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Abstract
The DYT1 gene containing a trinucleotide deletion (ΔGAG) is linked to early-onset dystonia, a
neurological movement disorder of involuntary muscle contractions. To understand Dyt1’s
contribution to dystonia, we produced and analyzed Dyt1 knockdown (KD) mice that expressed a
reduced level of torsinA protein encoded by Dyt1. Knockdown mice exhibited deficits in motor
control and a decreased trend in dopamine with a significant reduction in 3,4-dihydroxyphenylacetic
acid. These alterations are similar to those displayed by previously reported Dyt1 ΔGAG knockin
heterozygous mice, suggesting that the partial loss of torsinA function contributes to the pathology
of the disease.
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A trinucleotide deletion (ΔGAG) in the DYT1 gene is found in a majority of patients with
Oppenheim’s early-onset dystonia, a neurological disorder of uncontrollable muscle
contractions (Ozelius et al., 1997). DYT1 codes for torsinA protein, and the ΔGAG deletion
removes a glutamic acid (ΔE) from the protein. The role of mutant torsinA in the development
of dystonia is unknown, but possible functions of normal torsinA were reported to include its
involvement in cytoskeletal dynamics, nuclear membrane formation, and neuroprotection
(Kuner et al., 2003; Bragg et al., 2004; Gonzalez-Alegre & Paulson, 2004; Goodchild & Dauer,
2004; Shashidharan et al., 2004; Hewett et al., 2006; Kock et al., 2006). Also unknown is the
nature of the genetic mutation in torsinA, an important aspect of the pathophysiology of
dystonia that may affect the development of genetic-based therapeutics.

The ΔGAG mutation of DYT1 has been speculated to work through a toxic-gain-of-function
mechanism by reports of protein aggregates caused by an overexpression of mutant torsinA in
cultured cells and Drosophila (Hewett et al., 2000; Kustedjo et al., 2000; Koh et al., 2004).
Also, in patient tissues and two mouse models, an overexpression transgenic and our Dyt1
ΔGAG knockin (Dyt1 ΔGAG) mouse lines, aggregates containing torsinA and ubiquitin were
found primarily in the brainstem, even though torsinA is widely expressed throughout the brain
(McNaught et al., 2004; Dang et al., 2005; Shashidharan et al., 2005). In contrast, other
published findings have suggested that ΔGAG causes a loss of normal protein function (Torres
et al., 2004; Goodchild et al., 2005). For example, nuclear envelope abnormalities were noted
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in neurons of Dyt1 knockout and homozygous Dyt1 ΔGAG mice, indicating that the mutant
protein may be equivalent to the absence of the protein (Goodchild et al., 2005).

To further address the genetic mechanism of the ΔGAG mutation, we report behavioral and
biochemical analyses of Dyt1 knockdown (KD) mice that displayed motor deficits similar to
the behavioral phenotype previously shown in our Dyt1 ΔGAG mice that carry one mutant
allele. This is the first report to demonstrate that reducing torsinA expression can lead to
abnormal motor development and biochemical changes in the brain.

All experimental procedures in this report were carried out in compliance with the USPHS
Guide for Care and Use of Laboratory Animals and approved by University of Illinois
Institutional Animal Care and Use Committee.

Dyt1 KD mouse was generated in the process of making Dyt1 ΔGAG mice (Dang et al.,
2005). The targeting vector used had the implicated GAG removed in exon 5 of Dyt1 and a
STOP sequence (Lakso et al., 1992) containing a false translation signal, splice donor site and
a poly(A) tail inserted into intron 4 (Fig. 1a). The Dyt1 KD could be generated using this
construct because of the multiple sites of recombination that occurred in transfected stem cells.
Twenty eight of 73 clones screened after transfection had homologously recombined the
targeting vector as determined by Southern blot analysis (Dang et al., 2005). The targeted
clones were further screened for the presence of ΔGAG by amplification of a 360-bp sequence
spanning across ΔGAG of exon 5 that was then digested with EarI, which yielded two different
digest patterns specific to the presence or absence of ΔGAG. From this screening, 25 of the 28
clones were found not to contain ΔGAG. In these clones, it appeared that an additional
undesirable recombination occurred upstream of ΔGAG (Fig. 1b). Germline transmitted mice
produced from these colonies were first named Dyt1 STOP. These mice were genotyped and
distinguish from wild-type mice (WT) by PCR using the following two pairs of primers, 84,
5′-CGCTTGGGTGGAGAGGCTATTC-3′ and 85, 5′-
GCAAGGTGAGATGACAGGAGATC-3′ and tcko1 and tcko2 (Dang et al., 2005).

To quantify the expression of Dyt1 transcript, total brain RNA was extracted from three pairs
of adult Dyt1 KD and WT mice using RNeasy Protect Kit (Qiagen). Northern blot analysis was
performed using two radioactive DNA probes, one specific for exon 5 and the other for exons
1 to 4. Blots were analyzed using a Fuji Phosphor Imager BAS1000. The membranes were
then reprobed with a G3PDH cDNA probe (Promega). Quantification of Dyt1 mRNA transcript
was performed with standardization to G3PDH.

To quantify the expression of torsinA protein, Western blot analysis was performed using
whole brain protein that was extracted from 3 pairs of adult Dyt1 KD and WT mice with the
following lysate buffer: 100 mM Tris-HCl (pH 8.0), 1% SDS, 150 mM NaCl and protease
inhibitor cocktail (Sigma Aldrich). Protein extract was separated on a 13% SDS-PAGE
acrylamide gel. The transferred membrane was blocked with nonfat milk, incubated at 4°C
overnight in primary torsinA antibody, DM2A8 (Hewett et al., 2004), and processed with an
ECL detection analysis system (GE Healthcare). Membranes with reprobed with β-actin
antibody (Chemicon). Image J (NIH) was used to quantify torsinA protein standardized to β-
actin quantity.

To confirm that the gene cassette inserted between exons 4 and 5 of Dyt1 did not alter the
expressed Dyt1 mRNA transcript in KD mice by either prematurely terminating transcription
or interfering with splicing of the exons, Dyt1 mRNA in KD mice was sequenced. RT-PCR
was performed using Qiagen One-Step RT-PCR kit and primers specific to sequences in exons
1 and 5.
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All behavioral tests were performed by investigators blind to the genotypes of the mice. The
test group comprised of 12 WT females, 13 Dyt1 KD females, 8 WT males, and 8 Dyt1 KD
males at 6 months of age. Mice were observed on the rotarod and beam-walking tests. The first
test measures gross motor coordination and balance while the second measures finer changes
in motor control. For the rotarod test, an Economex accelerating rotarod (Columbus
Instruments) was used as previously described (Dang et al., 2005). Briefly, the apparatus has
an initial speed of 4 rpm and gradually accelerated at a rate of 0.2 rpm/sec. The latency to fall
was measured with a cutoff time of 2 min. Mice were tested for three trials on each day for
two days. The beam-walking test was performed also as previously described (Dang et al.,
2005). Animals were trained to traverse a medium square beam (14 mm wide) and then tested
on the training beam and three additional beams (round: 17 mm and 10 mm diameter, square:
7 mm wide). Beam transversal time and number of hindpaw slips for each of the two trials per
beam were measured.

Mice were also tested for spontaneous activity in the open-field apparatus (AccuScan
Instruments) for 15 min using DigiPro software (Dang et al., 2005). Statistical analysis was
performed using SAS/STAT and SAS/Analyst software (Versions 8.2 and 9.1) mainly with
ANOVA or by logistic regression (GENMOD) as previously described with significance
assigned at the P ≤ 0.05 level (Dang et al., 2005).

For striatal tissue dopamine (DA) and metabolite measurements, striata were dissected from
Dyt1 KD and WT male mice of 8 to 9 months old (n = 8 KD, 14 WT) and measured by HPLC
as previously described (Dang et al., 2005). One-way ANOVA was used to analyze these
measurements as well as the protein and RNA measurements. Means and standard errors were
obtained using Tukey’s HSD method.

Since the main rate limiting step of DA turnover is catalyzed by monoamine oxidase B (MAO-
B), we measured the activity of MAO-B using MAO-Glo Assay kit (Promega). Striata were
dissected from 4 WT and 3 KD mouse brains and homogenized for 1 min in nine volumes of
ice-cold 100mM HEPES-NaOH (pH7.5), 5% glycerol solution. Aliquot of the homogenate
corresponding to 50 ng of wet tissue was used for each MAO-B reaction for one hour. The
luminescent signal was measured for 12 seconds by a Monolight 2010 luminometer (Analytical
Luminescence Laboratory). The experiment was done in duplicate. MAO-B activity was
expressed as RLU/hour/ng of tissue wet weight.

Pups of the first 22 litters of Dyt1 STOP had the following normal Mendelian genotype ratios:
48 WT, 84 heterozygotes, and 39 homozygotes. Although the Dyt1 knockout genotype is lethal
(Goodchild et al., 2005), our homozygous Dyt1 STOP mice survived into adulthood, indicating
that termination of transcription with the STOP sequence was incomplete. To determine the
degree of transcription termination, Dyt1 expression of homozygotes was measured. Northern
blot analysis using two different probes approximated Dyt1 mRNA in homozygous Dyt1 STOP
mice to be 54% less than the level seen in WT mice (Fig. 1c and e). It is important to note that
no additional RNA band was detected using either probe, which showed the absence of
additional hybrid RNA molecules that could produce hybrid proteins containing any portion
of torsinA. Nonsense-mediated mRNA decay has been well documented in mammalian cells
(Frischmeyer, 1999). Western blot analysis showed that homozygous Dyt1 STOP mice
expressed approximately 36% less protein than the level expressed in WT mice (Fig. 1d and
e). For this reason, we called this mouse line Dyt1 KD and proceeded to characterize their
phenotype. Sequencing of RT-PCR product from Dyt1 mRNA showed that KD mice had
Dyt1 mRNA that was identical to that of WT mice. All four splice sites were preserved and
the sequence of exon 5 was not missing from the transcript (Fig. 1f).
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Motor behavioral tests showed that both the WT and Dyt1 KD mice of the 6-month-old group
learned to walk on the rotarod and improved significantly over the course of six trials [F(5,200)
= 16.99, P < 0.001]. There was no significant difference in latency to falling between WT and
Dyt1 KD mice [F(1,38) = 0.12, P = 0.73; Figure 2a] across all trials.

In the beam-walking test, there was no significant difference between WT and Dyt1 KD mice
in their latency to crossing [F(1,36) = 0.12, P = 0.73; data not shown]. Analysis of the beam-
walking slips showed a significant interaction between genotype and sex (DF=1, χ2=6.00, P =
0.014, GENMOD). Although there was no significant difference between female WT and
Dyt1 KD mice (P = 0.98), male Dyt1 KD mice displayed a significant increase of nearly 218%
more slips than their WT littermates (P = 0.016, parameter estimate = e1.15 ± 0.48, Fig. 2b).

Spontaneous movement levels of mice were measured in the open-field apparatus. The
statistical analysis of horizontal activity showed a genotype and sex interaction that approached
significance [F(1,36) = 2.67, P = 0.11]. Pairwise comparison showed a significant difference
between Dyt1 KD and WT male mice [P = 0.037, Fig. 2c], with Dyt1 KD more hyperactive
than WT mice. Vertical activity between Dyt1 KD and WT mice did not differ [F(1,36) = 0.03,
P = 0.87, Fig. 2d].

We also measured levels of striatal DA and DA metabolites, 3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA). Dyt1 KD mice had lower trends without significant
differences in quantities of DA (P = 0.25) and HVA (P = 0.45; Figure 3). A significant
reduction, however, was seen in DOPAC levels of Dyt1 KD versus WT mice (P = 0.04). Also,
no significant difference was detected in the ratios of DOPAC to DA (P = 0.28) and HVA to
DA (P = 0.48). Measurement of MAO-B activity to determine if the lower DOPAC with due
to lower MAO activity showed no significant difference between that of WT and KD mice
(mean +/− standard deviation, CT: 981+/−133, KD: 945+/−99, student’s t-test: P = 0.72).

The motor deficit observed in Dyt1 KD mice showed that a reduction in torsinA can disrupt
normal motor development, which replicates rather closely the disruption caused by the ΔGAG
mutation of Dyt1 ΔGAG mice. Similar to the Dyt1 ΔGAG mice, Dyt1 KD mice showed no
deficits in rotarod performance while displaying a significant increase in beam-walking slips.
Furthermore, the hyperactivity, as indicated by heightened horizontal activity levels, seen
previously in Dyt1 ΔGAG mice was also present in Dyt1 KD mice. The similarities between
the two mouse lines also extend to the age of onset of beam-walking slips. Like Dyt1 ΔGAG
mice, younger Dyt1 KD mice of approximately 3 months of age exhibited only a trend of, but
not significant, increase in the number of slips during the beam-walking tests (data not shown),
while in older mice the difference was significant. In addition, the appearance of motor
abnormalities in males and not in females KD mimicked the sex-dependent deficit previously
noted in Dyt1 ΔGAG mice.

In Dyt1 KD mice, DOPAC was significantly lower compared to WT while in Dyt1 ΔGAG
mice, HVA was significantly lower. The reduced metabolites and the difference in type of
metabolite that appeared lower in KD and Dyt1 ΔGAG mice may not be as consequential to
the pathology as the overall trend of decrease in DA and metabolites seen in both lines of mice,
considering that MAO activity is unchanged in KD mice. A shift of decreased striatal DA has
been previously reported in dystonic patients and a transgenic Dyt1 mouse model (Furukawa
et al., 2000; Shashidharan et al., 2005). Overall, an altered neurochemistry of the dopaminergic
system seems to be a well documented part of early-onset dystonia’s pathology, and it is present
in our KD mice as well.

Our KD mouse model showed that a reduced level of normal torsinA caused deficits similar
to that seen in knockin mice containing the mutant protein. The presence of mutant torsinA
does not appear to be required for the development of the described behavioral and biochemical
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alterations. While this is support for a loss-of-function genetic mechanism, it must be noted
that these findings do not exclude the possibility of a potential dominant-negative function of
the ΔGAG mutation. The presence of mutant torsinA has in fact been shown to reduce the
overall level of torsinA (Goodchild et al., 2005), suggesting that either the mutant protein is
unstable by itself or it may interact also with normal torsinA to destabilize it, the former pointing
to a loss-of-function and the latter to a dominant-negative mechanism (Breakefield et al.,
2001). While this issue of dominant negative versus loss of function has yet to be elucidated,
our findings narrow the search for the genetic mechanism of the GAG mutation by indicating
that a toxic gain-of-function is not a likely candidate.
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Fig. 1.
Generation of Dyt1 KD mice. (a) Targeting construct and the genomic organization of Dyt1
gene. Exon 5 in the targeting construct carried a GAG deletion, which was not homologously
recombined into the modified allele of targeted ES cells due to a frequent recombination spot
upstream of ΔGAG. The sizes and locations of the restriction fragments for the identification
of targeted clones are indicated. Black rectangles with number: exons; black arrowheads:
loxP sites; open arrow: PGKNeoSTOP cassette; X: XbaI site; A, AhdI site. Big X: possible
sites of recombination. (b) Digestion of a 360-bp sequence spanning across ΔGAG of exon 5
with EarI gave two different digest patterns from sequences with and without ΔGAG. Dyt1
KD mice were generated from colonies that had the PGKNeoSTOP cassette, but did not have
GAG. Black rectangle: exon 5; E: EarI; M: standard marker ladder. (c) Northern blot analysis
of total RNA samples from brain tissues of WT and Dyt1 KD mice showed Dyt1 KD mice had
46% ± 6% (P < 0.0001, n=3 WT, 3 KD) of Dyt1 mRNA produced in WT mice. G3PDH quantity
was used for loading control. (d) Western blot analysis of torsinA protein from brain tissues
of WT and Dyt1 KD mice showed Dyt1 KD mice had 64% ± 5% (P = 0.009, n=3 WT, 3 KD)
of torsinA protein expressed in WT mice. β-actin was used for loading control. (e) mRNA and
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protein levels of torsinA in KD mice relative to that of WT mice. (f) Trace and sequence of
Dyt1 mRNA transcript in KD mice at the splice junction between exons 4 and 5 showed that
KD mice have mRNA transcripts that are unaltered.
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Fig. 2.
Motor performance of Dyt1 KD mice on rotarod, beam-walking and open-field tests. (a)
Dyt1 KD mice performed comparable to WT mice on the accelerated rotarod test. 1–6: trial
number. (b) Male Dyt1 KD mice showed a significantly larger number of slips as they crossed
the beam with an almost 200% increase in relative number of slips (WT mice=1 slip). (c)
Horizontal activity was significantly higher in male Dyt1 KD mice than WT controls. (d) No
difference was observed in vertical activity of Dyt1 KD versus WT mice.*P ≤ 0.05.
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Fig. 3.
HPLC analysis of dopamine and metabolite levels showed a neurochemical change in KD
mouse striatal tissues. Striatal DOPAC quantities were significantly lower in KD mice, but DA
and DOPAC quantities were not significantly different between the two groups. *P < 0.05.
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