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Abstract
Angelman syndrome (AS) is a genetic neurodevelopmental disorder characterized
by developmental delay, lack of speech, seizures, intellectual disability, hypotonia,
and motor coordination deficits. Motor abilities are an important outcome mea-
sure in AS as they comprise a broad repertoire of metrics including ataxia, hypo-
tonia, delayed ambulation, crouched gait, and poor posture, and motor
dysfunction affects nearly every individual with AS. Guided by collaborative
work with AS clinicians studying gait, the goal of this study was to perform an in-
depth gait analysis using the automated treadmill assay, DigiGait. Our hypothesis
is that gait presents a strong opportunity for a reliable, quantitative, and transla-
tional metric that can serve to evaluate novel pharmacological, dietary, and
genetic therapies. In this study, we used an automated gait analysis system, in
addition to standard motor behavioral assays, to evaluate components of motor,
exploration, coordination, balance, and gait impairments across the lifespan in an
AS mouse model. Our study demonstrated marked global motoric deficits in AS
mice, corroborating previous reports. Uniquely, this is the first report of nuanced
aberrations in quantitative spatial and temporal components of gait in AS mice
compared to sex- and age-matched wildtype littermates followed longitudinally
using metrics that are analogous in AS individuals. Our findings contribute evi-
dence toward the use of nuanced motor outcomes (i.e., gait) as valuable and trans-
lationally powerful metrics for therapeutic development for AS, as well as other
genetic neurodevelopmental syndromes.

Lay Summary
Movement disorders affect nearly every individual with Angelman Syndrome
(AS). The most common motor problems include spasticity, ataxia of gait
(observed in the majority of ambulatory individuals), tremor, and muscle weak-
ness. This report focused on quantifying various spatial and temporal aspects of
gait as a reliable, translatable outcome measure in a preclinical AS model longitu-
dinally across development. By increasing the number of translational, reliable,
functional outcome measures in our wheelhouse, we will create more opportuni-
ties for identifying and advancing successful medical interventions.
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INTRODUCTION

Angelman syndrome (AS) is a rare genetic neu-
rodevelopmental disorder (NDD) characterized by devel-
opmental delay, impaired receptive and expressive
communication skills, motor disability, severe intellectual
disabilities, and seizures (Williams, 2010; Williams
et al., 2010; Williams & Franco, 2010). Movement disor-
ders affect nearly every individual with AS and are more
prevalent than other commonly associated symptoms.
These movement abnormalities are not the sole result of
weakness, albeit, accompanying contributions of weak mus-
cle tone are a key component (Bird, 2014; Gentile
et al., 2010; Schlaggar & Mink, 2003; Tan et al., 2011;
Wheeler et al., 2017). AS is caused by the loss of maternal
expression of the gene UBE3A (ubiquitin-protein ligase
E3A/E6AP) (Jiang et al., 1998; Matsuura et al., 1997;
Sutcliffe et al., 1997). Due to brain-specific imprinting, the
paternal allele is silenced; thus, loss of the maternal expres-
sion causes UBE3A deficiency isolated to the central ner-
vous system (Sutcliffe et al., 1997; Yamasaki et al., 2003).

The AS motor profile includes gross and fine motor
skill impairments and motor problems including spastic-
ity, ataxia of gait, tremor, and muscle weakness. Delays
in meeting motor milestones such as neck control, limb
coordination, and crawling are often noted in the first
year of life, and additional motor deficits such as hypoto-
nia, delays, and impairments in independent walking
abilities, and uncoordinated and ‘jerky’ movements are
observed as children develop (Gentile et al., 2010;
Micheletti et al., 2016; Wheeler et al., 2017). The delay in
or lack of typical motor skill acquisition likely contrib-
utes to poor daily living skills, delay or failure to ambu-
late unassisted, and adds to maladaptive cognitive
development observed later in life (Peters et al., 2004;
Wheeler et al., 2017). Data from studies of other neu-
rodevelopmental disorders also show a strong relation-
ship between the degree of motor deficit and other
behavioral domains such as social communication and
cognition (Champion et al., 2014; Gernsbacher et al.,
2008; Leonard, 2016). Prior research in AS has reported
motor aberrations (DeLorey et al., 1998; Heck
et al., 2008; Jiang et al., 1998; Landers et al., 2005;
Sinkkonen et al., 2003; Sonzogni et al., 2020). Gait
abnormalities such as ataxic gait with broad, unstable
stance have been well reported in AS children who walk
independently, affecting upward of 80% of patients in
one report (Tan et al., 2011; Wheeler et al., 2017). Yet, to
date, there is only one study that clinically quantified gait
in AS (Grieco et al., 2018). Preclinically, the use of the
hind limb clasp (Homanics et al., 1997) and walking with
painted paws have been reported but provide limited sub-
jective data (Carter et al., 2001). Grieco et al. used the
Zeno Walkway, an electronic pressure mat covered with
sensors, which analyzes gait parameters, and found that
AS children walked with small, fast steps. Moreover, at
6–9 years old, AS children had poor gait skills, more sim-
ilar to typically developing children aged 1–3 years

(Grieco et al., 2018). To improve preclinical objectivity
and accuracy, we moved away from paw painting to the
DigiGait treadmill for enhanced reliability and transla-
tion. The translational power of the DigiGait system lies
in its ability to precisely and automatically collect the
same gait outcome metrics in rodent models of AS that
are collected clinically in human AS patients (e.g., stance
width, stride frequency, double support, etc.).

In vivo models are essential for testing therapeutic
delivery methods and clinically relevant outcome mea-
sures in those models are required to demonstrate the
efficacy of new treatments, whether they be innovative
designs or traditional medicinal therapies being rep-
urposed (Thurm et al., 2020). Motor development is
highly conserved across species, which is exemplified by
gene expression profiles in the cortex and cerebellum
(Strand et al., 2007). For humans and rodent models
alike, motor deficits are the most consistently reported
phenotype in AS. In mice, this behavioral phenotype has
been well reported as reduced locomotor activity, poor
balance and coordination, and impairment of perfor-
mance on the accelerated rotarod (Born et al., 2017;
Huang et al., 2013; Jiang et al., 1998; Miura et al., 2002).
Recently, a novel rat model of a full deletion of Ube3a
recapitulated these motor deficits including the aforemen-
tioned accelerated rotarod motor learning deficit as well
as additional nuanced impairments in rearing and fine
forelimb motor skills (Berg et al., 2020, 2021; Dodge
et al., 2020).

There is a plethora of data on motor ability impair-
ment in earlier reports of AS preclinical models. Homanics
et al. (1997) performed the hindlimb clasp (i.e., retraction
of all four paws), which is observed in numerous models
of NDD (e.g., Rett) and some unaltered control wildtype
littermates. In the first behavioral phenotyping of their AS
mouse, Jiang et al. (1998) used hind-paw footprint analysis
to assess ataxia and noted a slightly reduced stride length
in maternally deficient Ube3a animals (Homanics,
et al., 1997; Jiang et al., 1998). Footprint analysis via paw
painting sustains its role in numerous behavioral neurosci-
ence laboratories, to date (Brooks et al., 2004; Carter
et al., 2001). Heck et al. and Mulherkar and Jana convinc-
ingly used various metrics of rope climbing, beam walk-
ing, and rotarod for coordination, balance, fine motor
skills, and strength. Additionally both conducted paw
painting down a runway of paper with manual scoring of
metrics on both limbs and found elongated stride length
and a wider stance only in the hindlimbs, identifying simi-
lar gait phenotypes observed in AS clinically (Brooks
et al., 2004; Carter et al., 2001; Grieco et al., 2014;
Mulherkar & Jana, 2010). Herein, we applied treadmill
walking to corroborate and extend earlier work and to
illuminate a variety of gait metrics while utilizing a longi-
tudinal design to detect phenotypes across the lifespan.
Our longitudinal approach allowed us to evaluate the phe-
notype’s trajectory and determine whether a consistent
worsening over time (decline), a loss of skills (regression),
or no change (stagnation) occurred. We confirmed that
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DigiGait is test–retest reliable and introduced gait’s poten-
tial for informing clinical trials by its translatability via
indices of spatial and temporal gait. Initial characteriza-
tions and validations needed to be performed using the
DigiGait hardware and software to quantify disrupted
walking and gait across development in a mouse model of
AS. This work extends previous findings of impaired
motor abilities in AS mouse models by (a) using DigiGait
to quantify gait parameters in a more nuanced way, using
spatial and temporal indices, and (b) assessing gait across
development, from weaning to adulthood.

In this study, we focused on numerous indices of gait,
from physical metrics to spatial and temporal properties,
analogous to clinical gait studies in AS, and discovered
many maladaptive gait patterns in AS model mice. Tempo-
ral gait metrics in AS mice have not been reported, to date.
Furthermore, we compared the gait of AS mice to sex- and
aged-matched wildtype littermate controls across the
lifespan to identify onset, progression, and severity of
abnormal gait patterns. Our data revealed numerous gait
alterations in AS mice that were penetrant early in life,
highlighting a potential quantitative biomarker that could
be correlated with gait analysis in human subjects.

METHODS

Animal subjects

All animals were housed at the University of California
Davis School of Medicine in Sacramento in a temperature-
controlled vivarium on a 12:12 light–dark cycle. All proce-
dures were conducted in compliance with the NIH Guide-
lines for the Care and Use of Laboratory Animals and
approved by the Institutional Animal Care and Use Com-
mittee of UC Davis. A colony was maintained by breeding
male B6.129S7-Ube3atm1Alb/J (Jackson Laboratory, Stock
No. 016590) with female C57BL6/J mice, maintaining pater-
nal transmission of the mutant allele. Angelman syndrome
(AS) model mice used in behavioral experiments had mater-
nal transmission of the mutant allele and were generated by
crossing heterozygous dams with C57BL6/J males to pro-
duce maternally inherited mutant Ube3am�/p+ (AS, N = 20)
mice and wildtype littermate controls (WT, N = 30). Mice
were tested in the gait task from postnatal day (PND)
22 (weaning) to PND180 and motor assays were conducted
at 4 months of age. Both sexes were assayed.

Motor behavior assays

Motor behavior was tested at 4 months of age, during
adulthood when both gait and global motor deficits have
been previously described (Adhikari et al., 2021). Ani-
mals were habituated in a 30 lux room, separate and
away from the testing room, for 1 h prior to every assay.
Seventy percent ethanol was used to clean equipment
between each subject and trials in all described assays.

Open field

Open field was used to detect locomotive activity and
general explorative behavior, as previously described
(Adhikari et al., 2018; Bales et al., 2014; Copping
et al., 2016, 2019). Individual mice were placed in a novel
open arena for 30 min at 30 lux. EthoVision XT
(Noldus) software was used to record sessions and ana-
lyze the total distance traveled during the 30 minutes and
the average velocity of the subject during the session.

Beam-walking

To assess motor coordination and balance abilities, the
beam-walking task was conducted. Subjects were placed,
one by one, at one end of a 59-cm long beam, elevated
68 cm above a cushion, at the end of which a darkened
goal box (12-cm diameter cylinder) was placed on the far
end of the beam to motivate subjects to walk across. On
the first training day, three trials on a large diameter
(35-mm) beam were conducted for mice to become accus-
tomed to the task. Animals that had scores of 60 s for all
three trials on the training day were excluded from analy-
sis; no animals were excluded during this experiment. On
the next day, animals were placed on three beams of dif-
ferent diameters (35-, 18-, and 13-mm) in order of least to
most difficult (widest to narrowest). Two trials per beam
were conducted with an inter-trial rest interval of at least
30 min. Each trial was a maximum of 60 s. Any falls off
the beam were recorded as 60 s. The average latency to
traverse the beam for the two trials was recorded.

Rotarod

An accelerating rotarod task was employed to further
assess motor coordination and motor learning (Ugo
Basile, Schwenksville, PA). Mice were placed on an
accelerating cylinder that slowly accelerated from 4 to
40 revolutions per minute over a 5-min period. Latency
to fall off the cylinder or no longer comply with the task
(i.e., cling to rod for more than two full rotations instead
of walking forward) was recorded per trial with a maxi-
mum of 300 s. Mice were tested for three consecutive
days with three trials per day separated with an hour
inter-trial interval to prevent fatigue. Results from each
day’s trials were averaged, as is the field’s standard
approach (Yang et al., 2012).

Gait analysis

The DigiGait imaging system was used to analyze gait
(Mouse Specifics Inc, Boston, MA). DigiGait utilizes a
ventral plane camera underneath a transparent tread-
mill belt that generates digital paw prints as a subject
walks or runs (Hampton et al., 2004). Initial
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characterizations and validations were performed using
previously published protocols (Amende et al., 2005;
Hampton & Amende, 2010; Hampton et al., 2004).
Protocols were adapted for AS using published methods
(Grieco et al., 2018) as well as personal communica-
tions with community members of the Foundation for
Angelman Syndrome Therapeutics (FAST) and
Dr. Jessica Duis.

The day after weaning, mice were habituated in the
walking chamber for 1 min, and then the belt was
turned on and slowly increased from 5 cm/s to the tar-
get belt speed of 20 cm/s. On all subsequent testing
days, mice were placed in the walking chamber for
1 min and the belt speed was set to 20 cm/s. Subjects
unable to walk at the target speed for at least 5 s were
allowed to rest and were retested. Subjects were
recorded walking for 4–5 s, allowing for at least 10 full
strides. Videos were taken when animals were running
forward and were retaken if there were instances of
subjects jumping, using the front bumper as an aid,
walking diagonally across the camera view, or sliding
backwards into the back bumper.

Frames were digitized, and relevant gait parameters
were analyzed using DigiGait analysis software as pre-
viously described (Hampton, 2004; Hampton
et al., 2004). Quality control steps in the analysis were
conducted blind to genotype. Left and right fore- and
hindlimbs were averaged together per subject for each
metric.

Statistical analysis

All statistical analysis was conducted using GraphPad
Prism software. Open field, beam walking, rotarod, and
adult DigiGait data were analyzed using two-way
repeated-measures ANOVA with planned posthoc multi-
ple comparisons assessing performance between genotypes
at each time bin, rod, day, and limb, respectively. Longitu-
dinal DigiGait data were analyzed using repeated mea-
sures mixed-effects models with planned Sidak posthoc
multiple comparisons of genotype performance at each
time point as well as multiple comparisons between all
timepoints within genotype for each parameter studied.
Data were analyzed for sex differences before pooling;
there were no sex differences found in motor assays or gait
metrics (Figure S5). Additionally, a full report of statistics
is available in Table S1.

RESULTS

Global motor deficits

Adult AS mice exhibited global motor deficits as assessed
by three gold-standard rodent behavioral assays at
4 months of age. As previously reported, AS mice showed
reduced activity in a novel open arena exploration task
(Figure 1a,b). AS mice traveled less distance during the
exploration period, traversing, on average, 25% less than

F I GURE 1 Adult AS mice exhibit severe motor deficits in locomotor exploration, speed, motor coordination, balance, and motor learning. (a,b)
Adult AS mice were given a 30-minute exploration period in a novel chamber. (a) AS mice demonstrated low locomotive activity, as they traversed
less distance, compared to wildtype mice. (b). Moreover, during the exploration period, AS mice moved significantly more slowly than WT. (c) In the
accelerating rotarod, AS mice showed a significant decrease in latency to fall across all 3 days, suggesting an impairment in motor learning and
coordination. (d) Motor balance and coordination were assessed in a beam walking assay. Mice were trained to traverse a beam and their latency to
cross the beam was recorded on progressively thinner and more difficult beams. AS mice took significantly longer than WT mice to cross the more
difficult beams. *p <0.05 in posthoc comparison between WT and AS. (a–d) Data represented as mean � SEM. (a,b) *p <0.05 Student’s t-test
between genotypes. (c,d) *p <0.05 main effect of genotype in repeated measures two-way ANOVA
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WT (Figure 1a, p =0.003). Moreover, during the same
period, AS mice showed reduced velocity, on average pro-
ducing only 80% of the velocity of WT mice (Figure 1b,
p=0.026). In addition to gross locomotive ability, we
assayed other motor abilities such as balance, coordina-
tion, and motor learning using the beam walking and
accelerating rotarod tasks. AS mice had impairments in
both tasks (Figure 1c,d). AS mice demonstrated character-
istic poor performance on accelerated rotarod on all three
days (Figure 1cgenotype, p <0.05). AS mice showed signifi-
cantly increased latencies to cross more difficult beams,
demonstrating an impairment in balance and coordination
(Figure 1d, Holm-Sidak posthoc analysis, AS versus WT,
rod 1: ns, rod 2: p =0.0162, rod 3: p <0.0001).

Adult gait

AS mice showed abnormal spatial and temporal subcom-
ponents of gait compared to age- and sex-matched WT

littermate controls. Spatial parameters included stance
width, step length, and stepping frequency, also known
as cadence. Stance width, defined as the distance between
right and left limbs when limbs are grounded, was wider
in the forelimbs and trended wider in the hindlimbs of
AS mice, compared to WT (Figure 2a, AS versus WT
Holm-Sidak post-hoc analysis, fore: p <0.0001, hind:
p =0.07). Additionally, AS mice took longer steps, with
an average 20% longer step or stride length (Figure 2b,
AS versus WT Holm-Sidak post-hoc analysis, fore:
p <0.0001, hind: p <0.0001). Accordingly, stride fre-
quency was decreased in AS fore- and hindlimbs
(Figure 2b, AS versus WT Holm-Sidak posthoc analysis,
fore: p <0.0001, hind: p <0.0001). The abnormal wider
and elongated gait of adult AS mice may indicate lower
ability during ambulation. Total stride duration and its
four phases of temporal gait pattern were analyzed:
swing, during which a paw has no contact with the gro-
und, braking, during which a paw transitions from the
swing phase and steps onto the ground into the stance

F I GURE 2 AS mice exhibit deficits in spatial metrics of gait compared to WT controls. (a). During ambulation, stance width between left and
right limbs during maximum stance was wider in AS mice in both fore and hindlimbs, potentially indicating an instable posture. (b) AS mice took
longer strides in both fore and hindlimbs and therefore, conversely, (c) the step frequency, or cadence, was significantly reduced. Bars represent
mean � SEM *indicates p <0.05, student t-test between genotypes

F I GURE 3 AS mice exhibit deficits in temporal metrics of gait compared to WT controls. (a) Stride duration was elevated in both fore and
hindlimbs of adult AS mice, compared to WT controls, requiring more time to make a single step. (b) AS mice showed an increased duration spent in
the swing phase, when the paw has no contact with the ground, compared to WT. (c) Converse to swing, it was expected that the AS mice spent less
time in the stance phase of the stride. (d) Within the stance phase, propulsion is the lift-off of the paw from the ground into swing, propelling the
animal forward. The AS mice show increased time spent in this phase. (e) At the opposite end of the stance is braking, when the paw exits the swing
and meets the ground, which was also shorter in AS, but only in the forelimbs. This is likely related to the specialized role of steering forelimbs are
primarily used for in quadrupeds. (f) Curiously, AS mice showed reduced time spent in % shared stance, also known as double support. Bars
represent mean � SEM * indicates p <0.05 (a–e) between genotype post hoc comparison, (f) Student’s t-test
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phase, propulsion, during which a paw lifts off the gro-
und and into the swing phase, and stance when the paw
makes full contact with the ground. AS mice required
more time to make one stride as the stride duration was
significantly increased (Figure 3a, AS versus WT Holm-
Sidak posthoc analysis, fore: p <0.0001, hind:
p <0.0001). Within the stride, both stance and swing
times were increased as AS mice spent more time with
their paws on the ground and in the air compared to WT
mice (Figure 2b,c, both swing and stance AS versus WT
Holm-Sidak posthoc analysis, fore: p <0.0001, hind:
p <0.0001), which suggests the increase in stride time
was not determined by a single component of the gait
cycle. In the transitional phases of gait, we observed ele-
vated propulsion time in AS gait (Figure 3d, AS versus
WT Holm-Sidak posthoc analysis, fore: p <0.0001,
hind: p <0.0001) whereas time required to decelerate
and brake was only detected in the forelimbs (Figure 3e,
AS vs WT Holm-Sidak posthoc analysis, fore:
p <0.0001, hind: ns). Time spent in each phase of the
cycle, as a function of the whole stride, was abnormal in
the hindlimbs of AS mice (Figure S3). We also looked at
the percent of the stance phase where both paws are on
the treadmill, referred to as % shared time and % double
support. Mammals with poor balance tend to have
increased double support as it increases stability; how-
ever, we observed that the AS mice actually had a
decreased % shared time (Figure 2f, t(47) =3.485,
p =0.0011). These phenotypes were replicated in a sec-
ond, independent cohort (Figure S4). No sex differences
were observed in WT or AS (Figure S5).

Gait across the lifespan

Next, we wanted to elucidate the progression of observ-
able gait abnormalities in AS mice and determine
whether we could observe an onset and specific develop-
mental pattern of nuanced motor disabilities. We
assessed gait from weaning until 6 months of age in AS
mice to investigate the trajectory of the abnormal gait we
observed in adulthood. Over this time course, AS mice
showed reliably wider stance widths (Figure 4a, fore:
Fgenotype (1,48) = 22.02, p <0.0001, hind: Fgenotype

(1,48) = 11.65, p <0.0001). As previously, we utilized
Holm-Sidak multiple comparison tests to evaluate
changes in gait parameters within genotypes, between
time points. To that end, interestingly, while AS mice
had wider stances, both AS and WT mice showed the
same developmental pattern of stance width with steady
increases over development and a sharp increase between
PNDs 120 and 180. A longer step length was observed as
early as the time of weaning in AS hindlimbs, and PND30
in forelimbs, and it continued to increase throughout devel-
opment, whereas WT mice showed a slight but significant
increase in step length between PNDs 22 and 30 and then
showed a stable, mature step length until after PND120
(Figure 4b, fore: Fgenotype (1,48) = 75.78, p <0.0001, hind:
F genotype (1,48) = 76.48, p <0.0001). As expected, we saw the
converse in step frequency; AS had a decreased cadence
that worsened throughout their lives, while WT mice
showed only moderate changes between PNDs 22 and
30 and between 120 and 180 (Figure 4c, fore: Fgenotype
(1,48) = 63.75, p <0.0001, hind: Fgenotype (1,48) = 70.80,

F I GURE 4 Across development, AS mice exhibited slower progression across all spatial gait indices. (a) Stance width between right and left
limbs in both fore (top) and hindlimbs (bottom) increased slightly throughout development but was wider in the AS mice, compared to WT mice,
throughout. At the oldest time point, both WT and AS mice showed a sharp increase in stance width with a similar slope. (b) Similarly, AS mice
exhibited increased step lengths throughout the experiment and the discrepancy in step length was present at weaning at PND22. Additionally, while
WT mice had a stabilized step length after PND30, step length continued to increase in AS mice and began stabilizing around after PND60. The same
pattern was observed in both fore and hindlimbs. (c) Expectedly, the stepping frequency showed the converse: In both limbs, AS mice showed reduced
step frequency that was present at weaning and progressed throughout development, unlike the WT mice which showed a relatively stable, mature
cadence after PND30. *p <0.05, main effect of group of two-way repeated measured mixed effects model
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p <0.0001). In humans, as gait matures from first steps into
independent walking, the stance width between the feet
decreases; step length increases as limb lengths also increase;
and cadence, or step frequency, increases as a child’s speed
increases. Here, speed is held constant, therefore, while
stride lengths increase as mice grow, the step frequency
inversely decreases.

When we looked at temporal subcomponents of gait,
we saw that AS mice had disrupted developmental gait tra-
jectories, with complex temporal patterns. Across all the

temporal parameters reported, we observed that AS mice
displayed a significantly elongated stride time in both the
fore- and hindlimbs that was continuously prolonged while
WT stride time stabilized after PND30 and until PND120,
at which time both groups showed an age-related increase
in stride time (Figure 5a, fore: Fgenotype (1,48) = 75.92,
p <0.0001, hind: Fgenotype (1,48) = 76.54, p <0.0001). AS
mice spent more time in the stance phase than WT mice
with both groups showing similar developmental patterns
(Figure 5b, fore: Fgenotype (1,48) = 55.22, p <0.0001, hind:

F I GURE 5 AS mice exhibited aberrant temporal metrics of gait beginning at PND30 with progressive worsening over time. Temporal
subcomponents of gait were detectably different in AS mice as early as weaning, but typically at PND30, and continued to progress while WT mice
showed maturation and stabilization of gait parameters. (a) Stride duration was significantly higher in the fore and hindlimbs of AS mice, compared
to WT. (b) Aberrant stance time was observed in AS mice, in both limbs. (c) Similar to stance time, swing time was also elevated in AS mice.
Interestingly, elevated hindlimb swing time was detected earlier at PND22. (d) Propulsion time was increased in the AS group PND30 onwards,
which suggests more time is required to produce force necessary to initiate the next step. (e) Time spent in the braking phase was only significantly
higher in the forelimbs of AS mice, likely due to the specific use of forelimbs in steering. This difference emerged at PND37. (f) Double support, or %
shared stance time, in the hindlimbs, was significantly different between AS and WT mice over the lifespan. *p <0.05, main effect of group of two-
way repeated measured mixed-effects model
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Fgenotype (1,48) = 55.03, p <0.0001). AS swing time was
also detectably longer in the forelimbs at PND30, but this
aberration was present at weaning in the hindlimbs
(Figure 5c, fore: Fgenotype(1,48) = 84.17, p <0.0001, hind:
Fgenotype (1,48) = 64.94, p <0.0001). Corroborating our
earlier observations, we detected a developmental pat-
tern: a stabilization of gait metrics in WT mice after
PND30 and an age-related increase between PND120
and 180 that was also observed in AS mice. AS mice
spent more time in the propulsion phase of gait compared
to WT, with both groups showing the same pattern
across time (Figure 5d, fore: Fgenotype(1,48) =34.07,
p <0.0001, hind: Fgenotype (1,48) = 58.53, p <0.0001). AS
mice deviated from WT in braking of the hindlimbs, and
had increased braking time in the forelimbs (Figure 5e,
fore: Fgenotype (1,48) = 29.31, p <0.0001, hind: Fgenotype

(1,48) =4.599, p =0.371). The pattern of braking duration
across time was unique compared to the other temporal
metrics. A steep increase in braking time between
PND22 and 30 was revealed in both groups; WT had a
stabilization until PND120, while the AS mice continued
to spend more time in the braking phase until PND60.
At PND60, AS mice showed reduced time in double sup-
port when both paws are simultaneously on the ground
(Figure 2f), however, we saw that this was not the case
across the developmental time window we studied
(Figure 5f). There was a significant difference between
the genotypes (Fgenotype (1,48) =3.485, p =0.0011),
although Holm-Sidak multiple comparisons could not
detect that double support was different from WT, per-
haps resulting from more variability and a less robust sig-
nal: noise ratio at the earliest and latest time points
collected.

We observed that many abnormalities in AS gait pre-
sent as early as the first time point, weaning. Before
PND22, mice of either genotype were unable to walk
consistently and continuously long enough at the requi-
site speed to capture high-quality videos for analysis. We
attempted to observe whether ambulation abnormalities
arose earlier by performing a neonatal circle transverse
task and saw that AS pups gained proficient crawling
and walking skills later than WT, suggesting motor defi-
cits are present early in life and progress (Figure S2).

DISCUSSION

This is the first report of precisely quantified spatiotem-
poral indices of gait and motor patterns across develop-
ment in AS mice, potentially providing reliable and
translational functional outcome metrics. Motor deficits
have been key in the study of rodent models of AS, as
dysfunction on the rotarod and reduced activity have
been the most consistently reported behavioral pheno-
types, likely related to cerebellar dysfunction (Adhikari
et al., 2021; Berg et al., 2020; Born et al., 2017; Cheron
et al., 2005; Dodge et al., 2020; Heck et al., 2008; Huang

et al., 2013; Sonzogni et al., 2018). These phenotypes are
intra- and inter-laboratory reproducible observations in
the AS field. Our report extends earlier work on global
motor deficits in AS mice. For the first time, we confirm
reliable, substantial clinically-relevant gait aberrations in
AS mice, using both spatial and temporal indices, while
also providing evidence that gait abnormalities are
detectable early in life and progressively decline with age.
This study leveraged DigiGait technology which allowed
for 1) automation, 2) a longitudinal design to detect phe-
notypes across the lifespan, when they onset and if they
regress and/or decline 3) inherent enhanced reliability, 4)
higher throughput, 5) confirmation of test–retest reliabil-
ity, 6) the ability to collect spatial and temporal metrics,
and 7) an emphasis on a uniquely translational aspect of
a behavioral phenotype.

We corroborated earlier work that demonstrated
moderate to severe global motor deficits in AS mice.
Importantly, we discovered numerous quantitative gait
parameters that indicated instability and poor gait, sim-
ilar to clinic reports by Dr. Jessica Duis (Duis, 2021;
Duis et al., in review) and others (Grieco et al., 2018;
Sadhwani et al., 2021). We observed wider stances in
both sets of limbs in juveniles and adults, an indicator
of instability since wider stances serve as a compensa-
tory measure for imbalance during ambulation. Abnor-
malities in gait, via spatial indices, were further
detectable by the number of steps taken by the AS sub-
jects. Specifically, the use of longer, but fewer steps,
compared to WT. One conjecture is that the speed cho-
sen (20 cm/s) represents a walk for normal WT mice but
may be more difficult for the AS mice. In humans, this
would be reflected by a gait pattern signature for run-
ning, characterized by longer strides and reduced stride
frequency (Cappellini et al., 2006). At a higher tread-
mill speed of 36 cm/s, both genotypes were running,
demonstrated by longer stride lengths (Figure S6). Dou-
ble support, when both feet or paws are on the ground
at the same time, is informative about balance and sta-
bility; in humans, a less stable, balanced gait typically
has more time with both limbs on the ground. Double
support also typically decreases as a function of speed,
in both bipedal humans and quadrupeds: as speed
increases, there are fewer instances when both feet, or
paws, are on the ground (Cappellini et al., 2006). Chil-
dren with AS, known to have poor balance, exhibit
more double support and less single support while
walking and have demonstrably slower walking speeds
than age-matched neurotypical children (Grieco
et al., 2018). However, in our study, speed is fixed as
the animals are moving on a treadmill, therefore the
reduced double support we observed in AS mice may
represent the adoption of a running gait pattern to
maintain treadmill speed. A limitation of this report is
that we did not explore other treadmill speeds with full
power for statistical comparisons, comprehensively
analyze endurance, or compare to a control group with
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known normal muscular strength but impoverished
motor coordination. More work will need to be per-
formed clinically and preclinically to collect data to
answer this query with support. We are currently opti-
mizing developmental protocols to determine if the
DigiGait can be utilized to capture the onset and/or
development of walking milestones.

Temporal indices of gait, a novel outcome measure
unable to be easily captured by previous methodologies,
were also altered in AS mice, exhibited by lengthened
components of the gait cycle. Stride time, which includes
the components of swinging, braking, propulsion, drag,
and stance, was increased overall, but not as a function
of any singular index. Swing is captured when the paw is
in the air, and stance when it is on the ground. Swing and
stance times were increased in both sets of limbs in AS
mice. Propulsion is the time a paw requires to transition
from stance to swing, effectively, by pushing off the gro-
und and propelling forward. We discovered longer pro-
pulsion times and elevated paw drag in AS mice
(Figure 1). Paw drag is calculated as the area under the
curve during the propulsion phase and these two indices
are intercorrelated. In quadrupeds, hindlimbs are primar-
ily used to push off and propel the animal forward while
the forelimbs are preferentially used for steering and con-
trolling deceleration. Combined, the augmented braking
and propulsion/drag suggested that AS mice may lack
either fine motor control or may have reduced muscular
strength, as more time is required to propel into the next
step. Future studies will inform us. One limitation of the
current work is that such detailed and nuanced motor
deficits have yet to be commonly identified or reported in
preclinical models of NDDs, which limited our ability to
compare the AS mouse to other NDD models. Our goal
is to continue this nuanced examination of spatial and
temporal gait indices to confirm and corroborate if these
metrics are useful as a rigorous, reliable translational out-
come measure, beyond our observations in AS.

For the first time, this study assessed a motoric met-
ric, gait, from weaning to adulthood. We performed this
assessment at the urging of AS clinicians, as translational
motor measures, to date, remain underdeveloped
(Duis, 2021; personal communications with Drs. Duis,
Anderson, Jeste, Thurm, and Berry-Kravis). An earlier
report on reliable phenotypes using new and meta-data
reinforced the high signal:noise ratio of behavioral out-
come measures of rotarod, nest building, marble burying,
and forced swim (Sonzogni et al., 2018). However, these
assays each have a pronounced motor component, while
only one is typically classified as a motor task
(i.e., rotarod); thus, when motor is severely deficient, as
we and others have illustrated repeatedly, the mouse can-
not explore and dig to bury marbles, build complex nests,
nor swim effectively in the forced swim cylinder. There-
fore, hesitation was raised regarding the “reliability” and
underlying functional components being evaluated in this
earlier report of an AS-tailored behavioral battery.

We found that many abnormal metrics were identifi-
able at the earliest age tested, PND22 or weaning age.
This age was chosen as a first time point because mice
younger than PND21 were not able to successfully walk
at the requisite speed of 20 cm/s in preliminary studies.
Most preclinical studies of NDDs are performed in
adults, which, unfortunately, foregoes detection of early
phenotypic onset; regression, if present; and progression,
or decline, over time. Also, testing different ages at which
times the degree of impairment is not ascertained and
well-known can lead to both false-positive (type I) and
false-negative (type II) errors. Thus, the development and
reliability of longitudinal outcomes is key to this research
field, as some treatments may only be successful when
delivered during “critical windows” (Sonzogni
et al., 2019; Sonzogni et al., 2020); however, our labora-
tory and others have shown functional efficacy and
behavioral rescue at multiple time points including adult-
hood (Adhikari et al., 2021; Bailus et al., 2016; Ciarlone
et al., 2016; Daily et al., 2011).

Genotype differences were usually apparent by
PND30 or earlier. This corroborates preclinical and clini-
cal findings of global developmental delay (Berg
et al., 2020). To support this in the current work, we mea-
sured the development of ambulatory skills using the cir-
cle traverse assay during the neonatal period (Berg
et al., 2018; Ellegood et al., 2021). We observed delayed
exiting from the circle in AS pups (i.e., successful ambu-
lation); however, we were unable to delineate the circuits
or physical cause underpinning these data by this single
rudimentary neonatal index (Figure S2).

In this study, gait analysis proved a reliable, transla-
tional assay that can accomplish within-subject lifespan
development, regression, progression and/or decline with-
out confounding test–retest effects. Rotarod, on the other
hand, does not account for the inherent confound of
increased body weight and lethargy over time nor test–
retest effects (i.e., signal is changed with repeated expo-
sure). DigiGait avoids many of these pitfalls and appears
to be a versatile tool, sensitive to various treatments, and
has an established record of use as a strong longitudinal/
repeat testing outcome measure (Hansen & Pulst, 2013).
Compared to rotarod, DigiGait is more sensitive to
severe deficits and can be used to collect motor data in
animals unable to stand on a rod (Lee et al., 2021).
Treadmill gait analysis, using ventral imaging, such as
DigiGait and the Noldus CatWalk, allows for 1)
unhindered access to an ambulating mouse, 2) walking
that is unaffected by the experimenter’s grasping or
“scruffing,” and 3) detection of nuanced and fine-grained
phenotypes (Lei et al., 2014). Quantifiable automated
assays with increased sensitivity and high translational
value used in corroboration with gold standard assays,
such as exploration in a novel open field, may also pro-
vide a greater understanding of the pathological profile
and more precise signal detection and accurate
interpretations.
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Many pharmaceutical clinical trials have failed to
move forward successfully despite preclinical “rescues”;
our work suggests it is possible that tasks lacking transla-
tional specificity and analogous neural circuitry contrib-
ute to this phenomenon (Gordon, 2019). In other words,
the weaknesses of the outcome measures preclinically are
equally as vital as the lack of quantifiable outcome mea-
sures clinically. We predict that outcome measures with
enhanced translational specificity and analogous circuitry
will reduce the “valley of death” or “lost in translation”
gap in bench-to-bedside research. An example is the
latency to fall off the rotarod, which is confounded by
weight, age, background genetic strain, repeated testing,
and lack of complexity in its behavior (Deacon, 2013).
This has also been true for other models of NDDs where
underdeveloped and insensitive outcome measures have
failed to show meaningful change in potentially promis-
ing drug studies (Erickson et al., 2017). Automated gait
analysis may overcome limitations by presenting a reli-
able quantitative method of assessing components to clin-
ical gait analysis. Indices and metrics congruent to
human gait studies should be more readily included in
future behavioral phenotyping deep dives (Hampton
et al., 2004; Hansen & Pulst, 2013; Lei et al., 2016, 2019).

Our study showcases the longitudinal use of quanti-
tative motor metrics for a genetic NDD. Clinically,
quantitative gait research has gained traction and the
idea to tailor attention on gait in preclinical studies is
now gaining momentum (FAST and ABOM consortia,
IDDRC working group, AGENDA working group,
personal communications) for Rett syndrome, neurofi-
bromatosis, Down syndrome, and other NDDs
(Hampton et al., 2004). Data from our work showed
analogous measures of gait phenotypes in rodents that
are being quantified currently in AS clinics (Dr. Jessica
Duis, personal communication). We identified a set of
parameters that demonstrate maladaptive gait progres-
sion, potentially linked to reduced limb strength, insta-
bility, and/or lack of capability. We plan to expand this
work to other genetic NDDs for which there is a grow-
ing body of evidence that there exists a relationship
between degree of motor deficit and other behavioral
domains, such as social communication and cognition
(Copping et al., 2016; DiStefano et al., 2016; Finucane
et al., 2016; Shumway et al., 2011; Soorya et al., 2018).
In summary, gait is a versatile quantitative outcome
measure with great potential for use in therapeutic
evaluation.
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