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Abstract

DYT1 dystonia is a movement disorder mainly caused by a trinucleotide deletion (AGAG) in
DYT1(TORI1A), coding for torsinA. DYT1 dystonia patients show trends of decreased striatal
ligand-binding activities to dopamine receptors 1 (D1R) and 2 (D2R). DytI AGAG knock-in (K1)
mice, which have the corresponding AGAG deletion, similarly exhibit reduced striatal D1R and
D2R-binding activities and their expression levels. While the consequences of D2R reduction have
been well characterized, relatively little is known about the effect of D1R reduction. Here,
locomotor responses to D1R and D2R antagonists were examined in Dyt KI mice. Dyt1 K1 mice
showed significantly less responsiveness to both D1R antagonist SCH 23390 and D2R antagonist
raclopride. The electrophysiological recording indicated that Dy#Z K1 mice showed a significantly
increased paired-pulse ratio of the striatal D1R-expressing medium spiny neurons and altered
miniature excitatory postsynaptic currents. To analyze the /n vivo torsinA function in the D1R-
expressing neurons further, Dyt1 conditional knockout (DytZ d1KO) mice in these neurons were
generated. Dyt d1KO mice had decreased spontaneous locomotor activity and reduced numbers
of slips in the beam-walking test. DytZ d1KO male mice showed abnormal gait. DyzZ d1KO mice
showed defective striatal D1R maturation. Moreover, the mutant striatal D1R-expressing medium
spiny neurons had increased capacitance, decreased SEPSC frequency, and reduced intrinsic
excitability. The results suggest that torsinA in the D1R-expressing cells plays an important role in
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the electrophysiological function and motor performance. Medical interventions to the direct
pathway may affect the onset and symptoms of this disorder.
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1. Introduction

Dystonia is a movement disorder characterized by sustained or intermittent muscle
contractions causing abnormal postures such as twisting, repetitive movements, or both.
Dystonia is often initiated or worsened by voluntary action and associated with overflow
muscle activation [1]. DYT1 dystonia is an early-onset autosomal dominant inherited
movement disorder caused by mutations in DY 71/ TOR1A, coding for torsinA
[Oppenheim’s dystonia; Online Mendelian Inheritance in Man (OMIM) identifier #128100;
Dystonia 1]. The dystonic symptoms commonly start from the legs and often gradually
expand to the whole body. Most patients have a heterozygous trinucleotide inframe deletion
(AGAG), which causes a loss of a glutamic acid residue in the C-terminal region [2]. Other
mutations in the gene, such as 18-bp deletion (p. F323_Y328del) [3, 4], 4-bp deletion
(c.934_937delAGAG) [5], and a missense mutation (c.613T—A, p. F205I) [6], were also
reported in rare cases. Moreover, a two-month-old male with a homozygous nonsense
mutation showed severe arthrogryposis, developmental delay, and dystonic movements [7].
The existence of these various mutations suggests that partial loss of torsinA function
contributes to exhibit the symptoms. Consistently, torsinA levels are reduced in the
fibroblasts from DYT1 dystonia patients with the heterozygous AGAG mutation [8].

Functional alteration of the basal ganglia circuits appears to have a vital role in the
pathogenesis of this disease [9, 10]. DYT1 dystonia patients exhibit abnormally high
midbrain, cerebellar, and thalamic activity during movement measured by positron emission
tomography [11]. Deep brain stimulation of globus pallidus internus is an effective treatment
for the dystonic symptom [12]. Postmortem study of DY T1 dystonia patients shows reduced
dopamine in rostral portions of the putamen and caudate nucleus [13], and increased striatal
dopamine metabolism, and a trend toward a reduction in dopamine receptor 1 (D1R) and 2
(D2R) binding [14]. A positron emission tomography with [11C]-raclopride study suggested
that striatal D2R availability is reduced in both manifesting and non-manifesting DYT1
mutation carriers [15]. While the hypothesis that D2R deficiency leading to an alteration of
the indirect pathway causes the hyperkinesia seen in dystonia appears to be well supported,
the exclusion of the involvement of the direct pathway has been made not by evidence but
rather by a lack of substantial studies on D1R activity in dystonic patients.

Animal model studies also suggested functional alterations of the basal ganglia circuits in
DYT1 dystonia. Consistent with the reductions of D1R and D2R binding activities in DYT1
dystonia patients, DytZ AGAG heterozygous knock-in (KI) mice show reductions of striatal
D1R- and D2R-binding activities [16, 17]. Dyt KI mice exhibit long-term depression (LTD)
deficits in the corticostriatal pathway [17], sustained contraction and co-contraction of
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agonist and antagonist muscles of the hind limbs [18], and motor deficits of the hindlimbs in
the beam-walking test [19]. The motor deficits of hindlimbs are reproduced in another line
of KI mice by the beam-walking test [20, 21]. The abnormal muscle contractions and motor
deficits are attenuated by trihexyphenidyl [17, 18], commonly used for dystonia patients,
suggesting that the same mechanism causes these symptoms in Dyt KI mice as humans.
Consistent with DY T1 dystonia patients, torsinA levels are reduced in two independent lines
of Dyt1 Kl mice [8, 22, 23] and the cell culture models [24, 25], suggesting that the AGAG
mutation causes a partial loss of torsinA function. Dy#Z knockdown (KD) mice [26] and
Dyt1 heterozygous knockout (KO) mice [27] showed similar motor deficits to Dy#7 KI mice,
suggesting that partial loss of torsinA contributes to the motor deficits. Moreover, cerebral
cortex-specific DytI conditional KO (cKO) mice and striatum-specific DyzI conditional
knockout (sKO) mice show motor deficits similarly to Dy¢7 K1 mice, suggesting that loss of
torsinA function in the corticostriatal pathway contributes to the motor deficits [28, 29].
Since Dyt1 sKO mice were generated by using Rgs¢ Cre mice [30], torsinA is knocked out
in both direct and indirect pathway medium spiny neurons (MSNSs) [31]. Therefore, it was
not clear whether direct pathway, indirect pathway or both contribute to the motor deficits.
Recently, dopamine receptor 2-expressing-cell-specific DyzI conditional knockout (Dyt1
d2KO) mice were generated, which showed motor deficits, suggesting that loss of torsinA
function in the indirect pathway contributes to the motor symptoms [32].

On the other hand, few studies focused on characterizing the direct pathway in DYT1
dystonia animal models. Although striatal D1R-binding and D1R protein levels are
decreased in Dyt Kl mice [16, 33], the functional alteration of the direct pathway in Dyt1
KI mice has not been assessed. The D1R-expressing MSNs of the direct pathway in the
basal ganglia circuits is known to contribute to motor coordination. Here, the locomotor
response to the D1R and D2R antagonists and the basic electrophysiological property of the
striatal direct pathway MSNs were analyzed in DytZ K1 mice. Moreover, dopamine receptor
1-expressing cell-specific Dyt conditional knockout (DytZ d1KO) mice were generated.
The motor behavior, electrophysiological property of the D1R-expressing MSNs, and striatal
dopamine receptor levels were measured in DytZ d1KO mice.

2. Material and methods
2.1. Mice

All animal experiments were conducted in compliance with the USPHS Guide for Care and
Use of Laboratory Animals and approved by the Institutional Animal Use and Care
Committees at the University of Florida and the University of Illinois at Urbana-Champaign.
Dyt1 Kl mice were prepared as previously described [19]. Drd1-EGFPand Drd1-Cre mice
were purchased from MMRRC [Tg(Drd1-EGFP)X60Gsat/Mmmh, stock number: 000297;
B6.FVB(CQg)-Tg(Drd1-cre)EY266Gsat/Mmucd, stock number: 034259] [34, 35]. Ai6 Cre
reporter mice were purchased from Jackson Laboratory (stock number: 007906) [36]. Dyt1
loxP mice, which have exons 3—4 floxed in Dyt1, were prepared as previously described
[28]. Mice were housed with ad /ibitum access to food and water under the condition of 12
hours of light and 12 hours of dark circles.
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This study followed the recommended heterogenization of study samples with various
conditions [37]. Adult mice of different ages were used for all behavioral tests. The data
were analyzed with age as a covariate.

2.2. Pharmacological study of D1R and D2R antagonists

Since a previous study suggests that Dyt KI male mice show abnormal horizontal
locomotion [19], male mice were used in this pharmacological study during the light phase.
For the D1R antagonist experiment, eight wild-type control (CT) and seven Dyt KI male
mice of 205-248 days old were acclimated in an open-field apparatus which consists of a
41x41x31 cm acryl case directly illuminated by a 60W white bulb. Spontaneous locomotor
activities of the mice were recorded individually by infrared light beam sensors and DigiPro
software (AccuScan Instruments) for 2 days, 1 h each day. The locomotor activity recorded
for 1 h on the third day was used as the animal’s baseline. On the fourth day, all mice were
injected with 50 pg/kg (10ml/kg in saline) of SCH 23390 and placed in the open-field
apparatus for 1 h. Seven days later, mice were injected with 100 ug/kg (10ml/kg in saline) of
SCH 23390, and motor activity was again measured for 1 h. The percentage reduction of
total distance traveled was determined concerning base activity level and compared across
animals.

Nine CT and eight Dy#Z K1 male mice of 73-81 days old were used in the D2R antagonist
experiment. On the first day, all mice were given an intraperitoneal injection of saline (5ml/
kg). Twenty minutes after the injection, mice were placed in the open-field apparatus, and
their spontaneous locomotor activity was monitored. A week later, the mice were injected
with raclopride (0.1mg/kg, 5ml/kg in saline) 20 min before placement in the open-field
monitor. After 35 days, the mice were injected with a larger quantity of raclopride (0.3
mg/kg, 5ml/kg in saline), and their activity level was measured in the same way. The
percentage reductions of total distance traveled were determined concerning activity level
after saline injection and compared across animals.

2.3. Generation of Drd1-EGFP Dytl Kl double mutant mice

D1R-expressing cells in DytZ KI mice and their littermates were labeled with the enhanced
green fluorescent protein (EGFP) by crossing DrdZ-EGFP mice and Dyt KI mice. Drd1-
EGFP Dyt1 Kl double mutant mice and DrdZ-EGFP littermate control (CT) mice were used
to analyze the electrophysiological property of the striatal D1R-expressing MSNS.

2.4. Electrophysiological recording of the striatal D1R-expressing MSNs

The mice were anesthetized by inhalation of isoflurane, decapitated, and the brains were
rapidly removed. 350 pm-thick coronal brain slices were cut with a Vibratome (Technical
Products International, St. Louis, MO) as previously described [32]. Slices were first
incubated in artificial cerebrospinal fluid (aCSF) containing (in mM) 124 NaCl, 26
NaHCO», 1.25 NaH,PQy, 2.5 KCI, 1 CaCl,, 6 MgCl,, 10 D-glucose gassed with 95% O,
and 5% CO5, at 35°C for 30 min, then incubated at room temperature (22 °C). After at least 1
hr incubation, a slice was transferred to a submerged recording chamber with the continuous
flow (2 ml/min) of aCSF as described above except for 2 mM CaCl, and 2 mM MgCl, and
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gassed with 95% O,-5% CO>, to have a pH 7.4. All recordings were carried out at 32°C to
33°C.

Whole-cell recordings were made from seven DrdI-EGFP Dyt Kl double mutant (male, n =
4; female, n = 3) and six DrdI-EGFP littermate mice (male, n = 4; female, n = 2; 31-43 days
old) using infrared differential interference contrast microscopy with a fluorescent optical
unit and an Axopatch 1Damplifier (Axon Instruments, Foster City, CA). Striatal D1R-
expressing MSNs were identified as EGFP-positive cells. The glass recording electrodes
were prepared by pulling capillary glass tubes using a horizontal electrode puller (Sutter).
Patch electrodes had a resistance of 3-5 MQ when filled with intracellular solution
containing (in mM): 125 K-gluconate, 8 NaCl, 10 HEPES, 2 MgATP, 0.3 NagGTP, 0.2
EGTA, and 0.1% biocytin (pH 7.3 with KOH, osmolarity 290-300 mOsM). The mEPSCs
were recorded at a holding potential of =70 mV and at the presence of 50 UM picrotoxin,
which blocked GABAergic synaptic activity, and 1 pM TTX, which blocked the transmitter
release driven by action potentials, in the recording bath solution. Series resistance was 15—
20 MQ, and cells were rejected if it changed more than 20% throughout the recording. All
drugs were purchased from Sigma-Aldrich. The recording data were acquired using pClamp
10 software. The recordings were started 5 min after accessing cells to allow for stabilization
of spontaneous synaptic activity. Analysis of mMEPSCs was based on 5 min continuous
recordings from each cell (CT, 16 cells/6 mice; KI, 15 cells/7 mice). Synaptic events were
analyzed by using the Mini Analysis Program (Synaptosoft) with parameters optimized for
each cell and then visually confirmed before analysis. The peak amplitude, 10-90% rise
time and the decay time constant were measured based on the average of all events aligned
by the rising phase.

To analyze the ratio of NMDA and AMPA receptor-dependent EPSCs, EPSCs were recorded
first from individual neurons in the brain slices with a holding potential of +50 mV and the
presence of GABA receptors blocker bicuculline (20 uM). Since EPSCs are known to be
derived from both NMDA- and AMPA receptors, the AMPA component of EPSCs was
isolated next by adding NMDA receptor blocker AP5 (50 uM) in the recording bath. The
NMDA receptor-dependent EPECs were calculated by subtraction of the AMPA-dependent
EPSCs from the total EPSCs. The NMDA/AMPA ratio was calculated from two Drd1-EGFP
Dyt1 Kl double mutant and three DrdZ-EGFP littermate male mice (39 — 117 days old).

The paired-pulse ratio (PPR) was measured in the acute brain slices from four Drd1-EGFP
Dyt1 Kl double mutant and six Drd1-EGFP littermate male mice (39 — 117 days old) as
previously described [27] with minor modification for MSN recording. The glass recording
electrodes were filled with aCSF. The input resistance of each recording electrode was tested
by applying a current pulse, and the tip was cut until the resistance of 1-3 MQ was obtained.
The recording electrodes were placed into the EGFP-positive MSNs for the whole-cell
recording. Two different test stimuli with inter-stimulus intervals 20 ms and 50 ms were
delivered from the surrounding area of the EGFP-positive MSNs by using a bipolar Teflon
coated platinum stimulating electrode. Responses were recorded by using AxoClamp
pClamp8 data acquisition software on a personal computer. All experimental stimuli were
set to an intensity that evoked 50% of the maximum EPSP slope. All electrophysiological
recordings were performed by an investigator blind to the genotypes.
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2.5. Generation of Dytl d1KO mice

Drd1-cret/- Dyt1 loxP+/- (double heterozygote: DHet) was generated by crossing the
Drd1-cret+/- mice and either heterozygous DytI foxP+/- or homozygous Dyt1 loxP-/-
mice. Dyt1 d1KO mice were generated by crossing the DHet mice and either Dyt1 loxP+/-
or Dyt1 loxP-/- mice (Supplementary Fig. 1). Genotyping was performed using PCR with
tail DNA at two to three weeks old and specific primers for Creand Dyt loxP[28]. The
number of pups in each genotype was compared to analyze the neonatal lethality of the Dyt1
d1KO mice.

2.6. Fluorescence immunohistochemistry

Dyt1d1KO and DytI loxP—/—mice were anesthetized and perfused with 0.1M phosphate
buffer (PB; pH 7.4) followed by 4% paraformaldehyde in 0.1M PB. The brains were
dissected and stored in 4% paraformaldehyde in 0.1M PB at 4 °C overnight. The brains were
put into 30% sucrose 0.1M PB until the brain sank. The brains were frozen with dry-ice
powder and sliced with a sliding microtome at 35 pm thickness. The slices were stored in
PBS and washed with 10 mM glycine/PBS for 5 min three times. The slices were then
blocked with 2% gelatin in PBS for 15 min and washed with the glycine/PBS for 5 min. The
slices were incubated with rabbit anti-torsinA (Abcam; ab34540; 1:714 dilution) and goat
anti-Cre (Santa Cruz; sc-83398; 1:50 dilution) antibodies in 1% BSA/PBS at room
temperature for 2 h. Slices were washed with 0.1% BSA/PBS for 5 min six times. The slices
were treated with Alexa Flour 546 donkey anti-rabbit 1gG (H+L; Invitrogen; A10040; 1:50
dilution) and Alexa Flour 488 donkey anti-goat 1IgG (H+L; Life Technologies; A11055; 1:50
dilution) secondary antibodies in 1% BSA/PBS for 2 h. The slices were washed with 0.1%
BSA/PBS for 5 min six times and PBS for 5 min twice. The slices were incubated with TO-
PRO-3 lodide (Invitrogen; T3605; 1:1000 dilution) in PBS for 20 min to stain nuclei. The
slices were washed in PBS for 5 min three times and mounted on Superfrost/plus
microscope slides (Fisher scientific; 12-550-15) and dried overnight. The slices were
covered with Vectashield Hardset antifade mounting medium (Vector Laboratories; H-1400)
and cover glass No. 1 % (Corning; 2940-225). The confocal images were captured with
Nikon A1R MP Laser-Scanning Confocal Microscope.

2.7. Motor behavioral characterization of Dytl d1KO mice

Motor performance of the Dyt1 d1KO (male, n = 9; female, n = 8) and CT littermate mice
[male, n =9 (Dytl loxP-I-, n = 2; Dytl loxP+/-, n = 6; Drdl-cre+/-, n = 1); female, n = 11
(Dytl loxP-I-,n = 4; Dyt1 loxP+/-, n = 6; DrdI-cre+/-, n = 1)] was evaluated during the
light phase by the behavioral semi-quantitative assessments of motor disorders, open-field,
accelerated-rotarod, beam-walking, and paw-print gait analysis tests in this order. The
behavioral semi-quantitative assessments of motor disorders were performed as previously
described [19, 38]. Each mouse at 165-277 days old was placed on a table, and assessments
of hind paw clasping, hind paw dystonia, truncal dystonia, and balance adjustments to a
postural challenge were made. The hind paw clasping was assessed as hind paw movements
for postural adjustment and an attempt to straighten up while the mouse was suspended by
the mid-tail.
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An open-field test was performed during the light period essentially as previously described
[39]. In brief, spontaneous locomotor activities of the mice at 173-285 days old were
recorded individually by infrared light beam sensors in a 41 x 41 x 31 cm acryl case directly
illuminated by a 60 W white bulb for 30 min at 1 min intervals using DigiPro software
(AccuScan Instruments).

The accelerated rotarod test assesses the ability of mice to maintain balance and
coordination. The motor performance of the mice at 182—-294 days old was examined as
previously described [19] with minor modification. An accelerating rotarod apparatus (Ugo
Basile) was started at an initial speed of 4 rpm, and then each mouse was put on the same
slot one by one. The rod speed was gradually accelerated at a rate of 0.2 rpm/s. The latency
to fall was measured with a cutoff time of 5 min at a final rate of 64 rpm. Mice were tested
for three trials on each day for 2 days. The trials within the same day were performed at
about 1 h intervals.

The beam-walking test was performed as described earlier [19, 40-42]. The mice at 190-
302 days old were trained to transverse a medium square beam (14 mm wide) in three
consecutive trials each day for 2 days. The trained mice were tested twice on the medium
square beam and medium round beam (17 mm diameter) on the third day, and small round
beam (10 mm diameter) and small square beam (7 mm wide) on the fourth day. The hind
paw slips on each side were recorded.

The paw-print test is an analysis of the animal’s gait. A runway with a dark goal box at the
end was lined with a sheet of white paper [43]. Fore and hind paws of the mice at 196-308
days old were painted with water-soluble, non-toxic paint of different colors. Mice walked
across the runway and into the goal box. One set of prints was collected for each animal
after it walked continuously across the runway. The four center pairs of hind and forepaw
prints of each set were analyzed for stride length, fore and hind base lengths, and distance of
overlap of the paws.

2.8. Western blot analysis

Striata were dissected from DyrZ d1KO (n = 3) and CT (n = 7) mice. Proteins were extracted
in the lysis buffer containing 1% Triton X100 and quantified as previously described [22].
The proteins (30 ug) were separated on SDS-PAGE gels and transferred to PROTRAN
nitrocellulose transfer membranes (Whatman). Precision Plus Protein All Blue Prestained
Protein Standards (Bio-rad, #1610373) were also loaded as molecular weight markers. After
blocking with 5% Non-fat milk (Bio-rad) in TBS-T buffer [20 mM Tris-Cl (pH7.6), 137 mM
NaCl, 0.1% Tween 20], the membranes were cut between 50 and 37 kDa position. The high
molecular weight part membranes were incubated with mouse monoclonal D1R (Santa
Cruz, sc-33660, 1:800 dilution) or mouse monoclonal D2R antibodies (Santa Cruz, sc-5303,
1:200 dilution) at 4 °C overnight. After washing with TBS-T, the membranes were incubated
with bovine anti-mouse 1gG-HRP (Santa Cruz, sc-2371, 1:1000 dilution) for 1 h, and
washed with TBS-T. The low molecular weight part membranes were incubated with Anti-
GAPDH antibody HRP (Santa Cruz, sc-25778HRP, 1:500 dilution) overnight and washed
with TBS-T. The chemiluminescence signals were produced with SuperSignal substrate
(Pierce, #34096) and captured by an Alpha Innotech Innotech FluorChem FC2 camera, and
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the density of the bands was quantified by UN-SCAN-IT gel (Silk Scientific) or Image
Studio Light (LI-COR). The experiments were performed in duplicate.

2.9. Electrophysiological recording of the striatal D1R-expressing MSNs in Dytl d1KO Ai6

mice

The D1R-expressing cells were genetically labeled with ZsGreen by crossing Ai6 mice and
Drd1-Cre mice with or without DytI loxP-/- allele [28]. Incorporations of the transgenic
Ai6 and Drd1-Cre were confirmed by PCR-based genotyping with the specific primer set
(Jackson Laboratory; protocol 28544; 0lIMR9020, 0IMR9021, 0IMR9103, 0IMR9104) for
Ai6 and another primer set (MMRRC; 034259-UCD; Drla F1, CreGS R1) for DrdI-Cre,
respectively. Two Dyt d1KO Ai6 and three Drd1-cret/- Ai6 mice at 58-61 days old were
used for the electrophysiological recording of the striatal D1R-expressing MSNs.

The mice were anesthetized by inhalation of isoflurane, decapitated, and the brains were
rapidly removed. Coronal brain slices were cut at 300 pm-thick in ice-cold, oxygenated
cutting saline (in mM): 180 sucrose, 2.5 KCI, 1.25 NaH,PQOy,, 25 NaHCO3, 10 D-glucose, 1
CaCly, 10 MgCly, and 10 glucose with a Vibratome (Leica VT 1000s) as previously
described [31]. Slices were recovered in a holding chamber for 60 min at 35 °C with
artificial cerebrospinal fluid (ACSF; in mM: 126 NaCl, 2.5 KClI, 1.25 NaH,POy, 25
NaHCO3, 1 MgCls, 2 CaCl,, 10 glucose, and bubbled with 95% O,-5% CO> to have a pH
7.4. The slices were then incubated at room temperature for recording.

The slices were placed in a recording chamber and continuously perfused by ACSF that was
bubbled via 5% CO, and 95% O, at a rate of 1.5 ml/min while being visualized with an
upright microscope (Zeiss, Germany) using a 40x water-immersion objective with
fluorescence optics. D1R-expressing striatal MSNs were identified as ZsGreen positive cells.
All experiments were recorded at 32 °C by a dual automatic temperature controller
(TC-344B). Recording patch pipette (6—10 MQ) contained the following solutions (in mM):
125 K-gluconate, 8 NaCl, 10 HEPES, 2 MgATP, 0.3 NaGTP, 0.2 EGTA (pH 7.25-7.3 with
KOH, osmolality, 290-300 mOsm) was used for both current and voltage-clamp recordings.
Access resistances were <25 MQ.

Spontaneous postsynaptic currents (SEPSCs) were recorded in ACSF in voltage-clamp mode
After breaking through the cell membrane. Action potentials were evoked by injection of
depolarizing 50 pA current pulse of 300 ms duration under current-clamp configuration in a
brain slice. This process was repeated at ten increasingly depolarized potentials with 50pA
current steps.

Events were detected using the Mini Analysis Program (Synaptosoft) with parameters
optimized for each cell and then visually confirmed before analysis. The peak amplitude,
10-90% rise time, and the decay time constant were measured based on the average of all
events aligned by the rising phase.

2.10. Statistics

The data were analyzed by the R program (ver. 4.0.4; R Foundation for Statistical
Computing, Vienna, Austria) or SAS GENMOD procedure. The effects of D1R and D2R
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antagonists on the total horizontal movement were analyzed by a generalized linear mixed
model (glm.nb) with a negative binomial distribution and glm with normal distribution,
respectively, and hierarchically concerning genotype, weight, and age by Akaike
Information Criterion (AIC). AIC is defined by AIC = (=2) log (maximum likelihood) + 2
(number of independently adjusted parameters within the model) [44]. When there are
several competing models, the one with the minimum AIC value was used.
Electrophysiological recording mEPSC data were analyzed by a generalized linear mixed
model (Ime) with the nested data. The genotype ratio of DyzZ d1KO and CT littermate mice
was analyzed with Fisher’s exact test. Data from the open-field, accelerated rotarod, and
paw-print were analyzed by glm concerning genotype, sex, weight, and age by AIC. The slip
numbers in the beam-walking test for all four beams were analyzed together by gim.nb and
concerning genotype, sex, weight, and age by AIC. The densities of D1R (80kDa, 65kDa)
and D2R (109 kDa, 96 kDa) bands standardized with that of GAPDH were analyzed by R
glm for the normal distribution data with genotype and trial as variables. The densities of
D1R (48 kDa) and D2R (70kDa) bands standardized with GAPDH were analyzed by R
gIn.nb with genotype and trial as variables. The SEPSC and evoked action potential data
were analyzed by SAS GENMOD procedure with a negative binomial distribution (AP),
gamma distribution (frequency, rise, decay, Cm, Rm, Tau, MP), and normal distribution
(amplitude). Correlation between the resting membrane potential and the SEPSC or the
evoked action potential was calculated by Pearson’s product-moment correlation program (R
cor.test). Significance was assigned at p < 0.05.

3. Results

3.1. Reduced locomotor responses to D1R and D2R antagonists

Dyt1 KI mice show hyperactive locomotion and motor deficits [19]. Dy7Z KI mice also show
alteration of dopamine metabolism and decreased striatal D1R and D2R levels [16, 17].
Since locomotor activity is tightly linked to dopaminergic alterations, the locomotor activity
levels of Dyt7 KI mice in response to the D1R and D2R antagonists were measured in the
open field apparatus, respectively.

Total horizontal distances traveled in each mouse without drug and that after administration
of D1R antagonist SCH23390 at 50 pg/kg (Fig. 1A) and 100 pg/kg (Fig. 1B) were measured.
Dyt1 KI mice showed significantly smaller reduction of total horizontal distance in
comparison to CT mice with SCH 23390 at 50 pg/kg [mean + standard errors (SE); CT, 42 +
6%, n=8; Dyt1KI, 55+ 17 %,n=7; z (11) = 2.193; p=0.028] and a trend of the
reduction at 100 pg/kg dose [CT, 18 £+ 3%, n =8; Dyt1KI,29+ 6 %, n=7; z (13) = 1.942;
p=0.052], suggesting that Dyt KI mice showed a less response to the D1R antagonist (Fig.
1C). The results suggest a faster saturation of receptors due to the reduction of D1R numbers
in Dyt1 KI mice.

Total horizontal distances traveled in each mouse without drug and that after administration
of D2R antagonist raclopride at 0.1 mg/kg (Fig. 1D) and 0.3 mg/kg (Fig. 1E) were
measured. At a starting dose of 0.1 mg/kg of raclopride, Dyt Kl and CT mice showed
similar levels of locomotor activity reduction [CT, 62+ 9 %,n=9; DytZ1KI, 70+ 4 %, n =
8;1(14) = 0.637; p=0.53; Fig. 1F]. On the other hand, Dy7I KI mice showed a significantly
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smaller reduction of total horizontal distance in comparison to CT mice at a higher dose of
0.3mg/kg [CT, 18 +4 %, n=9; Dyt KI, 28 + 4 %, n = 8; t (14) = 2.495; p=0.026; Fig.
1F], suggesting that Dyt KI mice showed less response to the D2R antagonist. The result
suggests a faster saturation of the receptors due to the reduction of D2R numbers in Dyt Kl
mice.

3.2. Decreased rise and decay times of the D1R-expressing MSNs mEPSCs in Drd1-EGFP

Dytl KI mice

Electrophysiological properties of the EGFP-labeled D1R-expressing striatal MSNs were
characterized by using acute brain slices from control DrdZ-EGFP mice (CT, 16 cells/6
mice) and Drd1-EGFP Dyt1 Kl double-mutant mice (KI, 15 cells/7 mice). There was no
significant alteration in the frequency of mMEPSCs between Drd1-EGFPand Drd1-EGFP
Dyt1 Kl mice [mean + SE; Hz; CT, 3.2 £ 0.3; KI, 3.6 £ 0.4; t (29) = 0.868; p= 0.39; Fig.
2A-C]. As shown in the representative averaged peak traces (Fig. 2D), there was no
significant alteration in the amplitude of the mEPSCs between Drd1-EGFPand Drd1-EGFP
Dyt1 Kl mice [pA; CT, 11.7 £ 1.4; KI, 12.7 £ 2.3; t (28) = 1.4333; p=0.16; Fig. 2E, F]. On
the other hand, Drd1- EGFP Dyt1 Kl mice showed significantly decreased rise [ms; CT, 2.3
+0.2; KI, 2.1 £ 0.2; t (28) = —2.249; p=0.033; Fig. 2G, H] and decay times [ms; CT, 3.5+
0.4; Kl, 3.2 £0.2; t (28) = -2.068; p=0.048; Fig. 21, J] of the mMEPSCs in comparison to
Drd1-EGFP control mice. The results suggest a functional alteration of the postsynaptic
elements of the D1R-expressing MSNs in Drd1-EGFP Dyt1 Kl mice.

3.3. No significant alteration of the AMPA and NMDA ratio of the D1R-expressing MSNs in
Drd1-EGFP Dytl Kl mice

Since the rise and the decay times of EPSCs are known to be affected by postsynaptic
elements, the NMDA/AMPA ratio was compared between DrdZ-EGFP control mice (CT, 9
cells/3 mice) and Drd1-EGFP Dyt1 Kl double-mutant mice (KI, 5 cells/2 mice). As shown
in the representative traces (Fig. 3A), there was no significant alteration of the NMDA/
AMPA ratio of the D1R-expressing MSNs between Drd1-EGFPand Drd1-EGFP Dyt1KI
mice [mean + SE; CT, 0.58 + 0.05; KI, 0.57 + 0.05; t (12) = -0.067; p= 0.95; Fig. 3B]. The
result suggests that the altered rise and decay times of mEPSCs in the Drd7-EGFP Dyt1KI
mice were not caused by the alteration of the NMDA/AMPA ratio of the D1R-expressing
MSNSs.

3.4. Enhanced paired-pulse facilitation of the D1R-expressing MSNs in Drd1-EGFP Dytl

KI mice

Since the spontaneous and evoked neurotransmitter releases may use distinct mechanisms,
the evoked glutamate release from the presynaptic neurons was further measured in whole-
cell recording mode by stimulating the surrounding area of the EGFP-labeled D1R-
expressing MSNs in DrdZ-EGFP control mice (CT, 20 cells/6 mice) and Drd1-EGFP Dyt1
KI double-mutant mice (K1, 10 cells/4 mice). Two different test stimuli with 20 ms and 50
ms inter-stimulus intervals were delivered. These stimuli mimic the action potentials from
the presynaptic neurons to the EGFP-labeled D1R-expressing MSNs. As shown in the
representative traces (Fig. 3C), Drd1-EGFP Dyt1 Kl showed paired-pulse facilitation in both
conditions. Drd1-EGFP Dyt1 Kl mice showed significantly increased PPR with 20 ms
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stimulation in comparison to DrdZ-EGFP mice [CT, 1.04 + 0.05; Kl, 1.26 £ 0.09; t (28) =
2.083; p=0.047; Fig. 3D], and a trend of increased PPR with 50 ms stimulation [CT, 1.05 +
0.05; KlI, 1.24 + 0.09; ; t (28) = 1.835; p=0.077; Fig. 3D]. When all data were analyzed
together, regardless of the inter-stimulus intervals, Drd1-EGFP Dyt1 Kl mice showed
significantly increased PPR in comparison to Drd1-EGFP mice [PPR + SE; CT, 1.05 + 0.04;
Kl, 1.25 + 0.06; t (28) = 2.146; p = 0.041]. Since PPR is inversely proportional to the
probability of synaptic vesicle release [45], the results suggest that glutamate release deficits
from the presynaptic neurons to the striatal D1R-expressing MSNs in Dyt KI mice.

3.5. Generation of Dytl d1KO mice

To examine the /n vivo effect of torsinA loss in D1R-expressing cells, we generated Dyt!
d1KO mice and characterized their motor phenotypes. The genotype ratio of DytZ d1KO and
CT littermate mice did not deviate from Mendel’s rule (Supplementary table 1), suggesting
that Dyt7 d1KO mice are neither embryonic nor neonatal lethal. Dy#7 d1KO mice grew up to
adulthood without apparent developmental delay. The loss of torsinA in the striatal D1R-
expressing MSNs in DytZ d1KO mice was confirmed by fluorescence
immunohistochemistry (Supplementary Fig.2). The representative confocal image of the
striatum from a Dyt d1KO mouse showed a loss of torsinA in Cre-expressing MSNSs. Since
Cre is expressed from the D1R promoter in Dyt d1KO mice, the results suggested that DyzZ
was removed from the striatal D1R-expressing MSNS.

3.6. No overt dystonic symptoms in Dytl d1KO mice

3.7.

Motor performance of Dyt d1KO mice was characterized in behavioral tests, /e,
behavioral semi-quantitative assessments of motor disorders, open field, accelerated rotarod,
beam-walking, and paw-print gait analysis, in this order. The behavioral semi-quantitative
assessments of motor disorders were performed as previously described [19, 38]. There were
no overt behavioral alterations between DytZ d1KO mice and CT mice, suggesting that Dyz1
d1KO mice did not exhibit obvious dystonic symptoms.

Decreased spontaneous locomotion of Dytl d1KO mice in the open field test

The locomotion of DytZ d1KO mice was examined in an open field apparatus. Dyt d1KO
mice showed significantly decreased movement number (Fig. 4A) and time (Fig. 4B) and
increased rest time of spontaneous locomotor activities comparing to CT mice
(Supplementary table 2). Dyt1 d1KO mice also showed a trend of reduced horizontal activity
(Fig. 4C), total distance (Fig. 4D), and anticlockwise revolution (Supplementary table 2).
The data were stratified by sex and analyzed further in each sex. DytZ d1KO male mice
showed significantly decreased movement time (Fig. 4B), horizontal activity (Fig. 4C), total
distance (Fig. 4D), vertical movement number, marginal movement distance, central
distance, and increased rest time comparing to CT mice (Supplementary table 2). Although
the central distance was also decreased, there was no significant difference in the central
distance ratio between DytZ d1KO male mice and CT mice. Therefore, the decreased central
distance in Dyt1 d1KO male mice was derived simply from the decreased locomotion rather
than an anxiety-like phenotype. Moreover, Dyt d1KO male mice showed a trend of
decreased movement number (Fig. 4A), clockwise revolution, and anticlockwise revolution
(Supplementary table 2). Furthermore, Dyt d1KO female mice showed significantly

Behav Brain Res. Author manuscript; available in PMC 2022 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yokoi et al.

Page 12

decreased movement number of spontaneous locomotor activities comparing to CT mice
(Fig. 4A; Supplementary table 2). Overall, the open-field test results suggest that loss of
torsinA in D1R-expressing cells decreased locomotion. Since D1R-expressing direct
pathway MSNs generally promote movement, knockout of torsinA in D1R-expressing cells
may cause malfunction of the direct pathway and exhibit decreased locomotion.

3.8. Motor coordination and balance of Dytl d1KO mice

Motor coordination and balance were analyzed by an accelerated rotarod test. Since motor
coordination and balance were influenced by body weight, the effect was incorporated in the
results of the statistical analysis. DytZ d1KO mice did not show significant alteration in the
rotarod performance [latency to fall (s; means + SE) of all trials; CT, 113 £ 7; n = 20; d1KO,
116 £7; n=17; t(32) = 0.512; p=0.61; Fig. 5A]. Comparison of the latency to fall in each
trial did not show significant alteration between Dyt d1KO and CT mice, either (trial 1, t
(34) = -0.583; p=0.56; trail 2, t (34) = -0.506; p=0.62; trial 3, t (34) = 1.009; p=0.32;
trail 4, t (34) = 0.670; p=0.51; trial 5, t (34) = 0.141; p=0.89; trial 6, t (34) = 1.405; p=
0.17). The latency to fall data were stratified by sex and analyzed further. DytZ d1KO male
and female mice did not show significant alteration in latency to fall comparing to CT male
[CT male, 107 £ 13, n = 9; d1KO male, 113 £ 9, n =9; t (14) = 0.966; p= 0.35; Fig. 5A] and
female mice [CT female, 117 £ 9; n = 11; d1KO female, 121 £ 10, n =8;t (17) = 0.244; p=
0.81; Fig. 5A], respectively. The results suggest that Dy#7 d1KO mice did not show
abnormal motor performance with four limbs, which was similarly to Dy#Z KI mice [19].

The motor performance of hindlimbs was further analyzed by the beam-walking test and slip
numbers of the hindlimbs were compared between DytZ d1KO mice and CT mice. Dyt
d1KO mice showed significantly reduced slip numbers comparing to CT mice in the beam-
walking test [slip numbers in all trials (means + SE); CT, 28.5 £ 7.6, n = 20; d1KO, 16.1 +
5.1,n=17; z (33) = -2.074; p=0.038; Fig. 5B]. Since sex significantly contributed to the
slip numbers [z (33) = —2.954; p=0.0031], the data were stratified by sex and analyzed
further. DytZ d1KO male and female mice show the same trend of fewer slip numbers
comparing to CT male and female mice, respectively [CT male, 43.9 £ 14.6, n = 9; d1KO
male, 23.4 £ 8.5, n =9; z (15) = -1.360; p=0.17; CT female, 15.9 + 5.0, n = 11; d1KO
female, 7.9 + 3.6, n = 8; z (16) = -1.582; p=0.11; Fig. 5B]. Overall, Dyt1 d1KO mice
showed better motor performance of hindlimbs in the beam-walking test, which was
similarly to the cerebellar Purkinje-cell specific Dyt conditional KO (pKO) mice [46].

3.9. Alteration of the gait of Dytl d1KO male mice in paw-print analysis

The gait was further analyzed by the paw-print test. When both male and female mice were
analyzed together, Dyt d1KO mice did not show significant alteration in all parameters of
the paw-print test (Fig. 5C, D; Supplementary table 3). The data were stratified by sex and
analyzed further. Dyt d1KO male mice showed significantly wider fore-base [t (16) =
2.437; p=0.027; Fig. 5C] and a trend of wider hind-base [t (16) = 1.861; p= 0.081; Fig.
5D]. On the other hand, Dyt d1KO female mice did not show significant alteration in all
parameters. It should be noted that both Dyt cKO and Dyt KD male mice show a
significantly narrower hind base [28]. Contrastingly, Dyt d1KO male mice showed the
opposite direction of abnormal gait in the present paw-print analysis.
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3.10. Defected striatal D1R maturation process in Dytl d1KO mice

3.11.
mice

3.12.

The D1R and D2R levels in the striatal tissue protein extract were compared between CT (n
=7) and Dyt d1KO (n = 3) mice by Western blot analysis. Multiple bands corresponding to
the mature (80 kDa) and two premature (65 kDa and 48 kDa) forms of D1R were detected
(Fig.6A). There was a trend of reduction of the D1R mature form in Dy d1KO mice
(80kDa; mean * SE; CT, 100 * 4%; d1KO, 88 + 5%; t (19) = —1.90; p = 0.074; Fig.6B). On
the other hand, there were significant increases of the D1R premature forms (65 kDa: CT,
100 £ 13%; d1KO, 190 + 36%; t (19) = 3.49, p=0.0028, Fig.6C; 48 kDa: CT, 100 + 21%;
d1KO, 297 + 120%; t (19) = 4.10, p=0.000041; Fig.6D) in Dyt d1KO mice. The results
suggest that the loss of torsinA in the D1R-expressing cells affects striatal D1R maturation.

Multiple bands corresponding to D2R dimers migrated at 109 kDa and 96 kDa, and
monomers migrated at 70kDa [47, 48] were detected (Fig.6E). There was no significant
alteration in D2R dimers band A (109 kDa: CT, 100 + 12%; d1KO, 86 + 20%; t (19) =
-0.656, p=0.52; Fig.6F), D2R dimers band B (96 kDa: CT, 100 £ 11%; d1KO, 111 + 17%;
t (19) = 0.546, p=0.59; Fig.6G), or D2R monomers (70 kDa: CT, 100 + 14%; d1KO, 127 +
31%; t (19) = 1.208, p = 0.23; Fig.6H). The results suggest that the loss of torsinA in the
D1R-expressing cells does not affect striatal D2R maturation.

Decreased sEPSC frequency of the striatal D1R-expressing MSNs in Dytl d1KO Ai6

The D1R-expressing cells were genetically labeled with ZsGreen. Electrophysiological
properties of the striatal D1R-expressing MSNs were characterized by whole-cell patch
clump in acute brain slices from Dyt d1KO Ai6 (11 cells/2 mice) and control Drd1-Cre Ai6
mice (15 cells/3 mice). The representative SEPSC traces of the striatal D1R-expressing
MSNs were obtained as shown in Fig.7A. There was a significant reduction of SEPSC
frequencies in DytZ d1KO Ai6 mice (Hz; CT, 5.7 £ 0.3; d1KO, 4.3+ 0.4; Z=-2.16, p=
0.031; Fig.7B, C). The representative averaged peak traces were obtained as shown in Fig.
7D. There was no significant alteration in amplitude (pA; CT, 6.8 £ 0.5; d1KO, 6.4 + 1.0; Z
=-0.32, p=0.75; Fig.7E, F), rise time (ms; CT, 2.2 + 0.1; d1KO, 2.4 £0.1; Z=1.29, p=
0.20; Fig.7G, H), or decay time (ms; CT, 4.1 + 0.3; d1KO, 3.8 £0.2; Z=-0.88, p=0.38;
Fig.71, J) of the SEPSCs between Dyt1 d1KO Ai6 and DrdI-Cret+/- Ai6 mice. The results
suggest that the loss of torsinA in the D1R-expressing cells decreases presynaptic
transmitter release.

Increased membrane capacitance of the striatal D1R-expressing MSNs in Dytl

d1KO Ai6 mice

Electrophysiological membrane properties were compared (Table 1). The striatal D1R-
expressing MSNs in DytZ d1KO Ai6 mice showed significantly increased membrane
capacitance (p= 0.012) and a trend of increase in the resting membrane potential (p =
0.080). On the other hand, there was no significant alteration in membrane resistance (o=
0.75) or time constant (p= 0.27) between Dyt1 d1KO Ai6 and Drd1-Cre Ai6 mice. Since
membrane capacitance is proportional to the membrane surface area [49], the result suggests
that D1R-expressing MSNs are bigger than those in control mice.
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3.13. Decreased frequency of the evoked action potentials of the striatal D1R-expressing
MSNSs in Dytl d1KO Ai6 mice

Action potentials were evoked by current steps to characterize the intrinsic property of the
striatal D1R-expressing MSNs in Dyt d1KO Ai6 mice (d1KO) and Drd1-cre+/- Ai6 (CT)
mice (Fig.8). The average action potential numbers evoked by all sweeps were significantly
reduced in d1KO mice comparing to those in CT mice (CT, 8.2 £ 1.8; d1KO, 4.0+ 0.9; Z =
-2.22, p=0.027). The results suggest that the loss of torsinA in the D1R-expressing cells
decreases their intrinsic excitability.

3.14. Correlations between the resting membrane potential and sEPSC frequency or
evoked action potential of the striatal D1R-expressing MSNs

Correlation between the resting membrane potential and SEPSC frequency in the same
MSNs was calculated in both genotypes together; there was no significant correlation
between them [t(24) = —0.236, p= 0.82]. The data were then stratified by genotype and
analyzed separately. There was a significant positive correlation between the resting
membrane potential and SEPSC frequency in Dyt d1KO Ai6 mice [t(9) = 2.66, p= 0.026],
whereas there was no significant correlation in CT mice [t(13) = —-0.764, p= 0.46].
Similarly, the correlation between the resting membrane potential and the evoked action
potentials in the same MSNs was calculated, and there was no significant correlation [t(30)
= 1.64, p=0.11]. When they were analyzed separately in each genotype, there was a
significant positive correlation in Dyt7 d1KO Ai6 mice [t(13) = 2.95, p= 0.011], whereas
there was no significant correlation in CT mice [t(15) = 0.511, p= 0.62]. These correlations
suggest that the activity of the striatal D1R-expressing MSNs in Dyt d1KO Ai6 mice
profoundly depends on the resting membrane potential, whereas that in CT mice is
controlled by more complex mechanism.

4. Discussion

Here, behavioral and electrophysiological properties of the direct pathway were
characterized in DytZ KI mice. Moreover, a new line of D1R-expressing cell-specific
conditional knockout mice of torsinA was generated and characterized. Dopamine receptor
antagonists induced reductions of spontaneous locomotion in both Dy7Z KI mice and CT
mice. Consistent with the reduced striatal D1R and D2R levels [16, 17], DytZ KI mice were
significantly less responsive to D1R and D2R antagonists. Dy¢Z KI mice showed
significantly reduced rise and decay times of MEPSCs and increased PPR of D1R-
expressing MSNs. Dyt1 d1KO mice were generated and showed decreased locomotor
activity in the open-field test and reduced slips in the beam-walking test. Dyt d1KO male
mice showed abnormal gait. Biochemically, DytZ d1KO mice showed defective striatal D1R
maturation. D1R-expressing MSNs without torsinA showed increased capacitance,
decreased sEPSC frequency and intrinsic excitability. The results suggest that torsinA in the
direct pathway plays an important role in electrophysiological and motor function.

A decrease in striatal D1R generally should lead to hypoactivity, while a reduction in striatal
D2R can impair the indirect pathway and leads to hyperactivity. On the other hand, a recent
hypothesis suggests that all MSNs might either facilitate or inhibit movement depending on
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the form of synaptic plasticity expressed at a specific moment [50]. Consistently, both D1R
antagonist SCH 23390 [51] and D2R antagonist raclopride [52] reduce locomotor activity in
rodents. Since Dyt KI mice have reduced binding to both striatal D1R and D2R [16, 17],
SCH 23390 and raclopride were used to examine their pharmacological profile further. As
expected, both D1R and D2R antagonists reduced spontaneous locomotor activity in the CT
mice. However, Dyt KI mice were significantly less responsive to SCH 23390 and
raclopride, consistent with their reduced striatal D1R and D2R levels. The response
reductions suggest that the heterozygous AGAG mutation affects both direct and indirect
pathways in vivo.

Although dystonia is different from an increase in locomotion as measured by the open-field
apparatus, both are thought to involve the dopaminergic system. Acute treatment of D1R or
D2R antagonists leads to an inhibition of movement. Homozygous D1R KO mice show
hyperactivity [53], whereas homozygous long-form D2R KO mice show hypoactivity in the
open field [54]. On the other hand, the heterozygous knockout of both D1R and D2R does
not impact open field activity [55]. DyzI KI mice have an increased locomotor activity [19],
which may be originated from complex changes elsewhere [17, 56, 57].

Dyt1 Kl mice have reduced rise and decay time and increased PPR. The reduced rise and
decay time may affect the neurotransmission in the direct pathway. The shorter decay time
of mEPSC:s kinetics was also reported in the cultured hippocampal neurons from another
line of heterozygous AE-torsinA mouse, whereas they show normal rise time [58]. The
difference in the rise time between the previous study and the current data may depend on
differences in recording conditions, types of neurons, genetic background, or their
combinations. On the other hand, the shorter decay time in the different neurons from
different lines suggests that the heterozygous Dyt AGAG mutation potentially affects
glutamatergic neurotransmission. Moreover, the increased PPR suggests that a deficit of
presynaptic glutamate release. It should be noted that Dy#Z KI mice also show increased
PPR in hippocampal slices [59] while d1KO mice had decreased frequency of SEPSCs.
These results suggest that both AGAG mutation and lack of torsinA induce presynaptic
release deficits in various neurons in different brain regions. Although Dy¢1 KI mice show
LTD deficits, they do not show long-term potentiation (LTP) deficits in the corticostriatal
pathway [17]. Dyt KI mice also show normal LTP in the hippocampus [60], suggesting that
this mutation also induces the same long-term plasticity in these distinct brain regions as
well. TorsinA is known to interact with snapin, which is implicated in presynaptic
neurotransmitter release [61]. Defective snapin function may underly the synaptic deficits in
both brain regions.

TorsinA functions as a molecular chaperon. The loss of torsinA in D1R-expressing MSNs
may affect the D1R maturation. The striatal D1R-expressing MSNs in Dyt d1KO mice
showed a trend of reduced D1R mature form and significantly increased D1R immature
forms in the striatal tissues. D1R is a stimulatory G-protein coupled metabotropic receptor.
A partial loss of D1R function is supposed to reduce the activity of D1R-expressing MSNSs.
Consistently, Dyt1 d1KO Ai6 mice showed a decrease of evoked action potentials,
suggesting decreased intrinsic excitability. Furthermore, the D1R-expressing MSNs in Dyt1
d1KO Ai6 mice showed a significant increase in membrane capacitance. After both Dyt1
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alleles are knocked out in the D1R-expressing MSNs in Dyt d1KO Ai6 mice, these neurons
do not produce torsinA. On the other hand, these electrophysiological properties were not
observed in Dyt KI mice, which express a reduced amount of torsinA in the striatum [22].
Therefore, the results suggest that the residual torsinA function in Dy¢Z KI mice may act to
avoid these electrophysiological alterations observed in Dyt d1KO Ai6 mice.

Various genetic dystonia animal models have been developed to investigate the mechanism
of this disorder [62-65]. Consistent with Dyt7 K1 mice, cell type-specific Dyt conditional
KO mice do not show overt dystonic symptoms. For example, Dyt cKO and Dyt1 sKO
mice show motor deficits similarly to Dy¢Z KI mice, suggesting that loss of torsinA function
in the corticostriatal pathway contributes to exhibit the symptoms [28, 29]. Moreover,
cholinergic neuron-specific Dyt conditional KO mice show motor deficits in accelerated
rotarod test [66] and beam walking [67]. On the other hand, Dyt pKO mice show
morphological alteration of Purkinje cells [68] and improvement of motor performance in
the beam-walking test [46], suggesting loss of torsinA function has different effects on
neuronal circuits and motor behavior. Motor deficits but not overt dystonic symptoms, motor
learning deficits, and alteration of striatal monoamine metabolism have been reported in
other genetic dystonia mouse models. These models contain a growing number of other
targeted and transgenic rodent models of DYT1 dystonia [69-71], DYT11 myoclonus-
dystonia [40, 42, 72-74], and DY T12 dystonia-parkinsonism [41, 75]. These studies and the
present study suggest that a loss of torsinA function in different cells affects different parts
of neuronal circuits and induces different motor behavioral phenotypes. DytZ d1KO mice
showed hypoactivity in the open field test and decreased slips in the beam-walking test.
Since these phenotypes were in the opposite direction of those in Dyt KI male mice [19],
intervening in the direct pathway may attenuate motor symptoms in DY T1 dystonia.
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Highlights
. Dyt1 K1 mice were less responsive to both D1R and D2R antagonists in open
field test.
. Dyt Kl mice showed an increased paired-pulse ratio of the D1R medium
spiny neurons.
. Dyt1 d1KO mice had significantly decreased spontaneous locomotor activity.
. Dyt1 d1KO mice had fewer slip numbers in beam-walking and abnormal gait.
. Dyt1 d1KO mice showed decreased excitability and increased capacitance of

D1R MSNs.
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SCH23390
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The in vivo effects of dopamine receptor antagonists on locomotion in Dy¢Z Kl and CT
mice. Total horizontal distance traveled of each mouse without drug and that after
administration of D1R antagonist (SCH23390) at 50 pg/kg (A) and 100 pg/kg (B). (C) Dyt
KI mice showed significantly less response in the total horizontal distance to SCH23390 at
50 pg/kg (p=0.028) and a trend of less response at 100 pg/kg (p = 0.052). Total horizontal
distance traveled of each mouse without drug and that after administration of D2R
antagonist (raclopride) at 0.1 mg/kg (D) and 0.3 mg/kg (E). (F) DytI KI mice showed a
significant less response of drug-induced attenuation of locomotion in the total horizontal
distance to raclopride at 0.3 mg/kg (p = 0.026), but not at 0.1 mg/kg (p=0.53). +p< 0.1, *p

< 0.05.
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16
12

Characterization of mEPSC of the striatal D1R-expressing MSNs in Drd1-EGFP Dyt1KI
mice. (A) Representative mEPSC traces of the D1R-expressing MSNs in Drd1-EGFP (CT)
and Drd1-EGFP Dyt1 Kl (KI) mice. (B) The cumulative frequency of the mEPSC frequency
(Hz) is shown as previously described [76]. (C) There was no significant difference in the
frequency between CT and KI mice. (D) Representative averaged peak traces of the
mMEPSCs in CT and KI mice. (E) Cumulative frequency of the mEPSC amplitude (pA). (F)

There was no significant difference in the amplitude between CT and KI mice. (G)

Cumulative frequency of the mEPSC rise time (ms). (H) Drd1-EGFP DytI Kl mice showed
significantly decreased rise time (ms) of the mEPSCs. (I) Cumulative frequency of the
mMEPSC decay time (ms). (J) Drd1-EGFP Dyt1 Kl mice showed significantly decreased

decay time (ms) of the mEPSCs. The vertical bars represent means + SE in C, F, H, and J. *p

<0.05.
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Fig. 3.

Elgectrophysiological characterization of the postsynaptic components and the presynaptic
property. (A) The representative EPSC traces from individual neurons recorded in DradZ-
EGFP(CT) and Drd1-EGFP Dyt1 Kl (KI) mice with a holding potential of +50 mV and the
presence of GABA receptors blocker Bicuculline (20 uM). Black and red traces were
obtained before and after adding AP5 (50 uM), respectively. NMDA component (green line)
was obtained after the subtraction of red traces from the black traces. (B) Ratios of NMDA
to AMPA components of individual neurons were not significantly different between CT and
KI mice. The vertical bars represent means + SE. Dots indicate the data derived from each
cell. (C) Representative traces of paired-pulse stimulation in the D1R-expressing MSNSs,
which were evoked with inter-event intervals of 20 ms and 50 ms in CT and KI mouse brain
slices. (D) Paired-pulse ratio (2nd/1st response) of the D1R-expressing MSNs in CT and K
mice. Drd1-EGFP Dyt1 Kl mice showed significantly enhanced paired-pulse facilitation
with 20 ms inter-stimulus interval stimuli comparing to CT mice and a trend of enhanced
paired-pulse facilitation with 50 ms inter-stimulus interval stimuli. The circles and bars
represent means = SE in D. Blue and red circles represent CT and KI mice, respectively. +p
<0.1, *p<0.05.
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Fig. 4.

Open-field test. (A) Movement number. (B) Movement time (sec).

(beam breaks). (D) The total horizontal distance (m). The vertical

All Male Female

(C) Horizontal activity
bars indicate means + SE.

The black dots indicate data points from individual mice. +p< 0.1, *p < 0.05, **p < 0.01.

The detailed open-field data are shown in Supplementary Table 2.
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Motor behaviors of DytZ d1KO mice in the accelerated rotarod, beam-walking, and paw-
print tests. (A) Latency to fall () in the accelerated rotarod test. (B) Slip numbers in the
beam-walking test. Fore-base (mm; C) and hind-base (mm; D) in paw-print gait analysis.
The vertical bars indicate means + SE. +p< 0.1, *p < 0.05. The detailed paw-print data are

shown in Supplementary Table 3.
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Western blot analysis of the striatal D1R and D2R in CT and Dyt d1KO mice. (A)

Representative images of D1R and GAPDH bands. (B) The trend of reduction of the
quantified mature form of D1R in Dyt d1KO mice. Significant increase of premature form
A (C) and B (D) of D1R in Dyt d1KO mice. (E) Representative images of D2R and
GAPDH bands. There was no significant alteration in dimers band A (F), dimers band B

G), and monomer form of D2R (H). tp< 0.1. **p< 0.01. ****p < 0.0001.
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Characterization of SEPSC of the striatal D1R-expressing MSNs in Dyt d1KO Ai6 mice.
Representative individual (A) and averaged peak (D) traces of SEPSCs in Drd1-cre+/- Ai6
(CT) and Dyt1 d1KO Ai6 (d1KO) mice. Cumulative frequency of the frequency (B),
amplitude (E), rise time (G), and decay time (1) of SEPSCs. (C) There was a significant
reduction of the SEPSC frequency in the DytZ d1KO Ai6 mice. There was no significant
difference in the amplitude (F), rise time (H), and decay time (J) of the SEPSCs. The vertical
bars represent means + SE. *p < 0.05.
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Representative traces of the evoked firing of the striatal D1R-expressing MSNs in DrdI-cre
+/- Ai6 (CT) and Dyt d1KO Ai6 (d1KO) mice. The evoked action potential numbers were

significantly reduced in Dyt d1KO Ai6 mice.
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Table 1.

Electrophysiological membrane properties of the striatal direct pathway MSNs in Dy d1KO mice

Properties CT (17 cells/3 mice) d1KO (17 cells/2 mice) z p
Cm (pF) 40.01 +5.62 69.69+7.74 250  go12 ¥
Rm (MQ) 125.74 £ 14.70 118.77 £9.96 -0.32 0.75
Tau (ms) 1.19+0.05 1.11+0.03 -1.10 0.27
MP (mV) -91.19 +0.27 -89.92 + 0.58 -1.75 0.080"

Cm: Capacitance; Rm: membrane resistance; Tau: Time constant; MP: resting membrane potential; SAS GENMOD procedure was used to

Page 32

calculate p-values with log link and gamma distribution. Nested data in each mouse were used for the analysis. Means + standard errors are shown.

+

p<0.1,

*
£<0.05.
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