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A point mutation in the dynein heavy chain gene
leads to striatal atrophy and compromises neurite
outgrowth of striatal neurons
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The molecular motor dynein and its associated regulatory subunit dynactin have been implicated in several
neurodegenerative conditions of the basal ganglia, such as Huntington’s disease (HD) and Perry syndrome,
an atypical Parkinson-like disease. This pathogenic role has been largely postulated from the existence of
mutations in the dynactin subunit p150%'“. However, dynactin is also able to act independently of
dynein, and there is currently no direct evidence linking dynein to basal ganglia degeneration. To provide
such evidence, we used here a mouse strain carrying a point mutation in the dynein heavy chain gene that
impairs retrograde axonal transport. These mice exhibited motor and behavioural abnormalities including
hindlimb clasping, early muscle weakness, incoordination and hyperactivity. In vivo brain imaging using
magnetic resonance imaging showed striatal atrophy and lateral ventricle enlargement. In the striatum,
altered dopamine signalling, decreased dopamine D1 and D2 receptor binding in positron emission tomogra-
phy SCAN and prominent astrocytosis were observed, although there was no neuronal loss either in the stria-
tum or substantia nigra. In vitro, dynein mutant striatal neurons displayed strongly impaired neuritic
morphology. Altogether, these findings provide a direct genetic evidence for the requirement of dynein for
the morphology and function of striatal neurons. Our study supports a role for dynein dysfunction in the
pathogenesis of neurodegenerative disorders of the basal ganglia, such as Perry syndrome and HD.
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INTRODUCTION

Axonal transport is a bidirectional process through which
materials and signals are exchanged between the neuronal
cell body and the synapse. Retrograde axonal transport is
mediated by the cytoplasmic molecular motor dynein which
functions in association with a multiprotein regulatory
complex called dynactin (1). Loss of the dynein/dynactin func-
tion is thought to be an important factor in the pathogenesis of
neurodegenerative diseases (2,3). Indeed, impairment of retro-
grade axonal transport appears to be one of the earliest patho-
genic events during neurodegeneration (1), and transgenic
inhibition of retrograde axonal transport in motor neurons is
sufficient to drive the degeneration of these neurons (4,5).
The involvement of dynactin in neurodegenerative diseases
is supported by the discovery of mutations in the dynactin
subunit p1509" in familiar forms of motor neuron disease,
including amyotrophic lateral sclerosis and distal spinal and
bulbar muscular atrophy (6—8), as well as in Perry syndrome,
a rare atypical form of Parkinson’s disease resistant to
L-DOPA (9,10). In vitro, the G59S mutation in p1509™¢
leads to abnormal cytoskeletal dynamics accompanied by
toxic protein aggregation (11). In vivo, moderate neuron-
specific overexpression of mutant dynactin causes motor
neuron disease in mice (12—14).

The mechanisms underlying the toxicity of mutant p150%™
are still elusive, because dynactin is able to regulate not only the
function of dynein but also that of kinesin-2 (15). Thus, dynac-
tin disruption disables both anterograde and retrograde traffick-
ing (16). Furthermore, dynactin may also act, independently of
its role in cellular transport, as a docking protein and has been
recently suggested to affect gene transcription through direct
modulation of transcription factors (17,18). Despite this emer-
ging large array of dynactin functions, it remains postulated,
although largely unproven, that dynactin mutations lead to neu-
rodegeneration through impairment of the dynein function.
Several lines of evidence suggest that dynein itself is a modifier
of the degeneration of striatal neurons in Huntington’s disease
(HD), a neurodegenerative disorder caused by an expanded
CAG repeat in the huntingtin gene. First, dynein, as well as
p1509"<d  are binding partners of huntingtin and of hunting-
tin-associated protein 1 (HAP1) (19,20). Second, the activity
of the dynein motor is positively regulated by wild-type hun-
tingtin, and strongly decreased by the HD-associated expansion
in the polyglutamine repeat domain of huntingtin (21,22).
However, the effects of pathogenic huntingtin on axonal
transport are widespread by affecting both anterograde and
retrograde fast axonal transport (23). Thus, direct genetic evi-
dence linking retrograde axonal transport, in particular
dynein, and striatal degeneration is still lacking.

The aim of this study was to provide such evidence. For this,
we took advantage of the existence of mouse strains bearing
point mutations in the dynein heavy chain gene (dynclhl)
(24). The legs at odd angles (loa) mutation represents a
F580Y mutation, while the Cramping (Cra) mutation converts
tyrosine 1055 to a cysteine (Y1055C). Both mutations are
located in the domain involved in homodimerization of the mol-
ecular motor. Both of these mutations impair the ability of
dynein motors to sustain fast retrograde transport in situations
of cellular stress and lead to decreased retrograde transport in

adult dynein mutant motor neurons (24,25). The phenotype of
dynein mutant mice has been characterized in the peripheral
nervous system, with the occurrence of a proprioceptive
sensory neuropathy (26—28), but there are currently no study
focusing on the central nervous system of these animals. An
initial report suggested that dynein mutant mice displayed
lower motor neuron degeneration, but we and others failed to
reproduce these findings (26—28). In particular, we performed
a longitudinal analysis of the neuromuscular phenotype of
Cra/4+ mice up to 24 months of age and found no evidence
of motor neuron degeneration in these animals (27).

Here, we show that the Cramping dynein mutation in mice
leads to distinctive signs of striatal dysfunction. Furthermore,
dynein mutant striatal neurons showed profound abnormal-
ities in neurite outgrowth in vitro. These findings strongly
support a pathophysiological function for dynein in degenera-
tive diseases of basal ganglia including HD and Perry
syndrome.

RESULTS

The motor phenotype of Cra/+ mice is characterized by
early muscle weakness, progressive incoordination and
hyperactivity

We first performed a battery of motor and behavioural tests in
mice bearing the Cramping mutation in the dynein heavy
chain gene (Cra/+). In our laboratory, Cra/+ mice showed
reduced total and forelimb muscle grip strength as early as 3
months of age (Fig. 1A), and suffered from an impairment
in motor coordination that mildly increased with ageing, as
observed using an accelerating rotarod test (Fig. 1B). Cra/+
mice displayed increased open field exploratory behaviour as
revealed by increased track length and average velocity
(Fig. 1C). No differences were observed in the number of rear-
ings, indicating normal vertical behaviour (data not shown).
The level of anxiety appeared similar between Cra/4 mice
and their wild-type littermates as assessed using the elevated
plus maze paradigm (Fig. 1D). In the Morris water maze
test, Cra/+ mice tended to spend more time in reaching the
platform at 12, but not 3, months of age, when compared
with wild-type animals. This was likely due to impaired
motor incoordination rather than to spatial memory deficits
since the observed difference between genotypes was annulled
when considering the distance swum by the mice (Fig. 1E).
Taken together, Cra/+ mice display muscle weakness and
incoordination with increased open field activity in the
absence of obvious spatial working memory deficits.

Cra/+ mice present with striatal atrophy and lateral
ventricle enlargement

Our present findings suggest that the phenotype of Cra/+ mice is
broader than the pure proprioceptive neuropathy previously
documented and could result from damage to central areas in
the brain that control movement. In fact, hyperactivity and pro-
gressive motor incoordination are also distinctive features
observed in mice expressing pathological forms of huntingtin
or after ablation of D1 dopamine receptor expressing cells,
both paradigms affecting the striatum (29—32). Forebrain, but
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Figure 1. Locomotor and behavioural abnormalities in Cra/+ mice. (A) Grip muscle strength of forelimbs (left panel) and all limbs (right panel) in wild-type
mice (+/+) and heterozygous Cra/+ mice at 3 and 12 months of age. ***P < 0.001 versus corresponding wild-type (n = 12 mice per group). (B) Latency to fall
in an accelerating rotarod test in wild-type mice (4/+) and heterozygous Cra/+ mice at 3 and 12 months of age. ***P < 0.001 versus corresponding wild-type,
#P < 0.05 versus 3-month-old Cra/+ mice (n = 12 mice per group). (C) Track length (left panel) and average velocity (right panel) in an open field test in
wild-type mice (+/+) and heterozygous Cra/+ mice at 3 and 12 months of age. ***P < 0.001 versus corresponding wild-type (n = 12 mice per group). (D)
Time spent in closed arms (upper panel) and open arms (lower panel) in an elevated plus maze test (during a 300 s session) by wild-type mice (4/+) and hetero-
zygous Cra/+ mice at 3 and 12 months of age. Non-significant differences (n = 12 mice per group). (E) Time spent (upper panels) and distance swum (lower
panel) to reach the hidden platform in a Morris water maze test by wild-type mice (+/4) and heterozygous Cra/+ mice at 3 (left panel) and 12 (right panel)
months of age. The platform was in position A during the first 3 days of the test, and then moved to position C for the last 2 days. Six trials were performed per
day, and each point is the mean of two consecutive trials. *P < 0.05 versus corresponding wild-type in time spent and non-significant differences in distance

swum (n = 12 mice per group).

not hindbrain, wet weight was decreased in Cra/+ mice
(Fig. 2A), suggestive of atrophy. The striatum and cerebral
cortex of Cra/+ mice appeared grossly normal using haematoxy-
lin/eosin staining (Fig. 2B), and the cortical layer organization
was preserved (Fig. 2C), suggesting that the defect was not due
to abnormal cortical development. /n vivo brain imaging using
magnetic resonance imaging (MRI) showed a significant
reduction in the volume of the Cra/+ mice striata at both 5
and 10 months of age (Supplementary Material, Figs S1 and
S2D—-E), while, concomitantly, the volumes of the lateral ventri-
cles were significantly increased (Fig. 2D and F). Thus, the
mutation in dynein leads to striatal atrophy in mice.

Progressive astrocytosis in the absence of
neurodegeneration in the striatum

Reactive astrocytosis represents a typical marker of neuronal
stress and is often a sign of an underlying pathology.

Interestingly, reactive astrocytosis, as revealed by glial fibril-
lary acidic protein (GFAP) immunoreactivity (Fig. 3A), was
dramatically increased in the striatum of 8-month-old Cra/+
mice, and this increase was even higher at 18 months of age
(Fig. 3B). Consistent with this observation, striatal GFAP
mRNA levels as measured using RT—qPCR were higher in
Cra/+ mice than in wild-type littermates at 8 months, but
not at 4 months of age (Fig. 3C). To determine whether astro-
cytosis was associated to neurodegeneration, we determined
the total number of DARPP-32 (dopamine- and cAMP-
regulated phosphoprotein of a molecular weight of 32 kDa)
positive medium spiny neurons (MSNs), the neuronal popu-
lation comprising more than 95% of striatal neurons, using
stereological analysis. The analysis of DARPP-32 positive
MSNs showed a non-significant trend towards decreased
number at 6 months of age (Fig. 4). These data show that
the phenotype of dynein mutant mice is rather due to neuronal
dysfunction than due to neurodegeneration in the striatum.
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Figure 2. Striatal atrophy in Cra/+ mice. (A) Wet weight of hindbrain (left) and forebrain (right) of wild-type mice (4/4, empty columns) and heterozygous
Cra/+ mice (black columns) at 12 months of age. *P < 0.05 versus corresponding wild-type (n = 4 mice per group). (B) Low magnification photomicrographs
of haematoxylin and eosin staining of wild-type (4/+) and heterozygous Cra/+ brains at 18 months of age. CC, corpus callosum. Scale bar = 100 pm. (C)
Higher magnification of B showing the aspect of the six layers of the cortex. Scale bar = 50um. (D) Representative horizontal T2-weighted MRI slices of a
wild-type (+/+) and Cra/+ mouse at 5 and 10 months of age. Note the enlargement of the lateral ventricles (white arrows) of the Cra/+ mouse. (E) Striatal
volume of wild-type (4/4, empty columns) and heterozygous Cra/+ mice (black columns) at 5 (left) and 10 (right) months of age. ***P < 0.001 versus corre-
sponding wild-type (n = 20 mice per group). (F) Lateral ventricle volume of wild-type (4/4, empty columns) and heterozygous Cra/+ mice (black columns) at
5 (left) and 10 (right) months of age. ***P < 0.001 versus corresponding wild-type (n = 20 mice per group).

Altered dopamine signalling and D1 receptor binding in disturbances. To test this hypothesis, we analysed the
the striatum of Cra/+ mice expression of a series of genes directly involved in the striatal

function. D1, but not D2, dopamine receptor mRNA levels
Our histological observations in the striatum argue in favour ere decreased in 8-month-old Cra/+ mice as shown using
of neuronal dysfunction that could eventually lead to motor RT—qPCR (Fig. 5A). D1 receptor expressing cells synthesize
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Figure 3. Progressive striatal astrocytosis in Cra/+ mice. (A) Representative microphotographs showing haematoxylin/eosin staining (left panels) and GFAP
immunoreactivity (right panels) in the striatum from wild-type mice (4/+, upper panels) and heterozygous Cra/+ mice (lower panels) at 18 months of age.
Scale bar = 25 pm. (B) Quantification of the surface occupied by GFAP positive cells in the striatum from wild-type mice (+/+) and heterozygous Cra/+
mice at 8 and 18 months of age. Data are expressed as percentage of the total surface in the picture. *P < 0.05 versus indicated condition (n = 5 mice per
group). (C) mRNA levels of GFAP in the striatum from wild-type mice (4/+) and heterozygous Cra/+ mice at 4 and 8 months of age. *P < 0.05 versus wild-

type (n = 5—7 mice per group).

substance P, whereas D2 receptor expressing cells synthesize
pre-proenkephalin.  Thus, substance P, but not pre-
proenkephalin, mRNA levels appeared decreased in
8-month-old Cra/+ mice (Fig. 5A), which corroborates the
selective down-regulation of the expression of D1 dopamine
receptors in striatal neurons. It is therefore tempting to
propose that Cra/+ mice suffer from D1 receptor striatal dys-
function that could underlie the motor disturbances observed
in these animals. To directly determine whether this is the
case, we performed positron emission tomography (PET)
analysis of the binding of the D1 receptor selective ligand
[''C] SCH-23390 (Fig. 5B). Quantification of [''C]
SCH-23390 showed a decrease of the signal in the brains of
Cra/+ mice (Fig. 5C), which further reinforces the presence
of striatal dopaminergic impairment. We extended our

DI-PET scans by using ['®F] Fallypride, a high-affinity selec-
tive dopamine D2/3 receptor ligand with the advantage of long
half-life compared with [''C] Raclopride (33). We observed a
significant reduction of ['®F] Fallypride uptake in the striatum
of Cra/+ mice compared with wild-type animals (Fig. 5D),
lending further support for the involvement of the striatal
dopaminergic system in the Cra/+ pathogenesis.

Lack of involvement of brain-derived neurotrophic factor
and dopaminergic degeneration in the striatal phenotype
of dynein mutant mice

The defect mediated by the dynein mutation in the striatum
could be either intrinsic to the MSN or be triggered by
extrinsic abnormalities in striatal afferences or efferences.
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Figure 4. No significant neuronal loss in the striatum of Cra/+ mice. (A and B) Representative photographs of striatal sections processed for DARPP-32 immu-
nohistochemistry from wild-type mice (+/4) at 6 months of age as well as heterozygous Cra/+ mice at 6 and 18 months of age. (C) Stereological estimations of
the total number of DARPP-32 positive neurons in the unilateral striatum did not reveal any statistically significant differences between the groups (n = 4-6

mice per group).

Given that dynactin mutations have been associated with the
Parkinson-like disease Perry syndrome (10), we hypothesized
that the dynein mutation could lead to the degeneration of sub-
stantia nigra dopaminergic neurons. However, stereological
assessments of tyrosine hydroxylase (TH) positive neuronal
cells revealed similar numbers in the wild-type and Cra/+
substantia nigra pars compacta (Supplementary Material,
Fig. S2) and TH staining of dynein mutant striatum appeared
normal (data not shown), demonstrating that striatal atrophy is
not a consequence of dopaminergic degeneration. Next we
hypothesized that trophic factor deprivation of striatal
neurons led to striatal atrophy. Brain-derived neurotrophic
factor (BDNF), the major trophic factor for this neuronal
population, is produced in the cortex and anterogradely trans-
ported to the striatum. Cortical BDNF ablation leads to a
roughly similar striatal atrophy and behavioural impairment
than the dynein mutation (34,35). At the mRNA Ilevel,
BDNF expression was not decreased, but increased at 6
months of age in the cortex of Cra/+ mice (Supplementary
Material, Fig. S3A). BDNF levels appeared normal in the
striatum of these mice using ELISA (Supplementary Material,
Fig. S3B), suggesting that BDNF was appropriately produced
and targeted to the striatum. The dynein mutation could also
lead to a decreased cellular response of dynein mutant
neurons to BDNF exposure. Indeed, exocytosis and endocytosis,

which are dynein-dependent events, appear indispensable for
BDNF signal transduction (36,37). A major target of BDNF
is increased DARPP-32 transcription (38) and major transcrip-
tional responses occur 3—4 h after exposure to BDNF (39).
DARPP-32 induction appeared similar between +/+4, Cra/+
and Cra/Cra primary striatal neurons treated with BDNF
during 4 h (Supplementary Material, Fig. S3C), suggesting
that the dynein mutation did not massively impair the BDNF
response of these neurons. In all, neither dopamine nor
BDNF deprivation appeared to be a primary cause of dynein
mutant striatal phenotype.

Cell autonomous defect in dynein mutant striatal neurons

To determine whether dynein mutant striatal neurons were
intrinsically abnormal, we first studied their survival in vitro.
Cultured embryonic striatal neurons of +/+, Cra/+ and
Cra/Cra embryos showed similar survival as assessed by
MTT assays (Fig. 6A), by cell counting (Fig. 6B) and by
DNA (Fig. 6C) or RNA (Fig. 6D) yields of cultured
neurons. Moreover, gene expression of neuronal markers
such as neurofilament subunits NF-H and NF-M or
DARPP-32 was identical between all three genotypes
(Fig. 6E). Despite normal survival in culture, dynein mutant
striatal neurons showed a profoundly abnormal dendritic
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Figure 5. Altered dopamine signalling and binding in the striatum of Cra/+ mice. (A) mRNA levels of the dopamine D1 and D2 receptor, substance P and
pre-proenkephalin in the striatum of wild-type mice (+4/4) and heterozygous Cra/+ mice at 4 and 8 months of age. *P < 0.05 versus wild-type (n = 5-7).
(B) Representative [''C] SCH-23390 images (all frames averaged together) through the striatum of a wild-type mouse brain (+/+, upper panels) and a hetero-
zygous mouse brain (Cra/+, lower panels) are shown. (C) Binding potentials (BPyp) of [''C] SCH-23390 (1 = 5) and ['®F] Fallypride (» = 10) calculated using

SRTM. *P < 0.05 versus wild-type.

arborization, even if bearing a single mutant allele, as revealed
using (33-tubulin (neurites) or microtubule associated protein 2
(MAP2) (somatodendritic) immunostaining (Fig. 6F). Quanti-
fication revealed a reduction in the complexity of neuritic
arborization of dynein mutant striatal neurons that were
observed in Cra/4+ neurons and even more pronounced in
Cra/Cra neurons (Fig. 6G—H). The length of the longest indi-
vidual MAP2 positive neurite was dramatically decreased by
the presence of the dynein mutation (Fig. 6G). Thus, the
dynein mutation led to dramatically impaired neuritic arbori-
zation in cultured neurons while sparing survival of these
cells, suggesting that this dysfunction caused the overall
pathological phenotype.

DISCUSSION

This study provides evidence for the in vivo requirement of
dynein in the function of the striatum and indicates that this
occurs through involvement of cytoplasmic dynein in neuritic
arborization. The consequences of these findings are important
for neurodegenerative diseases affecting the basal ganglia.

Cra/+ mice suffer from motor and behavioural disturb-
ances through their whole lifespan. we and others have pre-
viously shown the occurrence of an early and relatively mild
proprioceptive neuropathy in Cra/+ mice (26—28), but this
limited phenotype does not explain the overall behavioural
and locomotor abnormalities observed here. First, muscle
weakness is usually observed in patients presenting motor
neuropathy, but not in patients affected by a pure sensory
neuropathy (40) as in Cra/4+ mice. Second, behavioural
abnormalities, including limb clasping and hyperactivity,
rather suggest a central involvement and do not comply with
a pure sensory neuropathy. These behavioural abnormalities
are suggestive of striatal involvement. Indeed, the early
phase of the pathology in mouse models of HD is character-
ized by an increase in spontaneous motor activity (29—
31,41). Similarly, transgenic mice lacking cortical BDNF or
conditionally ablated for BDNF at adulthood display hindlimb
and forelimb clasping (34,35), and mice deficient in PGC-1a,
a transcriptional coactivator involved in the regulation of
energy metabolism, also present with limb clasping and hyper-
activity (42). Importantly, all these transgenic animals display
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Figure 6. Dramatic defect in dendritic morphology of cultured dynein mutant striatal neurons. (A and B) Cell survival of primary striata neuronal culture from
wild-type embryo (+/+), heterozygous Cra/+ embryo and homozygous Cra/Cra embryo after 7 days in culture as assessed using MTT reduction assay (A) or
direct counting of nuclei (B). (C and D) DNA (C) and RNA (D) content of primary striata neuronal culture from wild-type embryo (4/+), heterozygous Cra/+
embryo and homozygous Cra/Cra embryo after 7 days in culture. (E) mRNA levels of neurofilament heavy (NF-H) or medium (NF-M) subunits and of
DARPP-32 in primary striata neuronal culture from wild-type embryo (+/4), heterozygous Cra/+ embryo and homozygous Cra/Cra embryo after 7 days
in culture. (F) Representative microphotographs of MAP2 and B3-tubulin immunostaining of primary striata neuronal culture from wild-type embryo
(+/+), heterozygous Cra/+ embryo and homozygous Cra/Cra embryo. (G) Length of longest neurite of individual striatal cells stained by MAP2 antibody
from wild-type embryo (+/4), heterozygous Cra/+ embryo and homozygous Cra/Cra embryo. Total number of cells analysed: +/4108 cells, Cra/+162
cells and Cra/Cra 81 cells, **P < 0.01 versus wild-type (ANOVA followed by Newman—Keuls post hoc test). (H) Quantification of the number of MAP2
immunopositive primary, secondary and tertiary neurites from wild-type embryo (+/+), heterozygous Cra/+ embryo and homozygous Cra/Cra embryo.
Total number of cells analysed: +/+468 cells, Cra/4126 cells and Cra/Cra 61 cells. **P < 0.01 versus wild-type, ***P < 0.001 versus wild-type (ANOVA
followed by Newman—Keuls post hoc test).
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a clear-cut lesion in the striatum. This is particularly interest-
ing, because the genetic ablation of DI dopamine receptor
expressing cells (that is, within the striatum) yields a motor
phenotype very similar to that observed in mutant dynein
mice (32). In all, the selective down-regulation of the
expression of D1 dopamine receptors, together with striatal
atrophy, enlargement of lateral ventricles, decreased binding
to either D1 or D2 dopamine receptors and the prominent
astrocytosis that we found in the striatum of Cra/4+ mice
suggest that a striatal dysfunction can lead, at least in part,
to the stereotyped motor disturbances in these mice.

Gene expression of D1 receptor, as well as binding potential of
[''C] SCH-23390, was decreased in Cra/+ striatum. In contrast,
despite the binding potential of D2 receptor was decreased, its
gene expression was unchanged. There are several potential
explanations to this discrepancy. First, the binding potential cal-
culated from the PET analysis is a reflection of both the density of
available receptor sides and the apparent ligand affinity (43).
Since apparent ligand affinity is decreased by competition with
the natural ligand, dopamine, an increase in striatal dopamine
could, in principle, explain a decreased binding potential
observed with PET. This explanation is, however, unlikely in
our case because ['®F] Fallypride is a high-affinity antagonist
radioligand, and therefore less sensitive to changes in synaptic
dopamine than agonist radioligands (43). Second, our stereologi-
cal assessment of substantia nigra suggests that striatal dopamin-
ergic innervation is rather normal in Cra/+ striatum. Thus, the
lower D2 binding potential observed in Cra/+ mice is most
likely due to a reduction of D2 receptor binding sites rather
than to increased striatal dopamine. Such a decrease might be
explained by defects in the various trafficking events that modu-
late cell surface expression of D2 receptor (44—47). Indeed,
given the involvement of dynein in a number of cellular traffick-
ing events, it cannot be excluded that the dynein mutation might
directly impair D2 receptor trafficking.

Intriguingly, the behavioural phenotype of Cra/4 mice, as
well as decreased D1 and D2 ligand binding and striatal
atrophy, appeared between 3 and 4 months of age, while astro-
cytosis and transcriptional repression of D1 receptors were
detectable later, after 8 months. The fact that behavioural
abnormalities precede marked histopathological and biochemi-
cal changes in the striatum is not without precedent. For
instance, previous studies reported that motor dysfunction in
huntingtin knock-in mice occurred long before any clear signs
of striatal lesions (48). We did not detect decreased
DARPP-32 neuronal counts showing that the striatal phenotype
was not associated with neurodegeneration, but most probably
with dendritic atrophy, as suggested by our in vitro data. Our
results, however, do not exclude the occurrence of a very
slow and subtle process of striatal neurodegeneration that
would be difficult to detect. Astrocytosis itself might be an
astrocyte-autonomous event. Dynein expression and function
in astrocytes has been poorly characterized and the elucidation
of astrocytic dynein to the phenotype of dynein mutant mice
will require the generation of conditional knock-out mice.

Our cell culture experiments show the existence of an intrin-
sic and massive defect in neuritic morphology of dynein
mutant striatal neurons. The defect in neurite outgrowth of
dynein mutant neurons is fully consistent with the recently
reported critical requirement of dynein itself for dendrite
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outgrowth in drosophila neurons (49,50) and of the
dynein-interacting protein LIS1 in dendrite morphology
(51,52). Our data provide further evidence for such an involve-
ment in mammals. The underlying molecular mechanisms
remain unclear but might include perturbations of endosomal
trafficking as suggested by the requirement for dynein in endo-
somal trafficking (53,54) and the requirement of endosomal
trafficking in dendritic arborization (50,55). Interestingly,
such a defect has not been noted by previous investigators
that had performed dynein mutant motor neuron cultures
(24,56), suggesting that motor neurons of dynein mutant
mice were preserved comparatively to striatal neurons. This
is in line with very recent transgenic experiments of adult
BDNF deprivation that showed a specific sensitivity of
MSNs to defects in dendrite morphogenesis when compared
with other types of neurons (35). Furthermore, Gertler et al.
(57) showed that D1 MSNs displayed more primary dendrites
than D2 MSNS, suggesting a rationale for the more profound
D1 involvement in the striatal pathology of Cra/+ mice. In
all, our results suggest that the dynein mutation impairs den-
dritic arborization, and that the pathological consequences
are more prominent in the striatum, likely because of a
hugely developed dendritic arbour of MSNs.

Previous work in cultured cells had involved dynein and
dynactin in different basal ganglia diseases, notably in HD
and Perry syndrome. Indeed, huntingtin and its associated
protein HAP1 bind to (é?rnein directly, and indirectly, through
dynactin subunit P150°™¢, Importantly, the disease-causing
protein in HD, mutant huntingtin, disrupts these interactions
and decreases dynein function (21). Dynactin is also required
for huntingtin-dependent transport of BDNF vesicles (22).
These results suggested that dynein might be of importance
for the survival and/or functioning of striatal neurons.
However, most evidence to date of an in vivo role for dynein
in neurons were based either on overexpression of the dynami-
tin subunit of dynactin or on overexpression of mutant forms of
P150°", and mutant huntingtin affects not only retrograde but
also anterograde axonal transport (23). Since dynactin and hun-
tingtin have a number of dynein-independent functions, our
results provide a direct genetic evidence for a pathophysiologi-
cal role of dynein in striatal neuron health. Interestingly, cross-
breeding dynein mutant mice with an animal model of HD
sharply exacerbated the HD-like pathology (58). Most impor-
tantly, we observed that dynein mutant mice exhibited other
HD-related peripheral phenotypes (59), including increased adi-
posity and impaired brown adipose thermogenesis (our unpub-
lished data), thus strengthening the analogy between HD animal
models and dynein mutant mice.

In summary, our findings provide direct evidence of the
involvement of the axonal transport machinery, notably
dynein, in the maintenance of striatal function and may have
major implications for our understanding of basal ganglia dis-
eases, such as HD and Perry syndrome.

MATERIALS AND METHODS
Animals

Heterozygous Cra/4 mice were obtained from Ingenium Phar-
maceuticals AG, Martinsried, Germany. They were identified
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by tail DNA genotyping as previously described (24). Animals
were maintained in a temperature- and humidity-controlled
environment on a 12 h light/12 h dark cycle, and received
food and water ad [libitum. For the histological analysis,
animals were deeply anaesthetized with 1 mg/kg body weight
ketamine chlorhydrate and 0.5 mg/kg body weight xylazine,
and transcardially perfused with 4% paraformaldehyde in
0.1 m pH 7.4 phosphate buffer. Tissues were then quickly dis-
sected, post-fixed for 24 h in 4% paraformaldehyde and cryo-
protected for 48 h with 30% sucrose in PBS before cryostat
sectioning. For the biochemical analysis, animals were sacri-
ficed and tissues were quickly dissected, snap frozen in liquid
nitrogen and stored at —80°C until use. Animal manipulation
followed current EU regulations and was performed under the
supervision of authorized investigators.

Real-time RT-PCR

Total RNA was extracted using Trizol (Invitrogen, Cergy-
Pontoise, France) according to the manufacturer’s instructions.
cDNA synthesis was performed using 1 pg of total RNA
(iScript cDNA Synthesis kit; Bio-Rad, Marne La Coquette,
France). PCR analysis was carried out as described (27) on a
Bio-Rad CFX96 System using iQSYBR Green Supermix. A
specific standard curve was performed for each gene in paral-
lel, and each sample was quantified in duplicate. PCR con-
ditions were 3 min at 94°C, followed by 40 cycles of 45 s at
94°C and 10s at 60°C. Data were analysed using the
iCycler software, and normalized to the reference genes
encoding either the 18S ribosomal subunit and the RNA poly-
merase II mRNA. The primer pairs used are provided in Sup-
plementary Material, Table S1.

Testing of motor performance and behaviour

Muscle grip strength was measured using a Bioseb gripmeter
(Vitrolles, France) on forelimbs and all limbs. Each assay
was performed in triplicate and measurements were averaged.
For the behavioural analysis, C3H Cra/+ females were
crossed with Bl6 males in order to compare with a group of
mutant SOD1 (G93A) mice in mixed C3H/BI6 background
analysed in parallel (60). One week before the start of the
tests, animals were brought to the behavioural analysis facil-
ity; single caged and handled every day. Only male mice
were used for the tests. The rotarod test was used to assess
motor coordination and balance. Mice had to keep their
balance on a rotating rod at a continuous acceleration from
4 to 40 r.p.m. for 300 s (Rotarod Version 1.2.0. MED Associ-
ates Inc., St Albans, VT, USA). The time (or latency) it took
the mouse to fall off the rod was measured. Each mouse had to
perform three trials separated by 15 min each other, and the
three trials were averaged. To identify differences in loco-
motor activity and exploratory behaviour, mice were tested
in the open field. In this test, animals were placed at the
border of a square arena (50 cm x 50 cm) and allowed to
explore the arena freely for 30 min. The arena was divided
into three parts, including a border zone (within 8 cm of the
wall), a centre zone (inner square of 20 cm x 20 cm) and an
intermediate zone. Locomotor activity was assessed by the
total distance moved and the average velocity. To determine

the exploratory behaviour, the number of rearings within the
30 min was measured. To assess anxiety, mice were evaluated
using an elevated plus maze paradigm. The maze was elevated
92 cm above the floor, and consisted of four arms of 30 x
5 c¢m each, including two opposite ‘closed’ arms surrounded
by dark walls and two opposite ‘open’ arms exposed without
any walls. The centre of the maze was a 5 x 5 cm common
area. Each mouse was placed for a single trial at the centre
of the maze facing a closed arm, and allowed to explore the
maze freely for a period of 5 min. The amount of time (in
seconds) spent in both the open arms and closed arms was
recorded. To measure reference learning (acquisition) and
memory (retention), the Morris water maze was performed.
The device consisted of a circular pool of 120 cm diameter,
filled with water (25-27°C), which was made opaque by
adding 2 1 of milk. The pool was divided into four equal-sized
quadrants and was surrounded by grey curtains covered with
various visual cues, which helped the mice orient their
location in the pool. A 10 cm platform was placed in the quad-
rant A, such that the platform was 1 cm below the water
surface and visually indiscernible to the animals. On each
trial, mice were allowed to swim for a maximum of 60 s and
were released from four different defined positions. If the
animal failed to discover the location of the platform in
60 s, it was guided to the platform and then allowed to stay
for 30 s. After removal, mice were placed under an infrared
lamp and allowed to warm up and dry off. The test was
divided into two phases, an acquisition phase (18 trails, 6
per day), followed by a reversal phase during which the plat-
form was moved to the opposite quadrant (12 trails, 6 per day).
Escape latency and swum distance were analysed during both
acquisition and reversal learning, and two successive trials
were averaged into one block. All paths were tracked and ana-
lysed with an electronic imaging system (Viewer 2.2.0.55,
BIOBSERVE GmbH, Bonn, Germany) at a frequency of
15 Hz and a spatial resolution of 720 x 576 pixels.

Assessment of the striatal and lateral ventricle volume
by MRI

MRI was performed in the In-vivo-Imaging Laboratory at the
research site of Boehringer Ingelheim Pharma GmbH & Co.
KG, Biberach, Germany. MRI data were acquired on a
Bruker Biospec 47/40 scanner (Bruker BioSpin, Ettlingen,
Germany) at 4.7 T (200 MHz proton resonance frequency).
Age- and gender-matched Cra/4 and wild-type animals
were used (n = 20). Acquisitions were performed at 5 and
10 months of age, respectively. Mice were anaesthetized
through continuous inhalation of 1.2—1.5% isoflurane (in
70:30 N,0:0,) and fixed in a stereotactic head holder. For
the anatomical analysis of the mouse brain, contiguous sets
of six horizontal 7,-weighted images were acquired using a
RARE sequence. Imaging parameters were: TR 2500 ms, TE
12.5ms, TEeff 50 ms, slice thickness 600 um (no gap),
FOV 28.1 x 25.6 mm, matrix size 256 x 256, RARE factor
8, six averages. Data processing was performed by the
in-house developed software package Tissue Classification
Software (TCS). For good visualization, the BRUKER data
were transformed into a 768 x 768 grid (nearest neighbour
interpolation, no filtering). TCS includes mouse-based
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drawing tools for tissue/voxel selection. In order to define
clearly visible regions, drawing was simplified by a two-level
thresholded conventional region-grow algorithm. Following
the operator-defined intensity threshold, all connected voxels
with respect to their intensity within the predefined range
were selected. The analysis was blinded, evaluated by the
same experienced investigator. The striatum was identified
in four consecutive horizontal slices when compared with
the Mouse Brain Library (http://www.mbl.org/mbl_main/atla
s.html) between Bregma: —3.24; Interaural: 6.76 and
Bregma: —5.04; Interaural: 4.96. The lateral ventricles were
identified in the same horizontal sections by semi-automated
region growth.

Analysis of brain astrocytosis

Brain sections comprising the anterior part of the caudate
nucleus and the putamen were cut on a vibratome at a thick-
ness of 50 wm (Leica Microsystems, Wetzlar, Germany) and
were stained by indirect immunofluorescence, using an anti-
body directed against the specific astrocyte marker GFAP
(Santa Cruz Biotechnology, Heidelberg, Germany) following
the manufacturer’s instructions. Quantitative analysis of
immunoreactivity was performed using Imagel.

Stereological analysis of DARPP-32 and TH-positive
neurons

Coronal sections were cut in six series at a thickness of 35 pm
throughout the brains using a freezing microtome. One series
of free-floating brain sections were processed for immunohis-
tochemistry either with a primary rabbit antibody against
DARPP-32 (1:1000, Chemicon, AB 1656) or TH (1:1000, Pel-
freez) (61). Stereological estimations of the total number of
DARPP-32 positive neurons in the striatum or TH-positive
neurons in the substantia nigra pars compacta were performed
unilaterally on blind-coded slides with the Computer Assisted
Toolbox Software (New CAST) module in VIS software (Vis-
iopharm, Horsholm, Denmark) by applying the optical fractio-
nator principle (62).

Micropet studies

Five wild-type and five Cra/+ mice were used for [''C]
SCH-23390 PET imaging. Mice were anaesthetized with
1.5% isoflurane vaporized in 1.0 /min oxygen gas (Vetland,
Anesthesia Systems, Louisville, KY, USA). Two mice were
placed head to head in the centre of field of view of a dedi-
cated small animal PET scanner (Siemens Preclinical Sol-
utions, Knoxville, TN, USA) yielding a spatial resolution of
~1.4mm in the reconstructed images. A 60 min emission
scan was performed starting with bolus injection of [''C]
SCH-23390 (12 + 1 MBq) via a tail vein catheter. A heating
mat was used to keep the animal warmed over the whole
scan time. List-mode data were histogrammed into 64 time
frames (30 x 10s, 10 x 30s, 10 x 60s, 10 x 120s, 4 x
300 s) and reconstructed using OSEM2D. To reveal quantitat-
ive images, dead-time correction, decay correction, normaliza-
tion and attenuation correction were applied to all data sets.
Two rectangular regions of interest (ROIs) for the left and
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the right striata of a size of 1 x 1 mm? as well as for the cer-
ebellum (3 x 1.5 mm?), which was used as reference region,
were applied to all data sets. The ROIs were placed on two
constitutive transversal slices of the striatum and the cerebel-
lum. Time activity curves for the quantitative analysis were
generated using PMOD software 3.0 (PMOD Technologies,
Zurich, Switzerland). The simplified reference tissue model
(63) was used to calculate the binding potential (BPyp) of
[''C] SCH-23390.

For ['*F] Fallypride PET measurements, 10 animals of each
group (Cra/+ and wild-type) were randomly selected at 10
months of age. Animals were anaesthetized through continu-
ous inhalation of 1.2—1.5% isoflurane (in 70:30 N,0:0,).
PET imaging was performed on a Siemens Inveon PET/CT
system (Siemens Preclinical Solutions) using the D2/3 recep-
tor ligand ['®F] Fallypride (33,64). After bolus injection of
radioactively labelled Fallypride (average activity 11.7 +
2.0 MBq) through a tail vein catheter, PET data were continu-
ously acquired for 60 min. Afterwards, list mode data were
histogrammed into 21 frames (3 x 20s, 4 x 60s, 3 x 120 s,
3 x 180 s, 8 x 300 s) and reconstructed using a filtered back-
projection algorithm without scatter correction. Quantitative
analysis was assessed by SMRT implemented on the Inveon
Research Workplace (IRW) software package (Siemens Mol-
ecular Imaging, Erlangen, Germany). ROIs were defined on
co-registered PET/CT images using IRW.

Striatal neuron culture

Primary striatal neurons were cultured from E15 embryos
issued from a cross between two heterozygous Cra/4 mice.
Neurons from each embryo were cultured separately and gen-
otype was determined post hoc by DNA genotyping of remain-
ing embryos tissues. After enzymatic and mechanical
dissociation, primary striatal neurons were plated at a
density of 2.10° cells/ml on 0.1 mg/ml polyornithine pre-
coated culture dishes and grown at 37°C in a humidified
atmosphere (5% C0O,/95% air). Culture media were composed
of Neurobasal defined medium supplemented with B27, gluta-
max (2mm), KCl (25mmMm) and gentamycin (50 pg/ml).
Primary neurons were cultured for 7 days, and the culture
media were changed every 2 days. BDNF treatment (Tocris
Bioscience, Ellisville, MO, USA) was performed the seventh
day at the indicated concentration for 4 h.

For immunocytochemistry, primary striatal neurons were
post-fixed with 4% paraformaldehyde in PBS pH 7.4 and
were permeabilized for 30 min in 1% Triton X-100/PBS.
Primary antibodies anti-MAP-2 and 33 Tubulin (Millipore,
Molsheim, France) were applied overnight, and Rhodamine-
conjugated secondary antibody (Jackson Immunoresearch Lab-
oratories, West Grove, PA, USA) was applied for 1 h. Cover
slips were mounted in Mowiol solution for observation under
a conventional epifluorescence microscope (Nikon, Tokyo,
Japan) and pictures were analysed with ImageJ software.

MTT assays

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (Sigma-Aldrich, Lyon, France) tests were done with
primary striatal neurons cultured in 96-well culture dishes
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(Costar, NY, USA). Briefly, MTT was dissolved in PBS (pH
7.2) to obtain a concentration of 5 mg/ml, then diluted 10
times in freshly prepared culture medium and the plates
were incubated for 1 h at 37°C. Medium was then removed
and dark blue crystals formed during reaction were dissolved
by adding 100 pl/well of 0.04 m HCI in isopropyl alcohol.
Plates were read on a Bio-Rad 680 micro-ELISA plate-reader,
using a wavelength of 490 nm. Results are given in percentage
of the +/4 values.

Cell counting

Cultured embryonic striatal neurons’ survival was evaluated
after nuclei staining with Hoechst 33342 (Sigma-Aldrich).
Hoescht solution was dissolved in 100% methanol to obtain
a final concentration of 0.5 mg/ml. After paraformaldehyde
fixation, cultured embryonic striatal neurons were incubated
30 min with 0.5 pwg/ml Hoechst 33342 in 0.1% Triton
X-100/PBS and then washed three times in 0.1% Triton
X-100/PBS. A total of five embryos of each genotype were
analysed and six fields per embryo were randomly photo-
graphed on a Nikon fluorescence microscope. The total
number of nuclei per field was count. Results represented
the average number of nuclei per field.

BDNF ELISA

BDNF ELISA (Promega, Charbonniéres-les-Bains, France)
was performed as described by the provider.

Statistical analysis

Data are expressed as the mean + SEM. Statistical analysis
was accomplished using non-parametric Student’s t-test or
ANOVA followed by Newman—Keuls multiple comparisons
test (PRISM Version 4.0b; GraphPad, San Diego, CA,
USA). Differences at P < 0.05 were considered significant.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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