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Abstract
Myoclonus-dystonia (M-D) is a movement disorder characterized by myoclonic jerks with
dystonia. DYT11 M-D is caused by mutations in SGCE which codes for ε-sarcoglycan. SGCE is
maternally imprinted and paternally expressed. Abnormal nuclear envelope has been reported in
mouse models of DYT1 generalized torsion dystonia. However, it is not known whether similar
alterations occur in DYT11 M-D. We developed a mouse model of DYT11 M-D using paternally-
inherited Sgce heterozygous knockout (Sgce KO) mice and reported that they had myoclonus and
motor coordination and learning deficits in the beam-walking test. However, the specific brain
regions that contribute to these phenotypes have not been identified. Since ε-sarcoglycan is highly
expressed in the cerebellar Purkinje cells, here we examined the nuclear envelope in these cells
using a transmission electron microscope and found that they are abnormal in Sgce KO mice. Our
results put DYT11 M-D in a growing family of nuclear envelopathies. To analyze the effect of
loss of ε-sarcoglycan function in the cerebellar Purkinje cells, we produced paternally-inherited
cerebellar Purkinje cell-specific Sgce conditional knockout (Sgce pKO) mice. Sgce pKO mice
showed motor learning deficits, while they did not show abnormal nuclear envelope in the
cerebellar Purkinje cells, robust motor deficits, or myoclonus. The results suggest that ε-
sarcoglycan in the cerebellar Purkinje cells contributes to the motor learning, while loss of ε-
sarcoglycan in other brain regions may contribute to nuclear envelope abnormality, myoclonus
and motor coordination deficits.
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1. Introduction
Myoclonus-dystonia (M-D) is a movement disorder characterized by myoclonic jerks with
dystonic symptoms. Myoclonus is a sudden brief jerk caused by involuntary muscle activity
[1]. Dystonia is a movement disorder characterized by involuntary, repetitive, sustained
muscle contractions or postures [2–4]. DYT11 M-D is a major type of genetic M-D caused
by mutations in SGCE which codes for ε-sarcoglycan [5], while M-D itself is genetically
heterogeneous [6]. Sarcoglycans are transmembrane glycoproteins with six different
isoforms, α, β, γ, δ, ε and ζ [7]. The cDNA clones coding for ε-sarcoglycan have been
reported in mouse [8–11], human [12, 13] and rat [14]. This gene is maternally-imprinted
and paternally-expressed in both humans and mice [11, 13, 15–17], and widely expressed in
the body, including the brain, lungs and smooth muscles [8, 12]. Therefore, DYT11 M-D is
caused by paternally-inherited SGCE mutation in most cases [18], while de novo SGCE
mutations were also reported [19]. Many mutations in SGCE have been reported in M-D
patients and it is believed that loss of ε-sarcoglycan function causes this disease [6]. We
previously reported the generation of Sgce knockout (KO) mice lacking exon 4 and
demonstrated that paternally-inherited Sgce heterozygous KO mice do not express
maternally-inherited wild-type (WT) Sgce in the brain [11, 20]. Exclusive paternal
expression of ε-sarcoglycan has also been confirmed in human brains [13]. Therefore we use
the paternally-inherited Sgce heterozygous KO mice as Sgce KO mouse in this paper and in
our earlier study [21]. Sgce KO mice exhibit increased total numbers of slips and impaired
motor learning in the beam-walking test, numbers of spontaneous myoclonus, vertical
activity in the open-field test that is similar to obsessive-compulsive disorder (OCD), and
levels of striatal dopamine and its metabolites [21].

We previously showed that Dyt1 ΔGAG heterozygous knock-in (KI) mice exhibit motor
deficits and pontine inclusion bodies [22]. Recent studies suggested that there are functional
microstructural brain alterations in DYT1 generalized torsion dystonia patients [23] and a
DYT1 dystonia mouse model [24, 25], although there is no overt neurodegeneration.
Abnormal nuclear envelope has been reported in transfected cells over-expressing the
mutant forms of torsinA [26, 27]. Abnormal nuclear envelope was also reported in Tor1a−/−

(Dyt1 KO) mice and Tor1a Δgag/Δgag (Dyt1 ΔGAG homozygous KI) mice exhibiting
neonatal lethality [28]. It was suggested that neuron-specific nuclear envelope abnormality
in Dyt1 ΔGAG homozygous KI mice is caused by malfunction of torsinA with incomplete
compensation by torsinB which is weakly expressed in neurons [29]. However both
transgenic mice overexpressing human WT torsinA and mutant torsinA using murine prion
promoter exhibit abnormal nuclear envelope and impaired motor performance [30]. Both
cerebral cortex-specific Dyt1 conditional knockout mice and striatum-specific Dyt1
conditional knockout mice exhibit motor deficits without abnormal nuclear envelope in the
cerebral cortex and striatum, respectively [31, 32]. Moreover, nuclear envelope abnormality
has not been found in Dyt1 ΔGAG heterozygous KI mouse [20, 28] or DYT1 dystonia
patient brains. Therefore, it is not clear whether abnormal nuclear envelope is a pathological
biomarker for DYT1 dystonia. Such a nuclear envelope abnormality has not been examined
in DYT11 M-D patients because of the difficulty of obtaining brain samples of deceased
patient.

The cerebellum contributes to motor deficits in several genetic rodent models.
Cerebellectomy eliminates the motor syndrome of a genetically dystonic rat [33]. Bilateral
electrolytic and/or excitatory amino acid lesions of the medial cerebellar nucleus, nucleus
interpositus, lateral cerebellar nucleus and lateral vestibular nuclei produce significant
improvements in motor function and decreases in the frequency of abnormal motor signs in
a genetically dystonic rat [34]. The lesions of the cerebellum improve the motor
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performance of Weaver mutant mice [35]. Moreover, motor dysfunction in tottering mouse
is abolished when crossed into a cerebellar Purkinje cell degeneration (pcd) mutant
background [36]. Since ε-sarcoglycan is highly expressed in the cerebellar Purkinje cells of
mice [37] and humans [13], loss of ε-sarcoglycan may affect cerebellar Purkinje cell
function. In the present study, we examined the nuclear envelopes of the cerebellar Purkinje
cells in Sgce KO mice using a transmission electron microscope.

DYT1 dystonia patients exhibit not only dystonic symptoms but also impaired sequence
learning [38]. Consistent with the learning deficits in the patients, impaired motor learning
was reported in a DYT1 dystonia mouse model [39]. Some DYT11 M-D patients exhibit
impaired verbal learning and memory [40]. Sgce KO mice exhibit not only motor
coordination and balance deficits but also impaired motor learning [21]. However the brain
regions that contribute to the impaired motor learning have not been identified. It is known
that the cerebellar Purkinje cells play principal a role in motor coordination and motor
learning [41]. To analyze the in vivo function of ε-sarcoglycan in the cerebellar Purkinje
cells, we produced paternally-inherited cerebellar Purkinje cell-specific Sgce conditional
knockout (Sgce pKO) mice and analyzed their nuclear envelopes in the cerebellar Purkinje
cells, locomotion, motor performance, and myoclonus.

2. Materials and Methods
2.1. Animals

Sgce KO mice and Sgce loxP neo mice were prepared and genotyped as described
previously [11]. Sgce loxP neo mice were crossed with FLP mice (Jackson Laboratory,
Stock No. 003946) to remove PGKneo cassette flanked by FRT sites [42]. FLP was
removed by backcrossing with C57BL/6 mice to produce Sgce loxP mice. We used the cre-
loxP system [43] applied to mouse gene recombination [44] to selectively inactivate Sgce in
the cerebellar Purkinje cells. Pcp2-cre mice were purchased from the Jackson laboratory
[45]. Sgce loxP male mice were crossed with Pcp2-cre female mice to produce Sgce pKO
mice. The genotyping of Sgce pKO mice and their littermates was performed by multiplex
PCR using tail DNA with a combination of SgceloxP5/SgceloxP3 [11] and creA/cre6
primers [46]. A group of 16 Sgce pKO (8 males and 8 females) and 17 control littermate
mice (CT mice; 7 males and 10 females) was used for the behavioral semi-quantitative
assessments of motor disorders, open-field test, beam-walking test, and accelerated rotarod
test in this order. All behavior tests were performed by investigators blind to the genotypes.
All experiments were carried out in compliance with the USPHS Guide for Care and Use of
Laboratory Animals and approved by the IACUCs of University of Illinois at Urbana-
Champaign (UIUC) and University of Alabama at Birmingham (UAB).

2.2. Transmission electron and light microscopy analysis
Brain sections for transmission electron microscope were prepared as described earlier [20].
Sgce KO mice and their WT littermates (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% glutaraldeyde 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 the
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
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ultrathin sectioned with diamond knives. Sections were then stained with uranyl acetate and
lead citrate, and examined or photographed with a Hitachi H600 transmission electron
microscope.

Sgce pKO mice and CT adult mice (n = 3 each) were also perfused and processed. Semi-thin
sections (0.5 μm) were cut and stained with 1% Toluidine Blue O (Fisher scientific) in 1%
Sodium borate (EMS) for a few minutes followed by washing with distilled water and
acetone, and then dried. The sections were examined by light microscopy. Images were
captured using ZEISS Axiophot RZGF-1 microscope with 20× Plan-NEOFLUAR objective
lens and MBF Bioscience Neurolucida 7 software (MicroBrightField, Inc). The semi-thin
sections were further ultrathin sectioned with diamond knives. Sections were then stained
with uranyl acetate and lead citrate, and examined or photographed with a Hitachi 7600
transmission electron microscope with digital camera. The nuclear envelopes in the
cerebellar Purkinje cells were examined by investigators blind to the genotypes.

2.3. Immunohistochemistry
Generation of a novel mouse monoclonal antibody (mSE 3A9) against mouse ε-sarcoglycan
has been described earlier [20]. In Western blot analysis, this antibody detects a single band
at 52 kDa in the striatal extract from a WT mouse while no bands at the position are detected
from a Sgce KO mouse. Sgce pKO and CT mice were anesthetized and perfused with ice-
cold 0.1 M phosphate-buffered saline (pH7.4; PBS) followed by 4% paraformaldehyde in
0.1 M phosphate-buffer (pH 7.4; PB). The brains were soaked in paraformaldehyde-PB at
4°C overnight, and then incubated in 30% sucrose in 0.1 M PBS at 4°C overnight until the
brain sank. The brains were frozen with dry-ice powder and cut sagittally into 40 μm
sections with a Histoslide 2000 sliding microtome (Reichert-Jung). Sections were collected
in 0.1 M PB and treated with water for 5 min, then incubated with 0.3% H2O2 for 30 min.
After washing with 10 mM PBS for 5 min, the sections were blocked with 10 mM PBS
containing goat normal serum for 20 min, and then incubated with 1 μg/ml mouse
monoclonal ε-sarcoglycan antibody (mSE 3A9) in the same buffer. Immunohistochemistry
was performed with Vectastain ABC kit for peroxidase mouse IgG and DAB peroxidase
substrate kit with nickel solution (Vector Lab) according to the manufacture’s protocols.
Images were captured using a Nikon ECLIPSE E800M microscope with 40× Plan Fluor
objective lens.

2.4. Behavioral semi-quantitative assessments of motor disorders
Behavioral semi-quantitative assessments of motor disorders were performed for Sgce pKO
and CT mice from 183 to 221-days old as described earlier [22, 47]. Each mouse was placed
on a table and assessments of hind paw clasping, hind paw dystonia, truncal dystonia and
balance adjustments to a postural challenge were made. The hind paw clasping was assessed
as hind paw movements for postural adjustment and attempt to straighten up while the
mouse was suspended by the mid-tail. The hind paw 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.

2.5. Open-field test
Locomotion of Sgce pKO and CT mice from 190 to 227-days old was assessed with the
open-field apparatus (AccuScan Instruments) as described earlier [21, 48]. Spontaneous
movements of individual mice were recorded by infrared light beam sensors in a 41 × 41 ×
31 cm acrylic case for 15 min at 1 min intervals using DigiPro software. The test was
conducted under light condition in the light period.
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2.6. Beam-walking test
The beam-walking test for Sgce pKO and CT mice from 201 to 239-days old was performed
as described earlier [21, 22, 32, 49], using a slightly modified method of the standard
protocol [50] to avoid unnecessary overtraining and tests. Mice were trained to transverse a
medium square beam (14 mm wide) in three consecutive trials each day for two days. The
trained mice were tested twice on the medium square beam and medium round beam (17
mm diameter) on the third day and small round beam (10 mm diameter) and small square
beam (7 mm wide) on the fourth day. The hind paw slips on each side while walking the 80
cm beams were recorded.

2.7. Accelerated rotarod test
The motor performance was assessed for Sgce pKO and CT mice from 210 to 248-days old
with Economex accelerating rotarod (Columbus Instruments) as described earlier [22]. The
apparatus started at an initial speed of 4 rpm and gradually accelerated at a rate of 0.2 rpm/s.
The latency to fall was measured with a cutoff time of 2 min. Mice were tested for three
trials on each day for 4 days. The trials within the same day were performed at
approximately 1 hour intervals.

2.8. Spontaneous myoclonus test
Sgce pKO and CT mice from 264 to 302-days old were placed in transparent flat bottom
rodent restrainers (model 541-RR; Plas-labs, Inc. MI) to minimize voluntary movements and
videotaped for an hour. The mice were habituated for approximately 30 min in the
restrainers and the numbers of spontaneous myoclonus jerks of the whole body were
counted during the subsequent 30 min as described earlier [21].

2.9. Statistics
The numbers of cerebellar Purkinje cell sections with abnormal nuclear envelopes and those
with normal nuclear envelopes between Sgce KO and WT littermate mice were analyzed by
chi square test for independence with Yates’s correction. Locomotion in the open-field test,
latency to fall in the accelerated rotarod test, and the numbers of myoclonus for Sgce pKO
and CT mice were analyzed by using ANOVA mixed model in SAS/STAT Analyst software
(Version 9.1.3; SAS Institute Inc.) as described earlier [22]. The data of slip numbers in the
beam-walking test for all four beams were analyzed together by logistic regression
(GENMOD) with negative binominal distribution using GEE model in the software [21, 22,
32]. Sex, age, and body weight were used as variables. CT mice were normalized to zero. To
compare the effect of motor learning during the beam-walking test, a dummy variable that
combined genotype and trial number was used and contrasted to derive the p-value between
trials 1 and 2 for medium round, small round and small square beams. Data in the
accelerated rotarod, beam-walking, and myoclonus tests were analyzed after natural log
transformation to obtain a normal distribution. Significance was assigned at p < 0.05.

3. Results
3.1. Abnormal nuclear envelopes of the cerebellar Purkinje cells in Sgce KO mice

Sgce KO mice and WT littermates were produced as described earlier [11]. Nuclear
envelopes in the cerebellar Purkinje cells were examined using a transmission electron
microscope. Although we examined 178 cerebellar Purkinje cell sections, no abnormal
nuclear envelope was detected in WT littermates (Fig. 1A). However, we found 5 cerebellar
Purkinje cell sections with abnormal nuclear envelopes among the examined 96 sections in
Sgce KO mice (Fig. 1B). All three Sgce KO mice showed abnormal nuclear envelopes.
Numbers of cerebellar Purkinje cell sections with abnormal nuclear envelopes were
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significantly higher in Sgce KO mice than those in WT littermates (χ2 = 6.453, p = 0.011).
Detailed analysis with high magnification revealed that the nuclear envelope blebbing and
other nuclear envelope abnormalities in Sgce KO mice (Fig. 1C) were similar to those
reported in DYT1 dystonia models [28]. The appearance of abnormal envelopes in the
cerebellar Purkinje cells suggests a functional alteration of the cerebellar Purkinje cells in
Sgce KO mice.

3.2. Generation of Sgce pKO mice
To analyze the effect of loss of ε-sarcoglycan function in the cerebellar Purkinje cells, Sgce
pKO mice and CT mice were produced by crossing Sgce loxP male mice with Pcp2-cre
female mice (Fig. 2A). Genotyping was performed by multiplex PCR with their tail DNA
(Fig. 2B). The cerebellar Purkinje cells were clearly present in both CT and Sgce pKO mice
in the cerebellar sections stained with Toluidine Blue O (Fig. 3), suggesting loss of ε-
sarcoglycan in the cerebellar Purkinje cells alone did not affect robust development and
surviving of the cerebellar Purkinje cells. The cerebellar Purkinje-cell specific reduction of
ε-sarcoglycan was confirmed by immunohistochemistry with the mouse monoclonal ε-
sarcoglycan antibody (mSE 3A9). Molecular layer (ML), cerebellar Purkinje cell layer
(PCL) and Granule cell layer (GCL) are clearly identified as shown in in a CT mouse (Fig.
4A). Both the soma and dendrite of the cerebellar Purkinje cells in the CT mouse were
strongly stained. However, staining for the cerebellar Purkinje cells were significantly
decreased in a Sgce pKO mouse (Fig. 4B), while staining for the ML and GCL were similar
to those in the CT mouse, suggesting Sgce was knocked out in the cerebellar Purkinje cells
as predicted. The sections were not stained in the negative control without the primary
antibody and the boundary between the layers were not clear (Fig. 4C), suggesting that the
staining shown in Fig. 4A and 4B depended on the ε-sarcoglycan antibody. Since the
cerebellar Purkinje cells were intact in Sgce pKO mice as shown in Fig. 3B, the absence of
staining in the immunohistochemistry shown in Fig. 4B was not due to cell loss.

3.3. Normal nuclear envelopes of the cerebellar Purkinje cells in Sgce pKO mice
Since Sgce KO mice showed nuclear envelope abnormality in cerebellar Purkinje cells, we
further examined the nuclear envelopes of the cerebellar Purkinje cells in Sgce pKO mice
using a transmission electron microscope to determine whether abnormal nuclear envelopes
were caused by cell-autonomous phenomenon in the absence of ε-sarcoglycan in the
cerebellar Purkinje cells alone. There was no blebbing or other nuclear envelope
abnormalities in the cerebellar Purkinje cells in the examined 77 sections of CT mice (n = 3)
as predicted (Fig. 5A, C). We could not find any blebbing or other nuclear envelope
abnormalities either in the cerebellar Purkinje cells in the examined 82 sections of Sgce pKO
mice (n = 3; Fig. 5B, D). The results suggest that loss of ε-sarcoglycan in the cerebellar
Purkinje cells alone did not produce the nuclear envelope abnormalities.

3.4. No overt abnormal postures in Sgce pKO mice
When suspended from the tail, both Sgce pKO and CT mice had normal splaying of hind
paws. Sgce pKO mice had no observable hind paw extension or truncal arching in
comparison to CT mice. All mice exhibited strong righting reflexes when tipped on their
side. The results suggest that similar to previously reported in Sgce KO mice [21], Sgce pKO
mice had no overt abnormal postures.

3.5. Decreased stereotypic behaviors in Sgce pKO mice
Locomotion of Sgce pKO mice were assessed in the open-field test (Table 1). Sgce pKO
mice did not exhibit significant differences in comparison to CT mice in horizontal activity,
total distance, movement number, movement time, rest time, and clockwise or anti-
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clockwise revolutions. Furthermore, Sgce pKO mice did not exhibit significant differences
in vertical activity, vertical movement number, or vertical time, suggesting no significant
OCD-like behaviors [21]. Sgce pKO mice showed no significant alteration either in the
central time or the central distance ratio, suggesting no significant anxiety-like behaviors.
However, Sgce pKO mice exhibited decreased stereotypic activity, decreased stereotypic
movement numbers, and decreased stereotypic movement time.

3.6. Motor learning deficits in Sgce pKO mice
Motor performance was assessed in the beam-walking and accelerated rotarod tests.
Although Sgce KO mice exhibit increased total slip numbers in beam-walking test as
reported earlier [21], Sgce pKO mice in the present study did not exhibit significant
difference in the total numbers of slips on the four beams in the same beam-walking test
(Fig 6A, P = 0.28), suggesting the motor coordination and balance were not largely affected.
Since beam-walking test data showed a significant interaction between genotype and trial (p
= 0.003), we further analyzed the motor learning performance in beam-walking test by
comparing the slip numbers on the last three beams at the first and second trials. Although
CT mice improved significantly in trial 2 over trial 1 (Fig 6B, p = 0.008), there was no
significant difference between trials 1 and 2 in Sgce pKO mice (Fig 6B, p = 0.50). The
results suggest impaired motor learning for the hind paws in Sgce pKO mice. The present
results suggest that the impaired motor learning in Sgce KO mice is produced by the loss of
ε-sarcoglycan function in the cerebellar Purkinje cells.

In the accelerated rotarod test, Sgce pKO mice exhibited significantly shorter latency to fall
only in the fourth trial which was examined at the first trial on the second day (Fig 6C, p =
0.040) and did not exhibit significant difference in other trials (Fig 6C, p > 0.05). Therefore,
the motor performance of Sgce pKO seems to be recovered in the following trials after the
fourth trial, suggesting subtle motor learning deficit in Sgce pKO mice. Sgce pKO mice did
not exhibit significant difference in overall latency to fall (Fig 6D, p = 0.273) as reported in
Sgce KO mice [21].

3.7. No significant myoclonus in Sgce pKO mice
To analyze whether myoclonus observed in Sgce KO mice [21] are caused by the loss of ε-
sarcoglycan function in the cerebellar Purkinje cells, the spontaneous myoclonus numbers of
individual Sgce pKO and CT mice were counted for 30 min. Sgce pKO mice did not exhibit
significant myoclonus (Fig. 6E, p = 0.252), suggesting that the loss of ε-sarcoglycan in the
cerebellar Purkinje cells alone doesn’t contribute to myoclonus. Since Sgce KO mice exhibit
significant myoclonus, the present results suggest that loss of ε-sarcoglycan in other brain
regions may contribute to myoclonus.

4. Discussion
DYT11 M-D is a complex disease with myoclonus, dystonia and psychiatric symptoms [5].
Consistent with the symptoms, Sgce KO mice exhibit spontaneous myoclonus, impaired
motor coordination and motor learning in the beam-walking test, and OCD- and anxiety-like
behaviors [21]. While ε-sarcoglycan is expressed in multiple brain regions [13, 37], the
regions that specifically contribute to the symptoms have not been identified. The cerebellar
Purkinje cells are known to function not only in motor coordination and balance but also in
motor learning [41]. It was also suggested that functional alterations of the cerebellar
Purkinje cells contribute to dystonic symptoms in another mouse model [36]. Since ε-
sarcoglycan is highly expressed in the cerebellar Purkinje cells, we examined the nuclear
envelopes of the cerebellar Purkinje cells in Sgce KO mice and found abnormal nuclear
envelopes. The results suggest that DYT11 myoclonus-dystonia can be categorized as a
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nuclear envelopathy [51]. To analyze the in vivo function of ε-sarcoglycan in the cerebellar
Purkinje cells, we produced Sgce pKO mice. The loss of ε-sarcoglycan in cerebellar
Purkinje cells did not affect robust development or survival of the cerebellar Purkinje cells.
Moreover we could not find any blebbing or other nuclear envelope abnormalities in the
cerebellar Purkinje cells of Sgce pKO mice, suggesting that loss of ε-sarcoglycan in the
cerebellar Purkinje cells alone may not produce nuclear envelope abnormalities. Sgce pKO
mice did not exhibit robust motor deficits, alteration in most parameters in the open-field
test, or significant myoclonus. However, Sgce pKO mice exhibited decreased stereotypic
behaviors, significant impaired motor learning in the beam-walking test, and subtle motor
learning deficits in the accelerated rotarod test. The results suggest that the loss of ε-
sarcoglycan in the cerebellar Purkinje cells contributes to the impaired motor learning, while
loss of ε-sarcoglycan in other brain regions may contribute to the nuclear envelope
abnormality, myoclonus and motor coordination deficits. This is the first report that ε-
sarcoglycan in the cerebellar Purkinje cells specifically contributes to the motor learning in
vivo.

Functional alterations in the cerebellum have been reported in both dystonia patients and
rodent models. Since cerebellum controls balance and motor leaning, functional damage of
the cerebellum often causes motor deficits relating to dystonia. Trauma to the cerebellum or
cerebellar atrophy causes dystonia in humans [52, 53]. Pharmacological perturbation of the
cerebellar signaling induces dystonia in mice [54]. Structural grey matter alterations in the
cerebellum were observed in upper limb dystonia [55], cervical dystonia [56], and focal
dystonia [57]. Abnormal activities of the cerebellum in DYT1 mutation carriers and
alterations in the olivo-cerebellar pathway of patients with primary focal dystonia were also
reported [58]. Moreover, a pharmacological perturbation using ouabain, a sodium pump
blocker, in the cerebellum induces dystonia-like symptoms in a rapid-onset dystonia
Parkinsonism mouse model [59]. These studies suggest the contribution of cerebellum in
dystonia. However, here Sgce pKO mice showed no overall motor deficit in beam walking
test, an indirect test for dystonia [4, 60]. And the present results suggest that the contribution
of loss of ε-sarcoglycan function in the cerebellar Purkinje cells is limited to the motor
leaning deficits in DYT11 M-D. Generation of other Sgce conditional KO mouse models
targeting the basal ganglia circuits, such as a striatum-specific conditional KO mouse, will
elucidate the brain regions which may contribute to dystonic symptom.

The abnormal nuclear envelopes were detected in 5 of the 96 sections from Sgce KO mice
and none of 178 sections from CT mice. Although statistical analysis suggested that the
appearance of the abnormal nuclear envelopes was significantly high in Sgce KO mice, the
phenomenon may seem relatively rare. To determine whether the appearance of the
abnormal nuclear envelopes is really rare in the examined sections, we made a simple
mathematical model to calculate the probability of the appearance of the nuclear blebbing in
the sections as shown in the Supplementary Material. The mathematical model also suggests
that the appearance of the nuclear blebbing in Sgce KO mice is significantly high. In order to
have 5% of probability of the blebbing detection, 231 of blebbings should exist on average
per nucleus in Sgce KO mice.

Although the nuclear envelopes of cerebellar Purkinje cells were examined in Sgce pKO
mice, no blebbing or other nuclear envelope abnormalities were found. Therefore loss of ε-
sarcoglycan in the cerebellar Purkinje cells alone may not produce abnormal nuclear
envelope, while it causes motor learning deficits. The results suggest that abnormal nuclear
envelope do not correlate with motor learning deficits. Furthermore, the present results
suggest that the abnormal nuclear envelopes in Sgce KO mice are caused by non-cell
autonomous mechanism. This phenomenon is unique in comparison to other nuclear
envelopathies. For examples, emerinopathy and laminopathy are known to exhibit abnormal
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nuclear envelopes. The former is caused by mutations in STA (EMD) coding for emerin and
the latter is caused by mutations in LMNA coding for lamins A/C [61]. Emerin deficiency
causes X-linked Emery-Dreifuss muscular dystrophy. Lamins A/C deficiency causes the
autosomal dominant form of Emery-Dreifuss muscular dystrophy, limb-girdle muscular
dystrophy with atrioventricular conduction disturbances, hypertrophic cardiomyopathy and
Dunnigan-type familial partial lipodystrophy [51]. Both emerin and lamins A/C are nuclear
envelope proteins and their loss of function causes abnormal nuclear envelopes. Moreover,
abnormal nuclear envelopes have been reported in transfected cells over-expressing the
mutant forms of torsinA [26, 27] and in Dyt1 KO mice and Dyt1 ΔGAG homozygous KI
mice exhibiting neonatal lethality [28, 31]. TorsinA is located within the lumen of the
nuclear envelope and endoplasmic reticulum, and interacts with nesprins which span the
outer nuclear membrane and may contribute to the abnormal nuclear envelope [62]. TorsinA
also interacts with LAP1 which concentrates in the inner nuclear membrane and contributes
to maintain normal nuclear membrane [29, 63]. These nuclear envelopathies associated with
functional loss of nuclear envelope proteins are believed to be caused by cell-autonomous
mechanism. On the other hand, ε-sarcoglycan exists in the synapse as shown in the previous
biochemical fractionation studies [10, 20]. The present immunohistochemical data also
suggest that ε-sarcoglycans exist in the dendrites of the cerebellar Purkinje cells as well as
the soma. Therefore loss of ε-sarcoglycan in the cerebellar Purkinje cells may not directly
cause abnormal nuclear envelope in the cells.

The cellular mechanism underlying the motor learning is also unclear. The ε-sarcoglycan
exist both in pre- and post-synaptic neurons of the mouse brain [8]. The existence of ε-
sarcoglycan in the synaptosomal fraction was also confirmed in the mouse cerebral cortex
[38]. Since ε-sarcoglycan has a cadherin-like motif in the N-terminal region [44], it may
function in the synapse for linking the post-synaptic neurons and the pre-synaptic neurons
during synaptogenesis and remodeling. A synaptic function of ε-sarcoglycan is further
supported by our finding that alternatively spliced ε-sarcoglycans possess PDZ binding
motifs that could potentially associate with synaptic PDZ domain containing proteins [11].
The cerebellar Purkinje cells receive input signals from the parallel fibers and climbing
fibers, and send the major inhibitory signal from the cerebellum to the deep cerebellar nuclei
and there are direct connections going from deep cerebellar nuclei to striatum by a
disynaptic pathway and to globus pallidus externa by a tri-synaptic pathway [64]. Future
experiments characterizing the synaptic dysfunction of cerebellar circuits in Sgce pKO mice
will provide insight of in vivo function of ε-sarcoglycan. Electrophysiological approach,
such as LTD measurement in the cerebellar Purkinje cells [65], will elucidate whether the
cerebellar Purkinje cells receive some altered signals produced in other brain regions of Sgce
KO mice.

The pathophysiology of myoclonus is complex and can be conceptualized at many levels
[66]. The motor cortex is the most common source of myoclonus, while the subcortical
areas, brainstem, spinal, and peripheral nervous system can be involved as well [1].
Identification of the affected brain regions or other nerves is important to elucidate the
mechanism of myoclonus. In the previous study [21], we reported that Sgce KO mice exhibit
significant myoclonus, while the present results showed no significant myoclonus in Sgce
pKO mice. Our results suggest that the loss of ε-sarcoglycan function in other brain regions
may contribute to myoclonus. Generation of brain regions- or cell type-specific Sgce
conditional KO mice other than cerebellar Purkinje cells may identify brain regions or cell
types that contribute to myoclonus in DYT11 M-D.
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5. Conclusions
We found abnormal nuclear envelopes in the cerebellar Purkinje cells of Sgce KO mice.
Sgce pKO mice exhibited impaired motor learning and decreased stereotypic behaviors,
while they did not exhibit abnormal nuclear envelope in their cerebellar Purkinje cells, overt
dystonic postures, myoclonus, OCD-like behaviors or anxiety-like behaviors. The results
suggest that ε-sarcoglycan in the cerebellar Purkinje cells contributes to the motor learning,
while the loss of ε-sarcoglycan in other brain regions may contribute to myoclonus, motor
coordination deficits, and emotional alterations.
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CT mouse control littermate mouse

GCL Granule cell layer

KI mouse knock-in mouse

M-D Myoclonus-dystonia

ML Molecular layer

OCD obsessive-compulsive disorder

PB phosphate buffer

PBS phosphate-buffered saline

PCL cerebellar Purkinje cell layer

Sgce KO mouse paternally-inherited Sgce heterozygous knockout mouse

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

WT mouse wild-type mouse
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Highlights

Impaired motor learning in Purkinje cell-specific Sgce knockout mice.

Purkinje cells may need ε-sarcoglycan to process proper signals for motor learning.

Sgce KO mice exhibited abnormal nuclear envelopes in the cerebellar Purkinje cells.

DYT11 myoclonus-dystonia can be categorized as a nuclear envelopathy.
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Fig. 1.
Nuclear envelope structures of the cerebellar Purkinje cells in WT and Sgce KO mice.
Although no abnormal nuclei were detected in the cerebellar Purkinje cells of WT mice (A),
abnormal nuclei were detected in those of Sgce KO mice (B). Enlarged and inverted images
of B in Sgce KO mice (C) revealed that the nuclear envelope blebbing and other nuclear
envelope abnormalities were similar to those reported in DYT1 dystonia models.
Magnifications; A, B: 5,000 ×; C: 100,000 ×. Nuclei (N) are marked in the images. Arrows
in B and C indicate the abnormal nuclear envelopes. Representative electron microscope
images are shown.
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Fig. 2.
Generation of Sgce pKO mice. (A) Strategies to generate Sgce pKO mice. Sgce loxP neo
mice were crossed with FLP mice to remove PGKneo cassette flanked by FRT sites. FLP
was removed by backcrossing with CB57BL/6 mice to make Sgce loxP mice. Sgce loxP
male mice were crossed with Pcp2-cre female mice to produce Sgce pKO mice. (B) A
representative PCR-based genotyping for Sgce pKO mice. Top bands were PCR products of
cre. Middle bands were those of Sgce loxP locus. The bottom bands were those of Sgce WT
locus. Lane 1: Pcp2-cre mouse; Lane 2: Sgce loxP heterozygous mouse; Lane 3: WT mouse;
Lane 4: Sgce pKO mouse.
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Fig. 3.
The cerebellar Purkinje cells stained with Toluidine Blue O in CT and Sgce pKO mice. (A)
A representative sagittal section of the cerebellum in a CT mouse. (B) A representative
sagittal section of the cerebellum in a Sgce pKO mouse. Granule cell layer (GCL), cerebellar
Purkinje cell layer (PCL) and Molecular layer (ML) are clearly identified. Arrows indicate
representative cerebellar Purkinje cells. Inset scale bars indicate 50 μm.
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Fig. 4.
Immunohistochemistry of the cerebellum in CT and Sgce pKO mice. The sagittal sections
were stained with mouse monoclonal antibody (mSE 3A9) against mouse ε-sarcoglycan. (A)
A sagittal section of the cerebellum in a CT mouse stained with the ε-sarcoglycan antibody.
(B) A sagittal section of the cerebellum in a Sgce pKO mouse stained with the ε-sarcoglycan
antibody. (C) A sagittal section of the cerebellum in the same Sgce pKO mouse without the
primary antibody as a negative control. Molecular layer (ML), cerebellar Purkinje cell layer
(PCL) and Granule cell layer (GCL) are clearly identified in A and B. Both the soma and
dendrite of the cerebellar Purkinje cells were strongly stained in CT mouse (A), while those
were significantly diminished in Sgce pKO mice as predicted (B). Arrows indicate
representative cerebellar Purkinje cells. Inset scale bars indicate 50 μm.
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Fig. 5.
Normal nuclear envelope structures of the cerebellar Purkinje cells in CT and Sgce pKO
mice. No abnormal nuclei were detected in the cerebellar Purkinje cells of both CT (A, C)
and Sgce pKO (B, D) mice. Magnifications of A and B: 8,000 ×. Enlarged images of A and
B are also shown in C and D, respectively. Nucleus (N) is marked in the images. Arrows
indicate nuclear envelopes. Inset scale bars indicate 2 μm. Representative electron
microscope images are shown.
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Fig. 6.
Impaired motor learning of Sgce pKO mice in the beam-walking and accelerated tests. (A)
No significant difference in total slips numbers in the beam-walking test. The data in CT
mice were normalized to zero. (B) Impaired motor learning of Sgce pKO mice in beam-
walking test. CT mice improved significantly in trial 2 over trial 1. However, there was no
significant difference between trials 1 and 2 in Sgce pKO mice. Data were normalized to
trial 2 of CT mice. (C) Latency to fall in each trial of the accelerated rotarod test. Sgce pKO
mice exhibited significantly shorter latency to fall only in the fourth trial and did not exhibit
significant difference in other trials. (D) No significant difference in overall latency to fall in
the accelerated rotarod test. The data in CT mice were normalized to zero. (E) No significant
myoclonus in Sgce pKO mice. The total spontaneous myoclonus numbers in 30 min were
compared with those of CT mice. The numbers in CT mice were normalized to zero. The
data are analyzed after natural log transformation to obtain a normal distribution. Vertical
bars represent means ± standard errors. *p < 0.05.
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Table 1

Open-field behavior in CT and Sgce pKO mice.

Open-field parameters CT Sgce pKO p

Horizontal activity (beam breaks) 4471 ± 200 3877 ± 230 0.066

Total distance (cm) 2635 ± 181 2276 ± 208 0.213

Horizontal movement number 207 ± 6 194 ± 7 0.161

Movement time (sec) 264 ± 13 226 ± 15 0.068

Rest time (sec) 636 ± 13 674 ± 15 0.070

Clockwise revolutions (count) 10 ± 1 8 ± 1 0.175

Anticlockwise revolutions (count) 9 ± 1 8 ± 1 0.339

Vertical activity (beam breaks) 231 ± 19 203 ± 21 0.342

Vertical movement number 87 ± 6 74 ± 7 0.199

Vertical movement time (sec) 90 ± 7 81 ± 8 0.377

Central time (sec) 165 ± 17 130 ± 20 0.208

Central distance ratio 0.27 ± 0.02 0.24 ± 0.02 0.353

Stereotypic activity (beam breaks) 2390 ± 131 1937 ± 151 0.034*

Stereotypic movement number 161 ± 3 150 ± 4 0.030*

Stereotypic movement time (sec) 242 ± 11 202 ± 13 0.028*

The values of each parameter in open-field test are shown as means ± standard errors.

*
p < 0.05.
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