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Abstract
Early-onset generalized torsion dystonia (dystonia 1) is an inherited movement disorder caused by
mutations in DYT1 (TOR1A), which codes for torsinA. Most patients have a 3-base pair deletion
(ΔGAG) in one allele of DYT1, corresponding to a loss of a glutamic acid residue (ΔE) in the C-
terminal region of the protein. Functional alterations in basal ganglia circuits and the cerebellum
have been reported in dystonia. Pharmacological manipulations or mutations in genes that result in
functional alterations of the cerebellum have been reported to have dystonic symptoms and have
been used as phenotypic rodent models. Additionally, structural lesions in the abnormal cerebellar
circuits, such as cerebellectomy, have therapeutic effects in these models. A previous study has
shown that the Dyt1 ΔGAG heterozygous knock-in (KI) mice exhibit motor deficits in the beam-
walking test. Both Dyt1 ΔGAG heterozygous knock-in (KI) and Dyt1 Purkinje cell-specific
knockout (Dyt1 pKO) mice exhibit dendritic alterations of cerebellar Purkinje cells. Here, Dyt1
pKO mice exhibited significantly less slip numbers in the beam-walking test, suggesting better
motor performance than control littermates, and normal gait. Furthermore, Dyt1 ΔGAG KI/Dyt1
pKO double mutant mice exhibited significantly lower numbers of slips than Dyt1 ΔGAG
heterozygous KI mice, suggesting Purkinje-cell specific knockout of Dyt1 wild-type (WT) allele
in Dyt1 ΔGAG heterozygous KI mice rescued the motor deficits. The results suggest that
molecular lesions of torsinA in Purkinje cells by gene therapy or intervening in the signaling
pathway downstream of the cerebellar Purkinje cells may rescue motor symptoms in dystonia 1.
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1. Introduction
Early-onset generalized torsion dystonia (dystonia 1; OMIM 128100) is an inherited
hyperkinetic movement disorder caused by mutations in DYT1 (TOR1A), which codes for
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torsinA [1]. TorsinA is a member of AAA+ family of ATPases that is widely expressed in
the brain and throughout body [1–3], and may be involved in trafficking of polytopic
membrane proteins and protein processing in the secretory pathway [4, 5]. This disease has
an approximately 30% penetrance [6] and phenotypic variability [7]. Most of the patients
have a 3 base-pair deletion (ΔGAG) in DYT1, corresponding to a loss of a glutamic acid
residue in the C-terminal region of torsinA. However, an Arg288Gln missense mutation was
found in one patient family [8], and an 18 bp-deletion was also reported in patients
diagnosed as possible dystonia from another family [9–11]. Furthermore, a frame-shift
mutation caused by a 4 bp-deletion was found in a patient diagnosed as a possible
myoclonus-dystonia from another family [12]. No homozygous DYT1 mutation carrier has
been reported in humans. Similarly, both Dyt1 ΔGAG homozygous KI mice and Dyt1
knockout (KO) mice do not survive after birth, suggesting homozygous DYT1 mutation
carriers may exhibit neonatal lethality [13–15]. Onset of dystonia 1 usually occurs between
5 to 28 years of age [16]. Symptoms typically begin in a lower limb and progress up the
body over years, whereas in later-onset dystonia cases symptoms are usually limited to
upper-body parts.

Dysfunction of cerebellum contributes to the pathogenesis in dystonia patients. Trauma
involving the cerebellum and cerebellar atrophy cause dystonia in humans [17, 18].
Structural grey matter alterations in the cerebellum have been observed in upper limb
dystonia [19], cervical dystonia [20], and focal dystonia [21]. Abnormal activities of the
cerebellum in DYT1 mutation carriers and alterations in the olivo-cerebellar pathway have
been reported in primary focal dystonia [22]. Microinjection of kainic acid at low doses into
the cerebellar vermis of mice can elicit dystonic postures of the trunk and limbs [23].
Additionally, infusion of ouabain, a sodium pump blocker, into the cerebellum induces
dystonia-like symptoms in a mouse model of rapid-onset dystonia parkinsonism [24].
Dysfunction of the cerebellum has also been reported in other phenotypic dystonia rodent
models produced by spontaneous mutations. A genetically dystonic (dt) rat was isolated
from a spontaneous mutant colony with dystonic symptoms [25]. The dt rat has a mutation
in Atcay coding for Caytaxin [26], which plays a critical role in the molecular response of
Purkinje cells to climbing fiber input [27]. Additionally, tottering (tg) mice exhibit ataxia
and paroxysmal dystonia, which is caused by a recessive mutation in a calcium channel α1A
subunit gene predominantly expressed in the cerebellar granule cell layer, cell bodies in the
deep cerebellar nuclei, and cerebellar Purkinje cells [28].

While pharmacological manipulations and the mutations described above cause dysfunction
of the cerebellum and produce dystonic symptoms in rodents, further structural lesions in the
already abnormal cerebellum or cerebellar circuits have been shown to improve or even
eliminate the dystonic symptoms. Transgenic mice lacking cerebellar Purkinje cells exhibit
less dystonia after kainic acid microinjection, suggesting the loss of cerebellar Purkinje
cell’s function suppresses the induction of dystonia [23]. Surgical removal of the cerebellum
(cerebellectomy) eliminates the motor symptoms and rescues the dt rats from juvenile
lethality [29]. Consistent with the effect of cerebellectomy, electronic lesions of the dorsal
portions of the lateral vestibular nuclei, which receive input from cerebellar Purkinje cells,
also produce motor improvement in the dt rats [30]. Dystonic episode and abnormal brain
activation in tottering (tg) mice were also eliminated by cerebellectomy or crossing with
cerebellar Purkinje cell-specific degenerative (pcd) mutant [31, 32].

Beam-walking is a classical behavioral test to examine motor coordination and balance in
rodents [33]. Although genetic dystonia mouse models, which mimic mutations in primary
dystonia patients, do not exhibit overt abnormal postures, they exhibit motor deficits in the
beam-walking test [13, 15, 34–40]. Our recent studies argue for the beam-walking test as a
test of motor control abnormalities that could be due to the dystonic symptoms in the genetic
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dystonia mouse models. Dyt1 ΔGAG heterozygous KI male mice exhibit increased slip
numbers of the hindpaws in the beam-walking test [13]. This beam-walking deficit in Dyt1
ΔGAG heterozygous KI male mice can be rescued with trihexyphenidyl, an anticholinergic
drug, which is commonly used to treat dystonic symptoms in DYT1 patients [39].
Additionally, in rapid-onset dystonia-parkinsonism (dystonia 12; OMIM 128235) patients,
dystonic symptoms are triggered by stress [41]. Consistent with patients, motor deficits in
beam-walking test are triggered by stress in a genetic mouse model of dystonia 12 [38].
Furthermore, since dystonic symptoms commonly start from the legs in dystonia 1 patients,
the beam-walking test may be one of the most appropriate behavior tests to detect the early
motor symptoms in dystonia 1 mouse models.

We recently reported the generation of Dyt1 pKO mice [42] using cre-loxP technology [43]
applied to mouse gene recombination [44] using Dyt1 loxP mice [15] and Pcp2-cre mice
[45], which causes specific knockout of Dyt1 in cerebellar Purkinje cells. Dyt1 pKO mice
exhibit shorter primary large dendrites and reduction of spine numbers in the quaternary
dendrite branches of the cerebellar Purkinje cells, which are similar to those of Dyt1 ΔGAG
heterozygous KI mice [42]. Since torsinA is highly expressed in cerebellar Purkinje cells,
knocking out Dyt1 specifically in cerebellar Purkinje cells may substantially influence the
output signals from the cerebellum and affect motor performance. In the present study,
motor behavioral tests were performed in Dyt1 pKO mice and their littermates. Based on the
results of the behavior tests, Dyt1 ΔGAG KI/pKO double mutant mice were produced and
their motor performance was evaluated to examine the effect of the cerebellar Purkinje cell-
specific knocking-out of Dyt1 WT allele of Dyt1 ΔGAG heterozygous KI mice.

2. Materials and methods
All experiments were carried out by investigators blind to the genotypes and in compliance
with the USPHS Guide for Care and Use of Laboratory Animals and approved by IACUCs
at the University of Illinois at Urbana-Champaign (UIUC) and the University of Alabama at
Birmingham (UAB). Mice were housed under a 12 hour light and 12 hour dark cycle with
access to food and water ad libitum.

2.1. Animals
2.1.1. Generation of cerebellar Purkinje-cell specific Dyt1 conditional
knockout mice—To selectively inactivate Dyt1 in cerebellar Purkinje cells, we used
Pcp2-cre mice (Jackson Laboratory stock no. 004146; B6.129-Tg(Pcp2-cre)2Mpin/J) that
express Cre recombinase specifically in cerebellar Purkinje cells [45] and Dyt1 loxP mice
(D3 129/Sv J, C57BL/6 mixed background) that we previously generated [15]. Pcp2-cre
Dyt1 loxP double heterozygous mice were prepared by crossing Dyt1 loxP mice and Pcp2-
cre mice. Dyt1 pKO mice were prepared by crossing Pcp2-cre Dyt1 loxP double
heterozygous mice and Dyt1 loxP mice. Cerebellar Purkinje cell-specific reduction of
torsinA mRNA was confirmed by in situ hybridization as described earlier [42]. Genotyping
for Dyt1 pKO and control littermate (CT) mice was performed by multiplex PCR using F
(5’-ATTCAAAAATGTTGTCATAGCCAGG-3’) and T (5’-
CTACAGTGACCTGAATCATGTGGC-3’) primer sets for Dyt1 loxP [15], creA (5’-
ATCTCCGGTATTGAAACTCCAGCGC-3’) and cre6 (5’-
CACTCATGGAAAATAGCGATC-3’) primer sets for cre [46], and the tail DNA. A group
of Dyt1 pKO and CT mice was used for behavioral semi-quantitative assessments of motor
disorders, accelerated rotarod test, pawprint gait analysis and beam-walking test in this
order. Dyt1 pKO and CT mice were also used for transmission electron microscopy analysis.
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2.1.2. Generation of Dyt1 ΔGAG KI/pKO double mutant mice—Dyt1 ΔGAG
heterozygous KI mice (D3 129/Sv J, C57BL/6, BALB/c mixed background) were prepared
and genotyped as previously described [13, 47]. Dyt1 ΔGAG heterozygous KI female mice
were crossed with Dyt1 pKO male mice to generate Dyt1 ΔGAG KI/pKO double mutant
mice. Genotyping for Dyt1 ΔGAG KI/pKO double mutant mice, Dyt1 pKO mice and Dyt1
loxP heterozygous mice was performed by multiplex PCR using F and T primer sets for
Dyt1 loxP [15], creA and cre6 primer sets for cre [46], and Tcko1 (5’-
CGGCTGAGCTATGCAGAACTA-3’) and Tcko2 (5’-
CCATAGCTGGACCTGCAATTAAG-3’) primer sets for Dyt1 ΔGAG KI locus [13]. Dyt1
ΔGAG KI/pKO double mutant mice were used for the beam-walking test.

2.1.3. Generation of Dyt1 ΔGAG KI/KO double mutant mice—Dyt1 heterozygous
KO mice (D3 129/Sv J, C57BL/6, BALB/c mixed background) were generated as described
earlier [15]. Dyt1 ΔGAG KI/KO double mutant mice and their littermates were generated by
crossing Dyt1 ΔGAG heterozygous KI mice and Dyt1 heterozygous KO mice. Genotyping
was performed by PCR using a set of F and Tcko2 primers for Dyt1 KO locus and a set of
Tcko1 and Tcko2 primers for Dyt1 ΔGAG KI locus as described above. Tail DNAs from
neonatal day zero mice were used as templates. Dyt1 ΔGAG KI /KO mice were used for
Western blot analysis of torsinA.

2.2. Transmission electron microscopy
Brain sections were prepared for transmission electron microscopy analysis as described
earlier [36]. Adult Dyt1 pKO mice and CT mice (n = 3 each, 2 to 4 months of age) were
perfused with chilled 0.1M phosphate-buffered saline (pH7.4) followed by Karnovsky's
Fixative in phosphate buffered 2% glutaraldehyde and 2.5% paraformaldehyde. The brains
were dissected out and left in Karnovsky’s Fixative overnight. The tissue was then trimmed
and washed in cacodylate buffer with no further additives. Microwave fixation was used
with the secondary 2% osmium tetroxide fixative, followed by the addition of 3% potassium
ferricyanide for 30 minutes. After washing with water, saturated uranyl acetate was added
for en bloc staining. The tissue was dehydrated in a series of increasing concentrations of
ethanol starting at 50%. Acetonitrile was used as the transition fluid between ethanol and
epoxy. Infiltration series was done with an epoxy mixture using the Epon substitute Lx112.
The resulting blocks were polymerized at 90°C overnight, trimmed with a razor blade, and
ultrathin sectioned with diamond knives. Sections were then stained with uranyl acetate and
lead citrate, and photographed with a Hitachi H600 transmission electron microscope. The
nuclear envelopes and other associated cerebellar structures in the cerebellum were
examined.

2.3. Behavioral analysis
2.3.1. Behavioral semi-quantitative assessments of motor disorders—
Behavioral semi-quantitative assessments of motor disorders were performed as described
earlier [13, 48]. A group consisting of 18 Dyt1 pKO mice (11 males and 7 females) and 19
CT mice (11 males and 8 females) at 145– 219 days old were placed individually on the
table and hindpaw clasping, hindpaw dystonia, truncal dystonia and balance adjustments to a
postural challenge were examined. Hindpaw clasping was assessed as hindpaw movements
for postural adjustment and attempt to straighten up while the mouse was suspended by the
mid-tail. The hindpaw dystonia was assessed as the increased spacing between the limbs,
poor limb coordination, crouching posture and impairment of gait. Truncal dystonia was
assessed as the flexed posture. Postural challenge was performed by flipping the mouse onto
its back and the ease of righting was noted.
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2.3.2. Accelerated rotarod test—Motor performance was assessed with Economex
accelerating rotarod (Columbus Instruments) as described earlier [13]. The apparatus started
at an initial speed of 4 rpm. Rod speed was gradually accelerated at a rate of 0.2 rpm/s. The
latency to fall was measured with a cutoff time of 2 minutes. The Dyt1 pKO mice and CT
mice at 159– 233 days old were tested for three trials on each day for 2 days. The trials
within the same day were performed approximately at 1 hour intervals.

2.3.3. Pawprint gait analysis—Pawprint gait analysis was performed as described
earlier [13, 33]. A runway with a dark goal box at the end was lined with a sheet of white
paper. Fore- and hindpaws of the Dyt1 pKO mice and CT mice at 164– 238 days old were
painted with water soluble non-toxic paint of different colors. Mice were allowed to walk
across the runway and into the goal box. One set of prints was collected for each animal
after it walked continuously across the runway. Of each set, the four center pairs of hind-
and forepaw prints were analyzed for stride, base, and overlap of the paws on each side.

2.3.4. Beam-walking test—The Dyt1 pKO mice and CT mice at 171–245 days old were
used for the beam-walking test to evaluate their motor performance caused by loss of
torsinA function in the cerebellar Purkinje cells. Another group consisted of 7 Dyt1 loxP
heterozygous mice (6 males and 1 females), 11 Dyt1 ΔGAG KI/pKO double mutant mice (8
males and 3 females) and 15 Dyt1 ΔGAG heterozygous KI mice (with an additional Dyt1
loxP allele; 8 males and 7 females) at 161–175 days old was used to evaluate the effect of
cerebellar Purkinje-cell specific knocking-out of Dyt1 in WT allele of Dyt1 ΔGAG
heterozygous KI mice. Dyt1 loxP heterozygous littermate mice were used as CT mice in this
group. The beam-walking test was performed within the last 8 hours of light period after
acclimation to a sound-attenuated testing room for 1 hour as described earlier [13, 34, 35].
The mice were trained to transverse a medium square beam (14 mm wide) in three
consecutive trials each day for 2 days and tested twice each on the medium square beam and
a medium round beam (17mm diameter) on the third day. The mice were then tested twice
each on a small round beam (10 mm diameter) and a small square beam (7 mm wide) on the
fourth day. Their hind paw slips on each side while walking the 80 cm beams were counted.

2.4. Western blot for torsinA
TorsinA level in mouse brains was quantified by Western blot analysis as described earlier
[36]. The brains were dissected from WT littermates (n=3), Dyt1 ΔGAG heterozygous KI
mice (n=4), and Dyt1 ΔGAG KI/KO double mutant mice (n=4) at postnatal day zero and
quickly frozen in liquid nitrogen. The brains were homogenized in ice-cold lysis buffer [50
mM Tris·Cl (pH7.4), 175 mM NaCl, 5 mM EDTA·2Na, Complete Mini protease inhibitor
cocktail (Roche); 100 mg of brain/ml of lysis buffer] and sonicated for 10 sec. One ninth
volume of ice-cold 10% TritonX-100 in the lysis buffer was added to the homogenates and
the homogenates were incubated for 30 min on ice. The homogenates were centrifuged at
10,000 × g for 15 min at 4°C and then the supernatants were obtained. The protein
concentration of each supernatant was measured by Bradford assay with bovine serum
albumin as standards [49]. The samples were mixed with loading buffer for sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and boiled for 5 min, incubated on
ice for 1 min, and then centrifuged for 5 min to obtain the supernatant. Forty µg of the
samples were loaded on SDS-PAGE with a Precision Plus Protein Standards All Blue (Bio-
Rad) as a molecular mass marker. The separated proteins on the gel were transferred to a
PROTRAN nitrocellulose transfer membrane (Whatman). The membrane was blocked in
5% milk (Bio-Rad) in TBS-T buffer [20 mM Tris·Cl (pH7.6), 137 mM NaCl, 0.1% (v/v)
Tween 20] and incubated overnight at 4 °C with rabbit polyclonal torsinA antibody (Abcam;
ab34540) in the blocking buffer. The membrane was washed in TBS-T buffer and incubated
with bovine anti-rabbit IgG-horseradish peroxidase (HRP; Santa Cruz; sc-2370) in the
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blocking buffer at room temperature for 1hr, and then washed. The band was detected by
SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific). The signal was
captured by Alpha Innotech FluorChem Q MultiImage III and the density of each band was
quantified with UN-SCAN-IT gel software (Silk Scientific). Restore Western Blot Stripping
buffer (Thermo Scientific) was used for stripping torsinA antibody off the membrane to
detect glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a loading control. After
stripping the membrane of the torsinA antibody, the membrane was washed in TBS-T buffer
and re-blocked in the blocking buffer. Levels of GAPDH were detected with HRP-
conjugated GAPDH antibody (Santa cruz; sc-25778 HRP). Western blot analysis was
performed in duplicate.

2.5. Statistics
Data in pawprint test were analyzed by analysis of variance (ANOVA) mixed model in
SAS/STAT Analyst software (Version 9.1.3; SAS Institute Inc. NC) as described earlier
[13]. Latency to fall in the accelerated rotarod test and slips numbers in beam-walking test
were analyzed by logistic regression (GENMOD) with negative binominal distribution using
GEE model in the software [13, 15, 34]. Sex, age, and body weight were input as variables.
Data in the accelerated rotarod and beam-walking tests were analyzed after natural log
transformation to obtain a normal distribution. The density of torsinA band was standardized
to that of GAPDH band in Western blot analysis. The standardized pixel ratios were
analyzed by Student’s t-test. The data in WT littermates were normalized to 100%.
Significance was assigned at p < 0.05.

3. Results
3.1. No significant alteration of the nuclear envelopes in Dyt1 pKO mice

Pcp2-cre Dyt1 loxP double heterozygous mice were produced by crossing Dyt1 loxP mice
and Pcp2-cre mice. To selectively inactivate Dyt1 in cerebellar Purkinje cells, Dyt1 pKO
mice were produced by crossing Dyt1 loxP mice and Pcp2-cre Dyt1 loxP double
heterozygous mice (Fig. 1). Dyt1 pKO mice were born according to Mendelian ratio and
developed to adult. In Dyt1 pKO mice, exons 3 and 4 are deleted in cerebellar Purkinje cells
because cre is expressed specifically in cerebellar Purkinje cells and the recombination
occurs in the cells, while these exons are intact in other brain regions and body.

We examined the morphology of the cerebellar Purkinje cells and other associated cerebellar
structures in Dyt1 pKO mice with a transmission electron microscope (Fig. 2A–H). Dyt1
pKO mice showed intact nuclear envelopes in cerebellar Purkinje cells (Fig. 2B).
Furthermore, the cytoplasmic structures and the contents showed no significant
abnormalities (5,000 ×; Fig. 2A, B). Similarly, the granule cells showed no gross alteration
in nuclear envelope structures (4,000 ×; Fig. 2C, D). In the molecular layer at the low
magnification (2,500 ×; Fig. 2E, F), both axons and dendrites did not show gross alteration
of diameters and packing densities. Additionally, at higher magnification (30,000 ×; Fig. 2G,
H), boutons and postsynaptic densities were clearly visible, suggesting synapse formation in
the molecular layer has no gross alteration in Dyt1 pKO mice.

3.2. No overt abnormal postures in Dyt1 pKO mice
When suspended by their tail, both Dyt1 pKO and CT mice had normal splaying of their
hindpaws. Dyt1 pKO mice had no observable hindpaw extension or truncal arching
compared to CT mice. All mice exhibited strong righting reflexes when tipped on their side.
The results suggest that Dyt1 pKO mice had no overt abnormal postures, similar to Dyt1
ΔGAG heterozygous KI mice [13], Dyt1 knock-down mice [35], cerebral cortex-specific
Dyt1 conditional KO mice [15], and striatum-specific Dyt1 conditional KO mice [50].
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3.3. Improved motor performance in Dyt1 pKO mice
Motor performance was assessed by the accelerated rotarod and beam-walking tests. Each
mouse was put on the accelerated rotarod and the latency to fall was measured. Since mice
can hold onto the rotarod with four paws, the latency to fall is an indicator of total motor
performance, with shorter latency indicating motor deficits. Dyt1 pKO mice did not show
significant difference in latency to fall (Fig. 3A; p = 0.4861), suggesting no total motor
performance deficits, consistent with findings reported earlier in Dyt1 ΔGAG heterozygous
KI mice [13], Dyt1 knock-down mice [35], cerebral cortex-specific Dyt1 conditional KO
mice [15], and striatum-specific Dyt1 conditional KO mice [50]. We further analyzed the
motor coordination and balance by the beam-walking test. Dyt1 pKO mice showed 84% less
slip numbers in the beam-walking test compared to CT mice (Fig. 3B; p = 0.012),
suggesting improved motor performance.

3.4. Normal gait performance in Dyt1 pKO mice
Gait performance was assessed by pawprint analysis. Dyt1 pKO mice did not show any
significant difference in stride length, base length, or distance of overlap, suggesting Dyt1
pKO mice exhibited normal gait performance (Table 1).

3.5. Generation of Dyt1 ΔGAG KI/pKO double mutant mice
Based on the enhanced performance of Dyt1 pKO mice in beam-walking test, we generated
Dyt1 ΔGAG KI/pKO double mutant mice to explore whether cerebellar Purkinje-cell
specific knocking-out of Dyt1 WT allele in Dyt1 ΔGAG heterozygous KI mice could rescue
the motor deficits. The double mutant mice were generated by crossing Dyt1 ΔGAG
heterozygous KI female mice with Dyt1 pKO male mice (Fig. 4). Dyt1 ΔGAG KI/pKO
double mutant mice were born according to Mendelian ratio and developed to adulthood. In
Dyt1 ΔGAG KI/pKO double mutant mice, exons 3 and 4 of Dyt1 loxP allele are deleted in
cerebellar Purkinje cells because Pcp2-cre-mediated recombination specifically occurred in
cerebellar Purkinje cells, while these exons are intact in other brain regions and body.
However, the Dyt1 ΔGAG KI mutation remains unchanged in all brain and body regions in
Dyt1 ΔGAG KI/pKO double mutant mice.

3.6. Improved motor performance in Dyt1 ΔGAG heterozygous KI mice by the cerebellar
Purkinje-cell specific Dyt1 conditional knocking-out

We examined whether knocking-out of WT allele of Dyt1 in Dyt1 ΔGAG heterozygous KI
mice can rescue the motor deficits in beam-walking test. Raw data from the 4 beams in the
beam-walking test were pooled and plotted (Fig. 5A). Only 30% of Dyt1 ΔGAG
heterozygous KI mice exhibited more slips than the maximum slips found in CT mice,
suggesting a low penetrance of motor deficits in Dyt1 ΔGAG heterozygous KI mice. On the
other hand, most of Dyt1 ΔGAG KI/pKO double mutant mice exhibited lower slips numbers
than Dyt1 ΔGAG heterozygous KI mice and showed similar frequency to CT mice.
Statistical analysis showed that Dyt1 ΔGAG heterozygous KI mice showed significantly
more slips than CT mice (p = 0.03) or Dyt1 ΔGAG KI/pKO double mutant mice (p = 0.04)
in beam-walking test (Fig.5B), while there is no significant difference in slips numbers
between CT mice and Dyt1 ΔGAG KI/pKO double mutant mice (p = 0.53). The results
suggest that there is an improved motor performance in Dyt1 ΔGAG heterozygous KI mice
by additionally knocking-out the WT Dyt1 specifically in cerebellar Purkinje cells.

3.7. Significant reduction of torsinA in Dyt1 ΔGAG KI/KO double mutant mice
We previously have shown that Dyt1 pKO mice have a significant, diminished expression of
torsinA mRNA in cerebellar Purkinje cell by in situ hybridization [42]. Therefore, Dyt1
ΔGAG heterozygous KI mice with an additional cerebellar Purkinje-cell specific conditional
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knock-out of the Dyt1 WT allele should cause similar reduction in torsinA level in Purkinje
cells, while other brain regions and the rest of the body are only affected by Dyt1 ΔGAG
heterozygous KI mutation. Due to the difficulty of distinguishing slight difference of torsinA
level in the brain by immunohistochemistry, we used Western blot analysis of double mutant
mice with Dyt1 ΔGAG KI and Dyt1 KO mutations to examine the effect of an additional KO
mutation of the WT allele of Dyt1 in Dyt1 ΔGAG heterozygous KI mice on torsinA level in
the brain. As expected, the double mutant mice exhibited neonatal lethality similar to Dyt1
ΔGAG homozygous KI and Dyt1 KO mice. Therefore we used the brains from postnatal day
zero mice for quantification of torsinA. Western blot analysis showed significantly reduced
torsinA level in Dyt1 ΔGAG heterozygous KI mice in comparison to WT mice (p = 0.024;
Fig. 6A, B). Moreover, torsinA level was significantly reduced in the double mutant mice
with Dyt1 ΔGAG and Dyt1 KO mutations in comparison to Dyt1 ΔGAG heterozygous KI
mice (p = 0.000003) and WT mice (p = 0.000007). The result suggests that Dyt1 ΔGAG
heterozygous KI mutation causes reduction of torsinA and an additional KO of the other
allele causes further reduction of torsinA in the brains as predicted. Significant reduction of
torsinA function in cerebellar Purkinje cells may underlie the mechanism of better motor
performance in Dyt1 ΔGAG KI/pKO double mutant mice and Dyt1 pKO mice.

4. Discussion
Dyt1 is inactivated specifically in the cerebellar Purkinje cells in Dyt1 pKO mice, while
other brain regions and the rest of the body express a normal level of torsinA. Since
cerebellar Purkinje cells integrate incoming signals and produce inhibitory output signals to
the deep cerebellar nuclei, Dyt1 pKO mice may produce altered output signals from the
cerebellum. In the present study, Dyt1 pKO mice exhibited enhanced motor coordination in
the beam-walking test, while they showed normal gait, ultrastructure of nuclear envelopes in
Purkinje cells, and synapse formation in molecular layers. We applied this enhanced motor
coordination effect in an attempt to rescue the motor deficits of Dyt1 ΔGAG heterozygous
KI mice. Dyt1 ΔGAG heterozygous KI mice express both WT and mutant Dyt1 throughout
the body and exhibit motor deficits in beam-walking test [13]. Dyt1 ΔGAG KI/pKO double
mutant mice exhibited decreased numbers of slips comparing to Dyt1 ΔGAG heterozygous
KI mice, suggesting that the cerebellar Purkinje-cell specific inactivation of Dyt1 WT allele
of Dyt1 ΔGAG heterozygous KI mice rescued the motor deficits. The results suggest that
molecular lesions of torsinA in cerebellar Purkinje cells could achieve beneficial effect.
Gene therapy to inactivate torsinA specifically in cerebellar Purkinje cells or intervening to
the output signals from cerebellar Purkinje cells may rescue motor symptoms in dystonia 1.

The mechanism of better motor performance of Dyt1 pKO mice in comparison to WT is not
known. Since Dyt1 pKO mice exhibit loss of torsinA specifically in cerebellar Purkinje
cells, the better motor performance should be caused by altered signals from cerebellar
Purkinje cells in Dyt1 pKO mice. Cerebellar Purkinje cells send major inhibitory signals
from the cerebellum to the deep cerebellar nuclei [51]. There are direct connections from
deep cerebellar nuclei to the striatum by a di-synaptic pathway and to globus pallidus
externa by a tri-synaptic pathway [52]. Therefore, functional alterations of cerebellar
Purkinje cells may substantially influence the basal ganglia circuits and affect motor
performance. It should be noted that dystonia 1 patients exhibit higher semantic fluency
performance [53], and Dyt1 ΔGAG heterozygous KI mice exhibit enhancement of cued fear
memory [47], suggesting that altered torsinA function may contribute to better memory
formation in the brain for some tasks. Since cerebellar Purkinje cells contribute to motor
learning, the loss of torsinA may contribute to enhanced memory formation of motor
coordination and balance, and exhibit better motor performance.

Yokoi et al. Page 8

Behav Brain Res. Author manuscript; available in PMC 2013 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In phenotypic dystonia rodent models, the first insult caused either by gene mutations [25,
28] or pharmacological manipulations [23, 24] result in dysfunction of the cerebellum and
subsequent expression of dystonic symptoms. The second insult to the abnormal cerebellum,
such as cerebellectomy [29, 32], introducing a cerebellar Purkinje cell-specific degeneration
mutation [31], or lesion in the pathway downstream of the cerebellar Purkinje cells [30],
shut off or attenuate the abnormal output signals and eliminate their dystonic symptoms.
Since torsinA is highly expressed in the cerebellum [42, 54] and Dyt1 ΔGAG heterozygous
KI male mice exhibit motor deficits [13], Dyt1 ΔGAG KI mutation may correspond to the
first insult to the cerebellum in the phenotypic dystonia rodent models. Cerebellar Purkinje
cell-specific Dyt1 knocking-out of the WT allele of the Dyt1 ΔGAG heterozygous KI mice
may represent the second insult to the cerebellum and have a therapeutic effect. The results
suggest that dysfunction of the cerebellum may contribute to the motor deficits in Dyt1
ΔGAG heterozygous KI mice and the further intervention to the cerebellar Purkinje cells has
therapeutic effects. Although the globus pallidus has been used as a target in deep brain
stimulation therapy for dystonia 1 patients with great success, some do not respond well
[55]. Targeting the signaling pathways downstream of the cerebellar Purkinje cells or deep
cerebellar nuclei, which receive signals from cerebellar Purkinje cells, may have promise in
deep brain stimulation for dystonia 1 patients.

Since Dyt1 ΔGAG KI/pKO double mutant mouse is an artificial genetic model and has
Purkinje cell-specific knockout of WT Dyt1 allele from early cerebellar development, this
method itself is not practical for dystonia 1 patients. However, the present results suggest a
possible gene therapy strategy by inactivating torsinA specifically in cerebellar Purkinje
cells to rescue the motor deficits in dystonia 1. Gene therapy using intracerebellar delivery
of AAV or lentiviral vector inactivating torsinA specifically in cerebellar Purkinje cells may
be employed. AAV vector has been used in clinical trials and animal models of neurological
disorders [56]. Recently, AAV-based shRNA was used to suppress the polyglutamine-
induced neurodegeneration in a mouse model of spinocerebellar ataxia type 1(SCA1) [57].
The shRNA against human SCA1 sequence successfully down-regulated the expression of
human ataxin-1-Q82 transgene without any effect on the endogenous mouse Sca1 and
improved motor coordination. The same group also succeeded in achieving improvement in
motor performance and neuropathological phenotypes in a Huntington’s disease mouse
model using the similar strategy [58].

Dystonic symptoms in dystonia 1 seem to associate with dysfunction of the basal ganglia
circuits [39, 50, 59]. Both striatum-specific Dyt1 conditional knockout (Dyt1 sKO) and
cerebral cortex-specific Dyt1 conditional knockout (Dyt1 cKO) mice exhibit motor deficits
in beam-walking deficits, suggesting that loss of torsinA function in both striatum and
cerebral cortex contribute to the pathogenesis of dystonia 1 [15, 50]. Moreover, Dyt1 ΔGAG
heterozygous KI male mice exhibit motor deficits and reduced corticostriatal LTD, which
are restored with trihexyphenidyl [39], suggesting that the dysfunction of corticostriatal
circuits produces abnormal signals in the basal ganglia circuits and induces motor deficits.
Since lesion of cerebellum has been shown to modify corticostriatal LTD [60], it is tempting
to speculate that the altered signals from additional knocking-out of Dyt1WT allele of Dyt1
ΔGAG heterozygous KI mice may rescue the corticostriatal LTD deficit and improve the
motor performance. Future electrophysiological study to record the output signals from
cerebellar Purkinje cells and corticostriatal LTD in Dyt1 ΔGAG KI/pKO double mutant
mice will elucidate the detailed mechanism of cellular network alterations between dystonic
status in Dyt1 ΔGAG heterozygous KI mice and the rescued status.

Abnormal nuclear envelopes have been reported in transfected cells over-expressing the
mutant forms of torsinA [61–63], Dyt1 KO mice and Dyt1 ΔGAG homozygous KI mice
[14]. Neuron-specific nuclear envelope abnormality in Dyt1 ΔGAG homozygous KI mice
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may be caused by malfunction of torsinA with incomplete compensation by torsinB, which
is weakly expressed in neurons [64]. However, both transgenic mice overexpressing human
WT torsinA and mutant torsinA using murine prion promoter also exhibit abnormal nuclear
envelopes and abnormal motor performance [65], suggesting that the abnormal nuclear
envelope is not a phenotype specifically caused by mutant torsinA, but may be that caused
by disruption of torsinA pathway in vivo. Because abnormal envelopes in vivo are detected
in Dyt1 ΔGAG homozygous KI mice and Dyt1 KO mice, that exhibit neonatal lethality, the
abnormal nuclear envelope may be an indicator of neuronal cell death in these dying mice.
Abnormal nuclear envelopes have not been reported in Dyt1 ΔGAG heterozygous KI mouse
or DYT1 dystonia patient brains, suggesting nuclear envelope abnormality itself does not
contribute to dystonia. Moreover abnormal nuclear envelopes were not found in both Dyt1
sKO and cKO mice, suggesting that nuclear envelope abnormality may not play any role in
motor impairment in these mice. Consistent to the previous findings, Dyt1 pKO mice
showed intact nuclear membranes in cerebellar Purkinje cells, suggesting that there is no
relation between motor performance and the ultrastructure of nuclear envelope in Dyt1 pKO
mice. Moreover the present qualitative analysis of slices in small scale suggested that Dyt1
pKO mice did not exhibit gross alteration in ultrastructure of cytoplasmic structures, axons
or dendrites, while Dyt1 pKO mice may seem to have some small boutons with decreased
amount of synaptic vesicles in comparison to CT mice in Fig. 2. Further large scale
quantitative analysis of detailed ultrastructural parameters such as the diameter of boutons,
the density of synaptic vesicles in boutons, the thickness and width of post-synaptic
densities, remains as an important future study to determine the cellular and synaptic
substrates of the observed behavioral phonotypes.

Both Dyt1 ΔGAG heterozygous KI and Dyt1 pKO mice exhibit similar morphological
alterations of cerebellar Purkinje cells, namely shorter primary large dendrites and reduction
of spine numbers in the quaternary dendrite branches [42]. If the morphological alterations
of cerebellar Purkinje cells in Dyt1 ΔGAG heterozygous KI mice associate with their motor
deficits, Dyt1 pKO mice should have shown similar motor deficits. However, Dyt1 pKO
mice exhibited enhanced coordination in motor performance, suggesting that the
morphological alterations in Dyt1 ΔGAG heterozygous KI mice may not associate with
motor deficits. Recent studies suggest that the mutant forms of torsinA are quickly degraded
by both proteasome and macroautophagy-lysosome pathways in transfected cells, while WT
torsinA is stable and degraded primarily through the macroautophagy-lysosome pathway
[66, 67]. Consistent with these in vitro data, torsinA is reduced in Dyt1 ΔGAG heterozygous
KI mouse brains [14, 36, 37]. Therefore, the morphological alterations of cerebellar Purkinje
cells in Dyt1 ΔGAG heterozygous KI mice may be simply caused by reduction of torsinA in
cerebellar Purkinje cells. Since the reduced spine number may be an indicator of reduced
input signals from parallel fibers to cerebellar Purkinje cells, both Dyt1 ΔGAG mutation and
Dyt1 Purkinje-cell specific knockout may exhibit similar functional alteration of cerebellar
Purkinje cells and attenuate abnormal signals from the cerebellum. Although the magnitude
of the therapeutic effect caused by Dyt1 ΔGAG mutation in the cerebellar Purkinje cells may
not be enough to eliminate overall motor deficits, complete knockout of both Dyt1 alleles in
cerebellar Purkinje cells in Dyt1 pKO mice and additional knockout of Dyt1 WT allele of
Dyt1 ΔGAG heterozygous KI mice may be enough to induce profound functional alteration
of cerebellar Purkinje cells and exhibit the enhanced coordination and therapeutic effect to
recovery from the motor deficits in beam-walking test, respectively.

Primary dystonia is classified into more than 20 types, although less than half of them have
known gene mutations [16, 68]. The relationship between the mutant proteins and their
common etiology is not well understood although there are several reports suggesting
functional interactions of these genes [69–72]. For example, myoclonus-dystonia (M-D;
dystonia 11; OMIM 159900) is caused by mutations in SGCE coding for ε-sarcoglycan. Two
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dystonia patients from a single family with double mutations in DYT1 and SGCE exhibit
more severe symptoms [10, 11]. Dyt1 Sgce double mutant mice exhibit earlier onset of
motor deficits than each single mutant mice in the beam-walking test, while functional
deficits of torsinA and ε-sarcoglycan may independently cause motor deficits [36]. Both
striatum-specific Dyt1 conditional knockout (Dyt1 sKO) [50] and striatum-specific Sgce
conditional knockout (Sgce sKO) mice [73] exhibit motor deficits in beam-walking deficit,
suggesting common dysfunction of the striatum in these dystonias. On the other hand, the
cerebellar Purkinje cell-specific Sgce conditional knockout (Sgce pKO) mice exhibit only
motor leaning deficits and reduced stereotypic behaviors [40]. Conversely, Dyt1 pKO mice
exhibited enhanced coordination and rescue effect as presented in this study. Therefore, the
striatum may be commonly affected in both dystonia 1 and dystonia 11, whereas the
contributions of the cerebellar Purkinje cells to the pathogenesis are different between them.
Like phenotypic variations in primary dystonia patients, cerebellar contributions to
pathophysiological mechanisms in different dystonias are diverse. Genotypic animal models
specific for each primary dystonia, especially those with cell type-specific and brain region-
specific features offer potential to elucidate the common and specific mechanisms, and to
develop appropriate therapeutics suitable to each primary dystonia.

Highlights

Enhanced motor coordination in Purkinje cell-specific Dyt1 conditional knockout mice

Motor deficits rescue in Dyt1 knock-in mice by Purkinje cells-specific Dyt1 knockout

Purkinje cells-specific knockout of Dyt1 as potential gene therapy for DYT1 dystonia

Intervening in the output signaling from the Purkinje cells as a possible therapy

Abbreviations

CT mouse control littermate mouse

DYT1 (TOR1A) torsinA gene in human

Dyt1 (Tor1a) torsinA gene in mouse

Dyt1 cKO mouse cerebral cortex-specific Dyt1 conditional knockout mouse

Dyt1 pKO mouse cerebellar Purkinje cell-specific Dyt1 conditional knockout mouse

Dyt1 sKO mouse striatum-specific Dyt1 conditional knockout mouse

KI mouse knock-in mouse

KO mouse knockout mouse

Sgce pKO mouse cerebellar Purkinje cell-specific Sgce conditional knockout mouse

Sgce sKO mouse striatum-specific Sgce conditional knockout mouse

WT wild-type
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Fig. 1.
Generation of Dyt1 pKO mice. Pcp2-cre Dyt1 loxP double heterozygous mice were
prepared by crossing Dyt1 loxP mice and Pcp2-cre mice. Dyt1 pKO mice were prepared by
crossing Dyt1 loxP homozygous mice and Pcp2-cre Dyt1 loxP double heterozygous mice.
Black rectangles are exons of Dyt1 and the exon numbers are shown above the rectangles.
Black triangles are loxP sites flanking exons 3 and 4. White triangles are FRT sites that
remained after removing Neo cassette. In Dyt1 pKO mice, exons 3 and 4 are deleted in
cerebellar Purkinje cells because cre is expressed specifically in cerebellar Purkinje cells
and the recombination occurs in the cells, while these exons are intact in other brain regions
and the rest of the body.
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Fig. 2.
Ultrastructure of cerebellar cortex of a CT mouse (left panels) and a Dyt1 pKO mouse (right
panels). Both mice showed normal nuclear structures of cerebellar Purkinje cells (A, B),
granule cells (C, D), molecular layers (E, F), and synapses in molecular layers (G, H).
Magnifications: A and B: 5,000×; C and D: 4,000×; E and F: 2,500×; G and H: 30,000×.
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Fig. 3.
Motor performance in Dyt1 pKO mice and CT mice. (A) Latency to fall in accelerated
rotarod test. Dyt1 pKO mice did not exhibit significant difference in latency to fall,
suggesting no motor deficits with four paws. The latency to fall was transformed in natural
log to obtain a normal distribution. (B) Beam-walking performances in Dyt1 pKO mice and
CT mice. Dyt1 pKO mice showed significantly decreased numbers of slips in beam-walking
test, suggesting improved motor performance. The slips numbers were transformed in
natural log to obtain a normal distribution and normalized to CT mice. Vertical bars
represent means ± standard errors (SE). *p < 0.05.
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Fig. 4.
Generation of Dyt1 ΔGAG KI/pKO double mutant mice. Dyt1 ΔGAG heterozygous KI mice
were crossed with Dyt1 pKO mice to produce Dyt1 ΔGAG KI/pKO double mutant mice.
Black rectangles are exons of Dyt1. White rectangles are Dyt1 exon 5 with ΔGAG KI
mutation. Exon numbers are shown above the rectangles. Black triangles are loxP sites
flanking exons 3 and 4. White triangles are FRT sites that remained after removing Neo
cassette. In Dyt1 ΔGAG KI/pKO double mutant mice, exons 3 and 4 in Dyt1 loxP allele are
deleted in cerebellar Purkinje cells because Pcp2-cre expresses specifically in cerebellar
Purkinje cells and the recombination occurs in the cells, while these exons are intact in other
brain regions and the rest of the body. The Dyt1 ΔGAG mutation remains in all regions. For
simplicity, the gene map of the CT mice is not shown.
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Fig. 5.
Beam-walking performance in CT mice, Dyt1 ΔGAG heterozygous KI mice, and Dyt1
ΔGAG KI/pKO double mutant mice. (A) Accumulated frequency of control and mutant
mice, and their numbers of slips. Raw data from the 4 beams were pooled and plotted. (B)
Dyt1 ΔGAG heterozygous KI mice showed significantly more slips than CT mice or Dyt1
ΔGAG KI/pKO double mutant mice in beam-walking test, while there is no significant
difference in slips numbers between CT mice and Dyt1 ΔGAG KI/pKO double mutant mice.
The slips data were transformed in natural log to obtain a normal distribution and
normalized to Dyt1 ΔGAG KI/pKO double mutant mice. Dyt1 loxP heterozygous littermate
mice were used as CT mice. Vertical bars represent means ± SE. *p < 0.05.
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Fig. 6.
Western blot for torsinA. (A) The representative bands for torsinA and GAPDH in WT
littermates (WT), Dyt1 ΔGAG heterozygous KI mice (KI), and Dyt1 ΔGAG KI/KO double
mutant mice (KI/KO). (B) The quantified torsinA levels in the brains of three lines. TorsinA
level in Dyt1 ΔGAG heterozygous KI mice was significantly reduced in comparison to WT
mice. Moreover, torsinA level was significantly reduced in the double mutant mice with
Dyt1 ΔGAG KI and Dyt1 KO mutations in comparison to Dyt1 ΔGAG heterozygous KI
mice and WT mice. The density of torsinA band was standardized to that of GAPDH band.
The data in WT littermates were normalized to 100%. WT (n=3), 100 ± 1%; KI (n=4), 93 ±
2 %; KI/KO (n=4), 43 ± 2%. Vertical bars represent means ± SE. *p < 0.05, ****p < 0.0001.
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Table 1

Normal gait performance in Dyt1 pKO mice.

Pawprint CT Dyt1 pKO p

Stride length 74.5 ± 1.1 75.2 ± 1.5 0.71

Base length 20.5 ± 0.5 20.4 ± 0.6 0.87

Overlap 9.3 ± 0.5 9.2 ± 0.7 0.98

Stride length, base length and distance of overlap are shown as means ± standard errors (mm). CT: control littermate mice; Dyt1 pKO: cerebellar
Purkinje cell-specific Dyt1 conditional knockout mice.
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