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Dystonia is a neurological disorder characterized by involuntary repetitive
movements and abnormal postures. Animal models have played a pivotal role
in studying the pathophysiology of dystonia. However, many genetic models, e.g.,
the Torla*/F (DYT1) mouse, lack an overt motor phenotype, despite significant
underlying neuronal abnormalities within the striatum and other motor control
regions. Because the striatum is implicated in action sequencing, it is possible that
the behavioral defect arises as a disruption in the frequency and temporal ordering
of behaviors, rather than execution, which cannot be captured using traditional
behavioral assays, thus limiting drug discovery efforts. To address this challenge, we
used MoSeq, an unsupervised behavioral segmentation framework, to compare the
continuous free behavior of control Torla*’* mice and knockin Torla*/*f mutant
mice in response to the anti-dystonia drug trihexyphenidyl. Although minimal
baseline differences in behavioral organization were detected, both genotypes
exhibited robust and consistent shifts in behavioral space structure after treatment
with trihexyphenidyl. Further, we demonstrate differences in the behavioral space
structure of male vs. female mice after trihexyphenidyl challenge. The distinct
behavioral signatures evoked by trihexyphenidyl and biological sex, a known risk
factor for dystonia, suggest that the analysis of the temporal structure of
continuous free behavior provides a sensitive and novel approach to the
discovery of therapeutics for the treatment of dystonia.
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GRAPHICAL ABSTRACT

Introduction

Dystonia is a family of motor abnormalities characterized
by involuntary muscle contractions causing sustained or
transient twisting movements, abnormal postures, or
repetitive motions. The etiology is heterogeneous, including
genetic mutations and brain injuries, but most dystonias are
idiopathic and are more common in women than in men
[1-3]. This complex heterogeneity has led to the creation of
various genetic, pharmacological, and lesion-induced animal
models of dystonia [4, 5] which have, in turn, provided insight
into the underlying neuronal dysfunction. Notably, TORI1A
(DYT1) dystonia is often used as a model system for
understanding both the defects underlying dystonia and the
mechanism of action of trihexyphenidyl, a small molecule
drug frequently used to treat symptoms of dystonia. TORIA
dystonia is caused by a gag deletion (AE) in the TORIA gene.
Although it is a dominantly inherited disorder, only ~30% of
carriers express dystonia while most do not manifest overt
motor dysfunction. Genetically engineered mouse models of
TORIA dystonia exhibit striatal dysfunction including
aberrant cholinergic tone, reduced striatal dopamine
transmission, and defects in corticostriatal synaptic
plasticity [6-14], which are corrected by trihexyphenidyl
(THP). Despite the neuronal dysfunction, these mice lack
an overt behavioral phenotype and exhibit only subtle
motor signs when challenged [6, 15], suggesting that the
models are akin to non-manifesting carriers.
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changes in behavioral sequencing
while only subtle differences were
observed between genotypes

Despite recent advancements in behavioral tracking
methods, objective and holistic assessments of continuous free
behavior in these models are still lacking. Subsequently, it has
remained hard to draw a link between pathology and exhibited
behavior, assess the severity of a phenotype in a given model, or
test the effectiveness of potential pharmacological treatments.
Traditionally used behavioral assays such as reflex and motor
coordination assays are often limited by sensitivity to procedural
and environmental variables, challenges in reproducibility, and
observer subjectivity. For example, in the hindlimb clasping test,
several factors could affect the outcome of the reflex, including
the vertical distance from the floor, handling technique, duration
of suspension, etc. Moreover, the results of some of these assays
can be challenging to interpret, as no clear specificity between the
assay and a particular trait can be established. For instance, an
increased number of failed rotarod trials cannot be attributed to a
single factor or dystonic trait. Additionally, these models may
display covert deviations in their behavioral repertoires that may
not be easily detected with traditional assays.

Because the striatum plays a critical role in the temporal
organization of ethologically-relevant action sequences [16-19],
changes in striatal function caused by mutations, drugs, or insult
may result in covert deviations from normal behavioral
repertoires that are not easily detected using traditional assays,
which typically focus on a single behavioral task. Given the
known striatal dysfunction in mouse models of TORIA
dystonia, these mice may be able to execute spontaneous
actions indistinguishably from control mice, however, the
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Illustration of the experimental apparatus and analysis pipeline. (A) Each mouse was habituated to the open field arena (bottom) for 30 min on

the day prior to recording. On the following day, the mouse was injected, placed in the arena for 10 min before recording commenced. A camera
directly above the arena recorded depth images and streamed them directly to disk. (B) Left: each row represents the extracted mouse from the
recorded depth video from four time points throughout a rearing behavior both in the orientation as originally recorded (left column) and
flipped to always face right (right column). The pseudocolor represents the height of the mouse. The dotted red arrows show the orientation of the
mouse before and after the alignment and flipping procedure; middle: A sample trajectory in the top three PCs obtained by projecting the aligned,
flipped mouse at every frame during the rearing behavior; right: the top 10 PCs are used as input data to a hierarchical autoregressive hidden Markov
model (AR-HMM) whose hidden states represent the interpretable segmented behavioral syllables.

stochastic order with which they transition from one action to
another or the frequency at which they express a certain action
may differ. Likewise, THP, which is known to mediate striatal
function, may elicit a behavioral signature. Such changes in
behavior are not easily resolved via traditional behavioral
assays because they are specifically designed to assess the
performance of action execution. Thus, a comprehensive assay
that assesses the overall continuous free mouse behavior while
taking into consideration its temporal structure may be better
suited to detecting deviations from typical behavior.

To determine if the Torla*’2f (Agag) mutation or THP
alters the structure of spontaneous free behavior, we used
MoSeq [20], an unsupervised behavioral tracking and
in the
composed of organized

segmentation framework grounded ethological
that behavior

probabilistic sequences of behaviors. MoSeq uncovers the

observation is

collective space of sub-second behavioral motifs, or
syllables, that constitute continuous free behavior in mice,
and summarizes the statistics of how mice traverse that space.
Further, it was previously demonstrated that MoSeq has
detect

dysfunction based on deviations in the sequencing of

sufficient ~ resolution  to underlying  striatal
mouse behavior [16]. Here, we present an application of
the MoSeq segmentation pipeline to 3D recordings of freely
behaving control Torla*’* and mutant Torla*’2E mice. While

+/AE mijce was similar to

the behavioral space structure of Torla
Torla*'* mice, the behavioral space structure differed by sex
and was significantly altered after treatment with THP,
providing a robust behavioral signature that may be useful
for the identification of therapeutics for the treatment

of dystonia.
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Materials and methods
Mice

Heterozygous knockin mice carrying the Torla(Agag)
mutation [21] and control littermates inbred on C57BL/6]
were bred at Emory University. Mice were housed with a 12-
hour light/dark cycle. Food and water were provided ad libitum.
Mice were genotyped using PCR (forward primer 5'-GCTATG
GAAGCTCTAGTTGG-3'; reverse primer 5-CAGCCAGGG
CTAAACAGAG-3'). All
approved by the Institutional Animal
Committee at Emory University and followed guidelines set
forth in the Guide for the Care and Use of Laboratory Animals.

experimental  protocols

Care and Use

were

Experimental design

Seventeen mice (8-10 weeks of age) were tested: 10 mutant
(5 males and 5 females) and 7 control littermates (3 males and
4 females). Mice were tested using a cross-over design with
1 week between test sessions. On the day prior to recording,
mice were habituated in the open field arena for 30 min. On the
following day, each mouse was injected subcutaneously with
either saline or 20 mg/kg trihexyphenidyl hydrochloride [TCI
America], a dose that normalizes extracellular dopamine in
mutant Torla*/"F mice [22]. Treatments were administered in
pseudorandom order. Mice were then placed in the open field
arena for 10 min before recording of the freely-moving behavior
commenced (Figure 1A, top). Each recording session lasted
30-35 min and occurred between 9:30am and 3pm. Mice that
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received saline in the first test session received THP in the second
session, and vice versa.

Data acquisition

Freely-moving mice were assessed in an open field that
consisted of a 30x30x30 cm arena using a Helios 2+ time-of-
flight depth sensor [Lucid Vision Labs, Canada] (Figure 1A,
bottom) top-mounted 52 cm above the arena floor. Frames were
acquired at 30 Hz and each frame was 640x480 pixels, where each
pixel’s value specifies the distance from the sensor. The
acquisition clock was set via a hardware trigger using an
Arduino UNO board. Data acquisition was managed using
custom Python scripts running on a Linux machine to which
uncompressed frames were directly streamed. Each recording
session totaled approximately 30GB.

Preprocessing & data preparation

All preprocessing was performed using custom Python
scripts. For each recording, a rectangular region of interest
that included only the arena boundaries was cropped to
eliminate all other objects in the field of view. In each
recording frame, all out-of-range pixel artifacts were replaced
with “not-a-number” values to be ignored and facilitate
background isolation at later analysis stages. Pixel values were
scaled to millimeters as 16-bit integers, and the resulting raw file
was converted to a lossless .avi file for use in downstream steps.

Analysis pipeline

MoSeq is an unsupervised machine learning framework that
segments free behavior and parses out discrete, sub-second
stereotyped behavioral motifs, or syllables. It relies on the
observation that continuous free behavior can be modeled as
the organization of stereotyped action modules into sequences
via a probabilistic selection mechanism [20, 23]. The version of
MoSeq used here utilizes mouse 3D pose dynamics measured by
a top-mounted depth camera. The full MoSeq analysis pipeline is
detailed in [20, 24] and its publicly available code repository [25].
Briefly, the background of each depth recording was calculated as
the median of a subset of filtered frames sampled at 500-frame
intervals throughout the recording. The background was then
subtracted to highlight the mouse. An expectation-maximization
(EM) tracking model was used to identify the mouse in the
presence of noise, such as dust particles close to the sensor, as
described in [16]. In short, the EM model assumes that the mouse
in a given depth frame can be well-approximated by a 3D
Gaussian. In each frame, the Gaussian’s parameters were first
estimated using the fit from the previous frame and then
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progressively optimized through iterative EM. The model’s
which
subsequently used to determine the mouse’s center and

outputs, are likelihood-weighted  pixels, were
orientation via an ellipse fit. This process extracts the mouse
from the surrounding arena and enables kinematics calculations
such as body-averaged 3D speed and height at each frame. The
speed corresponds to the motion of the center of the ellipse while
the height is calculated as the average height across all the pixels
within the ellipse.

Next, in each frame, an 80x80 pixel box centered around the
mouse was cropped and aligned along the major axis of the
ellipse, i.e., the spinal axis, such that the mouse was aligned
horizontally (Figure 1B, left). A random forest model was then
used to automate the detection of the mouse orientation (nose
facing left or right), and the cropped box was flipped accordingly
to ensure that the mouse was always facing right by convention.
Samples from the processed recordings were reviewed by a
human observer to ensure there were no artifacts and that
flips in orientation were minimal. This alignment process
ensured an approximate pixel-body part mapping, thus
allowing for meaningful dimensionality reduction. All aligned
cropped frames across all recordings were used to learn a low-
dimensional projection using Principal Component Analysis
(PCA), and each recording’s cropped aligned frames were
then projected onto the top 10 principal components forming
a 10-dimensional time series summarizing the 3D pose trajectory
over the course of the recording (Figure 1B, middle). The
resulting PCA-projected pose summaries, which explained
85% of the variance, were used to fit a generative hierarchical
autoregressive (AR) hidden Markov model whose hidden states
represent the discrete identity of the behavioral syllable
expressed, where each of these states is further represented via
a separate AR process that describes the stereotyped continuous
pose dynamics in Principal Component (PC) space. Model
training was performed according to the MoSeq published
workflows and code repository, as noted above.

Environmental variables and noise

Reflections were observed on two walls of the arena when
mice reared on them. Therefore, preprocessing included an arena
mask to minimize the reflections. To minimize noise in the depth
images before projecting into the PC space, the right-aligned
frames were smoothed in space using a 2D Gaussian filter with
standard deviations (ox,0y) = (3.25,2.0) pixels, and in time
using a median filter of size 5 frames (i.e. 167 ms).

Quantitative discovered syllable validation

To validate that the states identified by MoSeq are coherent,
distinct, and appropriately describe the dataset, we used a cross-
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Single-session aggregate kinematics summaries compared across pairs of experimental groups. (A) Top: The log-transformed probability
distribution of the exhibited height. Bottom: The cumulative distribution function of the exhibited height. Each column represents a comparison
across a pair of experimental groups. Cool and warm palettes represent control (Con; n = 7) and mutant (Mut; n = 10) genotypes, respectively. Light
and dark lines represent saline and THP treatments, respectively. (B) Same as A but representing the distributions over exhibited speeds. The
log-transformation was used to facilitate visualizing the heavy-tailed distributions. (C) Total distance traveled in 30 min by each experimental
group. (D) Representative single-session occupancy heatmaps of saline-treated (top) and THP-treated (bottom) mice; left column represents

control mice (Con), right column represents mutant mice (Mut).

likelihood validation metric as described in [20]. Briefly, cross-
likelihood estimates how well the AR parameters associated with
each hidden state can describe observations assigned to every
other state. Values near or above 1 would indicate that the AR
parameters of a state describe the observations associated with
another state, while negative values indicate failure of the AR
parameters of one state at describing the observations associated
with another.

Statistical testing

After establishing that speed and distance values are normally
distributed (using quantile-quantile plots), t-tests and ANOVAs
with treatment as the repeated measure were performed using
104.1). We calculated bigram-
normalized transition matrices, which represent the probability of
a syllable occurring given the identity of the previous syllable, as the
frequency of the syllable pair divided by the total occurrences of the

GraphPad Prism (version

first syllable. To compare these bigram-normalized transition
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matrices across groups, we used the Jensen-Shannon Divergence
(JSD) metric [26] and assessed significance using permutation
testing. For each pair of experimental groups, we computed the
pairwise JSD between all session combinations across groups. The
resulting JSD values were then averaged to obtain a mean observed
JSD, representing the similarity between the two groups. Next,
session group labels were randomly shuffled 10,000 times,
recalculating the mean permuted JSD for each iteration. The
p-value was determined as the fraction of permutations in which
the permuted JSD was greater than or equal to the observed JSD.

Results

Aggregate kinematic summaries
between genotypes

We first compared the gross kinematics, namely, speed and

height, between control and mutant mice. By computing a
probability distribution over all speed and height values
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MoSeq identifies coherent stereotyped behavioral syllables. Montages of “crowd” movies depicting four behavioral modules, or syllables. A
“crowd movie” is created by overlaying movies from individual mice exhibiting the same behavioral syllable. By superimposing multiple individual
movies into one, the stereotyped nature of each behavioral syllable is highlighted. Here we show a 5-frame montage of “crowd” movies
corresponding to four behavioral syllables. Each row represents a different syllable and columns represent progression in time at ~ 100ms
increments with a discontinuity after 200 ms. The active expression of the syllable is marked by a red dot placed over each “mouse instance”. Note
that frames before the dot onset and after the dot offset can represent different behavioral syllables.

exhibited by each mouse, we built an archetypal behavioral
profile for each experimental group. This aggregate-level
behavioral profile served as a preliminary screen to examine
in the
experimental groups and across single sessions. We found that

differences overall movement patterns between
saline-treated control and mutant mice displayed similar
distributions of speeds and heights (Figures 2A,B, left
column), suggesting that mutant mice exhibit an aggregate
kinematic profile similar to control mice, in line with previous
findings [6, 27]. Specifically, the total distance traveled in 30 min
did not differ significantly between saline-treated control and
mutant mice (57.74 + 4.10 and 49.62 + 3.71 m, respectively,
t15 = 1.450, p = 0.168). Likewise, the average speed did not show
significant differences between the saline-treated control and
(29.97 £2.20 and 25.76 £ 1.99 mm/sec,

respectively, t;5 = 1.398, p = 0.182). This approach provides a

mutant mice

broad overview of behavioral trends, but it does not offer insights
into the sequential organization of behavior. That is, the patterns

Dystonia
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of behavioral syllables that produce continuous free behavior
may differ across groups that might otherwise share similar gross
kinematics features.

Syllable expression frequency
between genotypes

To resolve potential differences in the sequential and
probabilistic structure of behavior between the two genotypes,
we used MoSeq to uncover the sub-second behavioral syllables in
our dataset to assess 1) how often control and mutant mice use
each syllable and 2) the likelihood of transitioning from each
syllable to every other syllable in each experimental
group. MoSeq identified 44 coherent and stereotyped motifs,
or syllables, that describe the behaviors in the dataset (Figure 3
and Supplementary Video S1). The syllables were visually

inspected and further validated using a cross-likelihood
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Syllable usage across genotype and treatment. (A) Average syllable usage profiles of experimental group pairs. The syllables are sorted in
descending order based on usage by the control group indicated on the x-axis in each panel to highlight trend differences. Top row shows
comparison across genotypes; bottom row shows comparison across treatments; shaded area represents the SEM. (B) Two-dimensional projection
of single sessions’ empirically-obtained syllable usage vectors on the top two principal components; blue and red colors represent control
(Con) and mutant (Mut) genotypes, respectively; squares and circles represent males and females, respectively.

estimate (Supplementary Figure S3) which showed effective
separation of the syllables. At baseline, control and mutant
mice exhibited similar syllable usage profiles (Figure 4A, top left).

Syllable sequencing between genotypes

With access to the discrete behavioral syllables that
describe our dataset and with a syllable identity assigned to
each time point, it was possible to examine the sequential
structure of mouse behavior across groups by computing a
conditional probability distribution that quantifies the
likelihood of transitioning from syllable A to any other
syllable B. This distribution is captured by the bigram-
normalized, empirically-observed transition matrix of a
single session. To obtain a group-level representation, we
averaged the observed transition matrices across mice
within an experimental group. The resulting distribution
was visualized as a transition graph where each node
corresponds to a syllable and edges between nodes represent
the transition probabilities (Figure 5A). To visually compare
transition dynamics of a pair of groups, the corresponding
transition graphs were subtracted to obtain a difference graph
that highlights the
(Figure 5B). Visual inspection of the difference graphs suggested
minimal differences between control and mutant mice. Further,
quantitative assessment of the “distance” between transition
probability distributions across groups, using the Jensen-Shannon
divergence, showed no significant differences in transition dynamics
between the two genotypes (Figure 5A).

differences in transition probabilities

Dystonia
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Behavioral space structure after
THP challenge

After comparing the behavioral spaces of control and mutant
mice, we then compared the effects of THP on behavioral
composition. Both THP-treated control and mutant mice
displayed vastly different speed and height distributions
compared to saline treatment (Figures 2A,B, middle columns),
demonstrating that the effect of THP can be resolved at this
statistical summary level. Consistent with prior studies [28-30],
THP treatment induced a significant increase in locomotor
activity compared to saline treatment (Figures 2C, D) in both
control and mutant (2-way repeated measures ANOVA, main
effect of treatment, Fy;5 =159.4, p<0.0001; main effect of
genotype, Fj 5 =0.4774, p =0.5001). Moreover, we found
that THP augmented fast behaviors in both control and
mutant mice, as reflected in the initial slow rise of the speed
cumulative distribution functions (CDFs) (Figure 2B, middle
columns) and the average speed (Supplementary Figures S1C,D)
in control and mutant mice(2-way repeated measures ANOVA,
main effect of treatment, Fy ;5 = 160.1, p < 0.0001; main effect of
genotype, Fy 15 = 0.4254, p = 0.5241). Additionally, THP-treated
control and mutant mice displayed similar kinematics
distributions (Figures 2A,B, right column), suggesting that
both genotypes exhibit comparable behavioral responses to
THP at this aggregate kinematics level.

THP administration resulted in the reorganization of syllable
usage profiles in control and mutant mice (Figure 4A, top right).
This THP-induced restructuring was robust (Figure 4A, bottom
row), reflecting a substantial reorganization of behavioral output in
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FIGURE 5
Differences in the temporal organization of syllable expression across experimental groups. (A) Transition graphs representing averaged
transition dynamics in control (Con) and mutant (Mut) mice in response to saline or THP challenge. Each node on the circumference represents a
syllable and edge thickness represents the corresponding bigram-normalized transition likelihood. Statistical testing was performed using a
permutation test with a JSD statistic, brackets indicate pairs of groups compared. (B) Difference transition graphs obtained by subtracting a pair

of group-averaged transition graphs to highlight differences; blue and red edges represent upregulation and downregulation of a particular
transition, respectively.

response to THP in both control and mutant mice. Despite these
pronounced changes, MoSeq revealed minimal differences in
syllable frequency between control and mutant mice in
response to THP. Indeed, the transition graphs illustrate the
THP-induced change in the behavior of both genotypes and
also demonstrate the similarity of the behavior elicited by THP
in both genotypes. Syllable usage profiles visualized in PC space
(Figure 4B) similarly revealed distinct clusters between saline
treatment and THP treatment while the genotypes overlapped
within each cluster. Surprisingly, we also observed a separation
between males and females (with the exception of one THP-treated
male) in PC space (described below and in Figure 6). To ensure
that the treatment effect was not dominating the top PCs and
diluting the genotype effect, we performed Linear Discriminant
Analysis (LDA) with sex, treatment, and genotype separately to
maximize class separability. We observed substantial overlap
between the two genotypes across sex and treatments
(Supplementary Figure S2), but notably, saline-treated males
showed the largest separability compared to other groups.
Additionally, of the

probability distributions showed no significant differences in

quantitative  assessment transition
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Mut + THP Con+Sal
VS. VS.
Con+THP Con+THP
Probability
Change
— +0.1%
 +1.5%
— -0.1%
m -1.5%

transition dynamics between the genotypes regardless of
treatment (saline or THP), whereas substantial differences were
observed between saline baseline and THP challenge (Figure 5A)
in both genotypes. In contrast to the PC analysis, difference
transition graphs showed subtle differences in transition
dynamics between the two genotypes in the saline baseline
condition, but less so after THP administration (Figure 5B).

Sex differences

The separation between males and females in PC space
suggested underlying sex differences. Therefore, we compared
distance traveled and kinematics between sexes in all
experimental conditions. Females covered significantly more
distance than males and the speed distributions suggested that
females exhibited faster speeds than males after both saline and
THP treatments (Supplementary Figures S1A,B). Further, the
THP-induced increase in speed appeared more pronounced in
females than in males, suggesting that the effect of THP is

potentiated in females.
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genotype-treatment combination specified in the x-axis label in control (Con) and mutant (Mut) mice. Syllables are sorted in descending order based
on usage by male mice in that group. Cyan and magenta represent males and females, respectively. Shaded area represents the SEM.

Discussion

We used a state-of-the-art method to segment continuous
free behavior of control and mutant mice in an objective and
unsupervised manner. Both genotypes displayed similar speed
and height distributions and appeared to share a similar
behavioral repertoire although subtle differences that did not
reach significance were detected. While males and females
exhibited unique behavioral landscapes, obvious differences
between the genotypes within sex were not observed. In
contrast, THP, an anticholinergic drug used to alleviate
shifted  the
landscape, suggesting a novel approach for the identification

dystonia, significantly baseline  behavioral
of antidystonic drugs.

The similarity in the temporal sequencing of syllables
between mutant and control mice is remarkable given the
deficit in dopamine release in the mutant mouse striatum [8,
22], which has been shown to play a critical role in probabilistic
action sequencing [16-19]. While striatal lesions in adult mice
result in overt behavioral changes, the Torla gene defect affects
neuronal dysfunction throughout development [31], which
may trigger a compensatory mechanism that stabilizes motor
function and sequencing despite the ~50% reduction in
dopamine release in mutant mice. This mechanism could be
a layer of homeostatic plasticity at the level of spiny projection
neurons or a larger, network-level compensation involving
the cortex.
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Our approach was extremely sensitive for capturing the
behavioral signature of the antidystonic drug THP, validating
the sensitivity of the assay to behavioral change. In addition to
a pronounced locomotion-enhancing effect, consistent with
previous findings in rodents [28-30], we found that THP
augmented fast behaviors and reorganized syllable usage.
This robust behavioral response was observed in control
and mutant mice, indicating that both genotypes share a
common behavioral response to THP. One potential
mechanism underlying this increase in locomotion activity
and speed could be an increase in dopamine release in
response to THP. This is supported by previous work
demonstrating that THP increases dopamine release both
in control and mutant knockin mice [14].

The mechanisms underlying the antidystonic effects of
THP are unknown. However, it is known that THP rescues
both the abnormal striatal dopamine release and the abnormal
corticostriatal plasticity in mouse models of TOR1A dystonia.
THP is a nonselective muscarinic receptor antagonist that
binds with low nanomolar affinity to all five (M1-M5)
muscarinic receptor subtypes [32, 33]. All muscarinic
receptor subtypes are expressed in the striatum [34-39].
M1 and M4 mAChRs mediate corticostriatal plasticity [36,
37, 40, 41] and striatal dopamine release [42-45]. M2 and
M3 mAChRs are located on corticostriatal terminals and
mediate glutamatergic signaling [34, 35, 38]. M5 mAChR
on dopaminergic terminals mediate striatal dopamine
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release [39, 46]. Thus, while it has been challenging to
pinpoint the mechanism of action of THP, it is possible
that THP effects through M1
M4 muscarinic receptors as blocking either of these

exerts its and/or
receptors rescues both the deficit in dopamine release and
the impaired plasticity in models of TOR1A dystonia [12,
47-49]. However, it is important to note that for the
behavioral results presented here, it is difficult to ascribe a
specific underlying mechanism or neuronal target to explain
the effects of peripherally administered THP, considering that
muscarinic receptors are expressed peripherally and
throughout the entire brain.

In addition to the effects of THP, there was a significant
difference in the behavioral space between males and females.
Biological sex is a known risk factor for most idiopathic focal
dystonias, including blepharospasm, oromandibular dystonia,
cervical dystonia, and spasmodic dysphonia [50-55]. For
inherited  generalized  dystonias, male-predominance
obviously occurs in X-linked disorders, such as X-linked
in the
published to date, male-bias was not observed in dystonias
with autosomal inheritance, including TORIA and THAPI

dystonias [56]. In contrast, female bias occurs in some

dystonia-parkinsonism. However, largest study

dystonias with autosomal inheritance including DOPA-
responsive dystonia (DRD), which is caused by mutations
in genes critical for dopamine synthesis, and dystonia caused
by pathogenic variants of GNAL, which encodes the G-protein
coupled to striatal D1 dopamine receptors [56, 57]. Notably,
both of these female-predominant inherited dystonias are
caused by pathogenic variants that disrupt dopamine
these
rarely considered when

neurotransmission. Despite well-recognized sex

differences, biological sex is
developing therapeutics for dystonia, in part, because
behavioral differences between the sexes are often subtle or
undetectable. MoSeq provides a robust tool for assessing sex-
biased therapeutics.

The version of MoSeq we used relies on a low-dimensional
projection of aligned sequential depth images of mice as input
to the autoregressive hidden Markov model (AR-HMM).
Subsequently, variation in size of the mice in the dataset
may have an impact on the behavioral segmentation
performance of the trained model if these variations are
considerable. One potential failure mode of the model in
could be

stereotyped behavior into multiple disjoint syllables based

presence of such variations segmenting a
on inherent size rather than the underlying pose dynamics.
Since female mice are generally smaller in size than males, this
might limit analyses regarding sex differences using syllable
usage and transition statistics. However, methods to mitigate
such limitations exist, such as performing a size normalization
step to scale all mice into a common reference size before
training the model, or using keypoint-MoSeq [58], which
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relies on trajectories of tracked keypoints as input instead
of depth pose dynamics thus overcoming size-related
limitations.

There are few drugs that are effective for the treatment of
“gold standard”
therapeutic. THP is frequently used to treat dystonia and

dystonia and there is currently no

is the only small molecule drug that has been proven effective
in a double-blind placebo-controlled study in people living
with dystonia [59]. However, the dose-limiting side-effects
associated with this non-selective muscarinic acetylcholine
receptor antagonist, including constipation, dry mouth, and
urinary retention, curtail its chronic use in humans, leaving
patients with few options. New therapeutics have been slow
to reach patients, in part, because preclinical testing in
animal models generally involves labor-intensive ex vivo
physiologic or behavioral assays that require highly
specialized  technical  expertise. ~ Here, we have
demonstrated that THP elicits a clear and reproducible
behavioral signature in freely moving mice using a
streamlined assay. It is not yet clear if the THP-induced
behavioral landscape is predictive of antidystonic drug
effects in humans because the antidystonia pharmacopeia
is so limited. However, identification of the fundamental
behavioral signature of antidystonic drugs in the context of
biological sex using ethological behavior as a predictor, as
described here, has the potential to accelerate drug discovery
in much the same way that the Porsolt swim test facilitated

the discovery of antidepressant drugs.
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SUPPLEMENTARY FIGURE S1

Kinematic summaries compared across sex and treatment. (A) Top: The
log-transformed probability distribution of the exhibited speed. Bottom:
The cumulative distribution function (CDF) of the exhibited speed. The
left column shows all saline-treated mice (mutant and control). The right
column shows all THP-treated mice (mutant and control). Cyan and
magenta represent male and female mice, respectively. The speed
distributions suggest that females exhibited generally faster speeds than
males after both saline and THP challenge as reflected by the slower
initial rise in the speed CDFs of female mice (B) Similar to A, showing the
distribution of height values exhibited in each session. (C) Session-
averaged speed in control (Con) and mutant (Mut) mice in response to
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time-locked such that the active expression of the syllable occurs
simultaneously in all mice to illustrate the stereotyped three-
dimensional pose dynamics.
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