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 Dystonia is a neurological disorder characterized by involuntary twisting 
movements and unnatural postures. There are many different forms of dys-
tonia, which affect over three million people worldwide. Effective treat-
ments are available only for a minority of patients, so new treatments are 
sorely needed. Several animal species have been used to develop models for 
different forms of dystonia, each with differing strengths and weaknesses. 
This review outlines the strategies that have been used to exploit these 
models for drug discovery. Some have been used to dissect the pathogene-
sis of dystonia for the identification of molecular targets for intervention. 
Others have been used for the empirical identification of candidate drugs. 
Therefore, the animal models provide promising new tools for developing 
better treatments for dystonia.  
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   1.   What is dystonia? 

 Dystonia is a neurological disorder defined by characteristic abnormal 
movements     [1,2] . The chief underlying problem is excessive contraction of 
muscles for an intended movement. The primary muscles needed for the 
movement contract too strongly and nearby muscles, that are not normally 
needed, also contract. This overflow contraction sometimes spreads to muscles 
that oppose the actions of the primary muscles. The final movement depends on 
the patterns and strengths of the muscles involved. 

 In the mildest cases, dystonic movements may appear as exaggerations of 
normal actions. In moderately affected cases, abnormalities are more obvious with 
movements that are stiff, slow, twisting or combined with a coarse tremor-like 
action. In severe cases, dystonic movements may lead to discomforting posturing 
or fixed deformities. Dystonia is a chronic disorder. Once it begins, it rarely 
remits and often progresses. 

 Dystonia is not one disorder, but many     [3-5] . The many different forms are 
classified by three overlapping systems, each with different implications for 
therapy. The simplest method of classification is based on the body part involved. 
The focal dystonias are the most common. They affect an isolated body region, 
such as the neck (cervical dystonia), the eyes (blepharospasm), the hand (writer’s 
cramp) or the larynx (spasmodic dysphonia). The segmental dystonias involve two 
or more contiguous regions, such as the eyes and mouth (Meige syndrome) or the 
neck and one arm. Generalized dystonias exhibit broader involvement. The extent 
of the involvement influences the choices for therapies. 

 Another important element for classification is age at onset. Adult-onset 
dystonias are most often focal or segmental, non-associated with other neurological 
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defects or degeneration, and exhibit limited progression. 
Most are sporadic, although there are clues that suggest an 
inherited predisposition with reduced penetrance. In contrast, 
childhood-onset cases are more likely to be familial and 
more often progress to generalized involvement. In children, 
there are also more forms with a higher likelihood of 
being associated with other neurological defects or evidence 
of neurodegeneration. 

 The third scheme for classification involves the etiology 
( Box 1 ). When dystonia occurs without other neurological 
problems, it is classified as primary dystonia. Dystonia 
can also be secondary to a wide variety of nervous-system 
insults, including cerebrovascular disease, tumors, toxins 
or medications, metabolic abnormalities and infectious or 
inflammatory processes. Dystonia is a frequent feature of 
numerous developmental or degenerative diseases, many 
of which are inherited.  

  2.   How many people are affected? 

 Dystonia is sometimes described as a rare or orphan disease. 
Although individual dystonias may be uncommon, as a 
group they are not rare. Estimates of the number of people 
affected are limited by the lack of comprehensive epidemio-
logical studies. For the primary dystonia, several studies 
have provided prevalence estimates of 370 per million     [6] . 
These figures translate to more than three million people 
worldwide. However, these figures reflect significant under-
estimates because the many different manifestations of 
dystonia are not well recognized and many patients go 
undiagnosed. Others do not seek medical attention because 
of the view that effective treatments are lacking. 

 More importantly, the estimates of people affected include 
only those with primary dystonia. Estimates increase 
dramatically if secondary dystonias are included. For 
example, Parkinson’s disease (PD) affects  ∼  1% of people 
> 65 years of age. Approximately a third of them suffers 
from dystonic movements at some point in their illness     [7,8] . 
Dystonia is even more common in the related Parkinson-
like degenerative disorders. Another example is cerebral 
palsy, which occurs with an incidence of 1.5 per 1000 live 
births per year. These patients are often diagnosed with 
spasticity, yet a third exhibits dystonic movements and, in 
some cases, dystonia predominates     [9-11] . If these additional 
populations of secondary dystonia are included, disorders 
associated with dystonia are not rare, they are common.  

  3.   What treatments are already available? 

 Effective medications exist for only a tiny fraction of 
the patients with specific forms of dystonia     [12,13] . 
Levodopa provides an excellent response for patients 
with dopa-responsive dystonia, but little or no response in 
others. Dystonia is frequent in Wilson’s disease, for which 
copper-chelating agents can stop the progression and 

sometimes reverse it. Aside from a few rare conditions, 
broadly effective medications are lacking. 

 Anticholinergics, such as trihexyphenidyl, are often 
prescribed for many dystonias. They have a modest efficacy 
in most adults and the doses required cause multiple 
undesirable side effects that limit their use. They are better 
tolerated in children, although satisfactory responses are 
achieved in the minority. Benzodiazepines, baclofen and 
other muscle relaxants are frequently prescribed. Some 
patients note partial benefits from these medications, but 
side effects are common. 

 Botulinum toxins provide an effective alternative to oral 
medications in some cases. Because they must be injected 
into involved muscles, they are most suited for patients with 
limited involvement. They provide the best option for focal 
dystonias, such as cervical dystonia, blepharospasm and 
spasmodic dysphonia. The botulinum toxins can also be used 
to target the most discomforting features in patients with 
broader involvement in segmental and generalized dystonia, 
but delivery to all affected muscles is not practical. 
Along with their benefits, they have some drawbacks. The 
injections must be repeated every 3 – 4 months when 
benefits begin to wane, and efficacy is lost in some patients 
who develop a resistance. 

 The limited availability of effective medical treatments 
has led to an increasing interest in surgical options. 
Intrathecal delivery of baclofen via a subcutaneous pump can 
help in those with a prominent involvement of the lower 
body, especially children     [11,14,15] . Selective peripheral 
denervation can provide relief in cervical dystonia     [16] . Deep 
brain stimulation is helpful in patients with generalized 
dystonia and is increasingly used in focal and segmental 
dystonias     [17] . Because of the surgical risks, these procedures 
are usually reserved for medically refractory cases. In addition, 
they are offered by relatively few centers with specialized 
experience in dystonia and are not widely available.  

  4.   What animal models are available 
for dystonia? 

  4.1   Rodent models: etiologic 
 Multiple rodent models are available presently. They can be 
grouped into two main categories ( Figure 1 ). One category 
includes the models in which a trigger known to cause 
human dystonia is reproduced in an animal. Most 
frequently, this involves the generation of mice with a gene 
defect linked with human dystonia. They were reviewed 
recently     [18]  and only those relevant to drug discovery are 
summarized here. 

 Etiologic models for drug discovery have been most 
actively pursued for DYT1 dystonia, a form of generalized 
primary dystonia caused by an in-frame three-base-pair 
deletion of GAG in the  TOR1A  gene. This mutation results 
in the omission of the amino acid glutamate in the protein, 
torsinA     [19] . Recent research suggests that torsinA is a 
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molecular chaperone required for protein folding and the 
membrane structure of the nuclear envelope or endoplasmic 
reticulum. The mutant protein exerts a dominant effect 
through mechanisms that are not yet fully understood. 
At the cellular level, the consequences of expressing the 
mutant protein include the disruption of the nuclear 
envelope with the formation of perinuclear inclusions     [20,21] . 
Neurodegenerative changes are not seen; dystonia is thought 
to arise from changes in the physiology of motor circuits 
in the brain. 

 Several aspects of DYT1 dystonia make it a good 
candidate for exploring treatments. First, there is evidence 
that symptoms are reversible. Marked improvements in 
symptoms are seen in response to deep brain stimulation 
and, to a lesser extent, with anticholinergic drugs. Second, 
it is dominantly inherited, but has a penetrance of only 
30%, with the disease emerging in almost all cases by 
30 years of age. The low penetrance suggests a near-normal 

functional state in the brain that may be tipped off balance 
by other genetic or non-genetic factors within an isolated 
window of vulnerability. A relatively modest intervention to 
restore the balance during a critical developmental window 
may be sufficient to prevent the disease permanently. 
Third, essentially all cases carry the same mutation. This 
uniformity permits the design of a single therapeutic reagent 
targeting the same mutation or common downstream 
pathophysiological consequences. 

 Two categories of genetically engineered mouse models 
have been generated to study the consequences of the 
mutation  in vivo . The first category includes transgenic mice 
expressing a copy of the mutant gene along with normal 
endogenous genes ( Table 1 ). Several lines were produced 
in which the mutant gene is expressed from the 
mammalian neuron-specific enolase promoter     [22] , the 
human cytomegalovirus promoter     [23]  or the mammalian 
prion protein promoter     [24] . The lines were evaluated with 

  Box 1     . Dystonia etiologies.   

  Primary (isolated dystonia)  

Inherited: early onset and adult onset, generalized or focal

Idiopathic: torticollis, blepharospasm, spasmodic dysphonia etc.

  Dystonia plus syndromes (dystonia plus other telltale features)  

Dystonia/parkinsonism: DOPA-responsive, dopamine agonist responsive, rapid-onset dystonia/myoclonus

  Secondary (known environmental cause)  

Perinatal injury: hypoxia/ischemia, kernicterus

Infectious/infl ammatory: viral, bacterial, fungal, tuberculous, prion-related

Autoimmune/paraimmune: demyelination, lupus, anticardiolipin, Reye’s syndrome, subacute sclerosing pan-encephalitis

Trauma: brain, spinal cord, peripheral nerves

Neoplasm: direct effect or paraneoplastic

Vascular: ischemic stroke, hemorrhagic stroke, vessel malformations

Drugs: dopamine-related, SSRI, anticonvulsants, cocaine, MPTP, ergots

Toxins: cyanide, manganese, carbon monoxide, carbon disulfi de, disulfuram, methanol, 3-nitropropionic acid

Other: hypoparathyroidism, central pontine myelinolysis, cervical stenosis, congenital

  Hereditary/degenerative (recognized syndrome with or without known cause)  

Parkinsonian: idiopathic Parkinson’s disease, corticobasal degeneration, progressive supranuclear palsy, multiple system atrophy

Trinucleotide repeat diseases: Huntington’s disease, Machado-Joseph disease and other spinocerebellar ataxias, 
dentate-rubropallidoluysian atrophy

Lysosomal: metachromatic leukodystrophy, GM1 and GM2 gangliosidosis, Niemann-Pick C, Krabbe disease, ceroid lipofuscinosis

Amino acidurias: homocystinuria, Hartnup disease

Organic acidurias: glutaric aciduria I, methylmalonic aciduria

Mitochondrial: Leigh and Leber disease, dystonia/deafness syndrome

Metal/mineral metabolism: Wilson disease, Hallervorden-Spatz, Fahr’s disease

DNA handling: ataxia-telangiectasia, Cockayne syndrome, xeroderma pigmentosa, Rett syndrome

Miscellaneous: Lesch-Nyhan disease, Pelizaeus-Merzbacher disease, neuroacanthocytosis, adult and infantile striatal necrosis
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regard to predicted abnormalities at the behavioral, neuro-
chemical and histopathological levels. None exhibits a motor 
disorder resembling human dystonia, but some detectable 
motor anomaly was uncovered in most. Histologically, most 
exhibit abnormal perinuclear aggregates in different brain 
regions ( Table 1 ). Biochemically, several exhibit changes in 
brain monoamines. However, most changes are small and 
inconsistent across the lines. 

 It is noteworthy that transgenics expressing normal rather 
than mutant human torsinA from the prion protein 
promoter, also exhibit several abnormalities, including 
changes in motor behavior and perinuclear inclusions     [24] . 
This finding indicates that some abnormalities in the 
transgenics may reflect the consequence of overexpression, 
rather than a pathological consequence of the mutant 
torsinA. In all of the transgenic animals, large amounts of 
mutant protein are expressed in many brain regions, in 
comparison with the lower and more regionally selective 
expression in the normal brain. Therefore, the phenotype of 
the transgenics might be broader than when mutant torsinA 
is expressed under its natural promoter. 

 In principle, knock-in mice in which one copy of the 
endogenous gene is changed to the human mutant form 
may provide more faithful models. In this case, the mutant 
gene is expressed by its natural promoter, so the levels and 
regional patterns of expression more closely resemble the 
disease state. The more natural pattern of expression avoids 

potential problems associated with phenotypic consequences 
of overexpression or expression of mutant protein in the 
wrong brain regions. One line of knock-in mice was 
reported to exhibit mild hyperactivity and impaired 
performance on the beam walking test without overt 
dystonia in the heterozygous state     [25] . Homozygous 
knock-ins die at birth     [21] . Histologically, perinuclear 
aggregates were seen in the brainstem. 

 In summary, multiple lines of mutant mouse models have 
been generated for DYT1 dystonia. Each has a slightly 
different phenotype. None has a motor disorder resembling 
human dystonia, although each has some measurable motor 
or histopathological abnormality.  

  4.2   Rodent models: phenotypic 
 The second category of animal models includes those 
that exhibit abnormal movements resembling human 
dystonia     [18] . Included are mice, rats and hamsters. Several 
were discovered as spontaneous occurrences in breeding 
colonies. Others were discovered via pharmacological studies 
or after targeted gene alterations. The best characterized 
ones all have clinical and electrophysiological features 
consistent with human dystonia. 

 The dystonia musculorum mouse     [26]  and the dystonic 
 dt  rat     [27]  were among the first of the spontaneously occurring 
inherited phenotypic dystonia models to be described. 
In both models, severe generalized dystonia emerges during 

  Figure 1     . Different types of animal models for dystonia. A.  Etiological models refer to those in which a cause for human disease 
is replicated in an animal. Causes may include gene defects or toxins known to cause the human disease. Examples include mutant 
DYT1 mouse models for dystonia or MPTP-induced parkinsonism.  B.  Phenotypic models are those that exhibit a motor disorder that 
fulfi lls clinical and electrophysiological criteria for human disease. Examples for dystonia include the  dt  rat,  dt sz   hamster and the tottering 
mouse.  C . Hypothesis testing models are those in which some intermediate event thought to participate in the pathophysiological 
pathway for dystonia is reproduced in an animal. Examples include surgical or 6OHDA lesions of nigrostriatal dopamine neurons for 
Parkinson’s disease.    
   MPTP: 1-Methyl-4-phenyl-1,2,3,6 tetrahydropyridine.   
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early development. Although they have been used 
extensively for neuropathological and physiological studies, 
few studies have focused on drug discovery. A major reason 
is that the motor disorder is sufficiently severe to 
compromise the viability. Special procedures are required 
to keep the animals alive, especially during the early 
development. Another reason is that the severity of the 
motor disorder leads to ongoing concerns regarding the 
health of animals that challenge efforts to develop and 
interpret measures of improvement or worsening in response 
to drug challenges. Therefore, these models highlight some 
of the technical challenges associated with drug discovery 
for dystonia. 

 Pharmacological studies relevant to drug discovery have 
been pursued most extensively in the  dt sz   hamster, an 
inherited model for paroxysmal generalized dystonia     [28,29] . 
Although paroxysmal dystonia is an uncommon form of 
human dystonia, the model has a number of attractive 
features for drug discovery. Because dystonia emerges in 
discrete attacks lasting 3 – 5 h, the animals are able to 
maintain nutrition and hygiene during the interictal periods, 
so they suffer minimal morbidity or mortality. As the attacks 
are triggered reliably by a number of influences, it has been 
possible to develop quantitative rating scales for a rigorous 
measurement of changes in the frequency and severity of 
dystonia in response to experimental manipulations. 
Although the genetic basis for dystonia in  dt sz   hamster is 
unknown, a number of physio logical studies have revealed 
abnormalities among motor control pathways relevant to 
dystonia. Most notably, dystonia appears to correlate with 
overactivity of the striatal projection neurons and reduced 
basal ganglia output     [30] . 

 The tottering mutant mouse also has been the subject 
of several pharmacological studies relevant to drug 
discovery for dystonia. Tottering mice also exhibit paroxysmal 
dystonia, which is easily experimentally induced by stress, 
caffeine or ethanol. Their attacks of generalized dystonia 
last for 30 – 40 min and are readily quantified, and the 
relatively normal interictal periods allow the mice to remain 
healthy and viable. Therefore, these mice offer the same 
advantages as the  dt sz   hamster as a tool for drug discovery. 
Tottering mice carry a mutation in the  Cacna1a  gene, which 
encodes the  α  1  subunit of the Cav2.1 (P/Q-type) voltage-
dependent calcium channel     [31] . These channels are 
abundantly expressed in the cerebellum, particularly in 
Purkinje cells, where a 40% reduction in the Cav2.1 calcium-
current density is observed     [32] . During a dystonic attack, 
neuronal activation is observed throughout the olivocerebellar 
circuit, but is absent from the basal ganglia     [33] . Lesions 
that eliminate cerebellar output alleviate dystonic attacks 
in tottering mice, thus suggesting that the cerebellum is 
necessary for the expression of dystonia     [34] .  

  4.3   Primate models 
 Although the majority of research has focused on rodent 
models for dystonia, other species also provide valuable 
tools for drug discovery. Non-human primate models are 
attractive because they most closely resemble humans in 
their neuroanatomy, neurophysiology and motor behavior. 
The cognitive abilities of primates also allow for more 
sophisticated behavioral, learning and movement paradigms 
than those possible for other common laboratory animals. 
The success of primate models for advancing the 
understanding of treatments for PD further reinforces 

  Table 1     . Genetically engineered mouse models for DYT1 dystonia.   

 Type  Promoter  Protein 
expression 

 Neurochemical 
phenotype 

 Anatomical phenotype  Motor phenotype 

Transgenic  [22] NSE 3 – 8  × Striatal DA 
increased 39%  *  

Perinuclear aggregates 
stained for torsinA and 
ubiquitin ‡ 

Hindlimb clasping, marked 
hyperactivity, circling  §  

Transgenic  [23,79] CMV 2 – 4  × Striatal DA release 
impaired

Not reported Limited improvement on repeated 
Rotarod testing in old animals

Transgenic  [24] Prion protein 2 – 6  × Brainstem 5-HT and 
5-HIAA increased 

Perinuclear aggregates 
stained for torsinA and 
ubiquitin  ¶  

Limited improvement on repeated 
Rotarod testing in old animals

Knock-in  [25] Natural Normal Striatal HVA 
reduced 27%

Perinuclear aggregates 
stained for torsinA and 
ubiquitin  #  

Mild hyperactivity, poor 
performance on beam 
walking test

     *  DA release observed only in the 40% of animals affected with abnormal motor phenotype; behaviorally normal animals showed 18% increase. 
  ‡ Abnormal histology limited to pons, pedunculopontine nuclei, periaqueductal gray. 
   §  Only 40% of animals showed the abnormal motor phenotype. 
   ¶  Abnormal histology noted for pedunculopontine nuclei, periaqueductal gray, braintem raphe, hypothalamus, cerebellum. 
   #  Abnormal histology limited to pons. 
5-HIAA: 5-Hydroxyindole acetic acid; 5-HT: 5-Hydroxytryptamine; CMV: Cytomegalovirus; DA: Dopamine; HVA: Homovanillic acid; NSE: Neuron-specifi c enolase.   
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the value of primate models for dystonia. Finally, primates 
may be particularly well-suited to study certain treatment 
modalities, such as deep brain stimulation. 

 Presently, there is no ideal non-human primate model for 
dystonia. Dystonia is observed in several experimental 
paradigms, but few were developed specifically as models for 
dystonia. A model of focal hand dystonia related to overuse 
was developed in owl monkeys trained to maintain all 
fingers and the thumb in contact with a spring-loaded grip 
during multiple rapid opening and closing cycles     [35] . The 
monkeys made as many as 3000 stereotyped cycles in daily 
training periods lasting up to 2 h. After 5 weeks of training, 
the performance declined in 3 of 4 monkeys due to the 
emergence of abnormal movements resembling hand 
dystonia. This paradigm is suggestive of task-specific 
dystonias that develop in humans following overuse. 

 Dystonic movements are also observed in association with 
destructive lesions or transient pharmacological inactivation 
of specific brain regions. Rhesus monkeys with lesions of the 
internal segment of the globus pallidus developed abnormal 
postures of the contralateral limbs similar to what is seen 
in human dystonia     [36] . Similar phenomena were reported 
for rhesus monkeys following lesions of the posterior 
putamen     [37] . Midbrain lesions were reported to cause 
abnormal movements of the head and neck resembling 
cervical dystonia in several primates     [38-40] . These findings in 
non-human primates are suggestive of dystonia that develops 
following focal lesions of similar regions in humans     [41] . 

 Dystonia is also observed as an accompanying feature of 
some primate models of PD. Multiple primate species 
developed hemidystonia a few days after a single 
intra-carotid infusion of 1-methyl-4-phenyl-1,2,3,6 
tetrahydropyridine (MPTP)     [42,43] . The dystonia diminishes 
after 4 – 5 weeks and is followed by the development 
of hemi-Parkinsonism. In another experimental paradigm, 
Cynomolgus monkeys with Parkinsonism due to chronic 
MPTP lesions were treated with dopamine replacement 
therapy     [44] . After 5 months of treatment, they developed 
dystonic limb movements at peak dose. The dystonia 
in these models is analogous to that in some patients 
with early PD, or after chronic treatment     [7,8] . 

 Finally, dystonia is observed following an exposure 
to other toxins. Two of three rhesus monkeys given 
intravenous manganese chloride developed slowed 
movements and facial grimacing resembling dystonia     [45] . 
Cynomolgous monkeys also developed dystonia after 
exposure to 3-nitropropionic acid, with or without 
MPTP     [46,47] . These models are directly relevant to the 
dystonia that develops in humans suffering from manganese 
or 3-nitropropionic acid toxicity. 

 In summary, there are multiple non-human primate 
models for dystonia. Several are based on biological 
processes related to human dystonia, but they are technically 
challenging to generate and maintain. The existing models 
have been used most for studying the pathophysiology of 

dystonic movements. They have not yet been used 
extensively for developing and testing new treatments.  

  4.4   Simpler organisms 
 Although primate models are attractive because of their 
similarity to humans, simpler organisms are attractive for 
different reasons. The goal in using simpler organisms is not 
to reproduce all aspects of the disease, but to reproduce a 
key aspect as a target for drug therapy     [48] . 

 Among the simpler organisms for dystonia, the nematode 
 C. elegans  has received the most attention     [49] . It was the 
first animal to have its genomic DNA sequence fully 
determined and, thereby, has taken a lead-role in the post-
genomic era in terms of its rich bioinformatics databases on 
gene expression, function and interactions. It is genetically 
invariant and shares  ∼  70% of its genes with humans. 
It is anatomically defined and its entire cell lineage and 
complete neuronal connectivity are determined. Compared 
with the  ∼  100 billion neurons of the human brain, 
 C. elegans  has exactly 302 neurons. Despite its evolutionary 
distance from humans, its neurons retain many hallmarks of 
the mammalian neuronal function, including ion channels, 
neurotransmitters, transporters, guidance cues, receptors 
and synaptic components. Defects in many of these are 
associated with simple, but defined behavioral readouts 
for neuronal function, such as egg-laying or motor 
coordination. These worms are very easy to grow and 
maintain in large numbers and at minimal cost. 

 All of these features make nematodes an attractive 
experimental tool for drug development and discovery     [48,49] . 
The recent application of  C. elegans  toward human disease 
research has already provided insights into the function of 
specific gene products linked to a variety of neurological 
disorders, including Alzheimer’s disease, PD and epilepsy. 
In the case of a non-degenerative disease such as dystonia, 
even a slight positive change in torsinA activity might 
be enough to attenuate the threshold of dysfunction 
represented by the reduced penetrance of this disease gene. 
In this context, the identification of a small molecule that 
could even minimally restore normal activity to the torsinA 
protein might be of potential therapeutic value.   

  5.   What can we learn from other disorders? 

  5.1   Therapeutic goals 
 Before considering animal models for drug discovery in 
dystonia, it is useful to consider what has been learned 
from other disorders. They provide valuable guidance for 
moving forward and avoiding some common pitfalls in 
drug discovery. 

 Animal models for PD have been very helpful in drug 
discovery. These models can be divided into two main 
categories. The first includes toxin-based models focused 
on destroying nigrostriatal dopamine neurons, a key 
pathological feature in PD     [50,51] . The most thoroughly 
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studied toxins include 6-hydroxydopamine and MPTP, both 
of which have been used in many species, including rodents 
and non-human primates. The symptomatic consequences 
of the loss of dopamine neurons provide objective targets 
for therapy. These models have been validated for drug 
discovery as drugs known to be effective in PD are effective 
in reversing the symptoms in these models. 

 A second group of PD models is based on genes known 
to cause a PD-like disorder in humans     [52,53] . These include 
genetically modified mouse models for familial disorders 
associated with mutations in  α -synuclein, Parkin, DJ-1, 
LRRK2 and PINK1. The majority of these models lack 
overt symptoms similar to those occurring in PD, so they 
have not been used extensively to identify drugs with 
symptomatic benefit. However, they have been very useful 
for dissecting pathogenesis and identifying potential 
biological targets for interventions that might slow 
progression of disease. 

 The PD models have made it clear that different 
therapeutic goals are best approached with different models. 
The most useful models for identifying drugs to reduce 
symptoms have limited utility for identifying drugs that 
slow the progression of the disease. On the other hand, 
models potentially useful for developing drugs to slow 
progression may not be appropriate for identifying 
symptomatic therapies. This issue is important for dystonia. 
Different treatment strategies and models may be required 
for preventing the emergence of symptoms in at-risk 
individuals versus suppressing dystonic symptoms in those 
already affected.  

  5.2   Eggs in one basket 
 Several drug discovery programs highlight a common 
problem in focusing on a single animal model for a human 
disease with complex etiologies. Motor neuron degeneration 
in amyotropic lateral sclerosis (ALS) has been the target of 
extensive studies of drug discovery with mouse models     [54] . 
These mice have been valuable for elucidating pathogenesis 
and screening potential new therapies. More than 20 
of the most promising drug candidates identified with 
these mice moved on to clinical trials in humans, but 
none proved useful. The chief reason for this discrepancy 
is that the pathological process in the most extensively 
studied ALS models is not representative of the broader 
human population. The models are based on defects in 
superoxide dismutase, which account for only a tiny fraction 
of human ALS. 

 Another example is the experimental allergic 
encephalomyelitis mouse model, based on the immunization 
of mice against purified myelin-associated proteins, as a 
model for multiple sclerosis (MS)     [55] . This model also has 
been valuable for elucidating pathogenesis, but its track 
record for human drug discovery is poor. Again the main 
reason is that the pathogenesis in this model differs from 
more heterogeneous causes in the human population. 

 The experiences with ALS and MS models highlight the 
value of understanding basic pathogenesis for drug discovery. 
They also emphasize that over-reliance on any single animal 
model for drug discovery carries a risk. The results obtained 
may be highly relevant for a small subpopulation of patients 
affected by a specific pathomechanism and may not translate 
to populations where the mechanisms are more heterogeneous 
( Figure 2 ). This issue is particularly important for dystonia, 
which has numerous different causes ( Box 1 ).  

  5.3   Rational design versus empirical discovery 
 The design of rational therapies based on the elucidation of 
pathogenesis and the identification of valid molecular 
targets is both logically and intuitively attractive. In reality, 
it does not always work. The most glaring example involves 
animal models for stroke. These models have been remark-
ably valuable for dissecting a complex web of stroke-related 
events involving thrombolysis, excitotoxicity, oxidative stress, 
inflammation, calcium influx and apoptosis. Each of these 
events has served as a molecular target for therapy, with 
the identification of > 1000 promising drugs. So few of 
the drugs have proven successful in clinical trials that the 
animal models have been questioned     [56-58] . The poor track 
record appears to have many causes. They include practical 
aspects of drug delivery to experimental animals versus 
real-world stroke patients, poorly validated end points 
for determining efficacy and weak experimental designs. 
Furthermore, discrepancies between the most effective drugs 
found in animals and those actually chosen for clinical trials 
suggest more complex factors at play, including issues 
relating to drug cost and safety, regulatory approval and 
intellectual property     [59] . 

 In comparison with the rational design approach, the 
empirical approach to drug discovery lacks the logic of the 
pathogenesis and seems intuitively less attractive. However, 
empirical approaches unencumbered by preconceived notions 
about pathogenesis can be surprisingly productive. Animal 
models have played an essential role in the discovery and 
characterization of all marketed drugs for epilepsy     [60] . These 
drugs were discovered through empirical testing in batteries 
of animal models of epilepsy. Primate models are rarely 
used. Virtually all are mouse models and the most widely 
used are not mechanistically based on any human epilepsy. 
The two gold standards involve subcutaneous administration 
of the convulsant pentylenetetrazole and exogenous 
electroshock in rodents. 

 It has been argued that the lack of bias with respect to 
mechanism is an advantage for drug discovery     [60] . Unlike 
models based on rational design, the empirically based 
models are more likely to uncover drugs that act in 
new ways and through new targets. One example is 
levetiracetam, widely recognized as one of the most broadly 
useful anticonvulsants for human epilepsy. It was first 
identified via a mouse model with audiogenic seizures, 
a very uncommon form of human epilepsy. The benefits of 
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levetiracetam were later confirmed in several other seizure 
models. Its mechanism was initially thought to involve 
sodium channels or GABA-related neural transmission, 
two of the most favored mechanistic targets in epilepsy. 
However, further studies revealed it to have an entirely 
novel molecular target, the synaptic vesicle protein SV2A. 
This protein now serves as a new rational target for 
additional drugs     [60] . 

 The stroke and epilepsy models provide important lessons 
for moving forward with dystonia models. Rational design 
of therapies based on known or presumed pathomechanisms 
is intuitively attractive, but does not guarantee success. 
Useful drugs can be discovered using models with little 
or no relation to pathomechanisms defined in humans.   

  6.   How can available models facilitate 
drug discovery in dystonia? 

 For research into new treatments, an important concern for 
any model is that it be validated for drug discovery. This 
validation requires the demonstration that drugs known to 
be effective in the human disease can be identified by the 
model. Conversely, drugs that do not work in the human 
disease should not provide a high false positive rate by the 
model. For dystonia, the paucity of effective medications 

challenges efforts to validate any model. In this setting, two 
strategies are being pursued. One involves exploring 
pathogenesis to identify putative biological targets for drug 
intervention. This strategy has been most actively explored 
through genetic models of mutant torsinA for DYT1 dystonia. 
Another strategy involves empirically testing drugs for 
their ability to attenuate dystonic movements in animals. 
The phenotypic models are well suited for this strategy. 

  6.1   Exploring treatments via etiologic models 
 Each of the many mutant mouse lines available for DYT1 
dystonia exhibits some abnormal phenotype that could serve 
as an end point for drug intervention. Ideally, this end point 
should meet certain criteria. From a practical perspective 
it should be easy to evaluate and readily quantifiable, to 
allow for a rapid throughput of multiple potential drugs. 
The end point should also exhibit a high signal-to-noise 
ratio (difference between disease and normal state), so that 
it is possible to detect drugs with partial efficacy for 
further development. The end point also should be reliable 
with little experimental variation, to permit screening 
candidate drugs in small numbers of animals. Most impor-
tantly, the end point should be unequivocally linked to the 
pathogenesis of dystonic movement, which is the ultimate 
target of drug intervention. 

  Figure 2     . A conceptual model for the treatment of a disease with heterogeneous causes.  Multiple different etiologies for a 
disease may provoke different initial pathological processes. The initial processes lead to a cascade of downstream events, ultimately 
leading to the clinical manifestations of the disease. Because the clinical manifestations and physiological features of many dystonias are 
similar, it is likely that some of the downstream events are shared at some levels, either at the biochemical or physiological levels. Treating 
an original cause or a biological process proximal to the cause, such as RNAi therapy for DYT1 dystonia, may be effective in terminating 
downstream pathological processes leading to manifestations of disease. Treating distal or downstream processes more proximal to 
the manifestations of the disease, such as the use of botulinum toxin, interrupts expression of symptoms regardless of cause. Proximal 
interventions are likely to be most useful for specifi c diseases, whereas distal interventions may have broader applicability.    
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 None of the consequences of expressing mutant torsinA 
in mice meet all of the ideal criteria, although some 
come close. For example, the neurochemical abnormalities 
involving monoamines provide a potential read-out for drug 
intervention. They are readily quantifiable by automated 
methods and there are good reasons to suspect that the 
changes are relevant to dystonic movement. However, 
differences between normal and disease states are small and 
experimental variation too high to serve as a useful end 
point. Many potential drugs could be overlooked unless 
large numbers of animals are tested. 

 Another potential end point is the pathological inclusions 
that are observed in transgenic and knock-in mice 
expressing the mutant allele, or in cultured mammalian cells. 
They are readily quantified via systematic sampling and 
image analysis. The signal-to-noise ratio is excellent, as 
they are absent in normal samples. Measurement variability 
is likely within acceptable limits. The main limitation is 
that using the inclusions as an end point requires the 
assumption that they are pathologically linked to the 
expression of dystonia or that they serve as a reliable 
surrogate marker of dystonia. Data addressing this 
assumption are not available. 

 Several of the behavioral abnormalities could serve as 
alternative end points. Hyperactivity is readily quantified 
with automated devices, but the relatively modest increases 
in activity in most of the mutant mouse lines means a small 
signal-to-noise ratio. Abnormalities on Rotarod are also 
reliably quantified via automated devices. Limitations of 
this end point include its labor intensiveness, small signal-
to-noise ratio, relatively large experimental variation and 
usefulness only in animals aged  ≥  6 months. The beam 
walking deficits could serve also as end points for drug 
testing. Its limitations are similar to those of the Rotarod. 
It is labor-intensive as it is not readily automated and 
requires manual observation of each animal over multiple 
trials. It also suffers a small signal-to-noise ratio and 
relatively large experimental variation. A weakness shared by 
all of the behavioral readouts is an uncertain relationship 
between the pathogenesis of the end point and the patho-
genesis of human dystonic movements. Although any of the 
behavioral end points could be used for drug screening, 
more robust end points and additional information on the 
relationship between the end point and the ultimate target 
of therapy would be valuable. 

 Nevertheless, several strategies for drug discovery can 
proceed while pathogenesis is being worked out. For example, 
even without further understanding of the underlying 
biology, the dominant nature of DYT1 dystonia provides a 
clear target for therapy. Suppressing expression from the 
mutant allele should be therapeutic. One way to do this 
involves RNA interference (RNAi), a naturally occurring 
mechanism of post-transcriptional gene silencing     [61] . It is 
used as a tool for silencing specific gene products in a 
spatially and temporally controlled manner. It holds promise 

for the development of novel therapies for human disease, 
by preventing the synthesis of disease-causing proteins. 

 Several questions have to be answered before human 
RNAi therapeutic trials can begin. These include what, how, 
where and when the therapeutic agent should be applied. 
Cell-culture models have provided answers to the first two 
questions. Neuronal delivery of RNAi reagents can be 
accomplished via neurotrophic recombinant viruses as a 
vehicle. Animal models are required to provide answers to 
the remaining questions and demonstrate feasibility  in vivo . 
The ideal model would be a mammal that replicates all 
genetic, molecular, pathological and behavioral aspects of 
the disease. However, as is true for most genetic models, no 
single model recapitulates all the features of the human 
disease. The minimum requirement for an animal model is 
that normal and mutant torsinA be expressed in neurons 
and reliably detected at the message and protein levels to 
determine the degree of silencing. To demonstrate the allele-
specific silencing of mutant rather than normal protein, the 
ideal model is a knock-in mouse, where one copy of the 
normal allele has been replaced with a mutant allele to yield 
a protein expression that is regionally and quantitatively 
similar to that occurring normally. Even if the heterozygous 
knock-in model displays only a subtle disease phenotype, 
molecular studies would allow the assessment of allele-
specificity of the RNAi reagent. To identify a physiological 
effect of the RNAi reagent, a model in which mutant 
torsinA causes a measurable disease phenotype is needed. 
Although desirable, the presence of a dystonic phenotype 
is not required. 

  C. elegans  has also been used to establish assays that 
enable the detection of functional changes in torsinA 
activity     [62] . This assay has been exploited to screen a 
collection of 240 off-patent, FDA-approved drugs that are 
chemically and therapeutically diverse. These drugs were 
prescreened from a larger library of nearly 1000 such 
molecules for toxicity to worms, thereby enabling the 
maximum dosing of the molecules. The screen was 
performed in a matter of months at a cost of < $50,000, 
excluding personnel. Five drugs were found to either 
specifically enhance the normal torsinA or inhibit the 
mutant torsinA activity. These drugs are proceeding through 
secondary testing in other model systems and medicinal 
chemistry and continued target validation are being used to 
optimize ideal molecules for human clinical trials. Taken 
together, these data highlight the utility of the nematode 
system for the rapid identification of lead molecules for 
therapeutic development in dystonia.  

  6.2   Exploring treatments via phenotypic models 
 A clear advantage of the etiologic models of DYT1 dystonia 
is that they begin with a pathological process known to 
cause one form of human dystonia. Therefore, they are 
likely to identify valid molecular targets for therapy. From a 
technical perspective, one disadvantage is that none exhibits 
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a motor disorder resembling human dystonia. As a result, 
alternative end points must be chosen to evaluate drug 
treatments, with the assumption that the chosen end points 
correlate with dystonia. From a conceptual perspective, 
another limitation is that drugs designed to address specific 
pathological consequences of mutant torsinA may not be 
applicable to other forms of dystonia, analogous to drug 
discovery models for ALS and MS ( Figure 2 ). 

 An advantage of the phenotypic models for drug discovery 
is that they display the motor disorder that is the target of 
therapy. Analogous to models used for drug discovery in 
epilepsy, the phenotypic dystonia models can facilitate 
drug discovery in two different ways. They can be used 
empirically to screen potential new therapies and they can 
point to new molecular targets. Empirical testing usually is 
not entirely random, but driven instead by hypotheses or 
knowledge of the pathogenesis of dystonia from humans 
or other models. A frequently cited potential disadvantage 
of empirical testing in phenotypic rodent models is that 
drugs found to be effective for reducing dystonia in the 
model may have no efficacy in humans. This may occur, 
for example, if the underlying pathogenesis of dystonia in 
the model differs from that of humans. One way to avoid 
this pitfall is to test drugs using multiple unrelated models 
and proceed only with those that are effective in more 
than one model, similarly to the strategy used for epilepsy. 
Presumably, drugs effective in multiple models with different 
(and sometimes unknown) pathomechanisms operate on 
biological processes that are shared among different 
dystonias ( Figure 2 ). 

 Pharmacological investigations have been pursued most 
extensively in the  dt sz   mutant hamster with paroxysmal 
dystonia     [28,29] . Multiple pharmacological studies have shown 
that drugs sometimes helpful in human dystonia also 
suppress dystonia in the hamsters ( Table 2 ). For example, 
benzodiazepines and baclofen improve dystonia in the 
hamsters, in keeping with the effects of these drugs in 
humans. These results together with physiological studies 
suggest GABA-related mechanisms to be useful targets for 
drug development. In recent studies, it was hypothesized 
that the hyperpolarization of overactive basal ganglia neurons 
might attenuate dystonia by reducing their activity. 
Indeed, the Kv7.2/3 potassium channel openers, retigabine 
and flupirtine, were found to improve dystonia in the 
hamster     [63] . These channels now provide a novel molecular 
target for dystonia. 

 The tottering mouse model provides another example 
where a phenotypic model has provided insights for 
potential new molecular targets for dystonia. This mouse 
carries a mutation in the gene encoding the  α  1  subunit of 
the Cav2.1 calcium channel     [31] . Several additional genetic 
mouse models that carry mutations in this same gene also 
express dystonia     [64] . These include paroxysmal dystonia in 
rocker mice and chronic generalized dystonia in leaner and 
targeted knockouts. When the tottering gene defect was 

initially identified, this channel was not associated with 
human dystonia. Instead, defects in the gene encoding 
Cav2.1 channels in humans were associated with episodic 
ataxia type 2, familial hemiplegic migraine or spinocerebellar 
ataxia type 6, depending on the specific mutation. It is now 
recognized that inherited defects in the CaV2.1 gene in 
humans can also result in focal or segmental dystonia     [65,66] . 
These findings make the tottering mouse mutant both a 
genotypic and phenotypic model of dystonia. 

 Abnormal calcium handling caused by mutations in many 
different proteins, not just the  α  1  subunit of the Cav2.1 
calcium channel, can produce dystonia. The Cav2.1 calcium 
channel functions as a multimeric complex that includes  β , 
 α  2  δ  and sometimes  γ  auxiliary subunits in addition to the 
 α  1  subunit. Lethargic mice express paroxysmal generalized 
dystonia caused by a mutation in the  β  subunit whereas 
stargazer mice exhibit cervical dystonia as a result of a 
mutation in the  γ  subunit. The Cav2.1 channels are not 
the only calcium channels implicated in dystonia. Activation 
of Cav1.2/1.3 (L-type) calcium channels in normal mice 
evokes generalized dystonia     [67] . Furthermore, the disruption 
of intracellular calcium handling via defective inositol 
triphosphate receptor signaling causes dystonia, as illustrated 
by the opisthotonus mouse mutant     [68,69] . Thus, a number 
of mouse models have defined defects in calcium signaling 
as a common pathogenic mechanism underlying dystonia. 

 The gene defect in tottering mice has provided a unique 
lead for drug discovery in dystonia. Although the primary 
defect of tottering mice is in Cav2.1 channels, the dystonia 
results from the compensatory upregulation of Cav1.2/1.3 
(L-type) calcium channels. Blockade of the defective Cav2.1 
channels in tottering mice is ineffective against the dystonia, 
but dystonia is suppressed by dihydropyridine calcium channel 
antagonists, such as nifedipine, which are L-type calcium 
channel blockers     [70] . This same class of drugs can suppress 
dystonic movements in other models, including lethargic 
and stargazer mutant mice, normal mice treated with  ± BayK 
8644 and the  dt sz   mutant hamster  [67,71-73] . The converging 
evidence from multiple unrelated animal models, 
together with indirect evidence from the clinical literature 
suggesting Cav1.2/3 calcium channel antagonists can 
suppress dystonia associated with tardive dyskinesia     [74] , 
recently led to a pilot clinical trial of nifedipine for 
generalized dystonia (unpublished).   

  7.   Pathogenesis of dystonia: divergent 
or convergent mechanisms? 

  7.1   Divergent mechanisms 
 The etiologies for dystonia are clearly heterogeneous and 
complex ( Box 1 ). At the biochemical level, dystonia may 
arise from a very diverse array of processes. These include 
disorders of neurotransmission, basic metabolic processes, 
mitochondrial function, metal and ion homeostasis, DNA 
handling and others. At the anatomical level, dystonia may be 
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  Table 2     . Drug trials in  dt sz   hamster model.   

 Target system  Improved  Worsened 

 Acetylcholine 

Biperidine (antagonist) 0 0

Trihexyphenidyl (antagonist) +

Pilocarpine (agonist) ++

  Dopamine  

Apomorphine (D 1 /D 2  agonist) ++

Levodopa (precursor) +++

GBR-12909 (uptake inhibitor) +++

Haloperidol (antagonist) ++

Clozapine (atypical antagonist) ++

  Serotonin  

8-OH-DPAT (5-HT 1A  agonist) ++

(+)WAY-100135 (silent 5-HT 1A  
antagonist)

++

SDZ 216-525 (5-HT 1A  antagonist) +

DOI (5-HT 2  agonist) +

Ritanserin (5-HT 2  antagonist) +

  Noradrenaline  

Pindolol (5-HT/ β -adrenoceptor 
antagonist)

+

  GABA  

Muscimol (GABA A  agonist) +++

Diazepam (benzodiazepine) +++

Phenobarbital ++ (acute)  +++ 
(chronic)

Baclofen (GABA B  agonist) +++

Aminooxyacetic acid 
(GABA-T-inhibitor)

+

Tiagabine (GAT1 inhibitor) +++

Bicuculline (GABA A  antagonist) +

Pentylenetetrazol (GABA A  antagonist) +

Flumazenil (benzodiazepine 
antagonist)

++

  Glutamate  

Dicozilpine (NMDA receptor 
antagonist)

+

CGP-37849 (NMDA receptor 
antagonist)

+

Memantine (NMDA receptor 
antagonist)

+

NBQX (AMPA receptor antagonist) ++

(+)HA-966 (NMDA, antagonist 
glycine binding site)

++

  Table 2     . Drug trials in  dt sz   hamster model (continued).   

 Target system  Improved  Worsened 

Ro 61-8048 (kynurenine 
3-hydroxylase inhibitor)

++

Nitric oxide synthase inhibitors ++

RO 25-6981 (NR 2B  selective 
antagonist)

+

Ifenprodil (polyamine binding site) +++

  Opiates  

U50,488H ( κ  opioid receptor agonist) +++

Naloxone (opioid receptor antagonist) 0 0

  Cannabinoids  

(+)WIN 55,212-2 (CB receptor 
agonist)

+

SR-141716A (CB1 receptor 
antagonist)

0 0

  Adenosine  

Cyclopentyladenosine 
(A 1  receptor agonist)

++

CGS-21680 (A 2A  agonist) +++

Caffeine, theophylline 
(A 1/2A  antagonists)

+++

DPCPX (A 1  antagonist) ++

DMPX, ZM 241385 (A 2  antagonists) 0 0

  Calcium channels (L-type)  

Nimodipine (channel blocker) ++

Diltiazem (channel blocker) ++

 ( ± )-BAY K-8644 (channel agonist) 0 0

  Sodium channel blockers  

Diphenylhydantoin +

Lamotrigine +++

Riluzole +++

  Potassium channel (K v 7.2/3)  

Retigabine (channel opener) +++

Flupirtine (channel opener) +++

XE-991 (channel blocker) ++

  Others  

Acetazolamide (carbonic anhydrase 
inhibitor)

++

Carbamazepine (antiepileptic drug) 0 0

Gabapentin (antiepileptic drug) +

Levetiracetam (antiepileptic drug) ++

Deep brain stimulation ++
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associated with no apparent structural defect, subtle 
microscopic anomalies or gross structural defects in different 
areas of the nervous system. In view of the remarkably 
diverse causes for dystonia, defining the most appropriate 
molecular targets to find drugs with broad efficacy seems to 
present an overwhelming challenge.  

  7.2   Convergent mechanisms 
 Despite etiological heterogeneity, the similarities that define 
the clinical manifestations of dystonia argue that the many 
different causes share common mechanisms ( Figure 2 ). These 
shared mechanisms may exist at different levels including 
biochemical, anatomical or physiological. At the biochemical 
level, for example, dysfunction of dopaminergic neuro-
transmission is a common feature for several, but not all, 
dystonias. Dystonia occurs in developmental disorders asso-
ciated with abnormal dopamine metabolism, in degenerative 
disorders affecting dopamine neurons and as a side effect of 
acute or chronic dopamine receptor antagonists     [75] . 
Therefore, manipulating dopamine neurotransmission 
becomes an attractive therapeutic strategy for a group of 
disorders. At the anatomical level, many dystonias are associ-
ated with a dysfunction of the basal ganglia motor path-
ways     [76] . The shared neuroanatomical substrates provide 
another focus for therapeutic intervention and may explain 
the broad efficacy of deep brain stimulation in many differ-
ent dystonias. At the physiological level, many dystonias also 
have been associated with abnormally enhanced cortical 
excitability or abnormal motor learning due to aberrant neu-
ral plasticity     [76,77] . Therefore, drugs aimed at reducing 
cortical excitability or reversing aberrant neuroplasticity may 
prove useful. Finally, excessive muscle contraction as the 
defining characteristic for all dystonias provides an obvious 
final common target for which botulinum toxins or other 
muscle relaxants can be targeted. 

 Although the etiologies of dystonia are diverse, the iden-
tification of shared features in pathogenesis as targets for 
therapy provides a less daunting task than independently 
identifying molecular targets for each ( Figure 2 ). The problem 
of markedly diverse etiologies converging on a few shared 
final common mechanisms is also seen in the epilepsies, where 
drugs aimed a few targets, such as GABA neurotransmission 
or cortical excitability, are effective in broad groups of patients, 
regardless of diverse molecular etiologies.   

  8.   Conclusions 

 There are multiple animal models for drug discovery in 
dystonia. Etiologic mouse models for specific inherited 
dystonias have been useful for exploring their pathogenesis 
and identifying potential molecular sites for intervention. The 
design of rational therapies for these targets holds promise for 
interrupting the pathological processes leading to dystonia 
in these conditions. There are also multiple phenotypic 
rodent models in which to test empirically the effect of 

drugs on dystonic movements. These models have pointed 
to novel molecular targets for symptomatic control of dystonic 
movements. Other promising species such as primates and 
 C. elegans  are under development for dystonia.  

  9.   Expert opinion 

 Dystonia is sometimes labeled a rare disease. Although this 
may be true for individual dystonic disorders, as a collective 
group they are not rare. At the same time, there is a paucity 
of broadly effective medications for treatment. The prevalence 
combined with the limited treatments leaves a great 
opportunity for the development of new therapeutics. 
Relative to the other neurological disorders described in 
this review, our understanding of the biology and potential 
treatments for dystonia is in its infancy. This position can be 
exploited by learning from similar efforts in other neurological 
diseases. The most efficient path for moving forward with 
drug discovery is best charted by copying the most successful 
strategies and avoiding known pitfalls. 

 The remarkable heterogeneity of manifestations and 
causes for dystonia often leads to the question: where do we 
begin? A frequent proposal is to begin with one or more 
model diseases, with the hope that the results will be 
applicable to the broader group. This proposal is based on 
successes in other diseases such as PD, where detailed studies 
of rare familial forms of Parkinsonism have provided novel 
insights into molecular mechanisms of pathogenesis relevant 
to the more common sporadic disease     [52,53,78] . It is not 
likely that this approach can be used in dystonia research. 
The majority of PD and related syndromes share a relatively 
circumscribed pathomechanism that involves death or 
dysfunction of nigrostriatal neurons or targets. In comparison, 
dystonia arises from an unusually diverse array of biological 
processes affecting multiple different areas of the nervous 
system in different ways     [3-5] . Focusing on shared mechanisms 
is likely to be of broader benefit than focusing on a few 
model diseases. 

 Another question that often arises is: what is the best 
animal model for drug discovery? Experience with models 
for ALS and MS shows that focusing on one best model 
carries a risk that results will be relevant only for the chosen 
model. Batteries of models, analogous to those used in 
epilepsy, avoid the idiosyncracies of individual models. 
A related question is whether etiological models engineered to 
match a specific human dystonia are better for drug discovery 
than phenotypic models where the pathomechanism is 
unrelated or even unknown. The experience with 
models for PD indicates that the answer depends on 
the goal of therapy. If the goal is to interrupt the 
pathogenesis of disease at an early stage to prevent 
the symptoms, models that closely replicate the pathogenesis 
in humans are essential. Because these models do not 
exhibit dystonic movements, it is uncertain if they can 
be used for testing symptomatic therapies. In this case, 
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the phenotypic models are preferable. The experiences
with models for stroke and epilepsy demonstrate that 
the pathomechanism may not be relevant and may 
be misleading. 

 The most pressing issue that needs to be addressed 
involves funding priorities for dystonia. Although multiple 
animal models have been developed, they have been used 
most for exploring pathogenesis. Very little effort has been 
put into exploring treatments. A major reason is that 
institutions that fund research explicitly favor hypothesis-
testing experimental designs that lead to advances in 
understanding the disease mechanisms or large-scale clinical 
trials for treatments already recognized as having promise. 
Drug discovery, especially empiric drug discovery, is not 
readily classified as hypothesis testing science. If we are to 

discover and develop new drugs for dystonia, we will need a 
very different approach to fund the effort. 

                Declaration of interest   

 This review was derived in part from workshops sponsored 
by the Bachmann-Strauss Dystonia and Parkinson 
Foundation and the Dystonia Medical Research Foundation. 
Additional support was obtained from NS28384, NS40470 
and the Jack Fasciana Fund for Dystonia Research.

Guy A Caldwell and Kim A Caldwell are scientific 
advisors for QRxPharma, Ltd., and receive consulting fees 
and research support from this company. The other authors 
state no conflict of interest and have received no payment in 
preparation of this manuscript. 

  Bibliography 
   1.     Fahn   S. The varied clinical expressions of 

dystonia.  Neurol Clin   1984 ;2: 541 -54  

  2.     Fahn   S. Concept and classifi cation of 
dystonia.  Adv Neurol   1988 ;50: 1 -8  

  3.     Bressman   SB. Dystonia: phenotypes and 
genotypes.  Rev Neurol   2003 ;159: 849 -56  

  4.     Nemeth   AH. The genetics of primary 
dystonias and related disorders.  Brain   
2002 ;125: 695 -721  

  5.     Decarvalho   Aguiar PM, Ozelius LJ. 
Classifi cation and genetics of dystonia. 
 Lancet Neurol   2002 ;1: 316 -25  

  6.     Defazio   G. Epidemiology of primary and 
secondary dystonia. In: Handbook of 
Dystonia. Stacey ME (Ed.), New York, 
USA: Informa Healthcare;  2007 . p.  11 -20  

  7.     Tolosa   E, Compta Y. Dystonia in 
Parkinson’s disease.  J Neurol   
2006 ;253(Suppl 7): 7 -13  

  8.     Jankovic   J, Tintner R. Dystonia and 
parkinsonism.  Parkinsonism Rel Disord 
  2001 ;8: 109 -21  

  9.     Sanger   TD, Delgado MR, Gaebler-Spira D, 
et al. Classifi cation and defi nition of 
disorders causing hypertonia in childhood. 
 Pediatrics   2003 ;111: 89 -97  

  10.     Kyllerman   M, Bager B, Bensch J, et al. 
Dyskinetic cerebral palsy. I. Clinical 
categories, associated neurological 
abnormalities and incidences.  
Acta Pediatr Scand   1982 ;71: 543 -50  

  11.     Albright   AL, Barry MJ, Shafron DH, 
Ferson SS. Intrathecal baclofen for 
generalized dystonia.  Dev Med 
Child Neurol   2001 ;43: 652 -7  

  12.     Jankovic   J. Treatment of dystonia. 
 Lancet Neurol   2006 ;5: 864 -72  

  13.     Albanese   A, Barnes MP, Bhatia KP, et al. 
A systematic review on the diagnosis and 
treatment of primary (idiopathic) dystonia 
and dystonia plus syndromes: repor of an 
EFNS/MDS-ES task force.  Eur J Neurol 
  2006 ;13: 433 -44  

  14.     Greene   P. Baclofen in the treatment of 
dystonia.  Clin Neuropharmacol   
1992 ;15: 276 -88  

  15.     Walker   RH, Danisi FO, Swope DM, et al. 
Intrathecal baclofen for dystonia: benefi ts 
and complications during six years of 
experience.  Mov Disord   2000 ;15: 1242 -7  

  16.     Arce   CA. Selective denervation in cervical 
dystonia. In: Handbook of dystonia. Stacey 
MA (Ed.), New York, USA: Informa 
Healthcare;  2007 . p.  381 -92  

  17.     Marks   WJJ. Brain surgery for dystonia. In: 
Handbook of Dystonia. Stacey MA (Ed.), 
New York, USA: Informa Healtcare; 
 2007 . p.  393 -406  

  18.     Jinnah   HA, Hess EJ, Ledoux MS, et al. 
Rodent models for dystonia research: 
characteristics, evaluation, and utility.  
Mov Disord   2005 ;20: 283 -92  

  19.     Ozelius   LJ, Hewett JW, Page CE, et al. 
The early-onset torsion dystonia gene 
(DYT1) encodes an ATP-binding 
protein.  Nat Genet   1997 ;17: 408   

  20.     Hewett   JW, Gonzalez-Agosti C, Slater D, 
et al. Mutant torsinA, responsible for 
early-onset torsion dystonia, forms 
membrane inclusions in cultured neural 
cells.  Hum Mol Genet   2000 ;9: 1403 -13  

  21.     Goodchild   RE, Kim CE, Dauer WT. Loss 
of the dystonia-associated protein torsinA 
selectively disrupts the neuronal nuclear 
envelope.  Neuron   2005 ;48: 923 -32  

  22.     Shashidharan   P, Sandu D, Potla U, et al. 
Transgenic mouse model of early-onset 
dyt1 dystonia.  Hum Mol Genet   
2005 ;14(1): 125 -33  

  23.     Sharma   N, Baxter MG, Petravicz J, et al. 
Impaired motor learning in mice expressing 
torsinA with the dyt1 dystonia mutation. 
 J Neurosci   2005 ;25(22): 5351 -5  

  24.     Grundmann   M, Reischmann B, 
Vanhoutte G, et al. Overexpression of 
human wildtype torsinA and human 
deltaGAG torsinA in a transgenic 
mousemodel causes phenotypic 
abnormalities.  Neurobiol Dis 
  2007 ;27: 19 -206  

  25.     Dang   MT, Yokoi F, McNaught KS, et al. 
Generation and characterization of Dyt1 
deltaGAG knock-in mouse as a model for 
early-onset dystonia.  Exp Neurol   
2005 ;196: 452 -63  

  26.     Duchen   LW. Dystonia musculorum  –  an 
inherited disease of the nervous system in 
the mouse.  Adv Neurol   1976 ;14: 353 -65  

  27.     Lorden   JF, McKeon TW, Baker HJ, et al. 
Characterization of the rat mutant dystonic 
(dt): a new animal model of dystonia 
musculorum deformans.  J Neurosci   
1984 ;4: 1925 -32  

  28.     Loscher   W, Fisher JE, Schmidt D, et al. 
The sz mutant hamster: a genetic model 
of epilepsy or of paroxysmal dystonia?  
Mov Disord   1989 ;4: 219 -32  

  29.     Richter   A, Loscher W. Pathology of 
idiopathic dystonia: fi ndings from genetic 
animal models.  Prog Neurobiol   
1998 ;54: 633 -77  

  30.     Gernert   M, Bennay M, Fedrowitz M, 
et al. Altered discharge pattern of basal 
ganglia output neurons in an animal 



Animal models for drug discovery in dystonia

96 Expert Opin. Drug Discov. (2008) 3(1)

model of idiopathic dystonia.  J Neurosci   
2002 ;22: 7244 -53  

  31.     Fletcher   CF, Lutz CM, O’Sullivan TN, 
et al. Absence epilepsy in tottering mutant 
mice is associated with calcium channel 
defects.  Cell   1996 ;87: 607 -17  

  32.     Wakamori   M, Yamazaki K, 
Matsunodaira H. Single tottering 
mutations responsible for the neuropathic 
phenotype of the P-type calcium channel. 
 J Biol Chem   1998 ;52: 34857 -67  

  33.     Campbell   DB, Hess EJ. Cerebellar circuitry 
is activated during convulsive episodes in 
the tottering (tg/tg) mutant mouse. 
 Neuroscience   1998 ;85: 773 -83  

  34.     Campbell   DB, North JB, Hess EJ. 
Tottering mouse motor dysfunction is 
abolished on the Purkinje cell degeneration 
(pcd) mutant background.  Exp Neurol   
1999 ;160: 268 -78  

  35.     Byl   NN. Focal hand dystonia may result 
from aberrant neuroplasticity.  Adv Neurol   
1994 ;94: 19 -28  

  36.     Mink   JW, Thach WT. Basal ganglia motor 
control. III. Pallidal ablation: normal 
reaction time, muscle cocontraction, 
and slow movement.  J Neurophysiol   
1991 ;65: 330 -51  

  37.     Burns   LH, Pakzaban P, Deacon TW, et al. 
Selective putaminal excitotoxic lesions 
in non-human primates model the 
movement disorder of Huntington 
disease.  Neuroscience   1995 ;64: 1007 -17  

  38.     Foltz   EL, Knopp LM, Ward AA. 
Experimental spasmodic torticollis. 
 J Neurosurg   1959 ;16: 55 -67  

  39.     Malouin   F, Bedard PJ. Frontal torticollis 
(head tilt) induced by electrolytic lesion 
and kainic acid injection in monkeys and 
cats.  Exp Neurol   1982 ;78: 551 -60  

  40.     Klier   EM, Wang H, Constantin AG, 
Crawford JD. Midbrain control of 
three-dimensional head orientation. 
 Science   2002 ;295: 1314 -16  

  41.     Marsden   CD, Obeso JA, Zarranz JJ. 
The anatomical basis of symptomatic 
dystonia.  Brain   1985 ;108: 463 -83  

  42.     Perlmutter   JS, Tempel LW, Black KJ, et al. 
MPTP induces dystonia and parkinsonism. 
Clues to the pathophysiology of dystonia. 
 Neurology   1997 ;49: 1432 -8  

  43.     Tabbal   SD, Mink JW, Antenor JAV, et al. 
1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-induced acute transient 
dystonia in monkeys with low striatal 
dopamine.  Neuroscience   2006 ;141: 1281 -7  

  44.     Boyce   S, Clarke CE, Luguin R, et al. 
Induction of chorea and dystonia in 
Parkinsonian primates.  Mov Disord   
1990 ;5: 3 -7  

  45.     Olanow   CW, Good PF, Shinotoh H, et al. 
Manganese intoxication in the rhesus 
monkey: a clinical, imaging, pathologic, 
and biochemical study.  Neurology   
1996 ;46: 492 -8  

  46.     Ghorayeb   I, Fernagut PO, Stefanova N, 
et al. Dystonia is predictive of subsequent 
altered dopaminergic responsiveness in a 
chronic 1-methyl4-phenyl-1,2,3,6-
tetrahydropyridine + 3-nitropropionic acid 
model of striatonigral degeneration in 
monkeys.  Neurosci Lett   2002 ;335: 34 -8  

  47.     Brouillet   E, Hantraye P, Ferrante RJ, et al. 
Chronic mitochondrial energy impairment 
produces selective striatal degeneration 
and abnormal choreiform movements in 
primates.  Proc Natl Acad Sci USA 
  1995 ;92: 7105 -9  

  48.     Segalat   L. Invertebrate animal models of 
diseases as screening tools in drug discovery. 
 ACS Chem Biol   2007 ;2: 231 -6  

  49.     Caldwell   GA, Cao S, Izevbaye I, 
Caldwell KA. Use of C. elegans to model 
human movement disorders. In: Animal 
Models of Movement Disorders. 
LeDoux MS (Ed.), Burlington, USA: 
Elsevier;  2005 . p.  111 -26  

  50.     Betarbet   R, Sherer TB, Greenamyre JT. 
Animal models of Parkinson’s disease. 
 Bioessays   2002 ;24: 308 -18  

  51.     Hirsch   EC, Hoglinger G, Rousselet E, et al. 
Animal models of Parkinson’s disease in 
rodents induced by toxins: an update. 
 Neural Transm Suppl   2003 ;65: 89 -100  

  52.     Moore   DJ, West AB, Dawson VL, 
Dawson TM. Molecular pathophysiology 
of Parkinson’s disease.  Ann Rev Neurosci 
  2005 ;28: 57 -87  

  53.     Cookson   MR. The biochemistry of 
Parkinson’s disease.  Annu Rev Biochem 
  2005 ;74: 29 -52  

  54.     Benatar   M. Lost in translation: treatment 
trials in the SOD1 mouse and in human 
ALS.  Neurobiol Dis   2007 ;26: 1 -13  

  55.     Friese   MA, Montalban X, Willcox N, et al. 
The value of animal models for drug 
development in multiple sclerosis.  Brain   
2006 ;129: 1940 -52  

  56.     Cheng   YD, Al-Khoury L, Zivin JA. 
Neuroprotection for ischemic stroke: 
two decades of success and failure. 
 NeuroRx   2004 ;1: 36 -45  

  57.     Gladstone   DJ, Black SE, Hakim AM. 
Toward wisdom from failure: lessons from 
neuroprotective stroke trials and new 
therapeutic directions.  Stroke   
2002 ;33: 2123 -36  

  58.     Green   AR, Odergren T, Ashwood T. 
Animal models of stroke: do they have 
value for discovering neuroprotective 
agents?  Trends Pharmacol Sci   
2003 ;24: 402 -8  

  59.     O’Collins   VE, MacLeod MR, Donnan GA, 
et al. 1,026 experimental treatments in 
acute stroke.  Ann Neurol   2006 ;59: 467 -77  

  60.     Rogawski   MA. Molecular targest versus 
modesl for new antiepileptic drug 
discovery.  Epilepsy Res   2006 ;68: 22 -8  

  61.     Gonzalez-Alegre   P, Bode N, Davidson BL, 
Paulson HL. Silencing primary dystonia: 
lentiviral-mediated RNA interference 
therapy for DYT1 dystonia.  J Neurosci   
2005 ;25: 10502 -9  

  62.     Caldwell   GA, Cao S, Sexton EG, et al. 
Suppression of polyglutamine-induced 
protein aggregation in Caenorhabditis 
elegans by torsin proteins.  Hum Mol Genet 
  2003 ;12: 307 -19  

  63.     Richter   A, Sander SE, Rundfeldt C. 
Antidystonic effects of Kv7 (KCNA) 
channel openers in the dt sz mutant, 
an animal model of primary paroxsymal 
dystonia.  Br J Pharmacol   2006 ;149: 747 -53  

  64.     Hess   EJ, Jinnah HA. Mouse models of 
dystonia. In: Animal Models of Movement 
Disorders. Le Doux MS (Ed.), San Diego, 
USA: Elsevier;  2005 . p.  265 -77  

  65.     Giffi n   NJ, Benton S, Goadsby PJ. Benign 
paroxysmal torticollis of infancy: four new 
cases and linkage to CACNA1A mutation. 
 Dev Med Child Neurol   2002 ;44: 490 -3  

  66.     Spacey   SD, Materek LA, Szczygielski BI, 
Bird TD. Two novel CACNA1A gene 
mutations associated with episodic ataxia 
type 2 and interictal dystonia.  Arch Neurol   
2005 ;62: 314 -16  

  67.     Jinnah   HA, Sepkuty JP, Ho T, et al. 
Calcium channel agonists and dystonia in 
the mouse.  Mov Disord   2000 ;15: 542 -51  

  68.     Street   VA, Bosma MM, Demas VP, et al. 
The type 1 inositol triphosphate receptor 
gene is altered in the opisthotonus mouse. 
 J Neurosci   1997 ;17: 635 -47  

  69.     Matsumoto   M, Nakagawa T, Inoue T, et al. 
Ataxia and epileptic seizures in mice lacking 
type 1 inositol 1,4,5-triphosphate receptor. 
 Nature   1996 ;379: 168 -71  



Jinnah, Richter, Mink, Caldwell, Caldwell, Gonzalez-Alegre, Cookson, Breakefi eld, Delong & Hess 

 Expert Opin. Drug Discov. (2008) 3(1) 97

  70.     Campbell   DB, Hess EJ. L-type calcium 
channels contribute to the tottering mouse 
dystonic episodes.  Mol Pharmacol   
1999 ;55: 23 -31  

  71.     Khan   Z, Carey J, Park HJ, et al. Abnormal 
motor behavior and vestibular dysfunction 
in the stargazer mouse mutant. 
 Neuroscience   2004 ;127: 785 -96  

  72.     Khan   Z, Jinnah HA. Paroxysmal 
dyskinesias in the lethargic mouse mutant. 
 J Neurosci   2002 ;22: 8193 -200  

  73.     Richter   A, Loscher W. Antidystonic effects 
of L-type Ca2+ channel antagonists in a 
hamster model of idiopathic dystonia. 
 Eur J Pharmacol   1996 ;300: 197 -202  

  74.     Cates   M, Lusk K, Wells BG. Are 
calcium-channel blockers effective in the 
treatment of tardive dyskinesia?  Ann 
Pharmacother   1993 ;27: 191 -6  

  75.     Perlmutter   JS, Mink JW. Dysfunction 
of dopaminergic pathways in dystonia.  
Adv Neurol   2004 ;94: 163 -70  

  76.     Hallett   M. Pathophysiology of dystonia. 
 J Neural Transm Suppl   2006 ;70: 485 -8  

  77.     Quartarone   A, Siebner HR, 
Rothwell JC. Task-specifi c hand 
dystonia: can too much plasticity 
be bad for you?  Trends Neurosci   
2006 ;29: 192 -9  

  78.     Eriksen   JL, Wszolek Z, Petrucelli L. 
Molecular pathogenesis of 
Parkinson disease.  Arch Neurol   
2005 ;62: 353 -7  

  79.     Balcioglu   A, Kim MO, Sharma N, et al. 
Dopamine release is impaired in a mouse 
model of DYT1 dystonia.  J Neurochem 
  2007 ;102: 783 -8     

  Affi liation 
 HA Jinnah†1 MD PhD, Angelika Richter2, 
Jonathon W Mink3, Guy A Caldwell4, 
Kim A Caldwell4, Pedro Gonzalez-Alegre5, 
Mark R Cookson6, Xandra O Breakefi eld7, 
Mahlon R Delong8 & Ellen J Hess1 
 †Author for correspondence 
 1Department of Neurology, 
Johns Hopkins University, 
Baltimore, MD 21287, USA 
Tel:  +1 410 614 6551 ; Fax:  +1 410 505 6737;    

                2Department of  Veterinary Medicine, 
Institute of Pharmacology and Toxicology, 
Freie Universität Berlin, Koserstr 20, D-14195 
Berlin, Germany
3Department of Neurology, Neurobiology & 
Anatomy, Brain & Cognitive Sciences, and 
Pediatrics, University of Rochester, 
Rochester, NY 14642, USA
4Department of Biological Sciences, 
The University of Alabama, 
Tuscaloosa, Al 35487, USA
5Department of Neurology, 
Carver College of Medicine at 
The University of lowa, 
lowa City, IA 52242, USA
6Cell Biology and Gene Expression Unit, 
Laboratory of Neurogenetics, National Institute 
on Aging, Bethesda, MD 20892, USA
7Department of Neurology, 
Massachusetts General Hospital, 
Charlestown, MA 02129, USA
8Department of Neurology, Emory University 
School of Medicine, Atlanta, GA 30322, USA




