1987; 14: 428-35. 

Dehay B, Dalkara D, Dovero S, Li Q, Bezard E. Systemic scAAV9 variant mediates brain 

transduction in newborn rhesus macaques. Scientific reports, 2012; 2: 253. 

Fasano S, Bezard E, D'Antoni A, Francardo V, Indrigo M, Qin L, Dovero S, Cerovic M, Cenci 

MA, Brambilla R. Inhibition of Ras-guanine nucleotide-releasing factor 1 (Ras-GRF1) 

signaling in the striatum reverts motor symptoms associated with L-dopa-induced 

dyskinesia. Proc Natl Acad Sci U S A, 2010; 107: 21824-9. 

Ferrante RJ, Kowall NW, Cipolloni PB, Storey E, Beal MF. Excitotoxin lesions in primates 

as a model for Huntington's disease: histopathologic and neurochemical 

characterization. Exp Neurol, 1993; 119: 46-71. 

Foust KD, Wang X, McGovern VL, Braun L, Bevan AK, Haidet AM, Le TT, Morales PR, Rich 

MM, Burghes AH, Kaspar BK. Rescue of the spinal muscular atrophy phenotype in a 

mouse model by early postnatal delivery of SMN. Nat Biotechnol, 2010; 28: 271-4. 

Fox SH, Johnston TH, Li Q, Brotchie J, Bezard E. A critique of available scales and 

presentation of the Non-Human Primate Dyskinesia Rating Scale. Mov Disord, 2012; 

27: 1373-8. 

Gold SJ, Hoang CV, Potts BW, Porras G, Pioli E, Kim KW, Nadjar A, Qin C, LaHoste GJ, Li Q, 

Bioulac BH, Waugh JL, Gurevich E, Neve RL, Bezard E. RGS9-2 negatively modulates L-

3,4-dihydroxyphenylalanine-induced dyskinesia in experimental Parkinson's disease. 

J Neurosci, 2007; 27: 14338-48. 

Guigoni C, Dovero S, Aubert I, Qin L, Bioulac BH, Bloch B, Gurevich EV, Gross CE, Bezard 

E. Levodopa-induced dyskinesia in MPTP-treated macaque is not dependent of the 

extent and pattern of the nigrostrial lesion. Eur. J. Neurosci., 2005; 22: 283-7. 



 11

Gunne LM, Barany S. Haloperidol-induced tardive dyskinesia in monkeys. 

Psychopharmacology (Berl), 1976; 50: 237-40. 

Gunne LM, Barany S. A monitoring test for the liability of neuroleptic drugs to induce 

tardive dyskinesia. Psychopharmacology (Berl), 1979; 63: 195-8. 

Hantraye P, Riche D, Maziere M, Isacson O. A primate model of Huntington's disease: 

behavioral and anatomical studies of unilateral excitotoxic lesions of the caudate-

putamen in the baboon. Exp Neurol, 1990; 108: 91-104. 

Herculano-Houzel S. The human brain in numbers: a linearly scaled-up primate brain. 

Frontiers in human neuroscience, 2009; 3: 31. 

Herculano-Houzel S, Manger PR, Kaas JH. Brain scaling in mammalian evolution as a 

consequence of concerted and mosaic changes in numbers of neurons and average 

neuronal cell size. Frontiers in neuroanatomy, 2014; 8: 77. 

Hirsch E, Graybiel AM, Agid YA. Melanized dopaminergic neurons are differentially 

susceptible to degeneration in Parkinson's disease. Nature, 1988; 334: 345-8. 

Huot P, Johnston TH, Koprich JB, Fox SH, Brotchie JM. L-DOPA pharmacokinetics in the 

MPTP-lesioned macaque model of Parkinson's disease. Neuropharmacology, 2012; 

63: 829-36. 

Huot P, Johnston TH, Koprich JB, Fox SH, Brotchie JM. The pharmacology of L-DOPA-

induced dyskinesia in Parkinson's disease. Pharmacol Rev, 2013; 65: 171-222. 

Iderberg H, Francardo V, Pioli EY. Animal models of L-DOPA-induced dyskinesia: an 

update on the current options. Neuroscience, 2012; 211: 13-27. 

Johnston TH, Fox SH, McIldowie MJ, Piggott MJ, Brotchie JM. Reduction of L-DOPA-

induced dyskinesia by the selective metabotropic glutamate receptor 5 antagonist 3-

[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine in the 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine-lesioned macaque model of Parkinson's disease. J Pharmacol Exp 

Ther, 2010; 333: 865-73. 

Johnston TH, Huot P, Fox SH, Koprich JB, Szeliga KT, James JW, Graef JD, Letchworth SR, 

Jordan KG, Hill MP, Brotchie JM. TC-8831, a nicotinic acetylcholine receptor agonist, 

reduces l-DOPA-induced dyskinesia in the MPTP macaque. Neuropharmacology, 

2013. 

Kang Y, Zheng B, Shen B, Chen Y, Wang L, Wang J, Niu Y, Cui Y, Zhou J, Wang H, Guo X, Hu 

B, Zhou Q, Sha J, Ji W, Huang X. CRISPR/Cas9-mediated Dax1 knockout in the monkey 

recapitulates human AHC-HH. Hum Mol Genet, 2015; 24: 7255-64. 

Koprich JB, Fox SH, Johnston TH, Goodman A, Le Bourdonnec B, Dolle RE, DeHaven RN, 

DeHaven-Hudkins DL, Little PJ, Brotchie JM. The selective mu-opioid receptor 

antagonist ADL5510 reduces levodopa-induced dyskinesia without affecting 

antiparkinsonian action in MPTP-lesioned macaque model of Parkinson's disease. 

Mov Disord, 2011; 26: 1225-33. 

Koprich JB, Huot P, Fox SH, Jarvie K, Lang AE, Seeman P, Brotchie JM. The effects of fast-

off-D2 receptor antagonism on L-DOPA-induced dyskinesia and psychosis in 

parkinsonian macaques. Progress in neuro-psychopharmacology & biological 

psychiatry, 2013; 43: 151-6. 

Langston JW, Ballard P. Parkinsonism induced by 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP): implications for treatment and the pathogenesis of 

Parkinson's disease. Can. J. Neurol. Sci., 1984; 11: 160-5. 

Langston JW, Ballard PA, Tetrud JW, Irwin I. Chronic parkinsonism in human due to a 

product of meperidine analog synthesis. Science, 1983; 219: 979-80. 

Langston JW, Quik M, Petzinger G, Jakowec M, Di Monte DA. Investigating levodopa-

induced dyskinesias in the Parkinsonian primate. Ann. Neurol., 2000; 47: S79-S89. 



 12

Lavisse S, Williams S, Lecourtois S, van Camp N, Guillermier M, Gipchtein P, Jan C, Goutal 

S, Eymin L, Valette J, Delzescaux T, Perrier AL, Hantraye P, Aron Badin R. Longitudinal 

characterization of cognitive and motor deficits in an excitotoxic lesion model of 

striatal dysfunction in non-human primates. Neurobiol Dis, 2019; 130: 104484. 

Liu H, Chen Y, Niu Y, Zhang K, Kang Y, Ge W, Liu X, Zhao E, Wang C, Lin S, Jing B, Si C, Lin 

Q, Chen X, Lin H, Pu X, Wang Y, Qin B, Wang F, Wang H, Si W, Zhou J, Tan T, Li T, Ji S, 

Xue Z, Luo Y, Cheng L, Zhou Q, Li S, Sun YE, Ji W. TALEN-mediated gene mutagenesis 

in rhesus and cynomolgus monkeys. Cell Stem Cell, 2014; 14: 323-8. 

Liu Z, Li X, Zhang JT, Cai YJ, Cheng TL, Cheng C, Wang Y, Zhang CC, Nie YH, Chen ZF, Bian 

WJ, Zhang L, Xiao J, Lu B, Zhang YF, Zhang XD, Sang X, Wu JJ, Xu X, Xiong ZQ, Zhang F, 

Yu X, Gong N, Zhou WH, Sun Q, Qiu Z. Autism-like behaviours and germline 

transmission in transgenic monkeys overexpressing MeCP2. Nature, 2016; 530: 98-

102. 

Mantini D, Corbetta M, Romani GL, Orban GA, Vanduffel W. Evolutionarily novel 

functional networks in the human brain? The Journal of neuroscience : the official 

journal of the Society for Neuroscience, 2013; 33: 3259-75. 

Marsden CD. Pigmentation in the nucleus substantiae nigrae of mammals. J Anat, 1961; 

95: 256-61. 

Morin N, Jourdain VA, Di Paolo T. Modeling dyskinesia in animal models of Parkinson 

disease. Exp Neurol, 2013. 

Niu Y, Shen B, Cui Y, Chen Y, Wang J, Wang L, Kang Y, Zhao X, Si W, Li W, Xiang AP, Zhou J, 

Guo X, Bi Y, Si C, Hu B, Dong G, Wang H, Zhou Z, Li T, Tan T, Pu X, Wang F, Ji S, Zhou Q, 

Huang X, Ji W, Sha J. Generation of gene-modified cynomolgus monkey via Cas9/RNA-

mediated gene targeting in one-cell embryos. Cell, 2014; 156: 836-43. 

Palfi S, Brouillet E, Jarraya B, Bloch J, Jan C, Shin M, Conde F, Li XJ, Aebischer P, Hantraye 

P, Deglon N. Expression of mutated huntingtin fragment in the putamen is sufficient 

to produce abnormal movement in non-human primates. Mol Ther, 2007; 15: 1444-

51. 

Pan MK, Ni CL, Wu YC, Li YS, Kuo SH. Animal Models of Tremor: Relevance to Human 

Tremor Disorders. Tremor Other Hyperkinet Mov (N Y), 2018; 8: 587. 

Porras G, De Deurwaerdere P, Li Q, Marti M, Morgenstern R, Sohr R, Bezard E, Morari M, 

Meissner WG. L-dopa-induced dyskinesia: beyond an excessive dopamine tone in the 

striatum. Scientific reports, 2014; 4: 3730. 

Porras G, Li Q, Bezard E. Modeling Parkinson's disease in primates: The MPTP model. 

Cold Spring Harbor perspectives in medicine, 2012; 2: a009308. 

Roelfsema PR, Treue S. Basic neuroscience research with nonhuman primates: a small 

but indispensable component of biomedical research. Neuron, 2014; 82: 1200-4. 

Roitberg BZ, Emborg ME, Sramek JG, Palfi S, Kordower JH. Behavioral and morphological 

comparison of two nonhuman primate models of Huntington's disease. Neurosurgery, 

2002; 50: 137-45; discussion 45-6. 

Rylander D, Iderberg H, Li Q, Dekundy A, Zhang J, Li H, Baishen R, Danysz W, Bezard E, 

Cenci MA. A mGluR5 antagonist under clinical development improves L-DOPA-

induced dyskinesia in parkinsonian rats and monkeys. Neurobiol Dis, 2010; 39: 352-

61. 

Snyder BR, Chan AWS. Progress in developing transgenic monkey model for 

Huntington's disease. J Neural Transm (Vienna), 2018; 125: 401-17. 

Vila M, Laguna A, Carballo-Carbajal I. Intracellular crowding by age-dependent 

neuromelanin accumulation disrupts neuronal proteostasis and triggers Parkinson 

disease pathology. Autophagy, 2019; 15: 2028-30. 



 13

Wallis JD. Cross-species studies of orbitofrontal cortex and value-based decision-

making. Nature neuroscience, 2011; 15: 13-9. 

Yang SH, Cheng PH, Banta H, Piotrowska-Nitsche K, Yang JJ, Cheng EC, Snyder B, Larkin 

K, Liu J, Orkin J, Fang ZH, Smith Y, Bachevalier J, Zola SM, Li SH, Li XJ, Chan AW. 

Towards a transgenic model of Huntington's disease in a non-human primate. Nature, 

2008; 453: 921-4. 
 




