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Abstract Dystonia is a movement disorder characterized by
involuntary muscle contractions resulting in abnormal pos-
tures. Although common in the clinic, the etiology of dys-
tonia remains unclear. Most dystonias are idiopathic and are
not associated with clear pathological brain abnormalities.
Attempts to genetically model these dystonias in rodents
have failed to replicate dystonic symptoms. This is at odds
with the fact that rodents can exhibit dystonia. Because of
this discrepancy, it is necessary to consider alternative
approaches to generate phenotypically and genotypically
faithful models of dystonia. Conditional knockout of
dystonia-related genes is 1 technique that may prove useful
for modeling genetic dystonias. Lentiviral-mediated small
or short hairpin RNA (shRNA) knockdown of particular
genes is another approach. Finally, in cases in which the
function of a dystonia-related gene is well-known, pharma-
cological blockade of the protein product can be used. Such
an approach was successfully implemented in the case of
rapid-onset dystonia parkinsonism, DYT12. This (DYT12)
is a hereditary dystonia caused by mutations in the o iso-
form of the sodium potassium adenosine triphosphatase
(ATPase) pump (sodium pump), which partially hampers
its physiological function. It was found that partial selective
pharmacological block of the sodium pumps in the cerebel-
lum and basal ganglia of mice recapitulates all of the salient
features of DYTI12, including dystonia and parkinsonism
induced by stress. This DYT12 model is unique in that it
faithfully replicates human symptoms of DYT12, while
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targeting the genetic cause of this disorder. Acute disruption
of proteins implicated in dystonia may prove a generally
fruitful method to model dystonia in rodents.
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The Neurological Basis of Dystonia

Dystonia is the third most common movement disorder
trailing only Parkinson’s disease and essential tremor [1].
It is characterized by involuntary and prolonged co-
contraction of agonist-antagonist muscle pairs, often caus-
ing patients to adopt twisting postures [2]. As with many
movement disorders, dystonia is extremely debilitating and
can dramatically impact the quality of life of patients [3].
Despite its widespread occurrence, the neural mechanism
underlying dystonia is poorly understood.

Clues from Secondary Dystonias

Much of'the insight into the origins of dystonia has come from
patients with secondary dystonias, in which the pathology in
specific brain regions can be identified [4]. Case studies have
demonstrated that structural lesions to the basal ganglia and
particularly the striatum caused by tumor, stroke, hemorrhage,
or trauma can be associated with the onset of dystonia [5-7].
Degenerative disorders preferentially affecting the basal
ganglia, such as early-onset Huntington’s disease and the
syndromes of neurodegeneration with brain iron accumula-
tion, often have dystonia as a prominent symptom [8—11].
From these findings it is clear that insult to the basal ganglia
can result in dystonia. However, lesions in other brain areas
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have also been associated with dystonia [4]. Regions as
diverse as the thalamus, the parietal cortex, and the brainstem
have been implicated in a few cases of secondary dystonia
[12]. Another region implicated in some secondary dystonias
that has received increasing attention in recent years is the
cerebellum [13, 14]. Historically there are numerous case
reports linking cerebellar insult with dystonic symptoms
[15—18] and recent studies corroborate association of dystonic
symptoms with cerebellar injury [19-22].

Clues from Imaging Studies

Imaging and neurophysiological studies in patients with dys-
tonia have revealed a number of abnormalities throughout the
motor circuits of the brain [23-25]. Importantly, both the
cerebellum and basal ganglia routinely exhibit abnormal func-
tion [26]. For example, in patients with DYT1 genetic dysto-
nia, abnormal activity has been recorded in the nuclei of the
basal ganglia [27]. In the same disorder, positron emission
tomography indicates that the cerebellum has increased met-
abolic activity [28], and diffusion tensor imaging studies
demonstrate altered anatomical connectivity of the cerebellar
output pathways [29]. A shortcoming of these studies is that
while they attempt to delineate which brain areas have altered
activity or connectivity in the dystonic condition, they do not
distinguish causal changes from compensatory ones.

Clues from Surgical Interventions

Experimental neurosurgical interventions on dystonia patients
refractory to other forms of treatment have provided insight
into how dystonic symptoms can be alleviated in some
patients. Deep brain stimulation of 1 of the output nuclei of
the basal ganglia, the globus pallidus internus, can alleviate
symptoms in a variety of dystonia patients, and it is currently
the most common and well-studied site of surgical interven-
tion [30-33]. Although this intervention can be quite success-
ful, it is clear that some patient populations respond better than
others, possibly reflecting underlying differences in the neural
basis of dystonia generation between these populations [34]. It
is historically noteworthy that the intervention at a number of
sites throughout the brain has been attempted to treat dystonia.
Two notable sites explored are the thalamus and cerebellum.
Early studies demonstrated that stimulations or lesions of
specific thalamic nuclei could alleviate dystonia in some
patients [35-38]. In a few patients, surgical lesion of the
dentate output nucleus of the cerebellum was also shown to
alleviate dystonia [16-18, 39-42] suggesting the involvement
of this structure in the generation of some dystonia. However,
a major caveat of these early surgical interventions is that the
results were simply reported as case studies without the
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scientific rigor to allow unbiased evaluation of their efficacy.
As a consequence the efficacies of these interventions in alle-
viating dystonia have been questioned, and even though there
are no studies that actually refute their value, they are now
rarely used.

Idiopathic Dystonias

Despite the clues obtained from secondary dystonias and sur-
gical interventions regarding the brain regions affected in dys-
tonia, the most common dystonias seen in the clinic are not
secondary, and it remains unclear which of these brain areas
play a causative role in a typical dystonic patient. Indeed most
dystonias are idiopathic and show no clear or consistent path-
ological aberrations of the brain [2, 43-45]. Many common
dystonias have been linked to mutations in 1 of at least 18
genetic loci [2, 46-48]. These mutations are responsible for
disorders encompassing pure dystonias in which the patients
exhibit no other symptoms, and dystonia-plus syndromes in
which dystonia is part of a constellation of neurological find-
ings. Therefore, although many regions of abnormality have
been identified in idiopathic dystonias, studies have failed to
identify a consistent pathophysiological mechanism for dysto-
nia induction. Moreover, in these patient groups, the efficacy of
common neurosurgical interventions also varies, suggesting
that different dystonias may have distinct mechanisms of dis-
ease induction. To offer these patients effective therapy, clearly
it is necessary to identify the causes of the disease and the brain
regions affected. Given the limited insights that are attainable
from patient studies alone, appropriate animal models of these
disorders are vital to understanding the mechanism by which
dystonia is generated in these conditions.

Rodent Models of Dystonia

Despite the identification of genes underlying many dysto-
nias, the most common genetic manipulations (i.e, namely
knockout of the suspected gene, knock-in of mutated ver-
sions of the causative human gene, and transgenics over-
expressing the mutated human gene) have failed to
recapitulate dystonia in rodents [49-51]. This is surprising
because it is clear that rodents can exhibit dystonia, and in
fact multiple strains of rodents suffer from dystonia due to
spontaneous genetic mutations [52—55].

The reason why transgenic generation of genotypic models
of human dystonia that replicate phenotypic symptoms has
failed is unclear. One theory is that the late onset of some
dystonias requires years of aberrant neuronal function, and
because mice have a limited lifespan, neurons never become
dysfunctional enough to produce dystonia [56]. Some genetic
dystonias have an autosomal dominant inheritance pattern,
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and these disorders may be due to a gain of pathological
function in the mutated gene. If this is the case, the mutated
protein may function differently in humans and mice, explain-
ing the phenotype difference between these 2 species. Another
possibility is that rodents have different compensatory mech-
anisms from humans in response to loss of a particular protein.
For example the loss may be lethal in rodents, but cause
dystonia in humans. Conversely, rodents may be more capable
of compensating, and therefore loss of the protein may man-
ifest as a lesser dysfunction compared to humans. Because the
present genetic dystonia rodent models that have been gener-
ated are knock-ins, knockouts, or transgenics; the disrupted
gene is present from conception [48, 57-59]. Embryonic
alterations in gene expression may be able to compensate for
the loss of gene in mice, but not in humans.

Despite the shortcomings of the current genetic models of
dystonia, they have in some cases demonstrated that loss or
mutation of a particular dystonia gene can alter the function of
neurons and connectivity of brain regions [29, 44, 50, 60—63].
Whether or not these dysfunctions are compensatory or causal
in nature remains to be established. For example, abnormali-
ties in the cerebello-thalamo-cortical pathway have been iden-
tified in dystonic patients and also in transgenic mice with the
identical mutated gene [29, 64]. However, the same changes
are also seen in nonmanifesting human carriers [29], suggest-
ing that this change is not, on its own, sufficient to cause
dystonia and may be related to compensation. In general, the
role of these identified functional changes in causing dystonia
is unclear and will remain so until there are phenotypically and
genotypically faithful rodent models of dystonia.

Alternative Approaches for the Generation of Rodent
Models of Dystonia

Because current genetic mouse models of dystonia are not
symptomatically dystonic, it is necessary to consider alterna-
tive methods to generate models that both target genes directly
implicated in human dystonias and replicate dystonia.

Given that compensation in rodents may be a con-
cern, the cre-lox and creER-lox systems combined with
tamoxifen induction protocols can be used to control the
regional and temporal expression of genes of interest
[65-67]. The creER-lox system can be used to system-
atically dissect whether loss of a protein in a particular
brain region or neuronal population at a specific point
of time in the life of the animal can result in dystonia.
Furthermore, if a specific mutation is suspected to pro-
duce a gain-of-function, it may be beneficial to over-
express the mutated protein in select cell populations or
at specific time points.

The implementation of these molecular techniques is
likely to be informative. However, these approaches are

not without limitations. For example, although cre-lox
systems can be used to target precise regions or populations
of cells, the targeted tissue-specific promoter may not be as
specific [28]. Also, recent studies suggest that for a single dose
of tamoxifen, recombination efficiency can vary, and therefore
different animals with the same treatment may have a different
number of cells in which the flanked gene is removed [68].
Because of these complications, it is useful to consider other
tools that can be used in parallel with these.

Stereotaxic injection of lentiviruses or adeno-associated
viruses containing small or short hairpin RNA (shRNA)
against dystonia-related genes into specific brain areas is
another method that can be used to acutely induce gene
knockdown [69, 70]. Recent advances have used viruses to
routinely deliver constructs to cells. These viruses deliver
genomic elements, such as shRNA, to a small population of
cells near the injection site. SARNA mediates knockdown of
the protein of interest via RNA interference. This technique
allows acute knockdown of a particular protein in small
subregions without the risk of knockdown in distant areas
[71]. Expression can be further limited to specific cells in a
given region by combining lentivirus and cre-lox systems or
by altering the promoter of the shRNA [72, 73]. For exam-
ple, by injecting a virus with shRNA containing a premature
stop codon that is floxed into Cre-CaMKIIx mice, a neuron
specific knockdown can be achieved [74].

Although lentiviral-mediated knockdown of genes is a
powerful technique for acute regional knockdown of
dystonia-related genes, it is an inherently biased approach
because the investigator needs to make an a priori decision
on regions of interest. Depending on the goals of the study,
this may be acceptable. For example, secondary dystonias
have suggested specific brain regions whose dysfunction
may be associated with dystonia. Nonetheless, it is very
important to be aware of this bias, and to explore the impact
of genetic knockdown of the protein of interest in other
brain regions. Another concern with this technique is that
shRNA generates a knockdown in the expression of a par-
ticular gene rather than its complete knockout [39]. This can
be useful if mutations in a dystonia gene are believed to
diminish but not ablate function [75]. However, other genes
may require complete knockout to generate dystonic symp-
toms. A final caveat is that the time course of shRNA
mediated knockdown is partially determined by the turnover
time of the protein of interest. For example, it will take
longer to knockdown proteins which turnover infrequently
and only require rare replacement than to knockdown those
that are constantly and rapidly replaced. Even though initi-
ation of knockdown may take some time, lentiviral and
adenoviral-mediated genetic knock-in or knockdown can
continue for more than 6 months [76].

If the gene associated with a particular dystonia has a
protein product that is well understood, pharmacologically
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inhibiting the protein by stereotaxically injecting the blocker
into select brain regions may be a suitable alternative ap-
proach to genetic knockdown for modeling dystonia in
rodents. This technique may also require a priori selection
of infusion sites, and as such it is also a biased approach.
Unfortunately, some of the most common dystonia genes
code for proteins that function in a variety of processes
important for cell signaling, stability, and maintenance [48,
77-80]. In these cases, finding a compound that inhibits a
specific function of the protein of interest is likely to be
difficult or even impossible. Furthermore, in these dysto-
nias, it is unclear which function of the protein is most
relevant to dystonia. There are only a small number of
dystonia genes that code for proteins with a specific and
well-studied function. Nonetheless, such dystonias exist
with rapid-onset dystonia Parkinsonism, DYT12, being a
prime example.

DYTI12 is a dystonia-plus syndrome caused by mutations
in the o3 isoform of the sodium potassium ATPase (sodium
pump), which render the protein partially dysfunctional
[75]. The sodium pump is a transporter whose function in
maintaining cellular ionic gradients has been known for
nearly 50 years [81]. Further, the affinity and mechanism
of action of a selective inhibitor of the sodium pump (oua-
bain) has been well worked out [82, 83]. Therefore, DYT12
is an ideal candidate for generation of a pharmacologic
animal model in rodents.

Rapid Onset Dystonia Parkinsonism (DYT12)

Rapid onset dystonia parkinsonism was first described in
1993 [84]. The disorder has since been found in at least 21
families throughout the world [85]. DYT12 is characterized
by a normal or near-normal childhood with the onset of
severe dystonia and parkinsonism after a stressful event
[84]. The triggers are variable and include head trauma,
childbirth, and prolonged exposure to heat or exercise
[85]. However, even severe emotional stress can bring on
symptoms [86]. Importantly, once DYT12 patients be-
come symptomatic, their disability persists and patients
largely do not recover function with time [85]. In 2004,
the causative gene in DYT12 was identified as ATP1A3,
which codes for the o3 isoform of the sodium pump
[75]. The sodium pump is well-known as a homeostatic
pump that uses ATP to power the exchange of 3 sodium
ions out of the cell for the entry of 2 potassium ions,
thus maintaining proper ionic gradients in all cells. The
alpha isoform is the catalytic subunit of the pump [87].
Although the sodium pump is expressed ubiquitously, the
a3 isoform is specifically expressed at high levels in
some neurons [88]. Research into the mutations of
ATP1A3 causing DYTI12 suggest that in this disorder,
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pumps with the o3 isoform exhibit decreased stability
and hindered function [75].

Identification of the causative gene inspired a number of
groups to generate genetic knockouts of ATP1A3 in the
rodent to model DYT12. Unfortunately, mice homozygous
for the ATP1A3 knockout are neonatal lethal and mice
heterozygous for ATP1A3 show no dystonia [51, 89].

A Pharmacological Model of DYT12

Transgenic mouse models of DYT12 have failed to replicate
symptoms seen in the human disorder. However, studies of
the mutations seen in patients with DYT12 have revealed a
partial loss of function of sodium pumps containing the o;
isoform [75]. Therefore, if an acute and incomplete inhibi-
tion of sodium pumps containing the s isoform could be
achieved, it may replicate what is seen in humans with the
disorder. It has been known for decades that ouabain binds
to the alpha subunit of the sodium pump and selectively
inhibits its function [90]. Although ouabain can affect all
sodium pump isoforms, it has especially high affinities for
the oz and «, isoforms [91, 92]. Interestingly, neurons
express primarily the «; and «s isoforms, and therefore,
application of low concentrations of ouabain selectively
inhibit the &3 sodium pump in neurons [93]. Therefore, it
is possible to target o3 containing sodium pumps in neurons
using infusion of low concentrations of ouabain.

In 2011, Calderon et al. [94] hypothesized that the failure
of genetic models of DYT12 to reproduce dystonia is due to
compensation and that acute partial inhibition of a3 sodium
pump function in the adult mouse using ouabain will reca-
pitulate dystonic symptoms. Initially, they infused ouabain
into gross brain regions that were believed to be involved in
dystonia, including basal ganglia, motor cortex, thalamus,
and cerebellum. This was accomplished by implanting sub-
cutaneous pumps that chronically infuse low concentrations
of ouabain into specific regions through stereotaxically
implanted cannula for several days. Fluorescently tagged
ouabain and postmortem quantitative microscopy was used
to estimate the extent of diffusion and ensure that the appli-
cation of ouabain was limited to the sites of interest.

The group first focused on the basal ganglia because, as
discussed, it has been routinely implicated in human dysto-
nia. Infusion of ouabain to the basal ganglia resulted in a
dose- and time-dependent induction of parkinsonism-like
symptoms, but not dystonia. The parkinsonism-like features
were characterized by hypokinesia and akinesia reflected as
a decrease in step size, number of steps taken, and a height-
ened locomotor disability score, as rated by trained observ-
ers blinded to the condition of the animal. Therefore, the
authors concluded that dysfunction of the a5 isoform of the
sodium pump in the basal ganglia is not directly responsible
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for dystonia. Interestingly, and in stark contrast to the basal
ganglia, infusion of the cerebellum was sufficient to induce
dystonia. The &3 malfunction was suspected to be especially
detrimental for cerebellar function because Purkinje cells,
the sole output of the cerebellar cortex express only this
isoform [88, 95]. At this point, dystonia was characterized
by persistent co-contraction of agonist and antagonist mus-
cle pairs quantified using electromyography and the appear-
ance of prolonged abnormal postures rated by observers
blinded to the condition of the animal on a dystonia scale.
Furthermore, ablating cerebellar output prevented dystonia.
Taken together, these data suggest that sodium pump mal-
function specifically in the cerebellum causes dystonia.

Although infusion of a single region was capable of
replicating certain symptoms of DYT12, no region in isola-
tion replicated all of the features of DYT12. Moreover,
infusion of either the cerebellum or basal ganglia alone
was not sufficient to replicate the stress-induced aspect of
the disorder. Interestingly, the authors found that concomi-
tant perfusion of both the cerebellum and basal ganglia was
necessary to replicate all of the salient aspects of DYT12
[94]. In these mice, stress induced severe and persistent
dystonia and parkinsonism-like symptoms.

Future Directions in Dystonia Research

The pharmacological model of DYT12 previously described
is the first rodent model that is both genetically and symp-
tomatically faithful to the human dystonic disorder. Howev-
er, the model is somewhat laborious and with the advent of
modern genetic technology it is possible that even better
models can be generated. For example, the success of sodi-
um pump block in generating dystonic symptoms suggests
that other alterations causing an acute functional loss of o3
isoform of the sodium pump should also induce dystonia in
rodents. To test this directly, 1 could generate a mouse with
floxed inactivation alleles for ATP1A3 and either use L7-
creER mice or a cre-expressing lentivirus. Alternatively,
lentiviral-mediated shRNA knockdown of ATP1A3 in the
same regions that are implicated in generating dystonia in
the pharmacological model of DYT12 would accomplish
the same thing. This biased approach is warranted in the
case of DYT12 because of the findings in the pharmacolog-
ical model. However, for other dystonias, a thorough inves-
tigation of multiple neural regions should be attempted.
Furthermore, a conditional transgenic model of DYT12
would be optimal to relate findings in the mouse back to
humans, in which there is global o isoform dysfunction. Of
course, the ideal model would be 1 in which the spe-
cific human mutations of ATP1A3 known to cause
DYTI12 are knocked into a mouse replacing the normal
protein.

These continued studies are especially important because
of the caveats of pharmacological models in general. Fore-
most, all drugs can have nonspecific side effects. These
effects can be due to the toxic nature of the compound itself
or the ability of the compound to interact with off-target
proteins. For the pharmacological model of DYT12, a major
concern is that at high concentrations ouabain can inhibit all
isoforms of the sodium pump and some of the behavioral
effects seen in the model may be due to nonspecific sodium
pump malfunction. Directly disrupting ATP1A3 alone is a
necessary next step in understanding DYT12. Nevertheless,
valuable insights into DYT12 have been gained by the
generation of the DYT12 pharmacological model.

For other genetic dystonias, in which the function of the
causative protein is well understood, it may prove fruitful to
attempt acute pharmacological disruption of function. For
example, DYT18 or paroxysmal exercise-induced dyskine-
sia is known to be due to mutations in the SLC2A1 gene,
which codes for the glucose transporter GLUT1 [48, 96].
DYT18 is characterized by the onset of dystonic movements
that last from minutes to hours after periods of intense
exercise [47]. Unlike DYT12, the dystonia in DYTIS is
not persistent and abates with time. However, patients have
repeated dystonic attacks. GLUT1 has been known and
studied for a long time. Furthermore, compounds, such as
ML-9, verapamil, and tyrphostins, can block GLUT1 [97,
98]. Therefore, it is possible to attempt acute and partial
pharmacological block of GLUT1 to determine whether this
is sufficient to induce the symptoms of DYT1S.

The pharmacological model of DYT12 is the first to
target a protein mutated in a human disorder and replicate
dystonic symptoms. The generation of this model has
revealed the importance of both the basal ganglia and cere-
bellum in DYTI12. Specifically, it has demonstrated that
sodium pump malfunction in the cerebellum is sufficient
to induce dystonia, consistent with a growing body of liter-
ature supporting cerebellar involvement in dystonia [14,
99-101]. It has also been revealed that the interaction
between these 2 regions is key in this disorder. In the
future, acute targeting of dystonia-related genes may
lead to a better understanding of the etiology of other
dystonias.

Required Author Forms Disclosure forms provided by the authors
are available with the online version of this article.
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