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Abstract

Early onset torsion dystonia is characterized by involuntary movements and distorted postures and
is usually caused by a 3-bp (GAG) deletion in the DYT1 (TOR1A) gene. DYT1 codes for torsinA,
a member of the AAA™ family of proteins, implicated in membrane recycling and chaperone
functions. A close relative, torsinB may be involved in similar cellular functions. We investigated
torsinA and torsinB message and protein levels in the developing mouse brain. TorsinA expression
was highest during prenatal and early postnatal development (until postnatal day 14; P14), whereas
torsinB expression was highest during late postnatal periods (from P14 onwards) and in the adult. In
addition, significant regional variation in the expression of the two torsins was seen within the
developing brain. Thus, torsinA expression was highest in the cerebral cortex from embryonic day
15 (E15)-E17 and in the striatum from E17-P7, while torsinB was highest in the cerebral cortex
between P7—P14 and in the striatum from P7—P30. TorsinA was also highly expressed in the thalamus
from PO—P7 and in the cerebellum from P7-P14. Although functional significance of the patterns of
torsinA and B expression in the developing brain remains to be established, our findings provide a
basis for investigating the role of torsins in specific processes such as neurogenesis, neuronal
migration, axon/dendrite development, and synaptogenesis.
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1. Introduction

Early onset torsion dystonia is a movement disorder caused by the loss of 3-bp (GAG) encoding
a glutamic acid residue near the carboxyl terminal of the DYT1 gene (Ozelius et al., 1997).
The disease results in twisted or contorted postures that begin usually in the arms or legs and
spread gradually to other parts of the body (Bressman et al., 2000). The disorder is believed to
result from an imbalance in basal ganglia neurotransmission without neurodegeneration
(Hedreen et al., 1988; Sanghera et al., 2004).

DYT1 codes for torsinA, a member of the AAA™ superfamily of proteins, which typically
forms 6-member oligomeric complexes and associates with additional protein species. The
torsin family of proteins consists of torsinA, torsinB, torp2a, and torp3a in mammals (Ozelius
et al., 1999; Neuwald et al., 1999). Three related genes exist in nematodes and one in
Drosophila. TorsinA is highly homologous (70%) to torsinB, a product of the TOR1B gene,
located adjacent to DYT1 on chromosome 9 (Ozelius et al., 1997). The AAA* superfamily
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members share Mg** ATP domains (Breakefield et al., 2001) and therefore may function as
ATP-dependent chaperones in membrane trafficking and vesicle fusion (Vale, 2000; Neuwald
et al., 1999; Toninelli et al., 2003).

As the name suggests, early onset torsion dystonia manifests typically between 5 and 20 years
of age (Bressman et al., 2000). If carriers of the DY T1 mutation reach the age of 28 years
without showing symptoms, they escape the disorder permanently, implying a role for other
genetic or environmental factors in triggering the disease. Several lines of evidence corroborate
a developmental component in the pathophysiology of this disorder. TorsinA mRNA and
protein expression begins early in the prenatal period in the rodent and human brain (Xiao et
al., 2004; Ferrari-Toninelli et al., 2004; Siegert et al., 2005). Transgenic mice overexpressing
mutant human torsinA show motor abnormalities ranging from hyperkinesia to delayed motor
learning, some of which begin in the early postnatal period (Goodchild and Dauer, 2004;
Shashidharanetal., 2005; Sharmaetal., 2005). Other reports indicate that DY T1 gene knockout
mice die at birth (Dauer and Goodchild, 2004). The function of torsin is unknown, but it is
implicated in neurite extension and processing of proteins critical to synaptic function.
Therefore, a role for torsinA and torsinB in brain development appears likely. Here, we
investigated torsinA and torsinB mRNA and protein expression in the developing mouse brain
to explore possible associations between torsin function during brain development and disease
onset or progression.

To establish the patterns of expression of torsinA and torsinB in the embryonic and postnatal
brain, we quantified message and protein levels in the whole brain first and then in selected
brain regions.

2.1. Examination of torsinA and torsinB in the whole brain

Northern blots showed a single prominent torsinA message of 1.5 kb (Fig. 1A). This expression
pattern is different from that in the human tissue, in which additional less abundant messages
suggestive of splice variants or alternative transcription start sites were reported (Ozelius et
al., 1997). A prominent 3.4-kb message was found for torsinB, along with other less abundant
messages (Fig. 1B), a pattern similar to that reported for human torsinB (Hewett et al., 2004).
TorsinA and B messages were detected in all embryonic and postnatal brain samples examined,
even as early as E11. TorsinA transcript level increased during the embryonic and early
postnatal period and reached its highest level at P14, rising by about 2.9-fold between E11 and
P14 (Fig. 1C). It declined after P14, by about 50%, until P30, the oldest age examined (Fig.
1C). TorsinB mRNA levels also increased during the prenatal period in step with torsinA
mRNA levels (Fig. 1C). During the postnatal period, torsinB mRNA levels increased till P14,
again in step with torsinA mRNA. However, between P14 and P30, torsinA and torsinB mRNA
showed opposite expression patterns: While torsinA mRNA levels declined, torsinB mRNA
levels continued to be maintained until P30 (Fig. 1C).

We examined the specificity of torsinA and torsinB antibodies by Western blot before
proceeding with developmental analysis of protein expression. Five antibodies for torsinA and
torsinB were examined (DM2A8, TAL, TA2, TABL, and TB2). The monoclonal antibody,
DM2A8 and the polyclonal antibody TB2 that recognize human torsinA and B, respectively
produced the highest level of specificity. These two antibodies have been well characterized
using human tissue and mouse cell lines (Hewett et al., 2004). In mouse brain, DM2A8 showed
a 37-kDa torsinA band, another prominent band around 50 kDa and other less prominent bands
(Fig. 2A). CAD cells overexpressing wild-type human torsinA (Hewett et al., 2000) was used
as a positive control in all torsinA blots (refer to Figs. 3A and 4A). TB2 showed a 38-kDa
torsinB band as well as an unknown band of about 45 kDa (Fig. 2B). Both the 50-kDa band in
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torsinA blots and the 45-kDa band in torsinB blots are not sensitive to de-glycosylation
treatments with EndoH and PNGaseF (data not shown). We quantitatively analyzed the 37-
kDa and the 38-kDa bands of torsinA and B respectively, the known sizes of these proteins in
all the samples. Due to the presence of the non-specific bands, we were unable to perform
immunohistochemical analyses.

TorsinA and torsinB proteins could be detected in the brain as early as by E11 (Figs. 3A, B).
The protein expression profiles were similar to the mRNA profiles during development in
whole brain homogenates. Both the proteins increased from E11to P7 (Fig. 3C). TorsinA levels
declined after P7, decreasing by about 50% by P21. TorsinB protein levels continued to be
maintained beyond P7 till P21 (Fig. 3C).

2.2. Regional expression profiles for torsinA and torsinB

TorsinA expression was high in the cerebral cortex between E15 and E17 and then decreased.
The decrease from PO to P14 was gradual compared to that from P14 to P21 (Fig. 4B). In the
striatum, a similar trend was seen, but the highest expression was between E17 and P7 with a
decline from P7 to P21 (Fig. 4B). TorsinA levels increased in the hippocampal formation from
PO to P7 and decreased from P7 to P30 (Fig. 4B). TorsinA expression in the thalamus and
midbrain rose from E15 to P7 and declined from P7 to P30 (Fig. 4C). In the cerebellum and
hindbrain, torsinA was more or less uniform from E15 to P7. It rose between P7 and P14 and
declined from P14 to P30 (Fig. 4C).

In the cerebral cortex, torsinB increased from E17 to P14 and then declined (Fig. 5B). In the
striatum, expression increased until P14 and declined only slightly between P14 and P30. Thus,
striatal torsinB levels were higher than cerebral cortical levels during the postnatal period. In
the hippocampus, torsinB level was uniform from PO to P14, rose from P14 to P21, and
remained high at P30 (Fig. 5B). TorsinB expression levels in the thalamus and midbrain
increased from E15 to PO and remained unchanged thereafter (Fig. 5C). In the cerebellum and
hindbrain, a marked increase was seen from PO to P7, a steady state from P7 to P14 and another
increase from P14 to P30 (Fig. 5C).

3. Discussion

Our data show that both torsinA and torsinB are expressed in the brain beginning early in the
embryonic period, and that torsinA expression declines in the early postnatal period, whereas
torsinB expression remains high. We also observed significant regional variation in the patterns
of expression of torsinA and torsinB in the developing brain. These data suggest that torsinA
and torsinB may play a role in the developing brain, and that mutations in these proteins may
affect some regions of the developing and adult brain more significantly than others.

TorsinA and torsinB mRNA and protein levels in whole brain increased in comparable fashion
in the prenatal period, and it was only in the second postnatal week that their expression profiles
diverged. TorsinA mRNA levels declined sharply after P14 and protein levels after P7, while
torsinB mRNA and protein levels continued to rise until P30. These data are consistent with
previous reports concerning torsinA expression profiles during development in rat (Xiao et al.,
2004) and human (Siegert et al., 2005) and suggest a role for both the torsins during prenatal
development and a predominant role for torsinB during postnatal development. However, more
complex expression profiles of torsinA and torsinB that could not have been predicted from
the analysis of the whole brain samples emerged when specific regions of the developing brain
were analyzed separately. We emphasize that due to the difficulty in sampling the different
brain regions from E11 and E13 brains, the regional analyses were performed on E15 and older
samples unlike the whole brain analyses, which included E11 and E13 samples also.
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The telencephalic derivative cerebral cortex, striatum and hippocampus showed high levels of
torsinA until P7 and a decline thereafter. In the cerebral cortex, torsinA expression was the
highest during E15-E17 and in the striatum from E17 to P7. Since cortical-basal ganglia
dysfunction is implicated in early onset torsion dystonia, we compared the expression profiles
of torsinA and torsinB in the cerebral cortex and striatum to certain developmental milestones
(Fig. 6). The relatively high prenatal expression coincides with neurogenesis, neuronal
migration and formation of initial synaptic connections. The extended period of high
expression (until P7) in the striatum may be associated with the relatively delayed maturation
of synaptic connections and elaboration of electrophysiological properties of medium spiny
neurons in this region (Tepper et al., 1998). The first postnatal week also coincides with the
maturation of dendritic arbors of striatal medium spiny neurons (Tepper et al., 1998) and the
establishment of cortico-striate connectivity (Sheth et al., 1998). Another developmental
parameter is the onset and maturation of nigro-striate dopaminergic pathway. Midbrain
dopaminergic axons arrive in the embryonic striatum by E13 when striatal dopamine levels
begin to increase (Ohtani et al., 2003;Popolo et al., 2004). By E17, dopaminergic innervation
is dense in the dorsal striatum, and during the first postnatal week, it continues into medial
areas with the formation of extensive dopaminergic synapses (Riddle and Pollock, 2003;Specht
etal., 1981;Moon Edley and Herkenham, 1984). Imbalance in the striatal dopaminergic system
is associated with generation of dystonic syndromes (Kuner et al., 2004). A transgenic mouse
model of dystonia with severe behavioral abnormalities showed marked decrease in striatal
dopamine levels (Shashidharan et al., 2005). Therefore, it is plausible that torsinA and torsinB
play a role in the establishment of nigro-striate dopaminergic pathways.

In the hippocampus, torsinA expression increased from PO to P7. Hippocampal neurogenesis
begins around E10 and is completed before birth, while neurogenesis in the dentate gyrus
continues postnatally. The high level of torsinA expression in the hippocampal formation in
the postnatal period overlaps with the period of synaptogenesis and dentate gyrus neurogenesis
(Bayer, 1982; Cameron et al., 1993; Gage et al., 1998; Altman and Bayer, 1990).

TorsinA expression was two-fold higher in the thalamus by E15 and nearly three-fold by PO-
P7, when compared to the adult. The thalamus and cortex develop synchronously and link with
each other through reciprocal connections between E13 and E18. By P8 thalamo-cortical
arborization is nearly complete (Lopez-Bendito et al., 2002; Ghosh and Shatz, 1992, 1993).
TorsinA expression at these specific developmental stages might suggest a role in the
establishment of thalamo-cortical connectivity.

Cerebellar Purkinje cells are generated prenatally from the ventricular zone and the granule
cells postnatally from the external granule cell layer (Altman, 1972). TorsinA expression was
highest between P7 and P14, a period when cerebellar neurons are undergoing extensive axonal
outgrowth, dendritic branching, and synaptic remodeling.

TorsinB expression was high in all regions of the brain between P7 and P30. Although torsinB
has not been linked to any aspect of early onset dystonia, similarities of its sequence (even in
the critical GAG region), subcellular localization (Hewett et al., 2004) and expression patterns
(present data) to torsinA suggest complementary functions.

Many mouse models of torsinA dysfunction have been generated, but each shows somewhat
different phenotype (Goodchild and Dauer, 2004; Shashidharan et al., 2005; Sharma et al.,
2005) emphasizing the difficulties associated with recapitulation of the disease in a mouse
model. A prominent feature of the disorder is impaired motor coordination and motor learning,
both of which require functional integration of multiple circuits such as frontoparietal and
motor cortices, cerebellum and basal ganglia. Thus, dystonia is likely to be a disorder involving
multiple brain regions. The lack of neuronal degeneration in torsion dystonia patients suggests
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the possibility of functional defects, possibly caused by subtle changes in connectivity such as
those reported in sensorimotor cortex by diffusion tensor magnetic resonance imaging (Carbon
et al., 2004). Though there is no evidence of neuronal degeneration, torsinA, laminA, and
ubiquitin inclusions have been reported in midbrain of DYT1 patients (McNaught et al.,
2004). Manifesting and non-manifesting carriers of DY T1 mutation show abnormal electrical
excitability in the cerebral cortex and asymptomatic carriers of DY T1 mutation show altered
resting glucose utilization and decreased D2 receptors in several brain areas as well as delayed
motor learning (Eidelberg et al., 1998). At present, it is difficult to correlate these functional
changes in the human brain with specific patterns of torsinA or torsinB expression in the
different brain regions. Once the important developmental stages and regions where torsin
expression is high are well defined, region-specific DYT1 knockouts, knock-in, and
knockdown models can be generated, which may be more appropriate for understanding the
disorder. The present study is a first step toward defining the role of torsinA and torsinB in the
development of different regions of the brain.

4. Experimental procedure

4.1. Animals

Timed-pregnant CD1 mice (Charles River Laboratories; Wilmington, MA) were housed in the
Institutional animal facility. All of the experimental procedures were approved by Institutional
Animal Care and Use Committee and conform to the NIH guidelines.

4.2. Western blot analysis

Embryos were removed by hysterotomy of anesthetized mice (ketamine, i.p, 50 mg/kg body
weight and xylazine i.p. 10 mg/kg body weight) and decapitated. Whole brains were collected
from embryonic day 11 (E11; day of conception is EQ), E13 and E17 mice, and postnatal day
PO (day of birth), P7, P14, P21 and P30 mice. Brains from E15, E17, PO, P7, P14, P21, and
P30 mice were dissected in ice-cold phosphate buffer saline (PBS), pH 7.2, under a dissecting
microscope to obtain samples of the cerebral cortex, striatum, hippocampus, midbrain,
thalamus, hindbrain, and cerebellum. We could not distinguish between the thalamus and
midbrain consistently in the E15 or E17 samples. Therefore, to facilitate uniform sampling
across ages, we combined these two regions at all the ages examined. For the same reason, we
combined samples of hindbrain and cerebellum. The relatively small size of E15-P7 micro-
dissected tissues required pooling of each type of sample from brains of a whole litter (8-10
embryos). In the case of P14-P30 age groups, we pooled samples from 4 mice. We extracted
0.2 g of tissue in 800 ul of 0.05 M Tris HCI, pH 7.4, 0.1 M NaCl and 2% SDS containing
protease inhibitor cocktail (Roche) for 30 min at 4°C. The supernatant was clarified by
centrifugation (17,700xg, 30 min). The protein content of the extracts was determined by using
the BCA protein assay (Biorad Laboratories). Equal amounts of protein (200 ug) were resolved
on 12% polyacrylamide gels and transferred to nitrocellulose membrane (Osmonics). Blots
were probed with the torsinA-specific monoclonal antibody D-M2A8 (1:100) and the torsinB-
specific polyclonal antibody TB2 (1:50) (Hewett et al., 2004). CAD cells overexpressing wild-
type human torsinA (Hewett et al., 2000) was used as a positive control in torsinA blots. Blots
were stripped and re-probed with anti-a-tubulin antibody (1:5000, Abcam) to estimate total
protein levels. Quantitative analysis of band intensities was performed using a Kodak 1-D
System (Eastman Kodak, Rochester, NY). In each experiment, the signal intensities of torsinA
and torsinB were normalized by comparison to signal intensity of a-tubulin.

4.3. Northern analysis

Northern blot filters containing 2 ug of Poly A+ RNA from brains of E11, E13, E17, PO, P7,
P14, P21, and P30 mice were used (Zyagen). Blots were hybridized to PCR probes
corresponding to the 3'UTR of mouse torsinA and B messages. A genomic clone containing
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the 3’UTR sequence of both torsinA and B genes (kindly provided by Dr. Laurie Ozelius, Albert
Einstein College of Medicine, New York) was used for the PCR. Primers used to amplify the
torsinA and B fragments were as follows. TorsinA primers were 5'-
AGAAGGTCTTCTCTGACAAGG-3'and 5-AAACGTTATCACATTTGC-3'. TorsinB
primers were 5-AGATCTACTCAGACAAGGG-3' and 5'-
TCATCCTGATGCAAGCAGG-3'. A mouse GAPDH probe (Ambion) was used as a loading
control. The signal intensities of torsinA and B messages were normalized by comparison to
signal intensity of GAPDH messages. Probes were labeled with [032P]dCTP (Perkin Elmer)
by random priming using the Ladderman™ Labelling Kit (TaKaRa Shuzo Co., Ltd.).
Hybridization was performed overnight with ULTRAhyb™ hybridization buffer Amersham)
at 65°C. After high stringency washing, the blots were exposed to film. Signal intensities were
quantified using the Kodak 1-D System.
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Fig. 1.

Northern blots of torsinA and torsinB mRNA in E11-P30 mice. RNA blots were hybridized
to probes corresponding to the 3'UTR of (A) mouse torsinA and (B) mouse torsinB. A single
prominent message of 1.5 kb was found for torsinA, while a prominent 3.4-kb message was
found for torsinB, along with other less abundant messages. A DNA probe for GAPDH, which
detects a 1.4-kb message was used as loading control. Marker sizes are indicated. (C) TorsinA
and torsinB signal intensities are expressed as a proportion of GAPDH (loading control) signal.
For quantification of the torsinB blot, only the signal intensity of the primary 3.4-kb band was
expressed as a ratio to GAPDH. The intensities of the fainter bands were not quantified.
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Page 10

Specificity of torsinA and B antibodies was determined by western blot of mouse brain. Blots
were probed with (A) the monoclonal antibody DM2A8, which recognizes the torsinA band
at 37 kDa and (B) polyclonal antibody TB2, which recognizes the 38-kDa band of torsinB.
Prominent bands of unknown origin (asterisk) at 50 kDa and 45 kDa were also seen with
DM2AS8 and TB2 respectively. Molecular weight markers are indicated.
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Fig. 3.

Western blots of torsinA (A) and torsinB (B) protein in whole brains of E11-P21 mice. CAD
cells expressing wild-type human torsinA protein were used as positive controls in panel (A).
Arrowheads indicate position and size of torsinA and torsinB. a-Tubulin was used as a loading
control. (C) TorsinA and torsinB signal intensities are expressed as a proportion of a-tubulin

(loading control) signal.
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Western blot of torsinA protein in selected regions of the mouse brain at various prenatal and
postnatal stages of development. The hindbrain and cerebellum samples contain only the
hindbrain on E15 and E17 and contain also the cerebellum from PO onwards. (A) TorsinA
protein from the different brain regions was examined from E15-P30. CAD cells expressing
wild-type human torsinA protein were used as positive controls. (B) and (C) Quantitative
representation of torsinA expression levels normalized to a-tubulin levels.
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Western blot of torsinA protein in selected regions of the mouse brain at various prenatal and
postnatal stages of development. The hindbrain and cerebellum samples contain only the
hindbrain on E15 and E17 and contain also the cerebellum from PO onwards. (A) TorsinB
protein from the different brain regions was examined from E15-P30. (B) and (C)
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Fig. 6.

Graphical representation of overlap between developmental changes in torsinA and torsinB
expression and salient developmental events in the rodent cerebral cortex (A) and striatum (B).
1—(Caviness et al., 1995; Cameron and Rakic, 1991; Parnavelas et al., 1983); 2—(Parnavelas,
2000; Gleeson and Walsh, 2000; Kriegstein and Noctor, 2004); 3—(Parnavelas, 2000;
Anderson etal., 1999); 4—(Blue and Parnavelas, 1983; Parnavelas et al., 1977; Katz and Shatz,
1996); 5—(Graybiel and Hickey, 1982; VVan Der Kooy and Fishell, 1986; Bayer, 1984; Sadikot
and Sasseville, 1997); 6—(Ohtani et al., 2003); 7—(Sheth et al., 1998); 8—(Tepper et al.,
1998).
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