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Neurobiology of Disease

Heterozygous Gnal Mice Are a Novel Animal Model with
Which to Study Dystonia Pathophysiology

Assunta Pelosi,':>* ©“Fabien Menardy,* Daniela Popa,* Jean-Antoine Girault,">3 and “Denis Hervé'23
Inserm Unité Mixte de Recherche Scientifique 839, F-75005 Paris, France, 2Sorbonne Universités, Université Pierre et Marie Curie, F-75005 Paris, France,
3Institut du Fer a Moulin, F-75005 Paris, France, and *Neurophysiology of Brain Circuits, Institut de Biologie de 'Ecole Normale Supérieure, Département
de Biologie, Ecole normale supérieure, CNRS, Inserm, PSL Research University, F-75005 Paris, France

Dystonia is amovement disorder characterized by sustained or intermittent muscle contractions and its pathophysiological mechanisms
are still poorly understood. Dominant mutations of the GNAL gene are a cause of isolated dystonia (DYT25) in patients. Some mutations
result in a complete loss of function of the encoded protein, G, an adenylyl-cyclase-stimulatory G-protein highly enriched in striatal
projection neurons, where it mediates the actions of dopamine and adenosine. We used male and female heterozygous Gnal knock-out
mice (Gnal *' ) to study how GNAL haplodeficiency is implicated in dystonia. In basal conditions, no overt dystonic movements or
postures or change in locomotor activity were observed. However, Gnal haploinsufficiency altered self-grooming, motor coordination,
and apparent motivation in operant conditioning, as well as spine morphology and phospho-CaMKIIf in the striatum. After systemic admin-
istration of oxotremorine, an unselective cholinergic agonist, Gnal */ ~ mice developed more abnormal postures and movements than WT mice.
These effects were not caused by seizures as indicated by EEG recordings. They were prevented by the M1-preferring muscarinic antagonists,
telenzepine, pirenzepine, and trihexyphenidyl, which alleviate dystonic symptoms in patients. The motor defects were worsened by mecamyl-
amine, a selective nicotinic antagonist. These oxotremorine-induced abnormalities in Gral ™’ ~ mice were replicated by oxotremorine infusion
into the striatum, but not into the cerebellum, indicating that defects in striatal neurons favor the appearance of dystonia-like movement
alterations after oxotremorine. Untreated and oxotremorine-treated Gral *' ~ mice provide a model of presymptomic and symptomatic stages
of DYT25-associated dystonia, respectively, and clues about the mechanisms underlying dystonia pathogenesis.
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(s )

Adult-onset dystonia DYT25 is caused by dominant loss-of-function mutations of GNAL, a gene encoding the stimulatory
G-protein Gaolf, which is critical for activation of the cAMP pathway in the striatal projection neurons. Here, we demonstrate that
Gnal-haplodeficient mice have a mild neurological phenotype and display vulnerability to developing dystonic movements after
systemic or intrastriatal injection of the cholinergic agonist oxotremorine. Therefore, impairment of the cAMP pathway in asso-
ciation with an increased cholinergic tone creates alterations in striatal neuron functions that can promote the onset of dystonia.
Our results also provide evidence that untreated and oxotremorine-treated Gnal-haplodeficient mice are powerful models with
which to study presymptomic and symptomatic stages of DYT25-associated dystonia, respectively. j

ignificance Statement

Introduction

Dystonia is defined as a movement disorder that is “characterized
by sustained or intermittent muscle contractions causing abnor-
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mal, often repetitive, movements, postures, or both” (Albanese et
al., 2013). In most forms of inherited dystonia, the absence of
overt neuropathological modifications has made difficult the elu-
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Table 1. List and dilution of primary and secondary antibodies used for
immunoblotting and immunofluorescence

Pelosi et al. ® Gox,¢ Deficit and Dystonia

Table 2. Description of abnormal postures and movements observed in
oxotremorine-treated mice

Source Dilution
Primary antibodies forimmunoblotting
CaMKllo/ B Abcam 1:250
pCaMKlle/ B Abcam 1:500
Gephyrin Synaptic Systems 1:500
GluN1 BD Pharmingen 1:500
GluN2A Millipore 1:5000
GluN2B Millipore 1:1000
GIuN3A Millipore 1:1000
PSD-95 Thermo Scientific 1:2000
vGlut1 Synaptic Systems 1:1000
vGlut2 Synaptic Systems 1:2000
Synapsin 1 Millipore 1:3000
Synaptophysin 1 Sigma-Aldrich 1:2000
Homer-1 Synaptic Systems 1:2000
Tubulin Sigma-Aldrich 1:10,000
Actin Sigma-Aldrich 1:5000
Primary antibodies forimmunofluorescence
Choline acetyltransferase (ChAT) Millipore 1:200
Parvalbumin Swant 1:10,000
Secondary antibodies forimmunoblotting
IRDye 800CW-conjugated anti-mouse IgG Rockland Immunochemical 1:5000
IRDye 800 CW-conjugated anti-rabbit IgG Rockland Immunochemical 1:5000
Secondary antibodies forimmunofluorescence
Alexa Fluor 483-conjugated anti-goat Invitrogen 1:400
Alexa Fluor 546-conjugated anti-mouse Invitrogen 1:400

cidation of their pathogenesis. The identification of genes causing
dystonia may help to reveal their underpinnings. Among the var-
ious genes identified so far, TORIA (DYT1) and THAPI (DYT6)
are the best characterized (Ozelius et al., 2011; Oleas et al., 2013;
Ruiz et al., 2015; Weisheit and Dauer, 2015). GNAL (DYT25) was
recently identified as a cause of dystonia (Fuchs et al., 2013) and
was the first gene linked to adult-onset focal/segmental inherited
dystonia (Fuchs et al., 2013; Vemula et al., 2013; Kumar et al.,
2014).

The GNAL gene encodes the « subunit of the heterotrimeric
G-protein Ga,, an isoform of Ge that positively couples vari-
ous 7-transmembrane domain receptors to adenylyl cyclase (AC)
(Jones and Reed, 1989; Zhuang et al., 2000; Corvol et al., 2001;
Hervé et al., 2001). Initially identified in the sensory neurons of
the olfactory epithelium (Jones and Reed, 1989; Belluscio et al.,
1998), Gey¢is enriched in the GABAergic striatal projection neu-
rons (SPNs), in which it replaces the more widely expressed and
highly homologous Ge, (Drinnan et al., 1991; Hervé et al., 1993;
Hervé et al., 2001). Gays is evenly distributed in both categories
of SPNs, belonging to either the direct pathway (dSPN) and ex-
pressing dopamine D1 receptor (D1R) or the indirect pathway
(iSPN) and expressing D2 receptor (D2R) (Hervé et al., 2001).
iSPNs also express adenosine A, , receptors (A,,Rs) that stimu-
late AC activity (Schiffmann et al., 2007). In association with Gy7
(Schwindinger et al., 2003; Schwindinger et al., 2010; Xie et al.,
2015), Geaygye couples with D1R in dSPNs and A, 4R in iSPNs to
AC, which is mostly type 5 AC (AC5) in these neurons (Zhuang et
al., 2000; Corvol et al., 2001; Lee et al., 2002). In the striatal
cholinergic interneurons, Ga,,¢is coexpressed with Ge, (Hervé et
al., 2001) and could contribute to the signaling of dopamine D5
receptor and A, R (Yan and Surmeier, 1997; Tozzi et al., 2011).
This key role of G, ¢ in striatal signaling could be determinant in
the GNAL-related dystonia (Fuchs et al., 2013). However, Go¢is
also expressed at low levels in cerebellar Purkinje cells (Belluscio
et al., 1998; Vemula et al., 2013) and its mutation could poten-

Abnormal postures
(a) The mouse often extends one or both hind limbs abnormally from the body axis
(splayed posture) for a sustained amount of time (>10s)
(b) The mouse stands vertically on hind limbs for short periods motionless, agitating both
forelimb paws, or occasionally with a single raised paw
() The mouse often has a hunched posture with little movement, then attempts to make
movements, often making small head jerks
Abnormal movements
(a) One or both forelimbs move rapidly up and down resembling the first phase of the
grooming chain as if the mouse is about to start elliptic movements around the nose,
but no elliptic movement is produced; rubbing together of forelimb paws also ob-
served
(b) Repetitive jerking of the snout or head
() Frequent twitching of the body when the animal is in a resting position
(d) Slow walking, occasionally with extended body and/or with abnormal hind limb gait
Scoring scale
0. Normal motor behavior
1. Noimpairment, but slightly slowed movements
2. Mild impairment: occasional abnormal postures and movements; ambulation with
slow walk
3. Moderate impairment: frequent abnormal postures and movements with limited
ambulation
4. Severe impairment: sustained abnormal postures without any ambulation or upright
position

Scoring scale used to evaluate abnormal postures and movements in mice is modified from Jinnah et al. (2000).

tially cause dystonic movements by disrupting cerebellar output
(Campbell and Hess, 1998; Vemula et al., 2013; Fremont et al.,
2014).

Several pathological mutations of GNAL are nonsense muta-
tions or frameshift deletions leading to truncated proteins that
are unstable and completely devoid of functional activity (Fuchs
et al,, 2013). Therefore, heterozygous mice carrying a Gnal-null
mutation (Gnal *' ), which express ~50% of the protein normal
levels (Corvol et al., 2007), could be a good model for mimicking
the genetic status of dystonic patients. We have shown previously
that Gnal ¥/~ mice display a significant phenotype when they are
pharmacologically challenged (Corvol et al., 2001; Hervé et al.,
2001; Corvol et al., 2007; Hervé, 2011). However, motor behavior
was not investigated in the Gnal */~ mice. Here, we show that
Ga,,¢ haplodeficiency does not produce any detectable dystonic
movement in basal conditions in the mouse, but alters motor
coordination, self-grooming, and instrumental task responses as
well as spine length in SPNs. Because cholinergic antagonists
alleviate dystonia and striatal cholinergic dysfunction may be
critical in this condition (Eskow Jaunarajs et al., 2015), we as-
sessed the effects of the muscarinic agonist oxotremorine. We
observed that oxotremorine induced more abnormal postures
and uncoordinated movements in Gnal ™'~ mice than in WT
mice. These abnormalities displayed some similarities with hu-
man dystonia, suggesting that oxotremorine-treated Gnal ™/~
mice constitute a novel and valuable animal model with which to
study dystonia mechanisms.

Materials and Methods

Animals

Gnal ™'~ mice were mated with C57BL/6] mice to produce male and
female Gnal ™~ and Gnal *'* littermates. The mice were kept four per
cage on a 12 h light/dark cycle at a constant temperature of 22°C with
access to food and water ad libitum unless otherwise indicated. All exper-
iments were in accordance with the guidelines of the French Agriculture
and Forestry Ministry for handling animals (decree 87-848). The labora-
tory animal facility was approved to carry out animal experiments by the
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Clasping. One-year-old mice were tested for
clasping by tail suspension (Guyenet et al.,
2010).

Grooming. Three-month-old Gnal ™/~ and
Gnal *'™ littermates of either sex were placed
individually in a clear observation cylinder (13
cm diameter, 16 cm height). Grooming was in-
duced by three 25°C water sprays at a distance
of 15 cm and mice were observed for 10 min.
Analysis of the grooming phases and duration
were performed manually by an observer blind
to the genotype (Pelosi et al., 2015).

Operant conditioning. Experiments were
done in eight automatic operant chambers
(Imetronics) with two holes, a food magazine

connected with a food pellet dispenser, and a
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Figure 1.  Similar locomotor activity in Gnal

interaction, £, 1) = 3.08;p = 0.1. Data are shown as means * SEM.

Sous-Direction de la Protection Sanitaire et de 'Environnement de la
Préfecture de Police (arrété préfectoral DTPP 2014-724 C75-05-22). The
experimental protocols were approved by the Institut du Fer a Moulin
local review board. The principal investigators had a personal agreement
(D.H., license C-75-828; J.-A.G., license 75-877).

Behavioral tests

Behavioral experiments were conducted using mutant and WT litter-
mates (73 males and 107 females 3—12 months of age) between 1:00 and
7:00 P.M.

Open-field test. Three-month-old animals of either sex were placed in
one of the four squares of open field boxes (50 X 50 X 30 cm) made of
white Plexiglas and allowed to explore it freely for 30 min. Locomotion
was tracked using a ceiling-mounted camera (WV BP332; Panasonic)
and ViewPoint videotracking. Data were analyzed as distance traveled (in
centimeters) and number of rearings.

Locomotor activity. Spontaneous locomotor activity was recorded by
video and analyzed using the HomeCageScan (CleverSys), a software that
detects rodent movements and behaviors automatically based on video-
tracking. Each animal was habituated to the test cage for 2 h and overall
motor activity was recorded for 24 h.

Rotarod. Three- and 12-month-old Gnal ¥’ ~ and Gnal ™™ littermates
of either sex were trained for 3 consecutive days in a rotarod (LE8200;
BIOSEB) with 4 trials per day spaced by 20 min intervals. The trial started
with 4—40 rpm accelerating rod rotation over 5 min and ended when
either the mice fell off the rod or 300 s elapsed. On the following day (test
day), mice were placed on the rotarod at three different fixed speeds (16,
24, and 32 rpm), with three trials per speed and 30 min intertrial inter-
vals. The trial ended when the mouse fell off the rod or 60 s elapsed. The
rotarod was cleaned using 30% ethanol (v/v) between subjects.

-o— Gnal +/+
Gnal +I/-

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

and WT mice. A, No difference was found in the distance traveled in an open
field (n = 15-20 mice per group). Two-way ANOVA: genotype, F(; 10y = 0.38, p = 0.54; time, F; 5,9y = 0.95,p = 0.4;
interaction, F(; ;) = 0.09,p = 0.9. B, Similar number of vertical rears were counted during the open-field test (30 min) in the two
genotypes. Student'sttest, t = 0.62, p = 0.5. €, Monitoring of distance traveled in housing cage during a 24 h-cycle (12 h of night
and day). A circadian variation of locomotor activity was observed, but was not significantly different in Gnal */ ~ mice compared
with WT littermates (n = 7 per group). Two-way ANOVA: genotype, ; 1o = 0.03;p = 0.8: time, f; 1,) = 174.7,p < 0.0001;

cue light located above the holes. Three- to
4-month-old mice of either sex were food de-
prived (3.5 g/d, water ad libitum) for 5 d before
the experiment. The session started with the
introduction of the animal into the operant
chamber, where the light stayed on during the
entire session. Once the animal poked in the
active hole, the cue light above it turned on
until the animal took the pellet in the maga-
zine. During this time, both holes were inactive
for 10 s. Animals were trained with a continu-
ous reinforcement schedule, starting with a
fixed ratio 1 (FR1) schedule for 5 d, followed by
a5 dFR5 schedule and a 5 d reverse FR5 sched-
ule (rFR5), in which the previously active hole
became inactive and vice versa. After this train-
ing, the animals were tested in a single 2 h
progressive ratio (PR) session, in which the re-
quirement to earn a pellet increased stepwise ac-
cording to the following series: 1, 2, 3, 5, 12, 18,
27, 40, 60, 90, 135, 200, 300, 450, 675, 1000, and
1500 (Stipanovich et al., 2008). Three animals
(two WT and one mutant) that did not reach the
criteria were excluded from the analysis. Criteria
were a stable response with <20% deviation from mean of the total number
of rewards earned in three consecutive sessions (80% stability).

Ledge test. Mice were placed on the cage ledge. The time and way that
the animals walked along the cage were scored according to a previously
published method (Guyenet et al., 2010).

Histology
Golgi staining. Fresh brains from three male animals per genotype (12
months of age) were processed following the Golgi—-Cox method (Rico-
baraza et al., 2012). After 3 weeks of impregnation in the Golgi—Cox
solution, the brains were cut in 200-um-thick slices using a microtome
(VT1000S; Leica). The slices were incubated in 16% (v/v) ammonia,
fixed in 10 g/L sodium thiosulfate, dehydrated, and mounted on ran-
domly coded glass slides so that the experimenter was blind to genotype
during image acquisition and analysis. Bright-field images of Golgi-
impregnated SPNs were acquired with a Micromax CCD camera at-
tached to a Leica DM6000 fluorescent microscope (100X oil objective).
Only fully impregnated neurons with their soma entirely within the thick-
ness of section and with at least four orders of dendrites visible were consid-
ered for analysis. Image z stacks were taken every 0.5 um and analyzed with
Image] software. Dendritic segments were traced through different layers of
the stack and spine number and length were measured. Spine density was
expressed as the number of spines per micrometer of dendrite.
Immunofluorescence. Immunostaining was performed on 7- to 9-month-
old Gnal*’~ and WT littermates of either sex. Under deep pentobarbital
anesthesia (500 mg/kg, i.p.), mice were perfused transcardially with 100 ml of
a4% (w/v) paraformaldehyde solution in potassium-free PBS and postfixed
overnight in the same solution at 4°C. Brains were cut with a microtome
(VT1000S; Leica) in 40-um-thick coronal sections and stored at —20°C in a
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buffered solution containing 30% (v/v) ethylene
glycol, 30% (v/v) glycerol, and 0.1 M sodium
phosphate, pH 7.4, until they were processed for
immunofluorescence. After overnight incuba-
tion with primary antibodies (Table 1), sections
were rinsed and incubated with secondary anti-
bodies (Table 1). Finally, sections were rinsed for
10 min twice in TBS and twice in Tris buffer (0.25
M Tris, pH 7.4) before being mounted in
Vectashield (Vector Laboratories). Imaging was
performed with a fluorescence microscope (DM
6002; Leica) equipped with a CCD camera (Mi-
cromax) and interneurons were counted manu-
ally on images in the regions of interest at 10X
magnification by an experimenter blind to group
identity.

Nissl staining. After perfusion, 50-um-thick
sections were cut with a microtome (VT1000S;
Leica) and stained using thionine. The sections
were examined under a light microscope
(Evos) and the location of injection cannula
tips within the striatum and cerebellum was
determined.

Immunoblotting

Mice of either sex were killed by decapitation
and the heads were immediately frozen in lig-
uid nitrogen (12 s) (Pascoli et al., 2005). The
frozen heads were then sliced with a cryostat
(210-m-thick sections) and 6 microdisks (1.4
mm in diameter) were punched out bilaterally
from the dorsal striatum, sonicated in 10 g/L
SDS, and placed at 100°C for 5 min. Equal
amounts of total protein (20 ug) were sepa-
rated by SDS-PAGE on 4-15% precast gels
(Bio-Rad) and transferred electrophoretically
to nitrocellulose membranes (GE Healthcare).
The membranes were then incubated in pri-
mary and secondary antibodies, as indicated in
Table 1. Bound antibodies were visualized us-
ing an Odyssey infrared fluorescence detection
system (LI-COR), followed by quantitation by
Odpyssey version 1.2 software. Fluorescence in-
tensity values were normalized to actin or
tubulin values for variations in loading and
transfer.

Tests of oxotremorine on motor behavior

Motor behavior after systemic injection. Three-
month-old Gnal ™'~ and Gnal '™ littermates
of either sex were allowed to habituate in a clear
observation cylinder for 10 min. They were
then treated intraperitoneally with either 0.05
or 0.1 mg/kg of oxotremorine methiodide
(Sigma-Aldrich), dissolved in saline (NaCl 0.9
g/L). In some experiments, oxotremorine
injections (0.1 mg/kg) were preceded by pre-
treatment with trihexyphenydil (THX, Sigma-

Pelosi et al. ® Gox,¢ Deficit and Dystonia
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Figure2.  Motor coordinationimpairmentin Gnal */ ~ and WT mice. A, Training of 3-month-old mice (1 = 13—19 animals per
group) with accelerating rotarod (4 — 40 rotations per min, rpm) for 3 consecutive days. Mice performance improved with training,
but no significant difference was found between Gnal */ ~ and Gnal /™ mice. Two-way ANOVA: sessions, ;347 = 9.55,p <
0.0001; genotype, F; 3, = 0.63,p = 0.43; interaction, 1, 3,4 = 1.64, p = 0.08. B, The same animals were tested again as in
A at the age of 1 year. Gnal ™/~ animals showed learning impairment. Two-way ANOVA: genotype, Faap = 6.5,p < 0.05
session, iy 243 = 2.6,p << 0.01;interaction, F ;1 54 = 1.6,p = 0.1. One day after the last training session, 3-month-old (C) and
1-year-old mice (D) were tested with rod rotation at 3 fixed speeds. Gnal */ ~ animals stayed less time on the rod than WT controls
at 16 rpm speed. G, Two-way ANOVA: genotype, F; 35 = 2.7,p = 0.11; speed, F, 40y = 29,p << 0.0001; interaction, F , 5 = 2.2,
p = 0.12. D, The deficit of 1-year-old Gnal * ~ mice was more pronounced than at 3 months of age at 16 rpm speed. Two-way
ANQVA: genotype, ;55 = 9.3,p << 0.01; speed, F, 45y = 9.6, p << 0.001; interaction, F, 4y = 7.1,p < 0.01. A-D, Data are
shown as means = SEM. Post hoc comparisons were done with Sidak’s multiple-comparisons test. E, Reduced score of motor
coordination of Gnal ™/~ mice in ledge test compared with WT controls (7 = 1011 animals per group, means + SEM. are
indicated, Student’s t test with Welch's correction, t = 2.6, p << 0.05). F, No clasping of the paws was observed in WT and
Gnal ™'~ mice when suspended by the tail. *p << 0.05; **p < 0.01; ***p < 0.001.

Aldrich, 1 or 20 mg/kg, i.p., 70 min before), telenzepine (Tocris
Bioscience, 3 mg/kg, i.p., 15 min before), pirenzepine (Tocris Bioscience,
10 mg/kg, i.p., 15 min before), or mecamylamine (Sigma-Aldrich, 3 mg/
kg, i.p., 10 min before). After oxotremorine injections, animals were
video-recorded for 1 h using a Pacific Electro-optics model PA-290 cam-
era (CleverSys). One or two observers blind to the genotypes analyzed
videos and attributed dystonia scores using a modified version of a pre-
viously suggested scoring scale (Jinnah et al., 2000) (Table 2) every 10
min for 40 min of observation (starting 20 min after injection).

Motor behavior after intracranial infusion. Animals of either sex were
anesthetized with a mixture of xylazine (10 mg/ml) and ketamine (25 mg/

ml) (Centravet) and mounted in a digitalized stereotactic frame (Stoelting)
equipped with a mouse adaptor. Bilateral guide cannulas (6.5 mm long, 26
gauge) were implanted into the striatum (coordinates: anteroposterior, 0.7
mm from bregma; mediolateral, = 1.7; dorsoventral, —3.6) or deep nuclei of
cerebellum (coordinates: anteroposterior, —6.24 mm from bregma; medio-
lateral, +1.7; dorsoventral, —3.25) according to a mouse brain atlas (Paxinos
and Franklin, 2001). The bilateral guides were attached to the skull by dental
cement and three anchoring screws. A dummy was inserted into each guide
to maintain patency and was removed only for drug infusion. After surgery,
the mice received a subcutaneous injection of a nonsteroidal anti-
inflammatory drug (flunixin meglumine, 4 mg/kg; Sigma-Aldrich) and were
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microsyringe connected to the infusion cannula
by polyethylene (PE-50) tubing and an auto-
mated micro-infusion pump (310; KD Scien-
tific). The injection cannula was held in place for
an additional minute before removing to maxi-
mize drug diffusion. Animals were video-
recorded (see above) for 1 h after infusion and
abnormal motor behavior was scored as reported
in Table 2 every 10 min starting 30 and 20 min
after the infusion into the striatum and cerebel-
lum, respectively.

[}
o
Il

H =2}
(S

.ﬂ.
Ro
o

N
o
1

EEG recording

o ] L) L) ] T
Gnal ++ +/- - e

E
100-

~3-3-3

804
60+

40
-~ Gnal +/+

209 - Gnal +/-

% correct responses

Surgery. Gnal '~ mice (n = 5) were anesthe-
tized with a mixture of isoflurane and O,, in-
jected with buprenorphine (0.05 mg/kg, s.c.) to
control pain, and maintained at physiological
core temperature (37°C). After a local anes-
thetic injection (lidocaine, s.c.), the scalp was
incised and small burr holes were made in the
skull above the motor cortex M1 (from the
bregma in mm: anteroposterior +2, mediolat-
eral 2), where electrodes were inserted under
stereotaxic guidance. The electrodes were fixed
with dental cement. The animals were allowed
aminimum of 3 d to recover from the surgery.

In vivo EEG recordings. Before and after ox-
otremorine administration, EEG activity from
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rate of 1 kHz (System 3; Tucker-Davis Tech-
nologies) while the animal freely explored the
recording arena. The animal was filmed with a
monochrome video camera (50 Hz, F033; AVT
Marlin). The dystonic attack periods were scored
offline. Epileptiform activity was probed before
and after oxotremorine administration or during
dystonic attacks.

Statistical analysis

All data were subjected to tests for normal dis-
tribution (Kolmogorov—Smirnov test). They
were analyzed with the unpaired Student’s t test
with Welch’s modification, repeated-measures
ANOVA, or two-way ANOVA followed by Si-
dak’s post hoc comparisons. All statistical analyses
were performed using GraphPad Prism 6.0. A

Pokes in the reinforced hole

Gnal +/I+ +I/-

Figure3.

as means = SEM. *p << 0.05; **p < 0.01.

placed on a warm plate for ~24 h after surgery to avoid hypothermia. Mice
were allowed to recover for 8 d before drug infusion. Oxotremorine methio-
dide was dissolved in PBS and infused into the striatum or cerebellum under
a brief isoflurane anesthesia. The injection cannula was inserted into the
guide and protruded 2 mm beyond the tip of the guide. Drug (0.1 ug) or
vehicle was infused at a rate of 0.5 wl/min for a total volume of 0.5 ul in the
striatum and 1 ul in the cerebellum per hemisphere using a 5 ul Hamilton

Self-grooming and operant conditioning alterationsin Gnal */ ~ and WT mice. A-D, Water-spray-induced grooming
was analyzedin Gnal */ ~ and WT littermates (n = 8 —12 per group) for 10 min. 4, Duration of grooming in the session (t = 3.62,
p < 0.01). B, Number of grooming bouts (Student’s ¢ test, t = 1.34, p = 0.21). C, Mean duration per bout (Student’s t test, t =
1.71,p = 0.11). D, Number of transitions counted during the grooming activity (t = 3.14, p << 0.05). E, Food-restricted Gna
mice and WT littermates (n = 11-12 per group) had to nose-poke in an active hole to obtain food pellets during 5-day of daily
sessions under, successively, FR1, FR5, and reversed FR5 (rFR5, active and inactive holes were inverted) schedules. No significant
difference was detected between Gnal ™/~ and WT mice. Two-way ANOVA: session, Faa210) = 47.35,p << 0.0001; genotype,
Fiq.15 = 0.003, p = 0.9; interaction, F 1 510) = 0.9, p = 0.55. F, The day after the last rFR5 session, the mice were tested under
the PR schedule. Inthe Gnal */ ~ animals, the breaking point (number of pokes for the last pellet earned) is decreased compared
with WT (t = 2.4, p < 0.05). G, Time course of cumulative nose pokes in the progressive ratio sessions. Two-way ANOVA:
genotype, F; 15) = 3.45,p = 0.08; time, F 53 345) = 63.21,p < 0.0001; interaction, F 53 345) = 5.3, p << 0.0001. Data are shown

critical value for significance of p < 0.05 was used
throughout the study.

Results

Gnal*'~ mice have a normal

general activity

To test the effect of Gnal haplodeficiency
on locomotor activity, we compared
3-month-old Gnal ™'~ and Gnal*'" lit-
termates in an open field or in their home
cage. In agreement with previous data on
locomotor activity in circular corridor
(Corvol et al., 2007), we found no differ-
ence between genotypes in horizontal ac-
tivity (Fig. LA) or vertical rearing (Fig. 1B)
in the open field. The measure of traveled
distance in the home cage over the entire 24 h light/dark cycle
showed that both Gnal ¥’ ~ and Gnal /" mice displayed a normal
circadian pattern with a higher activity during the night and no
significant difference at any time of 24 h cycle (Fig. 1C). These
results showed that Gnal ¥/~ mice have normal spontaneous lo-
comotor activity.

100 120

e



6258 - J. Neurosci., June 28, 2017 - 37(26):6253— 6267

Gnal*'~ mice display motor
coordination impairments

Motor coordination is one of the most af-
fected functions in dystonia animal mod-
els (Sasaki et al., 2013; Richter and
Richter, 2014; Rose et al., 2015). To test
whether motor coordination was im-
paired in Gnal™’~ mice, we compared
their performance with that of Gnal*/™*
littermates in the rotarod test at the age of
3 and 12 months. Animals were first
trained on an accelerating rotarod for 3 d
and their motor coordination improve-
ment was evaluated by measuring the time
that they were able to stay on the rod dur-
ing each trial (Fig. 24, B). On the test day,
the time before falling was measured at
three different fixed speeds (16, 24, and
32 rpm; Fig. 2C,D). Three-month-old
Gnal*’~ mice displayed similar perfor-
mance as Gnal *'" during the learning
phase, improving their ability to stay on
the rod (Fig. 2A). However, on the test

Pelosi et al. ® Gey, Deficit and Dystonia

day, their latency to fall at 16 rpm was
shorter (Fig. 2C). One-year-old Gnal ™'~
mice displayed a reduced motor learning
ability during the training phase (Fig. 2B)
and a strong tendency to fall on the test
day compared with WT littermates (Fig.
2D). We used another batch of 3-month-
old mice to observe motor coordination
by performing a ledge test in which mice
had to walk along the ledge of their home
cage. Gnal "'~ mice have a decreased abil-
ity to walk without losing their balance as
compared with Gnal *'* mice (Fig. 2E). In contrast, the mutant
mice did not display any clasping of the paws when they were
suspended by the tail (Fig. 2F), an abnormal reaction reported in
DYT1 mutants (Liang et al., 2014; Pappas et al., 2015). Alto-
gether, these results showed that Gnal ™'~ animals have poor
motor coordination, which appears to worsen with age.

Figure 4.

Innate sequential behaviors and motivation are altered in
Gnal™'~ mice

We analyzed self-grooming, an innate rodent behavior character-
ized by a precise motor sequence execution divided in four phases
(Aldridge and Berridge, 1998; Pelosi et al., 2015). Water-spray-
elicited grooming was evaluated for a period of 10 min (Fig.
3A-D). The time spent grooming was decreased significantly in
Gnal*'~ mice compared with WT littermates (Fig. 3A). This
decrease resulted from a combination of decreases in the number
of bouts (number of times a grooming sequence was started; Fig.
3B) and average duration of grooming bouts (Fig. 3C), which did
not reach statistical significance separately. As was the case with
the overall duration, the number of transitions during the obser-
vation period was reduced in Gnal "'~ compared with Gnal /"
animals (Fig. 3D).

We then explored how the Gnal ¥’ mice learned and exe-
cuted behavioral sequences in an operant conditioning task.
Three-month-old animals were trained to nose-poke in an active
hole to get a food reward under FR1 and FR5 schedules. No
significant difference was detected between Gnal™'~ and
Gnal*'* animals in the acquisition of the task (Fig. 3E). When
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Spine analyses in dorsal striatum. A, Examples of Golgi-stained dendrites of SPNs in Gnal */* and Gnal ™ ~ mice.
Scale bar, 7 um. B, Spine density quantification showed no significant difference between genotypes (t = 1,p = 0.3, with a total
of ~50 dendrites measured in three mice per group). €, Distribution of spine lengths in SPN dendrites showed a significant
reduction in Gnal ¥/~ mice compared with WT littermates (Kolmogorov—Smirnov test, d = 0.12; **p << 0.01). D, Inmunoblots
of total CaMKIlc and 3 and their phosphorylated forms (pCaMKllx and B). Actin was measured as loading control. E, F, Quanti-
fication of pCaMKII 3/CaMKII B (¢ = 2.6, p << 0.05) (E) and pCaMKIlce/CaMKIlcx (t = 0.2, p = 0.8) (F) ratios. Data are shown as
means == SEM. *p << 0.01, two-tailed unpaired ¢ test with Welch’s correction.

Table 3. Quantification of synaptic markers in the striatum

Mean = SEM

Protein Gnal 't Gnal '~
Synaptophysin 100 = 22.4 86.5 £ 16.7
Gephyrin 100 £ 18.1 91.9 = 221
Homer 100 =74 1025 £73
PSD-95 100 = 12.7 102.8 £ 19.9
GIuN1 100 = 17.6 100.6 = 18.4
GIuN2A 100 = 10.8 95.6 £9.7
GluN2B 100 = 143 972 £ 154
GIuN3A 100 = 20.2 98.2 £ 12.2
vGlut1 100 = 6.0 98.8 = 9.3
vGlut2 100 + 6.2 115.0 = 8.9

Striatal samples from Gnal ™/~ and WT mice were analyzed by immunoblotting using antibodies against presyn-

aptic and postsynaptic markers as indicated in Table 1. Actin or tubulin immunolabeling was used as a loading
control. Data were normalized by actin or tubulin immunofluorescence for each sample and are expressed as a
percentage of the mean obtained in WT animals (n = 610 per group).

the active and inactive holes were reversed, Gnal™'~ and
Gnal*'* mice learned the new rule similarly, showing a compa-
rable behavioral flexibility. However, in the PR session, in which
they had to nose-poke an increasing number of times to get the
same reward, Gnal *’ ~ mice poked less than WT littermates and
earned significantly fewer rewards (Fig. 3F,G).

Together, these results suggest that partial loss of Ga, affects
innate sequence behaviors. Gnal "/~ animals also displayed a sig-
nificant deficit when an operant conditioning task required an
increasing effort to earn reward.
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Lack of alteration of cholinergic and parvalbumin-positive interneuron density in the dorsomedial (DMS) and dorsolateral (DLS) striatum of Gna
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(A, €) and quantification (B, D) of cholinergic interneurons in the DMS (4, B) and DLS (C, D) of Gnal ™' and Gnal '~ animals (n = 5 per group, DMS, t = 0.9, p = 0.4; DLS, t = 0.85,p = 0.4).
E—H, PVimmunostaining (E, G) and quantification (F, H) of parvalbumin-positive interneurons in the DMS (E, F) and DLS (G, H) of Gnal /% and Gnal '~ mice (DMS, t = 0.9,p =0.2;DLS,t =
0.6, p = 0.5). Data are shown as means == SEM and statistical analysis was performed using two-tailed ¢ test with Welch's correction.

Gnal haplodeficiency reduces spine length in the

dorsal striatum

Gnal haplodeficiency was shown to reduce cAMP production in
SPNs (Corvol et al., 2001), an effect that could affect spine devel-
opment in these neurons (Kozorovitskiy et al., 2015). To test this
possibility, Golgi-Cox staining was performed in Gnal ™/~ and
Gnal ™™ brains to measure spine density and length. No differ-
ence in spine density was found in the dorsal striatum (Fig.
4A,B). In contrast, spine length was slightly decreased in
Gnal ™~ mice compared with Gnal ™" mice (Fig. 4C). We inves-
tigated whether this change was associated with alterations in
synaptic proteins. None of the tested presynaptic markers, vesic-
ular glutamate transporters 1 and 2 (vGlutl and vGlut2) and
synaptophysin, or postsynaptic markers, PSD-95, GluN1,
GluN2A, GluN2B, GluN3A, and Homer-1, were altered in the
mutant mice (Table 3). Gephyrin, a marker of inhibitory syn-
apses, was also unaltered (Table 3). In contrast, we found that
autophosphorylation of CaMKIIS (Fig. 4 D, E), the isoform asso-
ciated with spine stability (Okamoto et al., 2007), but not

CaMKll« (Fig. 4F), was decreased. These data ruled out a major
deficit in synapse organization and stability in the striatal neu-
rons of Gnal ™'~ mice, but suggested a possible alteration in
CaMKIIf signaling.

The number of interneurons is not altered in the striatum of
Gnal ™'~ mice

Go¢is coexpressed with Ga in the striatal cholinergic interneu-
rons and possibly in GABAergic interneurons (Hervé et al,
2001). In dystonia animal models, cholinergic and GABAergic
interneurons numbers can be altered (Pisani et al., 2006; Ha-
mann et al., 2007; Song et al., 2013; Pappas et al., 2015). To detect
such alterations in Gnal ™/~ mice, we evaluated the number of
cholinergic and GABAergic interneurons immunostained by spe-
cific antibodies against choline acetyltransferase (ChAT) and parv-
albumin (PV), respectively. The number of ChAT- or PV-positive
cells in the dorsomedial and dorsolateral striatum was similar in the
Gnal*' ™ and Gnal ™" mice (Fig. 5). These results indicated that
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Gay,;e haplodeficiency did not result in any
gross alteration in the number of striatal
interneurons.

Activation of muscarinic receptor
induces abnormal postures and
movements in Gnal ¥’ ~ mice

In basal conditions, Gnal*’~ animals did
not display any overt abnormality in move-
ments and postures (see above). Because
muscarinic receptor antagonists can ame-
liorate the motor symptoms in dystonic pa-
tients (Ozelius etal., 2011), we reasoned that
stimulation of these receptors might trigger
the appearance of abnormal movements.
To test this hypothesis, Gnal™’~ and
Gnal ™" mice were treated with oxotremo-
rine, a nonselective cholinergic agonist. In
Gnal™'* mice, 0.1 mg/kg intraperitoneal
oxotremorine induced rare postural changes
and abnormal movements. The classical pe-
ripheral effects of muscarinic agonists, sali-
vation and lacrimation, were observed, but
very few whole-body tremors that were re-
ported at higher doses of oxotremorine (By-
master et al., 2003). WT mice displayed
some abnormalities in their behavior during
the first 30 min after injection, with reduced
locomotor activity and abnormally persis-
tent resting position, but, afterward, most of
them returned to normal activity and few
had a slow locomotor activity, abnormal
movements, or unusual postures (Movie 1).
Grooming chains were often altered, being
unusually stopped at the first elliptic phase.
In contrast, in Gnal ™/~ animals, oxotremo-
rine (0.1 mg/kg) often induced abnormal
postures and movements during the entire
observation period (Fig. 6A-C, Movie 2).
The phenotype is mainly characterized
by intermittent but sustained abnormal
hunched postures. The animals frequently
extend hindlimbs from the body axis when
in a rest position and the body or head are
tilted (Fig. 6B). Several types of abnormal
movements were also observed sporadi-
cally. They were characterized with rapid up
and down movements of one or both fore-
limb paws. In some cases, during abnormal
resting states, the Gnal /7 mice also
showed twitching of the body and jerks of
the head and snout. Moreover, their loco-
motion was slow with extended body and
abnormal hindlimb gait. To quantify these
abnormalities, we used a modified version
(Table 2) of a previously published scoring
scale (Jinnah et al., 2000). Scoring showed oxotremorine-induced
motor abnormalities in both Gnal ™' ~ and Gnal *'* mice, but their
intensity was significantly lower in WT than in mutant animals
throughout the observation period 20—60 min after oxotremo-
rine treatment (Fig. 6C, top). Because motor behavior was vari-
able from one animal to the other and the evaluation of motor
abnormalities was partially subjective, we performed the experi-

Movie 1.

movement was detected.

Movie 2.

shows the behavior of the WT animal 20 min after oxotremorine (0.1 mg/kg) injection. No abnormal

Postures and movementsin Gna
shows examples of abnormal postures of A and B types as well as abnormal movements of Cand D types, as
describedin Table 2. The videos are taken between 20 and 60 min after oxotremorine injection (0.1 mg/kg).
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ments on a second independent batch of Gnal */~ and WT litter-
mates and the motor effects of 0.1 mg/kg oxotremorine were
evaluated by two raters blind to the genotype. We confirmed that
the abnormal motor scores were higher in Gnal ¥/~ mice than in
WT controls (Fig. 6C, bottom).

Systemic treatments with pilocarpine, a muscarinic agonist,
can produce epilepsy (Turski et al., 1984) and oxotremorine in-
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Figure 6.  Induction of abnormal movements and postures by systemic oxotremorine in Gnal * ~ mice. A, Schedule of behavioral monitoring of oxotremorine injections. Behavior was scored

after 20 min to avoid interference with the initial predominant peripheral muscarinic effects. B, Examples of abnormal postures found in Gnal * ~ mice 20 min after oxotremorine treatment (0.1
mg/kg). The red arrows indicate abnormal positions of paws. €, Time course of abnormal motor scores after oxotremorine treatment (0.1 mg/kg) in Gnal ™/~ and Gnal ™/ mice in 2 different
experiments rated by 1 (Experiment 1) or 2 (Experiment 2) evaluators blind to the genotype. Motor defects were scored (Table 2) in 10 min intervals and plotted for the end time point. Top,
Experiment 1, n = 9 animals per group, two-way ANOVA: time, F 5 5, = 5.04, p << 0.01; genotype, F; 1o, = 13.54, p < 0.01; interaction, 5 5y = 0.7, p = 0.5. Bottom, Experiment 2, n = 12
animals per group, scores are the mean of the 2 evaluations, two-way ANOVA: time, £ 5 55, = 16.82,p << 0.0001; genotype, F; 1) = 4.97,p << 0.05; interaction, F 5 33y = 1.58,p = 0.2.D, Absence
of epileptiform activity in the motor cortex of Gnal */ ~ mice treated with oxatremorine (0.1 mg/kg). Examples of EEG recording before oxotremorine administration (baseline, top) and during a
phase of abnormal posture induced by oxotremorine (bottom). £, Abnormal movement scores during 10 min in the absence of any treatment. Two-tailed ¢ test, t = 1.13, p = 0.3. F, Effects of THX
(10r20 mg/kg as indicated) pretreatment on oxotremorine (0xo)-induced responses. Motor scores were measured on four consecutive 10 min intervals and their mean plotted. Two-way ANOVA:
treatment, F; 45, = 13.9, p << 0.0001; genotype, F; 55, = 12.9, p < 0.001; interaction, 5 ¢5) = 2.2, p = 0.1. Data are shown as means % SEM. Sidak’s multiple-comparisons test: Gnal v~
versus Gnal ' ***p < 0.001; Oxo versus Oxo-+THX, #p << 0.05, ###p << 0.001. G, Effects of the nicotinic antagonist, mecamylamine (Meca; 3 mg/kg) and the M1 preferential antagonists
telenzepine (Telen, 3 mg/kg) and pirenzepine (Piren, 10 mg/kg) on Oxo-induced responses in Gnal ™/~ and Gnal ™™ mice. Motor scores were measured and (Figure legend continues.)
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duces burst firing when applied on hip- A
pocampal slices (Williams and Kauer,
1997). We therefore wanted to rule out
the possibility that oxotremorine-induced
motor alterations in Gnal */~ mice were
caused by epileptic seizures. To test this
possibility, EEG recordings from the mo-
tor cortex of Gnal '~ mice were collected
before and after oxotremorine adminis-
tration (0.1 mg/kg) to determine whether
the motor abnormalities were associated
with epileptic seizures (Fig. 6D). EEGs
during dystonic-like postures were not as-
sociated with epileptiform activity and
could not be distinguished from baseline
EEGs.

We applied the scoring strategy in the
absence of oxotremorine and found no al-
teration in either genotype (Fig. 6E). We
also compared two doses, 0.05 and 0. 1
mg/kg, of oxotremorine and found that
the higher dose altered the motor score in
a more reliable manner than the lower
dose (Fig. 6F,G). We then assessed the
contribution of muscarinic receptors in
eliciting the abnormal behavior by pre-
treating the mice with three antagonists of
these receptors, THX, telenzepine, and
pirenzepine. Injection of 20 mg/kg THX
70 min before oxotremorine prevented
the appearance of abnormal postures in
both Gnal ™'~ and WT mice, whereas 1
mg/kg had only a partial effect (although
it reduced the difference between Gnal ™'~
and WT mice; Fig. 6F). Pretreatment with
telenzepine (3 mg/kg) or pirenzepine (10 mg/kg), two M1 mus-
carinic receptor-preferring antagonists, significantly reduced the
scores of motor defects in both Gnal ™/~ and WT mice (Fig. 6G).
Because oxotremorine reduces acetylcholine release by striatal
cholinergic interneurons via activation of M2 and M4 muscarinic
autoreceptors (Lapchaketal., 1989, Yan and Surmeier, 1996) and
thereby leads to reduced stimulation of nicotinic receptors in the
striatum, we tested the role of nicotinic receptors. We treated
Gnal*'~ and WT mice with the nicotinic antagonist mecamyl-
amine (3 mg/kg) alone or 10 min before oxotremorine adminis-
tration (Fig. 6G). Mecamylamine alone generated no detectable
motor abnormalities. In contrast, when associated with ox-
otremorine, mecamylamine produced severe motor impairment
inboth Gnal ™~ and WT mice characterized by sustained abnor-
mal postures with sporadic small movements and no ambulation.
These motor abnormalities were almost systematically rated with
the highest score for each observation period (Fig. 6G). These
results showed that blockade of nicotinic receptors enhanced the
abnormal movements and postures induced by oxotremorine and
suggested that the reduced stimulation of nicotinic receptors result-

Figure 7.

<«

(Figure legend continued.)  plotted as in F. Two-way ANOVA: treatment, F 5 1,4, = 158.7,p <
0.0001; genotype, F; 1) = 11.45, p << 0.001; interaction, F s 1,9) = 3.2, p << 0.05. Data are
shown as means + SEM. Sidak's multiple-comparisons test after two-way ANOVA: Gnal ™/~
versus Gnal ™' ; **p < 0.01; **p < 0.01; Oxo (0.1 mg/kg) versus other treatments, ###p <
0.001. Data for Oxo 0.1 mg/kg alone in F and G are those of Experiments 1 and 2 in C,

respectively.
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Microinjections of oxotremorine into the striatum and cerebellum induce abnormal movements. A, Niss| staining
showing the bilateral cannula placement in the striatum. White arrows indicate the tip of cannulas. B, Abnormal motor scores
(mean 10 min scores) 30 — 60 min after microinjection of vehicle or oxotremorine (0.1 wg) into the striatumin Gnal */* and Gnal ™/ ~
mice. Two-way ANOVA: treatment, £ ; 5, = 11.9,p << 0.01; genotype, £, 5, = 6.7,p << 0.05;interaction, f; ;3 = 0.8,p = 0.4.C, Nissl
staining showing the bilateral cannula placement into the cerebellum. D, Abnormal motor scores (mean 10 min scores) 20 — 60 min after
microinjection of vehicle or oxotremorine (0.1 1) into the cerebellum in Gnal ™/ and Gnal ™/~ mice. Two-way ANOVA: treatment,
Fii.26) = 17.0,p <0.001; genotype, F; ,5) = 0.62,p = 0.4; interaction, F, ,5 = 0.82,p = 0.4. Data are shown as means = SEM.*p <
0.05; **p << 0.01, ns not significant, Sidak's multiple-comparisons test after two-way ANOVA.

ing from the oxotremorine-induced inhibition of acetylcholine
interneurons contributed to the motor defects produced by ox-
otremorine. The lack of effect of mecamylamine alone showed the
necessary role of muscarinic receptor activation in triggering motor
defects. Because THX is an effective medication in dystonic patients
(Jankovic, 2013), the preventive effect of THX indicated that the
oxotremorine-induced motor symptoms in Gnal ™'~ presented
some homologies with human dystonia.

Microinjection of oxotremorine into the striatum, but not
into the cerebellum, induces abnormal postures and
movements in Gnal ¥’ ~ mice

To determine whether the striatum or cerebellum could be the
site in which oxotremorine induced the dystonic-like abnormal-
ities observed in Gnal™’~ mice, we tested the effects of local
infusion of oxotremorine into these brain structures. Oxotremo-
rine (0.1 pg) or vehicle was locally infused through cannulas into
the right and left striata of Gnal "'~ and Gnal *'* animals (Fig.
7A). Compared with vehicle-treated mice, Gnal */~ animals in-
fused with oxotremorine showed abnormal postures and move-
ments resembling those observed after systemic injections of
oxotremorine (Fig. 7B). Although some WT animals displayed
abnormal movements, the dystonia scores in these mice were
significantly lower than in their Gnal*’~ littermates (Movies 3
and 4). Statistical analysis of abnormal motor scores by two-way
ANOVA indicated significant effects of oxotremorine adminis-
tration and genotype (see legend to Fig. 7) and post hoc tests
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Movie3.  Posturesand movementsin WT mice after vehicle or oxotremorine (0.1 i1g) infusionsinto the - [=] Frigt:

striatum.

Movie4. Postures and movementsin Gnal ™/ ~

mice after vehicle or oxotremorine (0.1 wg) infusions
into the striatum.
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indicated significantly higher abnormal
motor scores in oxotremotrine-injected
Gnal "'~ mice than in WT littermates.

We also infused 1 ul of oxotremorine
(0.1 ug) into the cerebellum. The cannu-
las were placed in the deep nuclei of the
cerebellum (Fig. 7C), but oxotremorine
probably largely spread in other cerebellar
areas. After intracerebellar oxotremorine
injection, motor defects were observed in
both Gnal™'~ and WT mice (Fig. 7D).
Intense motor disorders were observed
immediately after the oxotremorine infu-
sion. These were characterized by highly
uncoordinated movements, making walk-
ing difficult, which suggested ataxia. Attacks
of whole-body tremors were often observed.
Such motor abnormalities were not ob-
served after oxotremorine infusion into the
striatum. Ten to 15 min after the oxotremo-
rine injections into the cerebellum, the am-
bulation stopped and numerous animal
remained motionless in generally normal
but sometimes anomalous postures. The
motor abnormalities during this second
phase (20—60 min after injection) were
scored using the same criteria as used previ-
ously for intrastriatal injection. Two-way
ANOVA indicated a significant effect of ox-
otremorine treatment, but the genotype ef-
fect and interaction were not significant (see
legend to Fig. 7). Post hoc tests confirmed the
absence of significant difference between
oxotremotrine-injected Gnal ™'~ and WT
mice. These results suggested that the higher
severity of motor impairment induced by
systemic treatment with oxotremorine in
Gnal ™'~ mice was more probably caused
by an action in the striatum rather than in
the cerebellum.

Discussion

Heterozygous loss-of-function mutations
of the GNAL (DYT25) gene, encoding the
protein Ga,,, is a recently identified cause
of dystonia (Fuchs et al., 2013; Vemula
et al., 2013). Here, we show that Ga
haplodeficiency in mice impairs self-
grooming, motor coordination, and ap-
parent motivation in an instrumental
task without affecting spontaneous lo-
comotor activity. However, no overt
dystonia-like motor dysfunction was
detected in basal conditions. In con-
trast, Gnal '~ mice displayed signifi-
cantly more abnormal postures and
movements than WT mice after sys-
temic administration of the cholinergic
agonist oxotremorine or its local infu-
sion into the striatum. These effects
were prevented by THX, a muscarinic
antagonist that reduces dystonia in pa-
tients.
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Genetic evidence indicates that Gnal "/~ mice are an animal
model with excellent etiological validity for studying the patho-
physiology of GNAL-induced dystonia. The pathogenic GNAL
mutations reported in patients include a variety of dominant
mutations, producing Ga,; forms with no or poor functional
activity (Fuchs et al., 2013; Vemula et al., 2013; Kumar et al.,
2014; Ziegan et al., 2014; Dos Santos et al., 2016). Therefore, the
genetic status of patients with complete loss of function in one
GNAL allele is perfectly mimicked by the Gnal ™'~ mice, which
express half of the normal levels of Ga,,;, without a compensatory
change in Ga, (Corvol etal., 2001; Hervé et al., 2001; Corvol et al.,
2007).

Significant physiological and behavioral changes in Gnal "'~
mice showed that the partial loss of Ga,cexpression was not fully
compensated. Gays is highly expressed in the striatum, where it
replaces the Gey isoform, the G-protein responsible for adenylyl
cyclase stimulation in most cell types (Hervé et al., 2001). In the
striatum, Gnal haplodeficiency reduces the levels of AC5 (Xie et
al., 2015) and decreases AC responses to D1R or A,,R agonists
without affecting the striatal densities of these receptors (Corvol
etal., 2001; Hervé et al., 2001). Reduced Ge, ¢ expression mark-
edly alters biochemical and behavioral responses linked to the
activation of DIR in the striatum, indicating that Ga,levels are
a limiting factor for the action of DIR (Corvol et al., 2007).

The subtle modifications of SPN spine length in Gnal ™~
mice could be related to cAMP signaling alteration because syn-
aptogenesis in young mice depends on the activation of cAMP
pathway and its modulation by LRRK2 (Parisiadou et al., 2014;
Kozorovitskiy et al., 2015). We also detected a reduced autophos-
phorylation of CaMKII that might be related to a lack of inhi-
bition of its main phosphatase, protein phosphatase 1, due to an
impairment of phosphorylation of its striatal-enriched inhibitor,
DARPP-32, in Gnal ™'~ mice (Alcacer et al., 2012). However, the
link between reduced phosphorylation of CaMKIIS and changes
in spine morphology is elusive because CaMKIIS acts on actin
and possibly spine morphology independently of its kinase activ-
ity (Okamoto et al., 2007; Lin and Redmond, 2008).

An impairment of motor coordination and learning was ob-
served in the rotarod test, particularly in 1-year-old animals, and
was confirmed by the ledge test. Interestingly, mutant mice lack-
ing AC5 or the G-protein subunit Gvy7, two proteins closely as-
sociated with Ga, in the striatum (Schwindinger et al., 2003;
Iwamoto et al., 2004; Xie et al., 2015), also exhibit important
deficits in the rotarod test (Kheirbek et al., 2009; Sasaki et al.,
2013). Several animal models of dystonia show deficits of variable
severity in motor coordination in the rotarod test or beam-
walking test (which is very similar to the ledge test), although they
do not exhibit overt dystonic movements and postures (Oleas et
al., 2013; Liang et al., 2014; Richter and Richter, 2014). Therefore,
deficits in these tests are suggested as indirect indications of
dystonia in genetic rodent models (Oleas et al., 2013; Richter and
Richter, 2014).

Despite these behavioral alterations, Gnal ™/~ mice exhibited
no abnormal spontaneous postures or movements reminiscent
of dystonia. In contrast, Gnal ¥’ ~ mice developed significant
motor disorders when they were treated with oxotremorine. In
WT mice, oxotremorine produced slowness in movement and
few abnormal postures. In contrast, oxotremorine-treated Gnal*'~
mice displayed significantly more intense motor defects, with
limited ambulation, repetitive abnormal movements, and un-
usual paw or body positions. This phenotype is similar to
those reported in symptomatic rodent models of dystonia (Pi-
zoli et al., 2002; Calderon et al., 2011; Fan et al., 2012; Rose et
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al., 2015). The motor abnormalities were prevented by THX, a
drug able to reduce dystonia in patients (Jankovic, 2013).
Muscarinic M1 receptor may contribute to the dystonic-like
effects of oxotremorine in Gnal ™/~ mice because these effects
were prevented by THX, pirenzepine, or telenzepine, good
antagonists of these receptors (Dorje et al., 1991). However,
the selectivity of these compounds with respect to the M1
receptors is not very high (<100-fold; Eveleigh et al., 1989;
Dorje et al., 1991) and our experiments did not exclude the
contribution of other types of muscarinic receptors. Nicotinic mech-
anisms could also play a role because mecamylamine, a selective
nicotinic receptor antagonist, worsened the motor abnormalities in-
duced by oxotremorine. Because opposite nicotinic and muscarinic
mechanisms contributed to oxotremorine-induced motor abnor-
malities, it is unclear whether the higher impairment of Gnal "/~
mice results from alterations of nicotinic or muscarinic signaling.

Intrastriatal injection of oxotremorine in Gnal ™~ mice pro-
duced motor dysfunctions similar to systemic administration,
suggesting that the striatum is responsible for their generation.
Therefore, we propose that oxotremorine intensifies the striatal dys-
function resulting from decreased Gaolf levels and precipitates the
occurrence of dystonic-like movements and postures. However, sev-
eral studies have suggested that alteration of cerebellar activity can be
a cause of dystonia (Jinnah and Hess, 2006; Neychev et al., 2008;
LeDoux, 2011). Goe is expressed in cerebellar Purkinje cells (Bel-
luscio et al., 1998; Vemula et al., 2013) and the deep nuclei of cere-
bellum (see the Allen Brain Atlas, http://mouse.brain-map.org/
experiment/show?id=69734482). Although, in these neurons,
Ga,is found at lower levels than in SPNs and is coexpressed
with Ga,, we cannot rule out that partial Ga,,; deficiency in
cerebellum contributes to dystonia pathogenesis. However,
oxotremorine infusion into the cerebellum induces distinct
motor defects, including ataxia and whole-body tremors,
which are different from those observed after intrastriatal in-
jections and of similar severity in Gnal™'~ and WT mice,
suggesting that the vulnerability of Gnal*’ ~ mice to develop
movement disorders in response to oxotremorine does not
take place in the cerebellum. Nevertheless, the cerebellum may
participate in the GNAL phenotype because it has been pro-
posed that dystonia does not depend on specific dysfunction
of either basal ganglia or cerebellum, but rather results from
defective interactions between the two motor circuits (Calde-
ron et al., 2011; Prudente et al., 2014).

Convergent evidence indicates that alterations in striatal do-
pamine transmission play a role in various types of dystonia.
Dystonia can be caused by mutations in genes critical for the
synthesis of dopamine (Ichinose et al., 1999; Rose et al., 2015) or
by degeneration of dopamine neurons in Parkinson’s disease or
MPTP-treated monkeys (Tabbal et al., 2006; Fabbrini et al., 2007;
Wichmann, 2008). Data in dystonic patients and DYT1 mutant
mice also suggest disruption of dopamine transmission (Playford
et al., 1993; Perlmutter et al., 1997; Naumann et al., 1998; Bao et
al., 2010; Page et al., 2010). In a recent model of L-DOPA-
responsive dystonia, D1R blockade exacerbated dystonic move-
ments, whereas its activation reduced them (Rose et al., 2015).
DI1R and Ga¢levels are reduced in the striatum of DYT1 mouse
models (Yokoietal., 2015; Zhangetal., 2015). Homozygous Gy7
knock-out mice, which have a severe impairment of Ga,¢
signaling in the striatum, display age-dependent dystonia (Sa-
saki et al., 2013). Finally, mutations of ADCY5, the human
gene coding for AC5, the main target of Gy in striatal neu-
rons, are responsible for movement disorders, including
dystonia (Chen et al., 2014; Carapito et al., 2015; Chen et al.,
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2015). Collectively, these findings in patients and in mouse
models indicate a strong implication of disrupted Ga,,/ Gy7/
ACS5 signaling in SPNs in dystonia-related symptoms. Impair-
ment of this pathway is expected not only to decrease DIR/
cAMP signaling in dSPNs, but also to mimic D2R inhibition of
AC in iSPNs while preserving other actions of D2R such as
inhibition of K* currents (Gerfen and Surmeier, 2011). The
anticipated result is an imbalance between the direct and in-
direct pathways, which may be a critical factor favoring the
appearance of dystonia in response to other triggering stimuli.
The various alterations of dopamine signaling in Gnal ™~
mice and their particular sensitivity to oxotremorine are con-
sistent with the proposed crucial role of the dopamine—acetyl-
choline interaction in the development of dystonic symptoms
(Pisani et al., 2007; Pappas et al., 2015).

The particular susceptibility of Gral™~ mice to oxotremorine-
induced motor abnormalities suggests that GNAL mutation car-
riers could be vulnerable to other minor brain dysfunctions that
could precipitate in pathological dystonia. DYT25 onset oc-
curs relatively late, at ~30 years of age (Fuchs et al., 2013;
Vemula et al., 2013). Gnal ™~ mice could thus be considered
as a presymptomatic model of GNAL-induced dystonia. At
this stage, no dystonia is observed, but our results in mice
suggest that motor or nonmotor dysfunctions may be present
without reaching a clinical threshold. Therefore, Gnal ™'~
mice and oxotremorine-induced movement alterations pro-
vide an excellent model with which to further elucidate the
mechanisms of dystonia generation and explore novel thera-
peutic approaches.

Notes

Supplemental material for this article is available at https://dataverse.
harvard.edu/dataset.xhtml?persistentld=doi:10.7910/DVN/GOVOUB.
Included are videos showing the effects of oxotremorine, injected sys-
tematically or locally into the striatum in Gnal ¥/~ and WT mice. This
material has not been peer reviewed.
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