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DYT11 myoclonus-dystonia (M-D) is a movement disorder characterized by myoclonic jerks with dystonic
symptoms and caused by mutations in paternally expressed SGCE, which codes for 1-sarcoglycan.
Paternally inherited Sgce heterozygous knock-out (KO) mice exhibit motor deficits and spontaneous myoclo-
nus. Abnormal nuclear envelopes have been reported in cellular and mouse models of early-onset DYT1 gen-
eralized torsion dystonia; however, the relationship between the abnormal nuclear envelopes and motor
symptoms are not clear. Furthermore, it is not known whether abnormal nuclear envelope exists in non-
DYT1 dystonia. In the present study, abnormal nuclear envelopes in the striatal medium spiny neurons
(MSNs) were found in Sgce KO mice. To analyze whether the loss of 1-sarcoglycan in the striatum alone
causes abnormal nuclear envelopes, motor deficits or myoclonus, we produced paternally inherited stri-
atum-specific Sgce conditional KO (Sgce sKO) mice and analyzed their phenotypes. Sgce sKO mice exhibited
motor deficits in both beam-walking and accelerated rotarod tests, while they did not exhibit abnormal nu-
clear envelopes, alteration in locomotion, or myoclonus. The results suggest that the loss of 1-sarcoglycan
in the striatum contributes to motor deficits, while it alone does not produce abnormal nuclear envelopes or
myoclonus. Development of therapies targeting the striatum to compensate for the loss of 1-sarcoglycan
function may rescue the motor deficits in DYT11 M-D patients.

INTRODUCTION

Dystonia is a movement disorder characterized by involuntary,
repetitive, sustained muscle contractions or postures (1). Dys-
tonia is classified into two groups, primary and secondary (2).
Primary dystonia develops spontaneously in absence of any ap-
parent cause or associated disease. Secondary dystonia is
mainly caused by other disease states or brain injury. Genetic
dystonia belongs to the primary dystonia and is classified into
at least 20 types, although less than half of them have known
gene mutations (2–4). Myoclonus is a sudden brief jerk
caused by involuntary muscle activity (5). Myoclonus-dystonia
(M-D) is a movement disorder characterized by myoclonic jerks
with dystonic symptoms (6). M-D itself is genetically heteroge-
neous and DYT11 M-D is a major type of genetic M-D (7,8).

DYT11 M-D is linked to mutations in SGCE which codes
for 1-sarcoglycan (9). Sarcoglycans are transmembrane glyco-
proteins with six different isoforms—a, b, g, d, 1 and z (10).
a-, b-, g- and d-sarcoglycans form a sarcoglycan complex.
Loss of a member of this complex causes significant reduction
in all members of the complex in skeletal muscles via a mech-
anism known as sarcoglycanopathy hypothesis (11). Mutations
in the genes coding for a-, b-, g- and d-sarcoglycans cause
limb-girdle muscular dystrophies (12). z-Sarcoglycan is also
a member of the sarcoglycan complex in skeletal muscle
and is reduced in g-sarcoglycan-deficient mice (13).
1-Sarcoglycan has been identified in the mouse as an

a-sarcoglycan homolog (14). The cDNA clones coding for
1-sarcoglycan have been reported in the mouse (14–17),
human (18,19) and rat (20). The protein sequence homology
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analysis and 3D structure modeling predict that a- and
1-sarcoglycans have cadherin-like domains at their N-terminal
extracellular regions, suggesting they may be necessary for
intercellular adhesion, including synaptic formation and main-
tenance (21). 1-Sarcoglycan is widely expressed in the body,
such as in the brain, heart, lung and smooth muscles (14,18).
Mouse 1-sarcoglycan has alternative splicing variants and
brain-specific isoforms have PSD95/Dlg/ZO-1 (PDZ)-binding
motifs (17). PDZ-containing proteins are typically involved in
the assembly of supramolecular complexes that perform loca-
lized signaling functions at particular subcellular locations
(22). The 1-sarcoglycan variants may be incorporated into
supramolecular complexes in the synapse by the PDZ-binding
motif. A loss of PDZ-binding motifs may interfere with the
binding of 1-sarcoglycan to its interacting proteins. Mouse
1-sarcoglycan is enriched in pre- and post-synaptic membrane
fractions from the brains, suggesting it may also function in
synaptic transmission (16). Immunoprecipitation analysis sug-
gested that four types of sarcoglycan complexes (a–b–g–d,
a–b–z–d, 1–b–g–d and 1–b–z–d) associated with dystro-
glycan can be constructed at the plasma membrane by using
expression vectors in Chinese hamster ovary (CHO) cells.
This further suggests that 1-sarcoglycan is a functional
homolog of a-sarcoglycan, while z-sarcoglycan is a functional
homolog of g-sarcoglycan (23).

The gene for 1-sarcoglycan is maternally imprinted and
paternally expressed in both humans and mice (17,24–27).
However, de novo SGCE mutations were also reported in
DYT11 M-D patients (28). Majority of the DYT11 patients
have a paternal SGCE mutation. We previously reported the
generation of Sgce knock-out (KO) mice lacking exon 4 and
demonstrated that paternally inherited Sgce heterozygous
KO mice do not express maternally inherited wild-type
(WT) Sgce in their brains (17). Therefore, we used these het-
erozygotes as Sgce KO mice in our studies. Sgce KO mice
exhibited spontaneous myoclonus, motor deficits in the beam-
walking test, alterations of the emotional response and mono-
amine metabolism in the striatum, suggesting functional
alterations of the striatum may contribute to the pathogenesis
of DYT11 M-D (29).

It has been believed that dystonia has a functional rather
than neurodegenerative etiology. Recent studies suggested
that there are functional microstructural brain alterations
without overt neurodegeneration in another type of dystonia,
specifically in DYT1 generalized torsion dystonia patients
(30) and its mouse model (31). Abnormal nuclear envelopes
were reported in both in vitro and in vivo models of DYT1
dystonia. Additionally, over-expression of mutant torsinA
leads to abnormal nuclear envelopes in transfected cells
(32–34). TorsinA binds to nesprins and participates in
linkage between the nuclear envelope and the cytoskeleton
(35). Abnormal nuclear envelopes in neurons were also
reported in DYT1 dystonia mouse models (36–38). A recent
study suggested that lamina-associated polypeptide 1 and
torsinB function with torsinA to maintain normal nuclear
membrane morphology (39). However, abnormal envelopes
were detected only in newborn Tor1a Dgag/Dgag (Dyt1 DGAG
homozygous knock-in) mice or KO mice and were not
detected in Dyt1 DGAG heterozygous KI mice, while only
heterozygous mutations have been reported in human mutation

carriers (36). Moreover, both transgenic mice over-expressing
human WT torsinA and Dyt1 DGAG mutant form of torsinA
(torsinADE) exhibit motor deficits and abnormal nuclear envel-
opes (37). Therefore, the relationships between the mutation,
abnormal nuclear envelopes and motor symptoms are not
clear in DYT1 dystonia. Furthermore, it was not known
whether abnormal nuclear envelope exists in non-DYT1 dys-
tonia. Nuclear envelope abnormality has not been examined
in DYT11 M-D because of the difficulty of obtaining patient
brains.

The striatum is a key player in motor function. Many move-
ment disorders related to dystonia are caused by dysfunction
of this region. Parkinson’s disease, for example, is caused by
neurodegeneration of dopaminergic neurons which innervate
the striatal neurons. Dystonic symptoms are often observed
at the early stage of Parkinson’s disease (40). Additionally,
Huntington’s disease is caused by neurodegeneration of the
striatal neurons and dystonic symptoms are also observed in
this disease (41). Pathological alterations precede the overt
onset of clinical symptoms in Parkinson’s (42) and Hunting-
ton’s disease (43). In these neurodegenerative disorders, con-
tribution of the striatum to the motor symptoms is clear.
However, dystonia is not caused by overt neurodegeneration,
so the involvement of the striatum in dystonia’s pathology is
not clear and more detailed analysis for circuitry abnormality
and/or cellular dysfunction is needed. DYT5 dopa-responsive
dystonia is caused by failure of producing enough dopamine
which works to innervate striatal neurons (44). Functional
alterations of the striatum were also reported in the DYT1 dys-
tonia patients (45) and mouse models (38,46–48). Reduced stri-
atal D2 binding were reported in SGCE mutation carriers (49).

Here we analyzed the levels of other sarcoglycans to deter-
mine whether the loss of 1-sarcoglycan affects the levels of
other sarcoglycan members and the nuclear envelopes in
Sgce KO mouse striata. To investigate whether the loss of
1-sarcoglycan in the striatum alone causes the motor deficits,
myoclonus or abnormal nuclear envelope, we produced pater-
nally inherited striatum-specific Sgce conditional knock-out
(Sgce sKO) mice and analyzed these phenotypes.

RESULTS

Loss of 1-sarcoglycan does not affect a-sarcoglycan,
d-sarcoglycan or z-sarcoglycan levels in the striatum

To elucidate whether the loss of 1-sarcoglycan affects the
levels of other sarcoglycan members in the mouse striatum,
we analyzed the levels of a-, d- and z-sarcoglycan by
western blot. There was no significant difference in the
levels of a- (Fig. 1A; P ¼ 0.46), d- (Fig. 1B; P ¼ 0.25) or
z-sarcoglycan (Fig. 1C; P ¼ 0.48), suggesting the loss of
1-sarcoglycan did not affect the expression levels of a-,
d- or z-sarcoglycan in the mouse striatum.

Abnormal nuclear envelopes of the striatal MSNs in adult
Sgce KO mice

Sgce KO mice and their WT littermates were produced as
described previously (17) and nuclear envelopes in the striatal
neurons were examined using a transmission electron
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microscope. Although no abnormal nuclear envelopes were
detected in the 111 sections examined from six WT mice
(Fig. 2A and B), 21 abnormal nuclear envelopes were detected
in the 118 medium spiny neuron (MSN) sections examined
from six Sgce KO mice (Fig. 2C). Numbers of MSN sections
with abnormal nuclear envelopes in Sgce KO mice were sig-
nificantly higher than those in WT mice (x2 ¼ 21.74, P ¼
0.000003). Detailed analysis (Fig. 2D) revealed that nuclear
envelope blebbing and other nuclear envelope abnormalities
were similar to those reported in DYT1 dystonia models. Ab-
normal envelopes were detected in the sections of Sgce KO
mice at 2–5.5 months old, well in advance of the onset of
motor deficits in the beam-walking test at �6.5 months old
(50). All mice examined were adults and unlike DYT1
mouse models, abnormal nuclear envelopes should not be re-
lating to the neuronal cell death during the development. Our
results suggest that the abnormal envelope may be a patho-
logical biomarker of the defected brain region that appears
in advance of the onset of motor symptoms in DYT11 dys-
tonia. On the other hand, obvious structural alterations in the
cytoplasm were not found in the sections from Sgce KO
mice or their WT littermates.

Generation of Sgce sKO mice

To analyze whether the loss of 1-sarcoglycan in the striatum
alone causes motor deficits, myoclonus or abnormal nuclear
envelope, we used cre-loxP technology (51) applied to
mouse gene recombination (52) to selectively inactivate
Sgce in the striatum. This is made possible by using an
Rgs9-cre line that has restricted expression in the striatum
(53). Sgce sKO mice and their littermates were produced by
crossing Sgce loxP male mice (17) with Rgs9-cre female
mice (Fig. 3A). Genotyping was performed by multiplex poly-
merase chain reaction (PCR) with the tail DNA (Fig. 3B).
Striatum-specific deletion of Sgce exon 4 in Sgce sKO mice
was confirmed by PCR using DNA isolated from several
brain regions. The deletion of Sgce exon 4 was detected
only in the striatum as predicted (Fig. 3C). Coronal sections

of control (Fig. 4A) and Sgce sKO (Fig. 4B) mouse brains
were stained by immunohistochemistry using a monoclonal
antibody against mouse 1-sarcoglycan, which we developed
recently (50), and the striatum-specific reduction in
1-sarcoglycan was confirmed. Enlarged images suggested
that the neurons in both cerebral cortices of control
(Fig. 4C) and Sgce sKO mice (Fig. 4D) were similarly
stained. On the other hand, while the striatal MSNs were
stained in control mice (Fig. 4E), the corresponding neurons
were not well stained in the striatum of Sgce sKO mice
(Fig. 4F), suggesting striatum-specific loss of 1-sarcoglycan
in Sgce sKO mice as predicted. Sgce sKO mice were born
according to the Mendelian ratio and developed to adults.

Normal nuclear envelopes of the striatum in Sgce sKO
mice

Since Sgce KO mice showed abnormal nuclear envelopes in
MSNs, we further examined nuclear envelopes of MSNs in
Sgce sKO mice using a transmission electron microscope to
determine whether abnormal nuclear envelopes were caused
by a cell-autonomous phenomenon in the absence of
1-sarcoglycan in the MSNs alone. There were no blebbing
of MSNs in the examined 141 sections of control littermate
mice as predicted (n ¼ 3; Fig. 5A and B). We could not find
the nuclear envelope abnormalities either in the examined 201
MSN sections from Sgce sKO mice (n ¼ 3; Fig. 5C and D).
The results suggest that the loss of 1-sarcoglycan in MSNs
alone does produce the nuclear envelope abnormalities.

No overt abnormal postures in Sgce sKO mice

Posture abnormality was examined as previously described
(46,54). When suspended from the tail, both Sgce sKO and

Figure 1. The amounts of a-sarcoglycan, d-sarcoglycan and z-sarcoglycan in
the striatal protein extracts from Sgce KO mice and WT littermates. The rep-
resentative bands are shown on the top of each graph and the quantified
a-sarcoglycan (a-SG), d-sarcoglycan (d-SG) and z-sarcoglycan (z-SG) are
shown under the images (A–C, respectively). The vertical bars represent
means+ standard errors (SE).

Figure 2. Nuclear envelope structures in WT littermates (A and B) and Sgce
KO (C and D) mice. Although abnormal nuclear envelope in the striatum was
not detected in WT littermates (A and B), it was found in Sgce KO mice (C
and D). Arrows indicate abnormal nuclear envelopes in (C) and (D).
Nucleus is shown as N in (A–D). Magnifications: (A) and (C) are 5 k ×;
(B) and (D) are 25k ×. Representative electron microscope images are shown.
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control littermate mice have normal splaying of hindpaws.
Sgce sKO mice had no observable hindpaw extension or
truncal arching compared with their control littermates. All
mice exhibited strong righting reflexes when tipped on their
side. The results suggest that Sgce sKO mice had no overt
abnormal postures, similar to the Sgce KO mice (29).

No significant alteration in locomotion of Sgce sKO mice

Spontaneous activities in Sgce sKO mice were examined in an
open-field apparatus and compared with those in control litter-
mates (Table 1). Sgce sKO mice did not exhibit significant dif-
ferences in comparison to control littermates in horizontal
locomotion (horizontal activity, total distance, horizontal
movement number or movement time), clockwise or anti-
clockwise revolutions, or stereotypic behaviors (stereotypic

activity, movement number or movement time). Furthermore,
Sgce sKO mice did not exhibit significant differences in verti-
cal activity, vertical movement number or vertical time, sug-
gesting no significant OCD-like behaviors (29). Sgce sKO
mice showed no significant alteration either in the central
time or the central distance ratio, suggesting no significant
anxiety-like behaviors (29).

Significant motor deficits and lack of myoclonus in Sgce
sKO mice

Motor coordination and balance was assessed by the beam-
walking test, which is an indirect test for dystonia in mice
(2,55), and accelerated rotarod tests. Mice were trained to
transverse a medium square beam for 2 days. The trained
mice were tested twice on four different beams and total
numbers of hindpaw slips were analyzed. Sgce sKO mice
showed 84% more slip numbers in the beam-walking test
(Fig. 6A; P ¼ 0.047), suggesting deficits in motor coordin-
ation and balance. We further analyzed the motor performance
by accelerated rotarod test. Each mouse was put on the accel-
erated rotarod and the latency to fall was measured. Since
mice can hold the rotarod with four paws, the latency to fall
is an indicator of total motor performance and shorter
latency indicates motor deficits. Sgce sKO mice showed a sig-
nificant decrease in latency to fall at the third and fifth trials in
accelerated rotarod test (Fig. 6B; P ¼ 0.0008 and P ¼ 0.039,
respectively). Overall, Sgce sKO mice showed significant
shorter total latency to fall (47% of WT mice) in the acceler-
ated rotarod test (Fig. 6C; P ¼ 0.001), suggesting deficits in
motor learning, coordination and balance.

Since Sgce KO mice exhibit spontaneous myoclonus in the
restrainers (29), we used the same protocol to examine the
spontaneous myoclonus in Sgce sKO mice. Sgce sKO mice
did not exhibit significant myoclonus compared with their
control littermates (Fig. 6D; Sgce sKO, P ¼ 0.91), suggesting
that the loss of 1-sarcoglycan in the striatum alone does not
produce myoclonus.

DISCUSSION

DYT11 M-D is caused by mutations in SGCE and exhibit
myoclonus as a major symptom, and dystonia and psychiatric
symptoms as secondary symptoms. Sgce KO mice show myo-
clonus, motor deficits and alterations of emotional responses
and monoamine contents in the striatum, suggesting that func-
tional alterations in the striatum may contribute to DYT11
M-D (29). However, it was not clear whether the complex
symptoms are really caused by the loss of 1-sarcoglycan in
the striatum itself or an end result transmitted from other
brain regions. In the present study, abnormal nuclear envel-
opes were found in Sgce KO mouse striata in advance of the
onset of motor deficits. To analyze the function of
1-sarcoglycan in the striatum, we produced Sgce sKO mice
and examined their phenotypes. Sgce sKO mice exhibited
motor deficits in both beam-walking and accelerated rotarod
tests, while they did not exhibit abnormal nuclear envelopes,
alteration in locomotion or myoclonus. The results suggest
that 1-sarcoglycan in the striatum contribute to motor

Figure 3. Generation of Sgce sKO mice. (A) Strategies to generate Sgce sKO
mice. Sgce loxP neo mice were prepared as described previously (17). Neo
cassette was removed by crossing with FLP mice. FLP was removed by back-
crossing to C57BL/6 mice to produce Sgce loxP mice. Sgce loxP male mice
were crossed with Rgs9-cre female mice to produce Sgce sKO mice. The
primer sites to amplify the exon 4-deleted locus (D) were shown by the
arrow pair under the map. (B) A representative image of multiplex PCR-based
genotyping. Top band is PCR product from cre. Middle band is for Sgce loxP
locus and the bottom band is the Sgce WT locus. Lanes 1, 5, 6: Sgce loxP het-
erozygous mice; lanes 2, 3: Sgce sKO mice; lane 4: WT mouse; lane 7:
Rgs9-cre mouse. (C) Striatum-specific deletion of Sgce exon 4 in Sgce sKO
mice was confirmed by PCR using DNA isolated from each brain region.
Top bands were PCR products of dopamine transporter gene as an internal
control. The deletion of Sgce exon 4 (D) was detected only in the striatum
as predicted.
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performance, while the loss of 1-sarcoglycan in the striatum
alone does not cause the other phenotypes. The results also
suggest that 1-sarcoglycan functions in multiple brain
regions and contribute to their different functions. Develop-
ment of therapies targeting the striatum to compensate for
the loss of 1-sarcoglycan function may rescue the motor symp-
toms in DYT11 M-D. Future mechanistic studies focusing on
the striatum will generate further insight into the pathogenesis
of DYT11 M-D.

Although mutations in the genes for a-, b-, g- and
d-sarcoglycan contribute to muscular dystrophies, SGCE
mutations cause nervous system disorders, such as myoclonus,
dystonia and psychiatric symptoms, suggesting a unique func-
tion of 1-sarcoglycan in the central nervous system and con-
sistent with their central localization to the synapses (16).
Immunoprecipitation analysis by using expression vectors in
CHO cells suggested that 1-sarcoglycan is a functional
homolog of a-sarcoglycan, and that it exists in two types of

complexes, 1–b–g–d and 1–b–z–d, associated with dystro-
glycan (23). Since the loss of one of the members in the sar-
coglycan complex generally causes significant reduction in
the other members in muscles (11), the loss of 1-sarcoglycan
should cause reduction in the other members in the complex
in vivo. Here, we found that the loss of 1-sarcoglycan did
not affect the expression levels of a-, d- and z-sarcoglycans
in the mouse striatum. The results suggest that 1-sarcoglycan
does not affect the stability or expression of the sarcoglycan
complex. Since 1-sarcoglycan does not make a complex
with a-sarcoglycan, it is expected that the loss of
1-sarcoglycan does not affect the a-sarcoglycan level in
Sgce KO mice. On the other hand, the loss of 1-sarcoglycan
did not affect d-sarcoglycan or z-sarcoglycan levels in Sgce
KO mice, either. According to the sarcoglycanopathy hypoth-
esis (11), the loss of a member of the sarcoglycan complex
should affect the stability of the complex and reduce
amounts of other members. Therefore, the results suggest

Figure 4. Immunohistochemistry using mouse monoclonal 1-sarcoglycan antibody for Sgce sKO mice. (A) A representative immunohistochemistry image of a
coronal section of the brain from a control littermate of the Sgce sKO mouse. (B) A representative immunohistochemistry image of a coronal section of the brain
from a Sgce sKO mouse. The striatum and cerebral cortex are indicated as Str and Ctx, respectively. Scale bars represent 360 mm in (A) and (B) which were
captured with ×2.5 objective lens. Enlarged images captured with ×20 objective lens showed that the cortical neurons in both control (C) and Sgce sKO mice
(D) were similarly stained as predicted. On the other hand, the striatal neurons were stained in control mice (E), while striatal neurons were not well stained in
Sgce sKO mice (F). The results suggest striatum-specific loss of 1-sarcoglycan in Sgce sKO mice. Scale bars represent 48 mm in (C–F).
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that 1-sarcoglycan may make a unique complex, rather than
the 1–b–g–d or 1–b–z–d complex, in the brain. The
nature of the 1-sarcoglycan complex and their interacting pro-
teins in the brain remain to be characterized.

Abnormal nuclear envelopes have been reported in DYT1
dystonia models, but not in patients. Over-expression of
mutant torsinA leads to abnormal nuclear envelopes in trans-
fected cells (32–34). Abnormal nuclear envelopes were
detected in newborn Dyt1 DGAG homozygous KI mice and
KO mice, which exhibit neonatal lethality (36,38). Abnormal
nuclear envelopes were not detected in Dyt1 DGAG heterozy-
gous KI mice, and only heterozygous mutations have been
reported in human mutation carriers (36,50). Moreover, both
transgenic mice over-expressing human WT torsinA and torsi-
nADE exhibit abnormal nuclear envelopes (37). Therefore, the
relationship between the mutation, abnormal nuclear envel-
opes and motor symptoms are not clear in DYT1 dystonia.
Furthermore, it was not known whether the abnormal
nuclear envelope exists in DYT11 M-D. Here we found that
Sgce KO mice exhibited abnormal nuclear envelopes in
MSNs in advance of onset of motor deficits. The results
suggest that DYT11 M-D can be categorized into nuclear
envelopathies (56). On the other hand, Sgce sKO mice exhib-
ited motor deficits without abnormal nuclear envelopes.
Therefore, abnormal nuclear envelopes in Sgce KO mice
may not be caused by loss of 1-sarcoglycan function in the
striatum alone; instead, it may be caused by loss of
1-sarcoglycan in other cells. Abnormal nuclear envelopes

may associate with more severe alterations of neuronal circuits
in Sgce KO mice.

DYT11 M-D patients exhibit myoclonus, dystonia and psy-
chiatric symptoms. Consistent with the symptoms, Sgce KO
mice exhibit myoclonus, motor deficits and alteration in emo-
tional responses. Reduced striatal D2 binding was reported in
SGCE mutation carriers (49), and Sgce KO mice also exhibit
alterations in striatal monoamine metabolism (29), suggesting
functional alterations in the striatum. Although 1-sarcoglycan
is expressed in multiple brain regions, contribution of loss of
1-sarcoglycan to each phenotype was not known. In the
present study, Sgce sKO mice exhibited motor deficits in
both the beam-walking and accelerated rotarod tests, while
they did not exhibit abnormal nuclear envelopes, alteration
in locomotion or myoclonus. The results suggest that striatal
1-sarcoglycan contribute to fine motor performance, while
the loss of 1-sarcoglycan in the striatum alone may not
cause the other phenotypes. The results also suggest that
1-sarcoglycan functions in multiple brain regions which con-
tribute different functions. Development of therapies targeting
the striatum to compensate for the loss of 1-sarcoglycan func-
tion may rescue the motor symptoms in DYT11 M-D. Add-
itionally, Sgce KO mice exhibit abnormal nuclear envelope
in advance of onset of motor deficits, while Sgce sKO mice
exhibit motor deficits without abnormal nuclear envelope.
These results suggest that the striatal abnormal nuclear enve-
lope does not associate with the motor deficits.

Myoclonus is a complex disease and caused by various eti-
ologies. The motor cortex is the most common myoclonus
source, but origins from subcortical areas, brainstem, spinal
and peripheral nervous system also occur (5). Identification
of affected brain circuits is important to elucidate the mechan-
ism of myoclonus in DYT11 M-D and to develop effective
treatment. Several neurophysiological studies have been
reported on the affected brain regions in DYT11 M-D patients
(57–60). Although neurophysiological approaches are

Figure 5. Nuclear envelope structures in Sgce sKO mice. Representative
images of nuclear envelope structures in WT littermates (A and B) and
Sgce sKO (C and D) mice are shown. Nuclear envelopes were normal in
the examined nuclear envelopes. Nucleus is indicated as N in each panel.
Arrows indicate nuclear envelopes. Magnifications: (A) and (C) are ×5K;
(B) and (D) are ×25K. Scale bars indicate 2 mm in (A) and (C), and
500 nm in (B) and (D), respectively.

Table 1. Open-field behavior of CT and Sgce sKO mice

Open-field parameters CT Sgce sKO P-value

Horizontal activity (beam breaks) 3394 + 198 3581 + 182 0.493
Total distance (cm) 1779 + 150 1878 + 138 0.631
Horizontal movement number 170 + 8 174 + 7 0.693
Horizontal movement time (s) 190 + 14 204 + 13 0.458
Rest time (s) 710 + 14 696 + 13 0.460
Clockwise revolutions (count) 6 + 1 6 + 1 0.731
Anticlockwise revolutions

(count)
7 + 1 7 + 1 0.503

Vertical activity (beam breaks) 128 + 15 146 + 14 0.390
Vertical movement number 53 + 5 57 + 5 0.599
Vertical movement time (s) 57 + 6 61 + 5 0.607
Central time (s) 135 + 23 146 + 21 0.727
Central distance ratio 0.24 + 0.02 0.24 + 0.02 0.925
Stereotypic activity (beam

breaks)
20.05 + 0.10 0.00 + 0.00 0.603

Stereotypic movement number 144 + 5 150 + 4 0.292
Stereotypic movement time (s) 202 + 12 208 + 11 0.750

The values of each parameter in the open-field test are shown as means +
standard errors. Stereotypic activity was analyzed after natural log
transformation to fit a normal distribution.
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powerful tools to locate the brain region with altered activity,
activity alteration does not necessarily mean the effect is due
to loss of 1-sarcoglycan in that specific region because of the
complex influence of neural circuits. Genetic dissection using
tissue-specific and cell type-specific conditional KO mice is
another approach to study the pathophysiology of myoclonus.
In the present study, we examined myoclonus in Sgce sKO
mice and found that Sgce sKO mice did not exhibit myoclo-
nus, suggesting that the loss of 1-sarcoglycan in the striatum
alone does not cause myoclonus. Since Sgce KO mice
exhibit spontaneous myoclonus (29), the results suggest that
the loss of 1-sarcoglycan in other brain regions may contribute
to myoclonus. The results also suggest that the motor deficits
in Sgce sKO mice assessed by the accelerated rotarod and
beam-walking tests were not caused by myoclonus but were
pure deficits of motor learning, coordination and balance
that involve striatal circuits that are independent of the patho-
genesis of myoclonus.

MATERIALS AND METHODS

Animals

Paternally inherited Sgce KO mice and WT littermates were
produced and genotyped as described previously (17). Sgce
loxP neo (17) and Rgs9-cre (53) mice were also prepared as
described previously. Sgce loxP neo mice were crossed with
FLP mice (Jackson Laboratory, Stock No. 003946) to
remove PGKneo cassette flanked by FRT sites (61). FLP
was removed by backcrossing with C57BL/6 mice to
produce Sgce loxP mice. Sgce loxP male mice were crossed
with Rgs9-cre female mice to produce Sgce sKO mice. The
genotyping of Sgce sKO mice and their littermates was per-
formed by multiplex PCR using tail DNA with a combination
of SgceloxP5/SgceloxP3 (17) and creA/cre6 (62) primers.
Tissue-specific deletion of Sgce exon 4 was confirmed by
multiplex PCR using DNA isolated from the olfactory bulb,
striatum, cerebral cortex, hippocampus, thalamus, medulla,
cerebellar cortex and spinal cord from a Sgce sKO mouse.
The multiplex PCR was performed by 40 cycles at 658C of
annealing temperature with SgceE4U and SgceE4D primer
sets for Sgce exon 4-deleted locus (17) and DAT-Up
(5′-TCCATAGCCAATCTCTCCAGTC-3′) and DAT-Lwt

(5′-TTGATGAGGGTGGAGTTGGTCA-3′) primer sets for
dopamine transporter gene as an internal control. A group of
16 Sgce sKO (8 males and 8 females) and 17 control litter-
mates (7 males and 10 females) from 152 to 231 days old
were used for behavioral semi-quantitative assessments of
motor disorders. The open-field test was performed at 159 to
238 days old. Beam-walking test was performed at 167–246
days old. The accelerated rotarod test was performed at
173–252 days old. Finally, the myoclonus test was performed
at 192–271 days old. All behavioral 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
IACUC at the University of Illinois at Urbana-Champaign
(UIUC) and the University of Alabama at Birmingham (UAB).

Antibodies and western blot

Mouse a-sarcoglycan monoclonal antibody (Vector, VP-
A105), rabbit d-sarcoglycan polyclonal antibody (Santa cruz,
sc-25281) and rabbit z-sarcoglycan antibody (Sigma-aldrich,
HPA017585) were used as the primary antibodies. Bovine anti-
mouse IgG-horseradish peroxidase (HRP; Santa Cruz, sc-2371)
or bovine anti-rabbit IgG-HRP (Santa Cruz, sc-2370) were used
as the secondary antibodies as appropriate. Striatal protein
extracts were prepared from Sgce KO mice (n ¼ 6) and their
WT littermates (n ¼ 7), and western blot was performed as
described earlier (50). The bands were detected by SuperSignal
West Pico Chemiluminescent Substrate (Thermo Scientific).
Levels of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were also detected with HRP-conjugated GAPDH
antibody (Santa Cruz, sc-25778 HRP) as a loading control.
Restore Western Blot Stripping buffer (Thermo Scientific)
was used for stripping GAPDH antibody to detect sarcoglycans.
Western blot was performed in more than duplicate. The signals
were captured by Alpha Innotech FluorChem FC2 and quanti-
fied with UN-SCAN-IT gel software (Silk Scientific).

Immunohistochemistry

We recently developed a high-specific mouse monoclonal
antibody against mouse 1-sarcoglycan (mSE 3A9). This

Figure 6. Behavior tests in Sgce sKO mice (sKO) and control littermates (CT). (A) Beam-walking performances in Sgce sKO mice and their control littermates.
Sgce sKO mice showed significant increased slip numbers in the beam-walking test, suggesting motor deficits. (B) Latencies to fall in each trial of accelerated
rotarod test are plotted. Trials 1–3 were performed on the first day and trials 4–6 were performed on the second day. Sgce sKO mice exhibited significantly
shorter latency to fall in trials 3 and 5 comparing to their control littermates. (C) Total latency to fall in the accelerated rotarod test. The data were analyzed
after natural log transformation and the data in the control littermates were normalized to zero. Sgce sKO mice exhibited significant decreased total latency to
fall, suggesting motor deficits. (D) Spontaneous myoclonus in Sgce sKO mice. The total spontaneous myoclonus numbers in 30 min were compared with those in
control littermates. The myoclonus numbers in control littermates were normalized to zero. No significant difference was detected between Sgce sKO mice and
their control littermates. Vertical bars represent means+SE. ∗P , 0.05, ∗∗P , 0.01. ∗∗∗P , 0.001.
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antibody detected only single strong band at 52 kDa in the stri-
atal protein extract from WT mice, while it did not detect any
band in the striatal protein extract from Sgce KO mice in
western blot analysis (50). We used this antibody for immuno-
histochemistry. Brains were obtained from Sgce sKO and
control littermate mice and processed as described earlier
(31). The brains were frozen using dry-ice powder and cut
into 40 mm sections with a Histoslide 2000 sliding microtome
(Reichert-Jung). Sections were stained with the mouse mono-
clonal 1-sarcoglycan antibody (mSE 3A9; 1 mg/ml), Vectas-
tain ABC kit for peroxidase mouse IgG and DAB
peroxidase substrate kit with nickel solution (Vector Lab).
Images were captured using ZEISS Axiophot RZGF-1 micro-
scope with ×2.5 or ×20 Plan-NEOFLUAR objective lens and
MBF Bioscience Neurolucida 7 software (MicroBrightField,
Inc).

Transmission electron microscopy analysis

Brain sections for transmission electron microscope were pre-
pared as described earlier (50). Sgce KO mice and their WT
littermates (n ¼ 6 each, �2 to 5.5 months of age) were per-
fused with chilled 0.1 M phosphate-buffered saline (pH 7.4)
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, fol-
lowed by the addition of 3% potassium ferricyanide for
30 min. 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 908C overnight, trimmed with a
razor blade and ultrathin sectioned with diamond knives. Sec-
tions were then stained with uranyl acetate and lead citrate,
and examined or photographed with a Hitachi H600 transmis-
sion electron microscope. Sgce sKO mice and CT adult mice
(n ¼ 3 each) were also perfused and processed. Sections
were examined or photographed with a Hitachi 7600 transmis-
sion electron microscope with digital camera. The nuclear
envelopes in MSNs were examined by investigators blind to
the genotypes.

Behavioral semi-quantitative assessments of motor
disorders

Behavioral semi-quantitative assessments of motor disorders
were performed as previously described (46,54). The mouse
was placed on the table and assessments of hindpaw clasping,
hindpaw dystonia, truncal dystonia and balance adjustments to
a postural challenge were made. The hindpaw clasping was
assessed as hindlpaw movements for postural adjustment and
attempt to straighten up while the mouse was suspended by
the mid-tail.

Open-field test

Open-field test was performed during the light period as previ-
ously described (29,63). In brief, spontaneous activities of in-
dividual mice were recorded by infrared light beam sensors in
a 41 × 41 × 31 cm acryl case for 15 min at 1 min intervals
using DigiPro software (AccuScan Instruments).

Beam-walking test

Beam-walking test was performed as described earlier
(29,46,47,50,55,64). In brief, mice were trained to transverse
a medium square beam (14 mm wide) in three consecutive
trials each day for 2 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 hindpaw slips on each side were recorded.

Accelerated rotarod test

The motor performance was examined with Economex accel-
erating rotarod (Columbus Instruments) as previously
described (46) with minor modification. The apparatus
started at an initial speed of 4 rpm, and then each mouse
was put on the same slot one by one, instead of putting four
mice on the different slots on the apparatus. The 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 min. Mice were
tested for three trials on each day for 2 days. The trials
within the same day were performed at �1 h intervals.

Spontaneous myoclonus test

Mice were placed in transparent flat bottom rodent restrainers
(model 541-RR; Plas-labs, Inc., MI, USA) to minimize volun-
tary movements and videotaped for an hour. The mice were
habituated for �30 min in the restrainers and the numbers
of spontaneous myoclonus jerks of the whole body were
counted during the subsequent 30 min as previously described
(29).

Statistics

Numbers of MSN sections with abnormal nuclear envelopes
and those with normal nuclear envelopes were analyzed
between Sgce KO and WT mice using the Chi-square test.
Data from the open-field test were analyzed by the analysis
of variance mixed model with SAS program as previously
described (46). Stereotypic activity was analyzed after
natural log transformation to obtain a normal distribution.
Total latency to fall in the accelerated rotarod test, the
numbers of myoclonus and the beam-walking data were ana-
lyzed after natural log transformation to obtain normal distri-
bution using logistic regression (GENMOD) with negative
binominal distribution using GEE model in the software for
repeated measurements (29,46,64). Sex, age and body
weight were input as variables. The data in the control litter-
mates were normalized to zero, except in case of latency to
fall in each trial of accelerated rotarod test, which was
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estimated by the mixed model after natural log transformation
of the latency. The density of a-sarcoglycan, d-sarcoglycan or
z-sarcoglycan bands was standardized to that of GAPDH. The
standardized pixel ratios were analyzed by Student’s t-test.
The data in the control WT littermates were normalized to
100%. Significance was assigned at P , 0.05.
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