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Running Title

What is the Sapap3”- mouse a model of?

Title
The Sapap3”- mouse reconsidered as a comorbid model expressing a spectrum of pathological

repetitive behaviours.

Abstract

Symptom comorbidity is present amongst neuropsychiatric disorders with repetitive
behaviours, complicating clinical diagnosis and impeding appropriate treatments. This is of
particular importance for obsessive-compulsive disorder (OCD) and Tourette syndrome. Here,
we meticulously analysed the behaviour of Sapap3 knockout mice, the recent rodent model
predominantly used to study compulsive-like behaviours, and found that its behaviour is more
complex than originally and persistently described. Indeed, we detected previously
unreported elements of distinct pathologically repetitive behaviours, which do not form part
of rodent syntactic cephalo-caudal self-grooming. These repetitive behaviours include
sudden, rapid body and head/body twitches, resembling tic-like movements. We also
observed that another type of repetitive behaviours, aberrant hindpaw scratching, might be
responsible for the flagship-like skin lesions of this mouse model. In order to characterise the
symptomatological nature of observed repetitive behaviours, we pharmacologically

challenged these phenotypes by systemic aripiprazole administration, a first-line treatment
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for tic-like symptoms in Tourette syndrome and trichotillomania. A single treatment of
aripiprazole significantly reduced the number of head/body twitches, scratching, and single-
phase grooming, but not syntactic grooming events. These observations are in line with the
high comorbidity of tic- and compulsive-like symptoms in Tourette, OCD and trichotillomania

patients.
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Introduction

Many neuropsychiatric disorders are characterised by pathological repetitive behaviours (RB)
such as compulsions, tics, stereotypies, or mannerisms. The exact nature of pathological RB is
not always trivial to distinguish and comorbidities impede correct diagnosis and appropriate
subsequent treatment =3, This applies especially to two neuropsychiatric disorders with high
comorbidity *#: Tourette Syndrome (TS), a childhood-onset neurodevelopmental disorder
characterised by tics, and obsessive compulsive disorder (OCD), a heterogeneous disorder, of
which the most typical form is characterised by obsessions and obsession-dependent
compulsions °. Tics are defined as sudden, rapid, recurrent, non-rhythmic, stereotyped motor
events or vocalisations >. Compulsions are clinically described as RBs that individuals feel
driven to perform in response to an obsession or according to rules that must be rigidly
applied. Although compulsions occur less suddenly than tics, it is not always trivial to correctly
distinguish between these two RBs and hence, they could be easily confounded in clinical
practice ®. Furthermore, a third class of disorders with RBs, trichotillomania (TTM), raises yet
another important clinical concern. Although TTM is usually easily diagnosed through
abnormal RBs such as hair-pulling or skin-picking, it remains debated amongst experts
whether these symptoms are of a tic-like or a compulsive-like nature ’.

Rodent self-grooming is recognised as a relevant behavioural output for mapping and probing
neural circuits underlying the generation of repetitive behaviours in translational psychiatric
approaches 8°. Over the last decade, mice lacking the postsynaptic protein SAP90/PSD95-
associated protein 3 (Sapap37°), which is strongly expressed in the striatum, have been used
as the main reference mouse model for compulsive-like behaviours since their phenotype
matches with human OCD symptomatology in many ways. In both OCD patients as well as

Sapap3”" mice, neurophysiological and behavioural components are similarly affected:
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cortico-striatal transmission is dysregulated %15, striatal structure is altered and its activity
increased 19, OCD-like relevant behaviour such as excessive self-grooming is aberrantly
overexpressed despite deleterious consequences, cognitive parameters such as behavioural
flexibility are altered 2°-22 and anxiety measures are increased 3. Pharmacotherapy via
selective serotonin reuptake inhibitors, which are applied as first-line therapy in OCD, or
targeted deep brain stimulation, which is applied in severe, treatment-resistant OCD cases,
decreases compulsive-like behaviours in both OCD patients as well as the Sapap3” mouse
model 323725 A neurobiological core candidate in human OCD symptomatology is aberrant
orbitofrontal cortex (OFC) neuroanatomy and/or activity 151726, Several studies in Sapap3”
mice have corroborated the potential implication of the OFC 627; more specifically the lateral
OFC input onto striatal medium spiny neurons (MSN) in Sapap3” mice was reduced 28 and
their optogenetic excitation restored adapted grooming behaviour and aberrantly elevated
striatal firing rates 1°.

Dysfunctions of cortico-striatal circuits are consistently reported with the appearance of
pathological RBs. These circuits are topographically organised in parallel limbic, associative
and sensorimotor loops coursing through the ventral (VS), dorsomedial (DMS) and
dorsolateral striatum (DLS), respectively 2°=32. They are known to dynamically interact across
these topographically organised loops and are recruited to different extents during learning
and automatisation of behaviours 3337, While earlier evidences suggest a specific
neuropathological connection between compulsive-like behaviours and the so-called
'associative' cortico-striatal loop comprising associative cortical regions such as OFC and the
dorsomedial and central striatum, other findings suggest the implication of other,
complementary dorsal striatal circuits in the generation of pathological RBs in OCD and other

comorbid disorders. In the framework of these dynamically interacting cortico-striatal circuits,
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OCD has recently been discussed as resulting from an imbalance across associative and
sensorimotor CSCs 38, This hypothesis is corroborated by studies demonstrating the
implication of the 'sensorimotor' cortico-striatal circuits, comprising motor cortices and the
dorsolateral striatum, in the generation of pathological RBs 283940, Notably, in the same
Sapap3” model, which has become the main reference mouse model for studying compulsive-
like behaviours in rodents, a recent study revealed that synaptic input from the premotor
cortex (M2), as observed in vitro through slice neurophysiological recording, was strengthened
in Sapap3”- mutants, suggesting thus a potential implication of sensorimotor circuits 2. Yet
other studies, including some in patients, point to an implication of the entire dorsal striatal
circuits in the generation of several types of pathological RBs #*~*%. The hypothesis of generally
compromised cortico-dorsostriatal circuitry mediating RBs is also on line with the observed
strong comorbidity of tic- and compulsive-like symptoms in patients with Tourette syndrome
or OCD 34952 and this comorbidity is decisive for successful treatment 495053,

Thus, reconsidering cortico-striatal circuitry as a substrate for pathological RBs and taking into
account specific indications of an implication of the sensorimotor cortico-striatal loops also in
the Sapap3” mice 224°, we here raised the question whether compulsive-like self-grooming in
Sapap37- mice might be complemented by RBs of different nature. We first performed a
detailed multi-angle video screening to seek for distinct types of pathological RB other than
compulsive-like self-grooming. We next confirmed predictive validity by pharmacological
treatment of the spectrum of observed pathological RBs. These findings are of crucial interest
to redefine the Sapap3” mouse model as a model of distinct types of RBs in the light of cortico-
dorsostriatal circuitry implication. Indeed, these new results are in line with

neurophysiological modifications due to whole-striatal Sapap3 expression patterns, the
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clinical comorbidity observed in patients, and recent work reconsidering the circuitry affected

in this mouse model.

Materials & Methods

Animals

All experimental procedures followed national and European guidelines and have been
approved by the institutional review boards (French Ministry of Higher Education, Research
and Innovation; APAFiS Protocol no. 1418-2015120217347265). Animals were group-housed
in ventilated standard cages in groups of up to six animals per cage; they were maintained in
a 12-hour light/dark cycle (lights on/off at 8:00am/8:00 pm, respectively), and had ab libitum
food and water access. Sapap37- mutant mice and Sapap3*/* littermates (wt) were generated
in heterozygous breeding trios of C57BL/6J background in the animal facility of the Paris Brain
Institute. Founders for the Sapap3”- colony were kindly provided by Dr. G. Feng, MIT,
Cambridge, USA.

A total of 92 animals (hereof n=16 females and n=76 males) were used in this study and
systematically genotyped for the presence or absence of the Sapap3 protein during weaning
period following previously described procedures 3. In detail, n = 55 Sapap37- mice were used
for lesion evaluation (hereof, n=17 were used to evaluate the effect of hindpaw nail clipping
after two days and n = 16 to evaluate this effect after two weeks); n = 9 of each  Sapap3”
and wildtype mice for screening of repetitive behaviours; and n = 15 Sapap3”/ mice for
aripiprazole treatment. Sample sizes were chosen according to previous publications using
comparable number of animals for evaluating repetitive behaviours (e.g. see >* n = 10 Sapap3-
/~mice ; n =12 Sapap3” mice >°) as well as according pharmacological treatment in the same

mouse model (n = 9-11 Sapap3”- mice 13). Non-parametric permutation tests were conducted
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as a robust statistical approach based on resampling in order to increase confidence in the
obtained results.

Animals for naive behaviour were chosen randomly from the available colony pool of Sapap3-
/- adult mice (> 4 months of age) and age-matched wildtype littermates. For the aripiprazole
experiment, adult animals were briefly (1-2 minutes) observed in their homecages for signs of
increased grooming activity, for signs of anxiety (e.g. eye squinting, anxious crouching,
freezing, hiding away from the experimenter) and general quality of fur and skin. The animals
were selected in a range between mild to moderate phenotypes. For the nail clipping
experiments, we selected adult Sapap3” animals showing a range of mild to severe skin

lesions of different shapes and locations.

Video acquisition

For the detailed behavioural characterisation in naive mice, animals were temporarily
separated from their littermates for a continuous video recording session of 24 hours in video
recording apparatuses. An innovative recording setup has been custom-made for the purpose
of our experiment to allow for detailed behavioural analysis. The setup was equipped with
four behavioural boxes (black acrylic side walls, opaque front wall, transparent back wall; 20
cm(l) x 20 cm (w) x 25 cm(h)). Each box was equipped with a side and a top camera (25 fps)
and connected to a digital video recording system (KKMoon, Shenzhen Tomtop Technology)
(Figure 1A, B). The boxes were filled with standard wood bedding; ad libitum water and food
was provided. As in the animals' regular housing conditions, light was on between 8am-8pm
and infrared illumination was on between 8pm-8am. Additionally, a commercially available
system with similar specificities (StereoScan, CleverSys®, Reston, VA, USA) has been used to

complement our video-recording boxes.
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Pharmacological treatments with aripiprazole.

Sapap3”- mice (n=15) were weighted and placed inside the video acquisition system at 10am.
Animals were habituated to the environment for 30 hours prior to injections as well as to
handling and restraining procedures. At 4pm the following day, half the animals were injected
first with vehicle solution (0.9% sterile solution with 1% Tween 80 and 1% sterile DMSO;
0.1ml/10g) and 24 hours later with aripiprazole (1.5mg/kg in vehicle solution, 0.1ml/10g) 657,
The other half of the animals received first an aripiprazole injection, followed by a vehicle
solution injection a week later to allow for a sufficient washout period of aripiprazole. In that
condition, animals were taken out of the video recording apparatus 24hours after aripiprazole
treatment and re-habituated one week later to handling, restraining and to the apparatus for

30hrs prior to vehicle injections.

Video analysis

For behavioural assessment, videos were manually analysed offline using a freely available
scoring software (Kinovea, 0.8.15, www.kinovea.org), which allows to tag each individual
scored event and to export timestamps of tagged behaviours 6. The experimenter scoring the
behaviour was blind to genotype and treatment and the order of the scored videos was
randomized.

For detailed behaviour characterisation in naive mice, four time-segments of 30 minutes were
defined across 24 hours: 10-10h30 am, 6-6:30pm, 9-9h30pm, and 4-4h30am (Fig 1C). This
selection of time segments comprised dark/light cycle episodes as previous studies including
those using automated assessment of grooming >* and was primarily based on the first study

reporting the excessive grooming phenotype in the Sapap3” mice 3.
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For the behavioural assessment under aripiprazole, one time segment per mouse was selected
for video analyses according to the pharmacokinetics of the compound and following
procedures of previously published assays >®°7. The segment started at 9PM and lasted until
reaching 30 minutes of active behaviour. Concretely, an independent person randomized the
order of videos for mice and treatment (vehicle or aripiprazole) and relabelled the videos in a
pseudorandom manner. The expert scorer was blind to genotype and treatment during the
entire scoring process.

The proportion of sleep episodes, interspersed during 30 minutes of active behaviour, was
additionally quantified both in the behavioural assessment of naive wildtype and Sapap3”

mice as well as in aripiprazole-treated Sapap3”- mice.

Motion estimation using DeeplLabCut

To quantify animal motion during vehicle and aripiprazole treatment, we used an open-source
Python package for body part tracking: DeepLabCut (version 2.2.1) >%>°, with CUDA Toolkit
(11.2) and Tensorflow (2.8.0). We used the DeeplabCut toolbox according to the protocol
published in *°. Briefly, the DeepLabCut toolbox was used to extract frames from selected
videos, manually annotate body parts of interest from those frames, form a training dataset
to train a convolutional neural network, train the neural network and evaluate the
performance of the network. Specifically, we labelled 200 frames per mouse (n=15, Sapap3™-
) taken from one video per animal, with all videos corresponding to the hour directly following
the video recording used to assess the vehicle or aripiprazole effect. To capture gait and head-
turning while standing still, we targeted the hump on the centre back as estimate for body
centre, and the middle site between the ears as a marker for head location. 90% of the frames

were used to form a database of training. We used a ResNet-50-based neural network for

10
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30,000 iterations ®°. We validated with 50.000 number of shuffles and found a test error of
9.07 pixels and a training error of 6.19 pixels (image size was 704 by 576). We then used a p-
cut-off of 0.6. This network was then applied to analyse 15 one-hour videos that we used to
assess repetitive behaviours in both the vehicle and aripiprazole conditions.

To estimate the activity and locomotion of the mice during the awake states, the X and Y
coordinates of the tracked head and centre back marker, determined with DeeplLabCut, were
imported into Python (v.3.8.10) and processed with custom scripts. The instantaneous speed
of the head and centre back marker was determined between two frames (25 fps) by deriving
the markers’ positions over time. The activity and distance travelled was estimated with the X
and Y coordinates of the head and centre back marker by calculating the Euclidian distance
between two frames and its cumulative total distance. The pixel-to-cm conversion for each
video was determined by taking as a scale reference the distance between the head and

centre back markers.

Ethogram

Self-Grooming. Self-grooming behaviour is defined as a rostro-caudal sequence of four typical,
distinct, often intermittently executed phases as previously described in the literature for
rodent syntactic grooming ®%2, In our study we distinguished two different types of grooming
bouts. Short grooming bouts (<3sec) predominantly composed of only one of the four
grooming phases (Supplementary Figure 1, Supplementary Video 1), and long grooming bouts
(>3sec) composed of multiple self-grooming phases separated by less than 1 second from each

other.

11
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Head/body twitches. Head/body twitches were defined as rapid, sudden repetitive
behaviours, consisting of a single movement and correspond to axial jerks as described in

mouse models of tic-like behaviours 83 (Supplementary Videos 1, 2).

Scratching behaviour. We defined scratching behaviour as a rhythmic movement of the hind
limbs interacting with more rostral parts of the body . The targeted body parts varied
between individuals in snout, area around the eyes, upper forehead, neck, between shoulders

and on the back (Supplementary Videos 1, 3).

Nail clipping assay

We selected 20 mice (13 male and 7 female) Sapap3”- mice with lesions of different severity
grades to perform hindpaw nail clipping under isoflurane anesthesia (Isovet, Centravet,
1000mg/g). Using small surgery scissors, we removed the pointy part of the hindpaw claws
without hurting the nail bed. Clipped nails were disinfected with 10% betadine solution
(Vétédine, Vétoquinol) and mice were placed back into their homecages with their littermates.
Lesion were scored at three different time points: before nail clipping procedure, two days
and two weeks after nail clipping. Hereby, a common pool of n = 13 mice was assessed on all
three time points; n = 4 additional mice were assessed only prior to and two days after nail
clipping; n = 1 mouse was additionally assessed only prior to and two weeks after nail clipping
treatment. Lesion scores were determined according to the following definitions: absence of
lesions (score 1); mild fur and skin lesions without blood crusts (score 2); moderate fur and
skin lesions with blood crusts (score 3); tissue missing with blood crusts or open, wet skin

(severe lesion) (score 4).

12
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Statistical analysis

For statistical analysis, we used the following non-parametric tests under R version 3.4.0
(https://www.r-project.org/): Spearman tests for assessing correlations, Mann Whitney U
testing for between-group comparisons, Wilcoxon signed rank test for evaluating treatment
effects (nail clipping, aripiprazole), and Aligned Rank Transformation Analysis of Variance for
testing factor interactions (package ARTool v0.10.6). We additionally calculated Wilcoxon
effects sizes for all repetitive behaviours under aripiprazole treatment, and conducted non-
parametric, paired or unpaired permutation tests to analyse each response variable of the
aripiprazole or naive behavioural dataset, respectively, which did not meet the assumptions
of normality and homogeneity of variance. Hereby, the number of iterations was set to 10000.
The level of statistical significance was set at p-values < 0.05. Permutation tests were
conducted using R version 4.1.0 (R Development Core Team, 2021). Briefly, permutation tests
are robust statistical approaches based on resampling and thus rely on the empirical and not
a theoretical distribution. Thus, they can provide more accurate p-values and can help control
the overall type | error rate Finally, after having verified that the assumptions of normality of
distribution and homoscedasticity were fulfilled, we used a linear mixed model (LMM)
approach to explain the repetitive behavioural variables by treatment and either sedation or
injection order as well as their interactions. To account for individual variability, we
implemented subject as weight in the model, and performed Type Il Wald chi-square tests to
test the significance of the main effects and interactions. For a comprehensive listing of all
conducted statistical analyses and their results, see Supplementary Table 1. For estimating the
most reliable separation of single versus syntactic grooming events consisting of distinct
grooming phases, we used a receiver operating characteristic (ROC) curve, indicating the

optimal true-positive rate (sensitivity) of a finding given the least possible probability of a false

13
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positive (1 - specificity). The R packages used for the ROC analysis were pROC (v3.6.3) and epiR
(v3.6.1). For graphical illustration, we used the packages ggplot2 (v3.2.0.) and reshape2

(v1.4.3.).

Results

Sapap3”- mice express aberrant head/body twitches

Given the clinical reality of tic-like and compulsive-like comorbidity and recent publications
reconsidering the purely compulsive-like nature of aberrant self-grooming in the Sapap3™-
mouse 2840, we performed a precise screening for other RBs than self-grooming, especially
those, which might resemble tic-like movements. Indeed, we detected a very short and
sudden type of repetitive behaviour, which is nearly absent in wildtype but significantly
present in Sapap3” mice (medianw: = 6.3 vs. median sapaps” = 49.7; Mann Whitney U: W = 76,
p =0.002; non-parametric permutation test: p = 0.01) (Figure 2A; Supplementary Videos 1, 2).
These repetitive behaviours consist of rapid head/body twitches. This observed sudden, rapid
recurrent, non-rhythmic execution of a single movement in the Sapap3” model strongly
resembles the clinical definition of tics in human patients ° as well as what has been described
for rodent models of tic-like behaviours 5793, suggesting face validity of the observed

phenotype.

Typical skin lesions of Sapap3”- mice are likely provoked by excessive scratching, a repetitive
behaviour distinct from syntactic self-grooming

In addition to head/body twitches, we furthermore detected a prominent number of
scratching events, which consist of the rapid, repeated beating of the hindpaw against various

body parts (such as snout, areas surrounding the eyes and the ears, the neck, between the

14
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shoulders etc.), and which have to be distinguished from syntactic grooming, a stereotypically
enchained sequence of segregate phases, which is well-conserved in its choreography in all
rodents %6162, The amount of scratching events was significantly increased in Sapap3”-
compared to wildtype mice (mediany: = 5.7 vs. mediansapaps”” = 106.3; Mann Whitney U: W =
73, p = 0.003; non-parametric permutation test: p = 0.02) (Figure 2B; Supplementary Videos
1, 3). The duration of scratching, significantly larger in Sapap37- mice, further corroborates the
importance of this phenotype (medianwt = 0.3 min/houractivity vs. median sapaps” = 7.1
min/houractivity; Mann Whitney U: W = 76, p = 0.0008; non-parametric permutation test: p =
0.01) (Figure 2C). The number of head/body twitches correlated significantly with the number
of scratching events (Spearman correlation —wt: S = 34.64, rho = 0.71, p = 0.03; Sapap3”: S =
4, rho =0.97, p = 0.0002) (Figure 2D).

During scratching, the hindpaw exerts a strong power onto targeted body areas, including
body areas such as the neck or back, which are not touched by the forepaws during the self-
grooming sequence. The quality of this event is rather violent and best described as a
"beating" of the hindpaw against the body . Given the large frequency and duration of
scratching behaviour in Sapap3”- mice, the occasional detection of blood underneath the
hindpaw claws of mice with lesions, the inherent violence of the movement and the
observation that a proportion of principal lesions were detected in the neck and/or back of
the animals, i.e. body locations, which are not prominently involved in self-grooming
behaviour, we established the alternative hypothesis that the flagship-like phenotype of facial
and body lesions in Sapap3”~ might be provoked by scratching instead of self-grooming. We
therefore screened a large number of Sapap37- mutants in the colony (n = 55 Sapap3”- mice)
to revisit the most prominent lesion locations on their bodies and found that more than 30%

of the lesions were indeed in body locations, which are not touched during the syntactic self-
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grooming sequence, namely the neck or back (Supplementary Figure 1A). We analysed a
subpopulation of these animals (n = 32) more in detail and found that in about 81% of these
animals, the principal lesion was accompanied by further lesions at multiple sites including the
snout (12.3%), eyes (16.4%), ears (34.2%), top of the head (2.7%), neck (24.7%) or back of the
animals (9.6%) (Supplementary Figure 1B).

Out of the colony pool used to evaluate the lesion locations, we next selected Sapap3” mice
with representative lesions of various degrees of severity. In these representative individuals,
we clipped the sharp tip of exclusively the hind- not forepaw nails without hurting the nailbed.
We assessed the severity of the lesions longitudinally, prior to nail clipping, and two days or
two weeks after hindpaw nail clipping. We applied a lesion score determined by the absence
of fur, skin or tissue (see materials & methods section for details). Stark improvement of lesion
scores was already clearly detectable in all mice after only two days following nail clipping
treatment (n = 17 mice; Wilcoxon signed rank test, paired; V = 0, p = 0.0005) (Fig. 2E, F), and
further improved when screened after two weeks (n = 16; Wilcoxon signed rank test, paired;

V =0, p = 0.0002) (Fig. 2E, G).

Single-phase grooming events are more exaggerated than syntactic grooming in Sapap3”/
mice

Having detected two novel RB phenotypes in the Sapap3” mice and having observed that the
prominent, typical lesions are inflicted probably by hindpaw scratching, we revisited in detail
the self-grooming behaviour in these mice, a highly stereotypical enchainment of four distinct
phases %6267 |ncreased self-grooming in Sapap3”" mice is usually quantified in the literature
either via increased number of grooming events 3°* or via increased grooming duration

132454 In our detailed analysis, we decided to pay particular attention to the qualitative

16



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

grooming heterogeneity observed in mice. We distinguished between both syntactic
grooming composed of distinct rostro-caudal phases chained in sequence, and a deviating
type consisting of a more sudden isolated short single-phase grooming event. When these two
types of grooming were merged together, we observed a significantly increased number of
grooming events in Sapap” mice (mediany: = 24.9 vs. median sapaps”” = 96.7; Mann Whitney U:
W = 80, p = 0.00008; non-parametric permutation test: p = 0.004) (Fig. 3A). However,
surprisingly, we did not observe a significant difference in grooming duration between
wildtype and mutant mice (medianwt = 11.6 min/houractvity vs. median sipaps” = 16.4
min/houractivity, Mann Whitney U, W =51, p = 0.39; non-parametric permutation test: p = 0.4)
(Fig. 3B). We first excluded that differences in sleep duration between Sapap37- and wildtype
mice might be a confounding factor in our grooming dataset (sleep: medianwt = 33.2 min vs.
median sapap3”” = 34.7 min; Mann Whitney U: W = 41, p = 1) (Supplementary Figure 2A). Thus,
we next systematically investigated the distribution and quality of individual grooming events.
We indeed detected a difference in the distribution of grooming bout lengths between
Sapap3”- and wildtype controls with a substantial number of grooming events falling into the
short event spectrum of the distribution (Fig. 3C). To analyse whether these short grooming
events corresponded to short events consisting of a single grooming phases only, we
performed a fine-scale scoring analysis, distinguishing individual grooming phases (n = 608
number of grooming events in n = 4 Sapap3” mice; Supplementary Figure 2B). Applying
receiver operating characteristic (ROC) curve estimations to our full-second binned data, we
calculated that short events in our dataset consisting of a single grooming phase and those
being composed of distinct grooming phases were best separated by a duration of 3 seconds
(true positive rate / sensitivityss = 87.2%; false positive rejection rate / Specificityss = 61.5%;

Supplementary Figure 2C). When classifying all scored grooming events (n =1737 in n =9 mice
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per genotype) into these two categories, Sapap3” mice showed an aberrantly higher number
of both short and long grooming bouts (short single-phase grooming bouts: mediansapaps-/- =
61.9; medianw: = 7.2, Mann Whitney U: W =81, p = 0.0004, non-parametric permutation test:
p = 0.004; long syntactic grooming bouts: mediansapap3.- = 56.0; mediany: = 18.9, Mann
Whitney U: W = 71, p = 0.006, non-parametric permutation test: p = 0.008; Figure 3D).
Although this effect was present in both types of grooming events, the genotype effect
depended on the type of grooming (Aligned Ranks Transformation ANOVA (ART ANOVA):
PGT*Grooming category = 0.01; Figure 3D). The proportion of short single phase to long syntactic
grooming was genotype-dependent: while single phase grooming events formed about half
the number of all grooming events in the Sapap3” mice (grooming < 3 s : mediansapaps/- =
56.3%; medianyt = 21.8%, Mann Whitney U: W = 79, p-value = 0.0002), wildtype mice had a
significantly higher proportion of long, syntactic grooming events (grooming > 3 s :
mediansapaps-/- = 44.7%; medianwt = 77.4%; Mann Whitney U: W = 2, p-value = 0.0002; Aligned
Ranks Transformation ANOVA (ART ANOVA): per*Grooming category = 8.7*1071%; Supplementary
Figure 2D). Lastly, we explored potential confounds between self-grooming and other types
of RB such as scratching, which we report here as a novel type of RB. Indeed, when summing
up total grooming duration as well as scratching duration, we confirmed that the total
duration of RBs in Sapap3”- was also significantly increased in our dataset (Mann Whitney U:
W =65, p = 0.003), consistent with previous studies 3. Taken together, besides the increased
number of syntactic self-grooming events previously described, we demonstrated here that
exaggerated self-grooming reported in Sapap3” mice was prominently due to elevated onsets

of the sub-category of short grooming events.
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Excessive head/body twitches, scratching and short grooming events are associated in
Sapap3”- mice

Next, we analysed the distribution between the four different types of observed RBs, namely
head/body twitches, scratching, short and long self-grooming events, as well as the
correlations amongst them. While all four RBs formed part of a normal phenotype in wildtype
mice, they were significantly more present in Sapap37- mice and their distribution was also
significantly different (Pearson’s Chi-squared test: Chi-squared = 44.1, df = 3, p = 1.5*10%;
Figure 4A). Head/body twitches positively correlated with short grooming events in Sapap3”-
mice only (Spearman correlation: Sapap3”: S = 32, rho = 0.73, p = 0.03; wt: S = 53.7, rho =
0.55, p = 0.12), but not with long grooming sequences (Spearman correlation: Sapap37/-: S =
60, rho=0.5, p=0.18; wt: S=173, rho = -0.44, p = 0.23) (Figure 4B).

The number of scratching events positively correlated with short but not long grooming events
in Sapap3” mice (Spearman correlation: short grooming events: S = 20, rho = 0.83, p = 0.008;
long grooming events: S = 54, rho = 0.55, p = 0.13) (Figure 4C); no such significant correlation
was found in wildtype mice (Spearman correlation: short grooming events: S = 40, rho = 0.67,
p = 0.06; long grooming events: S = 132, rho = -0.1, p = 0.81) (Figure 4C). Finally, the number
of scratching events and head/body twitches significantly correlated positively in both
genotypes (Spearman correlation: Sapap37: S = 4, rho = 0.97, p = 0.0002; wt: S = 34.6, rho =

0.71, p = 0.03) (Figure 2D).

Head/body twitches, short grooming bouts and scratching events were selectively reduced
by aripiprazole, a first-line pharmacological treatment for Tourette syndrome
Although face validity, i.e. the close phenomenological similarity of tics in human patients and

rapid recurrent repetitive behaviours observed in the Sapap37- mice, seems to point to a
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recapitulation of a common etiology, it is insufficient to draw conclusions about the nature of
the observed rodent behaviour. On top, face validity remains the most intuitive but at the
same time subjective and prone to anthropomorphic interpretations . Thus, in order to
investigate the nature of head-body twitches, scratching, short and long grooming events, and
to question if they belong to the same symptomatologic categories, we pharmacologically
challenged the predictive validity on these different types of RB observed in Sapap3”- mice for
a potential tic-like nature. Therefore, we applied the first-line pharmacological treatment for
tics, aripiprazole %773, Aripiprazole is an atypical antipsychotic medication with a high in vitro
affinity for dopamine 2 receptors (D2R) and has a mixed effect as partial agonist and
antagonist on type 1A and 2A serotonin receptors, respectively 747>, Aripiprazole has an
elimination half-life of approximately 75 hours and stable brain-to-serum concentration is

76, We applied a dose of 1.5mg/kg

achieved after 6 hours following acute injection
aripiprazole, which previously had been used to successfully reduce what has been reported
as tic-like movements in according rodent models >¢°’. We evaluated the effect of acutely

administered aripiprazole on the different types of repetitive behaviours observed in the

Sapap3”- mice, comparing treatment effect to the behavioural baseline of systemic injection

number of RB after aripiprazole

of its vehicle solution ( ). Acute

(number of RB after aripiprazole + number of RB after vehicle)
aripiprazole treatment significantly lowered the number (Wilcoxon signed rank test, paired: V
= 8, p = 0.006; non-parametric, paired permutation test: ppermutation; short grooming = 0.0023) and
total duration of short grooming events (Wilcoxon signed rank test, paired; V = 12, p = 0.004)
(Figure 5A). This decrease was most visible the shorter the grooming events (Figure 5B). We
additionally found a reduction in the number of head/body twitches (Wilcoxon signed-rank
test, paired: V = 8, p = 0.006; non-parametric, paired permutation test: ppermutation; head/body

twitches = 0.0032) as well as a decrease in number and duration of scratching (Wilcoxon signed
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rank test, paired; V = 7, prumber of scratching bouts = 0.001; non-parametric, paired permutation test:
Ppermutation; scratching events = 0.0011; Wilcoxon signed-rank test, paired; V = 21, pduration of scratching =
0.029) in Sapap3” mice under aripiprazole treatment (Figure 5A). However, despite a
tendency, such effect was absent for the number and total duration of long grooming events
(Wilcoxon signed-rank test, paired; V = 29, pnumber of iong groomings = 0.083; non-parametric, paired
permutation test: ppermutation; long groomings = 0.087; Wilcoxon signed-rank test, paired; V = 38,
Pduration of long groomings = 0.23) (Figure 5A). Additionally, we calculated effect sizes of all four RBs,
which showed a lower effect on long grooming events when compared to the three other RBs
(Wilcoxon effect sizes: rshort grooming = 0.73; head/body twitches = 0.78; Iscratching = 0.72; Fong grooming =
0.45; Supplementary Table 1). Given potential sedative effects of aripiprazole, in addition to
assessing repetitive behaviours only during awake active phases, as control parameters, we
guantified the duration of sleep episodes interspersed between active behavioural episodes,
which did not differ between vehicle-treated and aripiprazole-treated animals (n = 15 Sapap3-
~mice; Wilcoxon signed rank test, paired; V = 73, p = 0.2; non-parametric, paired permutation
test: p = 0.45) (Supplementary Figure 3A). We further excluded potential sedation effects by
assessing trunk centre and head centre movements as a proxy for forward locomotion as well
as general activity applying the DeeplLabCut toolbox, which also did not differ between the
vehicle and the aripiprazole condition (Wilcoxon signed rank test, paired; Virunk = 36, p = 0.2;
Vheads = 53, p = 0.5; non-parametric, paired permutation test: piwunk = 0.2; Phead = 0.39)
(Supplementary Figure 3B-C). No correlations were observed between repetitive behaviours
and activity parameters (Spearman correlation: all p>0.1; all detailed information is available
in Supplementary Table 1), nor did we observe any significant interaction between these
activity parameters and treatment (LMM: all p > 0.2, all detailed information is available in

Supplementary Table 1), furthermore excluding potential sedation effects in our assay. Lastly,
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to estimate the potentially confounding effect of potential handling and injection stress, we
also tested for the interaction of treatment with injection order, but did not observe
significant interactions (LMM: all p > 0.1; all detailed information is available in Supplementary
Table 1; Supplementary Figure 3D). Taken together, our findings suggest that specifically three
out of four repetitive behaviours, which we observed as significantly present in the Sapap3”
mouse model, responded to a pharmacological treatment, which has proven success in
treating tic-like movements both in Tourette syndrome in humans as well as in corresponding
rodent models °6°76%-7277 Thys, we provide evidence that three types of RBs, namely
head/body twitches, short single-phase grooming events and scratching, additionally possess

predictive validity for tic-like symptoms.

Discussion

Here, we reconsidered the current main reference mouse model of compulsive-like
behaviours, the Sapap37 mouse, in light of the cortico-striatal circuitry as a substrate for
pathological RBs. Recent studies indicate that not only the associative but also the
sensorimotor CSCs might be implicated in the often comorbid occurrence of compulsive-like
and tic-like RBs 328407879 Concretely, we performed a detailed, behavioural re-analysis of this
mouse model, discovered previously undescribed types of pathologically RBs and
pharmacologically challenged their nature using aripiprazole, the first-line treatment for tic-
like movements 73,

The here detected previously unreported RBs in the Sapap3” mice consisted of single
movements, which were repeatedly executed. This included sudden, rapid head/body
twitches as well as hindpaw scratching, both occurring at an aberrantly high rate in Sapap3™

mice. The suddenness and rapidity of head-body twitches and their successful
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pharmacological treatment using aripiprazole hint straight to an interpretation of these RBs
as tic-like RBs. As a marginal sedative effect, which does not impede a normal life in society,
have been reported in some patients 73, we analysed and excluded potential sedation side
effects of aripiprazole accounting for changes in head/body twitches and other RBs in our
dataset. Replication of our pioneering findings in a larger cohort would be recommended to
further substantiate our findings. The presence of both tic- and compulsive-like behaviours in
the same model is in line with the clinical observation of tic-like comorbidities in both patients
with Tourette Syndrome as well as with OCD 347980 |ndeed, some forms of OCD can be
etiologically related to chronic tic disorders and 10-40% of OCD cases diagnosed in childhood
or during adolescence are defined as belonging to a tic-related OCD subtype >1°27881-86
Patients with tic-related OCD more likely report sensory phenomena such as "just right"
perceptions associated with sensory stimuli or the feeling of an "urge" 7>#387 and may respond
better to neuroleptic augmentation treatment °388, Such observation is interesting given the
recent reports of increased neuronal activity of striatal projection neurons expressing
dopamine D2 receptors in the Sapap3”~ mouse model 8. Within this clinical context, it is
important to detect necessary subtlety in the phenotype of applied research models. Hence,
the presence of both tic- and compulsive-like phenotypes in the Sapap3”- model increases its
importance for studying the neurobiological basis of tic- and compulsive-like comorbidities in
various disorders or these pathologically RBs.

Hindpaw scratching, nearly absent in wildtype mice, occurred at an even higher frequency
than head/body twitches. The importance of this RB is furthermore elevated by the systematic
and consistent improvement of skin lesions in this mouse model upon hindpaw claw dulling,
suggesting at least a major and maybe even a causal role of this RB in the well-reported,

flagship-like phenotype of Sapap3” mutant mice. Further support for such interpretation
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comes from the observation that a large proportion of skin lesions is found on body parts,
which are not touched at all during syntactic self-grooming. As the sharp nail tips grow back
during the second week after nail clipping treatment, the observation of remaining skin lesions
two weeks after hindpaw nail clipping are likely a consequence of reappearing deleterious
scratching effects. However, we cannot exclude at least a contribution to skin lesion
maintenance due to rodent self-grooming. Taken together, our experiments suggest that
hindpaw scratching most likely provokes or is at least crucially implicated in the most visible
pathological phenotype of this mouse model. Can scratching pathophysiologically be defined
as a tic-like behaviour? Indeed, this RB consists of a sudden, rapidly repeated single movement
and its frequency correlates with head/body twitches in both wildtype and mutant mice.
Aripiprazole treatment significantly decreased both scratching frequency as well as duration.
Scratching may be considered similar to pathological hair-pulling and skin-picking, which has
propagated a wave of clinical discussion concerning these phenotypes in human
trichotillomania patients as well as frequently comorbid OCD and/or TS patients with hair-
pulling and/or skin-picking pathologies ’. Indeed, it has been reported that patients with tic-
related OCD also have higher rates of TTM 00, Interestingly, although no direct link was found
between genetic SAPAP3 variants and OCD, identified single nucleotide polymorphisms were
associated with grooming disorders such as pathologic nail biting, pathologic skin picking,
and/or trichotillomania, an obsessive-compulsive related disorder 80, These genetic studies
underline the potential involvement of SAPAP3/Sapap3 in the generation of hair-pulling or
other grooming disorders, which occur in TTM or as a comorbidity in OCD and TS patients &°,
TTM possesses clinical characteristics, which overlap with TS and OCD, e.g. the premonitory

urge and temporary relief after completion of individual repetitive behaviours °1.
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Having observed these previously unreported RBs in the Sapap37- mouse model, we last
revisited the syntactic self-grooming phenotype, the sole defined RB which had led to the
definition of these mice as a compulsive-like model. Indeed, we confirmed the well-reported
compulsive-like phenotype of an increased number of grooming bouts in these mice, however,
couldn't replicate the increased duration of self-grooming RB, which represents the most
often reported pathological parameter in Sapap3” mice 1324*, Most likely, the incongruence
of our findings with previous reports is caused by a distinction of scratching and self-grooming
behaviour, which was first performed in this study. Indeed, pooling of these two RBs has been
previously mentioned 3 and pooling these two distinct repetitive behaviours in our datasets
indeed results in a significant genotype-dependent difference (Mann-Whitney U: W =65, p =
0.003) (Supplementary Table 1). Yet, self-grooming is a highly stereotyped linear action
sequence, which follows a predictable order 2, while scratching as a single isolated action
does not share these properties of linearity and predictability. Thus, pooling of two
gualitatively very distinct forms of behaviour causes confounds in the behavioural
phenotyping and in drawing conclusions for translational approaches.

As a last major finding of our study, we observed that self-grooming events in Sapap3”- mice
were not always conform with syntactic rodent self-grooming stricto sensu, i.e. composed of
a syntactic chain of different, well-defined grooming phases %627 Instead, the majority of
Sapap3” self-grooming events were of short duration and seemed to consist of a single
grooming phase only, i.e. a repeatedly executed, short and single movement. Both short and
long grooming events distinguish Sapap3” from wildtype mice given their aberrant frequency,
but their neurobiological nature seems to differ. Indeed, aripiprazole significantly reduced
short but not long grooming events. Both the symptomatologic description of short grooming

events and a decrease in their frequency upon aripiprazole treatment, i.e. face and predictive
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validity both suggest that short single-phase grooming events could be considered as tic-like
events. On the other hand, longer grooming events, which mostly consisted of a syntactic
sequence of different grooming phases, might form a category of RBs apart from the others:
first, despite a tendency, this category was the only that was not significantly reduced by acute
aripiprazole administration. Secondly, effect size of the long grooming category was much
smaller than the comparable effect sizes of the other three RB categories. While these results
might suggest a different neurobiological nature of these two types of grooming events,
conclusions of our findings on long grooming remain limited and will benefit from a follow-up,
dedicated study with much higher sample number. First, despite our negative findings, a
tendency of decrease in long grooming behaviours was still detected, indicating a possible
aripiprazole response also in long grooming events, maybe due to individual heterogeneity,
which has previously been reported in our own work and that of others 2%22, Second, although
in our analysis, we statistically excluded the confounding factor of handling and injection
stress, we cannot entirely rule out such effects in this mouse model with marked anxiety.
Altogether, our results report important evidences that self-grooming behaviour should not
be considered a homogeneous behaviour and pronounce that a detailed characterisation is
essential to capture its neurobiological nature. Ushering a paradigm shift in the definition of
rodent self-grooming might provide deeper insights into the pathological nature of RBs. This
is important for the Sapap3” mouse as we exemplarily analysed, but might need to be
considered also for other mouse models, for which aberrantly elevated self-grooming
behaviour had been reported %°2%3, Thus, differentiating distinct forms of self-grooming or
other behavioural phenotypes could help researchers to more adequately investigate the

neurobiology of RBs 202294,
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Taken together, we observed distinct types of repetitive behaviours in the Sapap3”/- mouse
model, three of which can be labelled as tic-like behaviours according to face and predictive
validity criteria °>. We confirm previously reported excessive self-grooming sequences in
Sapap3”- mice, but highlight the necessity to distinguish these from more sudden and simple
repetitive behaviours. Indeed, we conclude that excessive number of grooming onsets rather
than their duration characterises the pathological phenotype of Sapap3”/- mice. This
observation of exaggerated grooming onsets is in line with previous studies suggesting that
Sapap3” mice lack inhibition of executing an acquired motor sequence 628, This phenotype
seems to be anchored in a diminished number of striatal parvalbumin-positive interneurons
16 which form a strong feed-forward inhibitory striatal regulatory network °¢, as well as an
increased striatal input of premotor cortico-striatal projections 28, a pathway which has been
shown to be important for initiating behavioural sequences ?’.

Altogether, the here newly reported comorbidity of different RBs in Sapap3”- mice is in line
with the numerous clinical reports of comorbidity of tics and compulsions in OCD as well as TS
patients 3 as well as with the current literature on disorders of repetitive behaviours, including
fundamental neuroscience studies highlighting the potential implication of sensorimotor
cortico-striatal circuits. Comorbidity findings of tic- and compulsive-like behaviours in Sapap3-
/- further corroborate the current hypothesis of a common neurobiological basis in disorders
with repetitive behaviours. Re-defining the Sapap3”- mouse as a mouse model of RBs instead
of compulsive-like behaviours raises its translational value in defining the proposed common

neurobiological mechanism of tic- and compulsive-like symptoms.
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Figures Legends

Figure 1. Behavioural assessment of Sapap3”/" mice. (A) Photographs of custom-made
apparatus for behavioural assessment, consisting of four acrylic chambers, each equipped
with top and side cameras, connected to a digital video recording system. (B) Detailed graphic
illustration of a single video chamber with ad libitum water and food access. (C) Time scale of
behavioural assessment. Mice were video-recorded in the behavioural apparatus for 24hrs.
Four intermittent time bins of 30 minutes each (i.e. a total of two hours) were manually
analysed offline for repetitive behaviours including self-grooming, head-body twitches and
hindpaw scratching. The scored time bins were distributed regularly across the light/dark

circadian following previous protocols (Welch et al., 2007).

Figure 2. Sapap3”/- mice express aberrant head/body twitches and scratching behaviours.
(A) Sapap3” mice execute a significant amount of head/body twitches, which are nearly
absent in wildtype mice (n = 9 mice per genotype; Mann-Whitney U, p < 0.01). (B) Sapap3”
mice show a significant amount of hindpaw scratching compared to wildtype control mice (n
=9 mice per genotype; Mann-Whitney U test, p < 0.01). (C) The duration of hindpaw scratching
is significantly elevated in Sapap3”- in comparison to wildtype mice (n = 9 mice per genotype;
Mann-Whitney U test, p < 0.001). (D) The number of head/body twitches and scratching bouts
correlate positively in both wildtype (Spearman correlation, p < 0.05) and Sapap3” mice (n =
9 mice per genotype; Spearman correlation, p < 0.001). (E) Photographs of three individual
mice with representative lesions before, and two days or two weeks after hindpaw nail
clipping treatment. (F) Lesions, assessed through a lesion score ranging from no lesions (score
= 1) to severe lesions (score = 4), significantly improved already two days after clipping the
hindpaw claws (n = 17 Sapap3”- mice; Wilcoxon signed-rank test, paired, p < 0.001). (G) Lesions
are further improved two weeks after clipping the hindpaw claws as assessed through a
significantly lowered lesion score (n = 16 Sapap3”- mice; Wilcoxon signed-rank test, paired, p
< 0.001). Box plots illustrate the first and third quartiles; whiskers indicate the minimum and
the maximal value of each data set at no further than 1.5 interquartile range. The indicated

average is the median. Quartiles of Sapap37- and wildtype mice are plotted in grey or white,
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and individual data points in filled black and empty black dots, respectively. ** = p < 0.01, ***

=p<0.001.

Figure 3. Short, single-phase grooming events are more exaggerated than syntactic
grooming in Sapap3’ mice. (A) Sapap3” mice show significantly more grooming events
compared to wildtype controls (Mann-Whitney U test, p < 0.001). (B) Total grooming duration
is comparable between Sapap37- and wildtype mice (Mann-Whitney U test, p = ns). (C) Self-
grooming behaviour of Sapap3” mice compared to wildtype mice is characterised by a large
proportion of grooming events of short duration. The x-axis is depicted on a logio scale. (D)
Both short grooming events (< 3 second duration) as well as long grooming events (>3 second
duration) were significantly enhanced in Sapap3”- mice compared to wildtype controls (Mann-
Whitney U, p < 0.001 and p < 0.01, respectively). Self-grooming behaviour depended both on
genotype and bout length (ART ANOVA, Pgenotype*grooming type < 0.01). All plots illustrate data
from n =9 Sapap3”-and n = 9 wildtype mice; box whisker plots were designed as described in

legend of Figure 2. ** = p < 0.01; *** = p < 0.001; ns = non-significant.

Figure 4. Excessive head/body twitches, scratching and short grooming events are
associated in Sapap3”- mice. (A) The proportion of novel detected repetitive behaviours in
Sapap37- mice outweighs previously reported syntactic self-grooming behaviour (Pearson's
Chi-squared test, p < 0.0001). (B) Head/body twitches positively correlate with short, single-
phase grooming but not long, syntactic grooming bouts in Sapap3”/" mice (Spearman
correlation, p < 0.05, p = ns, respectively). (C) Scratching bouts also correlate positively with
short, single-phase grooming but not long, syntactic grooming bouts in Sapap37- mice

(Spearman correlation, p < 0.01, p = ns, respectively). Correlation estimates are plotted in a
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grey solid line or a dotted black line for wildtype or Sapap37- mice (n =9 animals per genotype),

respectively.

Figure 5. Short grooming bouts, head/body twitches and scratching were reduced by
aripiprazole. (A) Acute treatment with aripiprazole (1.5mg/kg) significantly reduced the
number of single-phase grooming, head/body twitches and scratching (Wilcoxon signed-rank
test: all p < 0.01; non-parametric, paired permutation test: all p < 0.01), but not the number
of syntactic grooming events (Wilcoxon signed-rank test: p = 0.08 and non-parametric, paired
permutation test: p = 0.09). Plotted are the proportions of number of RB events under
aripiprazole treatment and the sum of the number of RB events (vehicle + aripiprazole) of
individual mice. (B) Aripiprazole in particular shorter grooming events in Sapap3”7- mice. The
x-axis is depicted on a logio scale. Box whisker plots were designed as described in the legend
of Figure 2. Vehicle and aripiprazole conditions are colour-coded in blue and red, respectively.

*=p <0.05, ** = p <0.01, ns = non-significant.
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Figure 4
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Figure 5
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