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Abstract

The dystonias are a group of movement disorders characterized by involuntary twisting 

movements and postures. A lack of well characterized behavioral models of dystonia has impeded 

identification of circuit abnormalities giving rise to the disease. Most mouse behavioral assays are 

implemented independently of cortex, but cortical dysfunction is implicated in human dystonia. It 

is therefore important to identify dystonia models in which motor cortex-dependent behaviors 

are altered in ways relevant to human disease. The goal of this study was to characterize 

a cortically-dependent behavior in the recently-developed Dlx-CKO mouse model of DYT1 

dystonia. Mice performed two tasks: skilled reaching and water-elicited grooming. These tests 

assess motor learning, dexterous skill, and innate motor sequencing. Furthermore, skilled reaching 

depends strongly on motor cortex, while dorsal striatum is critical for normal grooming. Dlx-
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CKO mice exhibited significantly lower success rates and pellet contacts compared to control 

mice during skilled reaching. Despite the skilled reaching impairments, Dlx-CKO mice adapt 

their reaching strategies. With training, they more consistently contacted the target. Grooming 

patterns of Dlx-CKO mice are more disorganized than in control mice, as evidenced by a 

higher proportion of non-chain grooming. However, when Dlx-CKO mice engage in syntactic 

chains, they execute them similarly to control mice. These abnormalities may provide targets 

for preclinical intervention trials, as well as facilitate determination of the physiologic path from 

torsinA dysfunction to motor phenotype.
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1. Introduction

The dystonias are an often-disabling group of movement disorders characterized by 

involuntary twisting movements and postures. A defining feature of primary dystonia is 

that there are no other neurological symptoms or CNS damage, making it difficult to model 

in animals. The discovery of specific gene mutations that cause primary dystonia allowed the 

creation of animal models with high “construct” validity – that is, they closely recapitulate 

the human genotype. For example, a 3-base pair in-frame deletion (“ΔE”) mutation in 

torsinA causes autosomal dominant early-onset generalized primary torsion dystonia [1] 

(dystonia without other symptoms or neurodegeneration). However, heterozygous torsinA 

mice (tor1a+/−) or ΔE knock-in mice (tor1a+/ΔE, mimicking the human genotype) do not 

exhibit a motor phenotype [2]. Mice in which torsinA is globally deleted (tor1a−/−) or 

in which the ΔE mutation has been introduced in the endogenous mouse torsinA gene 

(tor1a−/ΔE & tor1aΔE/ΔE) all exhibit perinatal lethality and characteristic subcellular nuclear 

membrane abnormalities [3–5]. These data demonstrate that the ΔE mutation impairs 

torsinA function, supporting the use of torsinA loss-of-function models for DYT1 dystonia.

DYT1 mouse models with cell-type or region specific torsinA deletion are viable and exhibit 

specific motor abnormalities. Mice with torsinA conditionally removed from forebrain 

cholinergic and GABAergic neurons (“Dlx-CKO” mice) are born with no apparent motor 

abnormalities but as juveniles (post-natal day 14) develop abnormal limb clasping during 

tail suspension. The onset of these movements corresponds with the selective loss of striatal 

cholinergic interneurons (ChIs) in the dorsal striatum [6]. The relationship between hindlimb 

clasping and dystonia in humans remains unclear, however.

Cortical dysfunction is strongly implicated in dystonia pathophysiology. Human dystonia 

is often induced or exacerbated by voluntary movement, perhaps due to “overflow” in 

sensorimotor cortical regions from desired activation patterns. Cortical inhibition is reduced 

in humans with dystonia, suggesting that this abnormality may contribute to recruitment of 

topographically adjacent motor cortical regions during movement [7,8]. These data indicate 

a central role for cortical dysfunction in dystonia, but most behavioral assays in mice are 

implemented independently of cortex [9,10]. For example, simple lever press tasks and 
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rodent grooming are not affected by cortical lesions [9,11]. On the other hand, dexterous 

skills requiring finely controlled multi-joint and digit coordination are highly sensitive to 

cortical lesions [10,12], and impaired in human dystonia [13–15].

Given the cortical abnormalities observed in humans with dystonia, we explored the ability 

of Dlx-CKO mice to perform skilled reaching, which depends critically on motor cortex 

[12]. Conversely, water-elicited grooming reliably induces highly stereotyped behavior in 

mice that depends on striatum, but not cortex [11,16,17]. By using both tasks, we therefore 

assessed motor learning, dexterous skill, and innate motor sequencing, allowing us to 

characterize behaviors in Dlx-CKO mice that rely on distinct forebrain structures implicated 

in human dystonia. Given the evidence of cortical dysfunction and impaired dexterity in 

human dystonia, we hypothesized that Dlx-CKO mice are impaired in both learning and 

performing skilled reaching. Conversely, we predicted that grooming patterns would be 

normal in Dlx-CKO mice based on their preserved performance of other non-cortically 

dependent tasks [6].

2. Materials and Methods

2.1. Experimental overview

To evaluate the performance of Dlx-CKO mice on cortex and striatum-dependent tasks, mice 

underwent three sessions of induced grooming, 21 sessions of skilled reaching, and a final 

session of induced grooming (Fig. 1A). All mice were housed on a reverse light-dark cycle 

(7 AM – 7 PM), and all behavioral experiments were performed in the early afternoon 

during the dark phase.

2.2. Mice

All animal procedures were approved by the University of Michigan Institutional Animal 

Care and use Committee. Numbers of mice included in each experimental group and 

analysis are indicated in figure legends. Dlx-CKO mice were generated by crossing Cre+ 

tor1a+/−[6] with tor1aflx/flx mice [18], using the breeding strategy described in [6]. Mice 

with genotype tor1aflx/+ were used as age and sex matched littermate controls. At the time 

of the first skilled reaching session, Dlx-CKO mice had a mean age of 193 days (range 

112–388 days) and control mice had a mean age of 195 days (range 117–388 days). At that 

time, the mean weight of Dlx-CKO mice was 28.4 g (range 23–36 g), and the mean weight 

of control mice was 28.1 g (range 21–39 g). Male (control=5, Dlx-CKO=5) and female 

(control=9, Dlx-CKO=4) mice were housed in groups of 2–3. Food restriction was imposed 

on all animals during the training and testing periods of the skilled reaching task for no more 

than 6 days in a row such that animals’ weights were maintained ≥ 90% of their free-feeding 

weight. Water was available ad libitum in their home cages. 5 Dlx-CKO mice experienced 

seizures and were excluded from the study. 4 had started grooming but not skilled reaching; 

1 had started skilled reaching. In each case, they were removed from the experiment as soon 

as seizures were noted and excluded from all analyses. In addition, 2 control mice that no 

longer had littermate-matched Dlx-CKO mice were excluded from all analyses.
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2.3. Grooming

Mice were placed in an acrylic cylinder (15 cm diameter × 20 cm height). A camera was 

mounted to the platform and focused on the cylinder. Two mirrors were positioned on 

the left and right to allow clear views of the mouse from multiple angles. Videos of the 

entire session were recorded. Before each trial, mice were lightly sprayed with water on 

the face and whiskers, then placed into the cylinder. Mice were allowed to move freely, 

and grooming behaviors were spontaneous. Trials lasted for a total of 15 min, with two 

trials constituting a session. Each mouse performed one grooming session per week for three 

weeks prior to beginning the skilled reaching task. Mice performed one additional session of 

grooming after the final training session in the skilled reaching task.

2.4. Skilled reaching

2.4.1. Automated reaching system—Training and testing were carried out in custom-

built skilled reaching chambers built similarly to those described in [19], with two main 

differences. First, the reaching slot did not extend to the bottom of the front panel. Instead, 

the bottom of the reaching slot (10 mm × 7 cm) was 17.5 mm from the floor. This was 

to prevent the mouse from grasping for the pellet before the pedestal was fully elevated. 

Second, the pellet was delivered on a “pellet delivery rod” – a pedestal that moved vertically 

through a reservoir of sugar pellets (20 mg Dustless Precision Pellets, Bio-Serv, Flemington, 

New Jersey). This allowed the task to be automated [20], but contrasts with the shelf on 

which reward pellets were manually placed in [19]. A linear actuator with potentiometer 

feedback (Actuonix, Saanichton, Canada) was connected to the acrylic pellet delivery rod 

and mounted in a custom frame below the support box. Before each session, the pellet 

delivery rod was positioned 1 cm from the front of the reaching slot, and aligned with the 

right or left edge of the slot according to each mouse’s paw preference. Individual pellets 

were therefore located approximately 1 cm from the front of the chamber. Videos of the 

entire session were recorded by a camera mounted in front of the reaching slot. A mirror was 

placed on either side of the front of the reaching chamber and angled to allow side views of 

the paw during reaching.

2.4.2. Trial performance—A custom-built Arduino (Arduino Mega 2560 Rev3, 

Arduino, Boston, MA) based system controlled the experiment. Each training session began 

with the pellet delivery rod at the lowest position inside the funnel. When a session began, 

the pellet delivery rod rose to the bottom of the reaching slot, triggering an LED to indicate 

the start of a trial. The delivery rod remained in place for 3 s before lowering, triggering 

the LED to turn off. This began an intertrial interval of ~5 s wherein the pellet delivery rod 

retracted into the funnel to pick up a new pellet, then rose for a new trial.

2.4.3. Habituation—The purpose of habituation is to familiarize mice with the reaching 

chamber and sucrose reward pellets. Habituation lasted for three sessions, each 20 min in 

length. Mice were placed on food restriction and introduced to the sucrose reward pellets in 

their home cages 24 h prior to the first day of habituation. On day 1 of habituation, a pile 

of 10 pellets was placed in the skilled reaching chamber to encourage exploration. On days 

2 and 3 of habituation, mice received no sucrose pellets, and the skilled reaching apparatus 

was turned on for 5 min in each session to familiarize mice with the sound.
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2.4.4. Pre-training—During ‘pre-training’, mice were evaluated for reaching paw-

preference and trained to reach for the linear actuator. Paw preference and training mice 

to reach for the linear actuator was performed as in [20]. To entice the mice to reach for the 

actuator, the investigator held a pellet in forceps and gradually withdrew it from the chamber 

until the mice reached for it with their forepaw. Once mice reached for the delivery rod 10 

times without being baited by the experimenter, they began training on the automated task. 

Training initially occurred in a “manual” mode in which the investigator could raise/lower 

the pedestal by pushing a button. This allowed us to control the duration that the actuator 

was in “reaching position” (aligned with the bottom of the slot) until the mice began to 

consistently reach. We gradually decreased trial length to 3 s, at which point the actuator 

was set to “automatic” mode. In this mode, the pedestal remained in reaching position for 3 

s before being lowered for 5 s. Pre-training was complete once mice performed 20 trials with 

reaches in a single session (30 min) with the actuator on “automatic”.

2.4.5. Training—After pre-training, mice began 30-min training sessions with the 

automated system, in which they could perform as many reaches as possible. Sessions were 

not cut short at a prespecified number of trials. Mice were trained for 5 days per week for 

a total of 21 sessions. Videos were captured of the entire training session. All videos were 

recorded at 100 frames-per-second and 1920 × 1080 pixels by a high-definition color digital 

camera (HBLK-6FT-0309, Panasonic, Kadoma, Japan).

2.5. Grooming sequence analysis

Behavioral analysis consisted of frame-by-frame video scoring to assess bout and syntactic 

chain onset. A single bout is continuous grooming without long pauses. A pause occurs 

when the mouse stops grooming briefly (<6 s) but quickly resumes without performing 

locomotor activity [17]. Behaviors performed throughout bouts were assigned numerical 

values: 0 – no grooming present; 1 – small, elliptical strokes about the mouth and nose 

(Phase 1); 2 – asynchronous, unilateral strokes increasing in amplitude from vibrissae to 

the eyes and occasionally the ears (Phase 2); 3 – synchronous, bilateral strokes involving 

both forepaws from the vibrissae to the eyes and ears (Phase 3); 4 – licking of the torso 

or haunches (Phase 4); 5 – licking of the forepaws that does not include elliptical strokes. 

Syntactic chain onset was defined as initiation of Phase 1 grooming that progressed to Phase 

2 or Phase 3. All other grooming was defined as non-chain. A complete chain progressed 

through Phase 1, Phase 2 and/or Phase 3, and Phase 4 [21]. Phase transitions performed 

within syntactic chains were grouped into typical and atypical transitions. Typical transitions 

consist of those from phases 1→2, 2→3, 3→4, and 4→0 (here 0 represents no grooming). 

All other transitions were considered atypical and can be broken into three groups: skips 

(e.g., 2→4), reverses (e.g., 4→3), and premature termination (e.g., 3→0) [17]. Frame 

number was recorded for bout initiation, bout end, syntactic chain initiation, and syntactic 

chain end.

Time spent grooming for each session was calculated by dividing total time grooming (sum 

of all individual bout and syntactic chain durations) by the total trial time. Time spent 

performing non-chain grooming was calculated by subtracting the time spent performing 

syntactic chains from their respective bouts (isolating non-chain grooming time), then 
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dividing by the total trial time. Time spent performing chain grooming for each session 

was calculated by dividing the sum of all individual chain durations by the total trial time 

(Fig. 5A). Initiations per minute of grooming were calculated for each session by taking the 

number of non-chain bouts initiated, syntactic chains initiated, or both (total) and dividing 

it by the time spent grooming in minutes (Fig. 5B). Chain duration was measured from 

onset of Phase 1 through the end of Phase 4 [11]. Non-chain grooming bout duration 

was calculated by subtracting the duration of any syntactic chains within a grooming bout 

from the total bout duration. Distributions of bout durations were compared to determine 

if the durations of individual bouts differed between experimental groups. Non-chain bout 

durations were grouped into bins of 5 s; syntactic chain durations were grouped into bins of 

3 s (Fig. 5C, D). Chain completion rates were calculated per session by dividing the number 

of complete chains by the number of chains initiated (Fig. 5E). The number of occurrences 

of each grooming phase per trial was calculated for each mouse, then averaged across mice 

(Fig. 5F).

2.6. Skilled reaching analysis

Skilled reaching videos were segmented into individual videos for each trial and assigned 

random codes so that scorers were blinded to the mouse’s genotype and day of testing. 

Reach outcome for each trial was scored by visual inspection as follows: 0 – no pellet 

presented or other mechanical failure; 1- first attempt success (obtained pellet on initial limb 

advance); 2 – obtained pellet by reaching, but not on first attempt; 3 – forelimb advanced, 

pellet was grasped then dropped in the box; 4 – forelimb advanced, but the pellet was 

knocked off the pedestal (‘pellet displaced’); 5 – the mouse reached but the pellet remained 

on the pedestal (‘pellet remained’); 6 – pellet was obtained using its tongue; 7 – the mouse 

did not perform any reaches; 8 – the mouse used its non- preferred paw to reach; 9 – 

obtained pellet with use of both paw and tongue. Outcome percentages were calculated by 

dividing the number of trials of each outcome by the total number of trials per session. For 

comparison of failure mechanisms in skilled reaching, ‘unsuccessful’ trials were defined as 

trials where a reach was performed but no reward pellet obtained (scores 3, 4, and 5).

Success rate was calculated for each session by dividing the total number of successful 

trials (scores 1 and 2) by the total number of trials with reaches (sum of scores 1, 2, 

3, 4, and 5) (Fig. 2A, B). The rates of ‘pellet displaced’ and ‘pellet remains’ trials were 

calculated by dividing the number of pellet displaced and pellet remains trials (scores 4 and 

5, respectively), by the total number of unsuccessful trials (sum of scores 3, 4, and 5) (Fig. 

2D). Only sessions in which mice actively reached during at least 20 trials were included in 

analyses of success rate and failure mechanism (Fig. 2B, D). This eliminated 13 control and 

29 Dlx-CKO sessions. All sessions were included in the analysis of number of trials with 

reaches (Fig. 2A).

Semi-quantitative sub-movement analysis was performed for each mouse in the skilled 

reaching experiment on the first three successful reaches during the first 5 days of training 

(early training) and the last three successful reaches during the final 5 days of training 

(late training). Behavioral analysis consisted of frame-by-frame video scoring to assess the 

presence of 12 reaching movement elements that have been described in detail [22]. Briefly, 
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these include “orient” (head and snout directed towards the pellet), “limb lift”, “digits close” 

(digits partially flex as the paw supinates into vertical orientation), “aim”, “digits extend 

and open”, “pronate” (occurs as digits extend over the food), “grasp”, “supinate I” (paw 

supinates to vertical to retreat through the slot), “supinate II” (palm faces the mouth), 

“release” (into the mouth), and “replace” (paw is placed back on the floor). Each movement 

is scored as 0 (normal), 0.5 (present but abnormal), or 1 (absent).

2.7. Statistics

To test whether skilled reaching had an effect on grooming, a Welch’s two sample 

t-test (using R t.test) was used to compare grooming outcomes before and after skilled 

reaching. Given the similarity in grooming outcomes pre- and post-reaching (total time 

spent grooming: t(14) = 0.086, p = 0.93; time spent non-chain grooming: t(14) = 0.088, 

p = 0.93; time spent chain grooming: t(11) = 0.042, p = 0.97), further analyses combined 

all 4 sessions of grooming. A linear regression model (using R glm) was used to evaluate 

time spent grooming with genotype as the independent variable. The Kruskall-Wallis test 

by ranks (using R kruskal.test) was used to examine differences of genotype on grooming 

initiation rates (Fig. 5B) as well as grooming stroke type (Fig. 5F). A Poisson regression 

model was implemented (using R lmer) for chain completion (offset by number of chains; 

Fig. 5E), transition type (offset by number of chains; Supplemental Fig. 2A), and atypical 

transition type (offset by the number of atypical transitions; Supplemental Fig. 2B) due to 

the count nature of the data.

Linear mixed-effects models were used to evaluate success and failure rates in skilled 

reaching. We implemented linear mixed-effects models (using R lmer) with random 

intercepts/effects for each mouse (where effect of session varied between mice) and main 

interaction effects of genotype and session number. Linear mixed-effects models included 

averages for all 21 sessions of training for all mice. A linear mixed-effects model with the 

fixed effect of session number and a random effect for the interaction between genotype and 

session number was used to identify differences between groups on specific training days.

Two-way mixed-effects ANOVAs were performed to evaluate the effect of genotype and 

training on each of the 12 reaching movement elements. We implemented two-way mixed-

effects ANOVA models (using R anova_test) with training as the within subjects-variable 

and genotype as the between-subjects variable. Two-way mixed-effects ANOVA models 

included averages for each training group (“early” vs “late”) for all mice. Pairwise t-tests 

with Bonferroni correction (using R pairwise_t_test) were used to evaluate the effect of 

either training or genotype on each movement element.

3. Results

We tested control and Dlx-CKO mice on two tasks designed to assess motor learning 

(skilled reaching), dexterous skill (skilled reaching), and innate motor sequencing 

(grooming). Each mouse underwent the same sequence of behavioral assays (Fig. 1A): three 

sessions of induced grooming, 21 sessions of skilled reaching, and a final session of induced 

grooming.
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3.1. Skilled reaching deficits suggest a primary motor impairment in Dlx-CKO mice

The single-pellet skilled reaching task was used to examine motor learning as well as 

dexterous skill performance. Skilled reaching is a cortically-dependent task in which mice 

are trained to reach for and grasp small sugar pellets from a pedestal (Fig. 1B). Dlx-

CKO mice performed slightly fewer reaching trials than control mice, though both groups 

performed large numbers of reaches (Fig. 2A). Almost all attempts at pellet retrieval were 

made with the preferred forelimb (as opposed to the tongue or non-preferred forelimb, 

Supplemental Fig. 1). Successful pellet retrieval requires accurate paw transport to the 

pellet followed by precise, coordinated hand and digit movements that are acquired with 

practice [12,23]. Dlx-CKO mice were consistently less successful obtaining sugar pellets 

than controls, suggesting a deficit in motor execution, motor learning, or both (Fig. 2B).

Learning is typically assessed by changes in the number of successfully retrieved pellets 

divided by the total number of attempts (success rate). However, success rates did not 

change with training in our task (Fig. 2B). To assess learning in greater detail, we examined 

the frequency of two distinct failure mechanisms. The first is trials in which the mouse 

knocked the pellet off the pedestal (Fig. 2C, Top: “pellet displaced”). This is in contrast 

to trials in which the mouse makes little or no contact with the pellet, failing to knock it 

from the pedestal (Fig. 2C, Bottom: “pellet remains”). As training progressed, Dlx-CKO 

mice exhibited a higher proportion of “pellet displaced” trials and a lower proportion of 

“pellet remains” trials (Fig. 2D). This suggests that Dlx- CKO mice are capable of motor 

learning. The inability to accurately target the pellet suggests that Dlx-CKO mice have a 

primary impairment in postural control and/or proximal limb movement that interferes with 

the “transport” phase of skilled reaching [24].

To identify qualitative differences between reach-to-grasp movements in Dlx-CKO and 

control mice, we scored reaches on a semi-quantitative movement rating scale before and 

after training [22,25]. This scale evaluates the presence or absence of submovements in the 

reach-to-grasp sequence. For the most part, both groups performed all submovements, even 

early in training (Fig. 3). The exception is paw pronation as it extends towards the pellet, 

which was inconsistently present in both groups. There were few significant differences 

between Dlx-CKO and control mice in submovement performance. Control mice more 

consistently performed “supinate I” after training, where the paw supinates after grabbing 

the pellet prior to retraction through the slot. There were other statistically significant 

differences between genotypes (e.g., “digits extend and open” changed for control but not 

Dlx-CKO mice after training), but the absolute differences in scores were small. Thus, there 

are no obvious gross differences between reach-to-grasp submovements in Dlx-CKO and 

control mice that would account for the difference in success rates.

3.2. Grooming sequences are disrupted in Dlx-CKO mice

Skilled reaching is sensitive to cortical lesions but may also be impaired with subcortical 

lesions. We therefore also characterized grooming behavior, which is insensitive to cortical 

lesions but sensitive to striatal lesions [11]. Grooming is an innate behavior with a 

patterned, sequential organization that starts at the nose and progresses across the body in a 

cephalocaudal pattern [21]. About 10–15% of grooming is composed of highly stereotyped 
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and ordered movements called a syntactic chain [17]. Syntactic chains have distinct phases 

that follow an expected progression from 1 to 4 and are usually embedded in more flexible 

non-chain grooming bouts (Fig. 4). Adherence to chain syntax is low in models with 

altered cerebellar and striatal physiology, with shorter more frequent non-chain bouts being 

common [26,27].

We performed grooming assessments before and after skilled reaching training to test 

whether skill learning would affect grooming performance. However, there was no effect of 

session (pre-skilled reaching versus post-skilled reaching) on grooming outcomes between 

groups (see 2.7. Statistics). Therefore, all analyses are collapsed across sessions. Dlx-CKO 

and control mice performed similar amounts of grooming, but grooming structure was 

less organized in Dlx-CKO mice. There was not a significant difference in the time spent 

grooming (in total or separated into chain and non-chain grooming) or total number of bouts 

initiated between groups (Fig. 5A,B). However, Dlx-CKO mice initiated fewer syntactic 

chains, defined as phase 1 grooming that progresses to phase 2 or 3 [28] (Fig. 5B). Dlx-CKO 

mice performed similar total (chain plus non-chain) amounts of unilateral and bilateral 

strokes compared to control mice, but fewer ellipses (Fig. 5F). Consistent with previous 

results, neither control nor Dlx-CKO mice performed multiple, fast elliptical strokes outside 

of syntactic grooming [28]. Thus, Dlx-CKO mice progressed normally through syntactic 

chains once they were initiated. (Fig. 5E, Supplemental Fig. 2). Finally, there was no effect 

of genotype on the duration of non-chain or chain grooming bouts (linear regression, effect 

of genotype on duration of: non-chain bouts: t(12) = 0.029, p = 0.98; syntactic chains: t(12) 

= − 1.44, p = 0.18). The distributions of the durations of non-chain and chain grooming 

bouts were similar between groups, providing further evidence that individual grooming 

bouts of the same type (chain vs non-chain) were similar between Dlx-CKO and control 

mice (Fig. 5C, D). Taken together, these findings indicate that the temporal structure of 

grooming is more variable in Dlx-CKO mice, as more of their grooming was spent in 

unstructured non-chain bouts.

4. Discussion

Our results suggest that Dlx-CKO mice have primary impairments in coordination and 

manual dexterity. Dlx-CKO mice had significantly lower success rates and pellet contacts 

compared to control mice on the skilled reaching task, though both groups improved their 

reaching accuracy. Our grooming experiment identified deficits in sequence initiation, but 

not sequence progression. These results are reminiscent of endophenotypes seen in human 

dystonia and may provide a mechanism to dissect the physiologic path from torsinA 

dysfunction to motor phenotype.

There are several potential explanations for skilled reaching impairments in Dlx-CKO mice. 

First, Dlx-CKO mice performed fewer reaches than control mice, and therefore had less 

practice. A motivational/practice deficit is unlikely to explain their performance for several 

reasons, however. First, Dlx-CKO mice performed comparable (or larger) numbers of 

reaches compared to other mouse skilled reaching experiments [19,29], and only about 8% 

fewer reaches than control mice in these experiments. Second, both groups of mice became 

more accurate with their reaches on a similar time scale (Fig. 2D). Our results instead 
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suggest that Dlx-CKO mice have at least a primary motor deficit, and possibly a sensory 

deficit. Rodents use their whiskers to identify the reaching slot [30], and a combination of 

olfaction and prior experience to localize the pellet [31,32]. However, the reach itself is 

ballistic with little or no online adjustment. Motor cortex is essential for ballistic movements 

during the transport phase of reaching, while sensory information influences grasping and 

food release [24,33]. Dlx-CKO mice frequently missed the pellet entirely (Fig. 2D), and 

therefore had limited opportunities to use somatosensory feedback to adjust reaches. Our 

results are therefore more consistent with primary motor rather than sensory deficits, though 

we cannot completely exclude the latter. Future experiments designed to explore sensory 

deficits independent of skilled reaching in Dlx-CKO mice may provide additional clarity.

Neither control nor Dlx-CKO mice exhibited statistically significant increases in their 

success rates in our task, preventing us from identifying motor learning deficits based 

on success rates. However, Dlx-CKO and control mice increased the number of “pellet 

displaced” trials with training, suggesting that they were adapting their reaching strategies 

(Fig. 2D). The stable, and relatively low, success rates were likely related to task design. 

In many versions of skilled reaching, mice retrieve pellets from a shelf, allowing them to 

slide the pellet into the chamber. Because our task used a pedestal, the mice had to both 

locate and securely grasp the pellet to prevent it from falling between the pedestal and the 

front of the chamber. In another pedestal-based skilled reaching task, success rates were 32 

+ /− 9.9% for freely behaving mice [29], similar to the ~20% success rate for control mice 

in this study. The slightly higher success rate in that study may be related to details of the 

chamber design; their reaching slot extends all the way to the floor so that mice do not have 

to lift their paw before advancing it. Rats had higher success rates on similar pedestal-based 

tasks [23,34], but this may be because of their larger paws or inter-species differences in fine 

motor control. Whether the mice in the current study would have improved their grasping to 

increase success rate with further training is uncertain. Regardless, the change in the rate of 

pellet displacement strongly suggests the engagement of motor learning. This is consistent 

with previous results on the accelerating rotarod, in which Dlx-CKO mice showed normal 

improvement [6]. On the rotarod, however, there was no difference between Dlx-CKO mice 

and controls in baseline performance, suggesting that skilled reaching is a more sensitive 

assay of motor impairment for Dlx-CKO mice.

We found at most subtle differences between Dlx-CKO and control mice on the 

semiquantitative submovement rating scale. These results indicate that the reduced success 

rates for Dlx-CKO mice are unlikely to be due to an elemental motor deficit. That is, Dlx-

CKO mice were capable of performing forelimb extension, forelimb pronation/supination, 

digit flexion/extension, and other submovements. This argues that their motor impairment 

may be related to coordinating/timing these submovements with respect to each other. The 

most impaired submovement in both groups was paw pronation. This could be related to 

task design or the species under study, as the rating scale was developed for rats performing 

a shelf-based task. In a nearly identical pedestal-based rat task [35], pronation was well-

preserved, suggesting that the relative absence of pronation is specific to mice.

Chain grooming is strongly dependent on basal ganglia function. Striatal lesions disrupt 

syntactic chain completion and syntax without affecting syntactic chain initiation rates [11]. 
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Similar patterns are caused by cortical and cerebellar lesions, albeit transiently [11]. This 

is different from our results, wherein Dlx-CKO mice maintained syntactic chain completion 

rates and syntax but decreased syntactic chain initiations (Fig. 5B, E). These results suggest 

the striatal control of chain syntax remains largely intact for Dlx-CKO mice, at least 

once a chain is initiated. Why syntactic chain initiation was reduced remains unclear. 

One possibility is that network dysfunction in Dlx-CKO mice affects motor sequencing in 

ways distinct from focal lesions in cortex, striatum, or cerebellum. Functional connectivity 

among the striatum, cortex, thalamus, and cerebellum are increased in Dlx-CKO mice, 

suggesting widespread changes in motor circuits that extend beyond local dysfunction [36]. 

Another non-exclusive possibility is that altered basal ganglia output specifically impairs 

chain grooming initiation. While dorsal striatal activity signals transitions between chain 

grooming phases (but not non-chain grooming phases), SNr activity tends to signal the start 

of a chain [37,38]. Basal ganglia output is abnormal in dystonia, with low frequency bursty, 

oscillatory firing patterns [39–41], raising the possibility that disrupted SNr output interferes 

with chain initiation in Dlx-CKO mice. Direct SNr recordings will be needed to test this 

hypothesis. If nigral firing patterns are indeed abnormal in Dlx-CKO mice, the next step 

would be to identify the upstream cause of these changes. Striatal cholinergic dysfunction 

has been observed in Dlx-CKO mice [6], though the precise mechanisms through which this 

could lead to abnormal basal ganglia output are unknown.

Progress on understanding the pathophysiology of dystonia has been limited by the 

availability of mouse models with clear phenotypes (see [42] for review). Mouse models 

mimicking the human DYT1 genotype (heterozygous tor1aΔE/+) or over expressing human 

mutant torsinA display motor deficits in the beam walking task but inconsistent performance 

on the rotarod task [3,43–45]. Inconsistent results have also been found in mouse models 

with brain region specific torsinA deletion, with some displaying deficits in beam walking 

but normal rotarod performance [6,46–48], and yet others with normal beam walking but 

impaired rotarod performance [49]. These inconsistencies complicate understanding the 

relevance to human dystonia. Here, we have shown that Dlx-CKO mice have specific motor 

deficits with parallels in human dystonia [13–15]. It is not known if impaired dexterity 

in humans with dystonia responds to treatment (e.g., DBS or anticholinergics), or if other 

DYT1 models also have impaired manual dexterity. Nonetheless, these clear abnormalities 

in skilled reaching could be targets for preclinical therapeutic trials and be used to establish 

physiology-phenotype correlations. Similarly, DYT1 carriers have abnormalities in motor 

sequencing, though this is true of both manifesting and non-manifesting carriers [50]. The 

abnormal sequence initiation in grooming patterns that we observed therefore parallels 

motor sequence deficits in human dystonia and may provide a mechanism to dissect the 

physiology underlying this endophenotype.

In conclusion, Dlx-CKO mice display primary motor deficits and motor sequencing 

abnormalities with parallels in human DYT1 dystonia. These abnormalities may provide 

targets for preclinical intervention trials, as well as facilitate determination of the 

physiologic path from torsinA dysfunction to motor phenotype.
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Fig. 1. 
Experimental overview. A): Timeline for a complete set of experiments on a single mouse. 

B) Timeline for a single skilled reaching trial. (1) – the pedestal rises, bringing a sugar pellet 

into position to allow reaching, where it stays for 3 s before (2) – the pedestal descends to 

retrieve a new pellet for the next trial.
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Fig. 2. 
Dlx-CKO mice are impaired in skilled reaching (n = 23; control=14, Dlx-CKO=9). A) 

Number of trials in which mice performed at least one reach. Generalized linear model: 

effect of genotype: z = − 7.54, p = 4.8 × 10−14; effect of session: z = 0.197, p = 0.84; 

interaction between genotype and session: z = 11.7, p < 2.0 × 10−16 B) Average “any 

attempt” success rate. Linear mixed-effects model: effect of genotype: F(1,21)= − 2.48, 

p = 0.022; effect of session: F(2,20)= − 0.507, p = 0.62; interaction between genotype 

and session: F(3,19)= 0.657, p = 0.52. Asterisks indicate a significant difference between 

experimental groups in specific sessions. C) Still image of a control mouse at maximum 

paw extension during an unsuccessful trial in which the paw contacted the pellet, displacing 

it (Top) and in which the paw missed the pellet, allowing it to remain on the pedestal 

(Bottom). Arrows indicate the closest distance between paw and pellet. D) Fraction of 

unsuccessful trials during which mice displaced (Top; “pellet displaced”) or did not displace 

(Bottom; “pellet remained”) the pellet. Asterisks indicate a significant difference between 

groups in specific sessions. Linear mixed-effects model for “pellet displaced” trials: effect 

of genotype: F(7,15)= − 3.80, p = 1.7 × 10−3; effect of session: F(4,18)= 1.33, p = 0.20; 

interaction between genotype and session: F(4,18)= 2.10, p = 0.050. Linear mixed-effects 

model for “pellet remains” trials: effect of genotype: F(5,17)= 4.49, p = 3.3 × 10−4; effect 

of session: F(3,19)= − 1.00, p = 0.33; interaction between genotype and session: F(4,18)= 

− 2.14, p = 0.046. For individual sessions in panels A, B, and D, * indicates p < 0.05; * * 
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indicates p < 0.01; * ** indicates p < 0.001. Error bars represent mean +/− SEM. The full 

statistical tables are provided in Supplemental Data 1.
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Fig. 3. 
Movement element scores are similar between Dlx-CKO and control mice (n = 23; 

control=14, Dlx-CKO=9). Mean movement element scores for the first 3 correct reaches 

(early training) and last 3 correct reaches (late training). Two-way mixed-effects ANOVA: 

Main effect of genotype on “aim”: F(3,19) = 5.89, p = 0.025; Main effect of genotype on 

“supinate I”: F(3,19) = 5.05, p = 0.037. Main effect of training on “digits close”: F(3,19) 

= 5.24, p = 0.034; Main effect of training on “digits extend and open”: F(3,19) = 8.23, p 

= 0.010. Lines linking early to late training indicate significant changes from early to late 

training. Bars over a specific movement element indicate a difference between genotypes. 

Black lines indicate main effects. Colored lines represent effects specific to one genotype. 

* indicates p < 0.05. Error bars represent mean + /− SEM. The full statistical tables are 

reported in Supplemental Data 2.
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Fig. 4. 
Grooming structure in control mice. A) Mouse grooming consists of syntactic chains, made 

up of stereotyped strokes, which are usually embedded in longer and less stereotyped 

non-chain grooming bouts. Stroke types are similar in chain and non-chain grooming with 

the exception of paw licks, which do not occur in chain grooming. Shapes correspond to 

forelimb stroke types, and colors correspond to syntactic chain phases. Elliptical strokes 
consist of small bilateral strokes near the nose. Unilateral strokes consist of larger elliptical 

motions from the vibrissae to the snout that occur asynchronously. Bilateral strokes are 
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similar to unilateral strokes, but occur synchronously in both arms. Body licking consists of 

body twisting so the mouse can clean its haunches. Paw licks consist of paw licking without 

small elliptical strokes. B) Choreography of a complete syntactic chain. Individual symbols 

indicate the stroke type, and their size represents the amplitude of the movement with 

respect to facial landmarks. C) Choreography of a non-chain grooming bout. Transitions 

between stroke types occur at a slower pace and in a less predictable order.
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Fig. 5. 
Dlx-CKO mice perform similar amounts of grooming, but in more variable patterns, than 

controls (control=5, Dlx-CKO=8). A) Time spent grooming in total, in non-chain bouts, and 

in chain bouts. Linear Regression, effect of genotype: total time spent grooming: t(12) = 

0.053, p = 0.96; time spent non-chain grooming t(12) = 1.40, p = 0.19; time spent chain 

grooming: t(12) = − 1.93, p = 0.079. B) Number of bout initiations per minute of grooming 

in total, for non-chain grooming, and for chain grooming. Kruskal-Wallis test, effect of 

genotype: non-chain bout initiation: chi- squared= 2.49, df= 1, p = 0.11; syntactic chain 

initiation: chi-squared= 4.83, df= 1, p = 0.028. C & D) Distribution of non-chain (C) and 

syntactic chain (D) grooming bout durations. The left and right axes represent counts for 

control and Dlx-CKO mice, respectively. Axes were scaled to maximum counts to facilitate 

comparison. E) Number of complete and incomplete syntactic chains per trial. Poisson 

Regression, effect of genotype on: number complete syntactic chains: z(12) = 0.49, p = 0.63; 
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number incomplete syntactic chains: z(12) = − 1.05, p = 0.29. F) Frequency of performance 

of each grooming phase. Kruskall-Wallis test, effect of genotype: ellipses: chi-squared= 

4.16, df= 1, p = 0.041; unilateral strokes: chi- squared= 0.99, df= 1, p = 0.32; bilateral 

strokes: chi-squared= 2.26, df= 1, p = 0.13; body licks: chi-squared= 1.86, df= 1, p = 0.17. 

* indicates p < 0.05 for a main effect of genotype for each trial outcome. # indicates p < 
0.05 for a main effect of session number for each trial outcome. The full statistical tables are 

reported in Supplemental Data 3.
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