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Resumo

A perturbagcdo do espectro do autismo é uma perturbacdo do neurodesenvolvimento
caracterizada por défices na socializacdo e comunicagdo, comportamentos
repetitivos/estereotipias e, em alguns casos, capacidade cognitiva reduzida. A
apresentacgdo e a gravidade dos sintomas séo bastante heterogéneas. Em humanos, o
autismo é classificado em trés niveis, dependendo da severidade dos sintomas: nivel 1
(leve), nivel 2 (moderado) e nivel 3 (severo).

Varios modelos animais tém sido usados em estudos na area do autismo 0s quais
apresentam mutagfes genéticas para recapitular o fenétipo da perturbagcdo. Contudo,
mesmo em animais com o mesmo fundo genético, o nivel de severidade dos sintomas
varia, resultando em heterogeneidade dos dados obtidos, o que é, geralmente, visto
como indesejavel. Por outro lado, esta heterogeneidade é semelhante ao que é
observado em humanos, e podera ser usado para uma melhor translacdo dos estudos.
Ao classificar os animais em trés niveis de severidade diferentes, novas informacdes
podem ser obtidas sobre a Perturbagdo do Espectro do Autismo e o impacto de
diferentes fatores na severidade dos sintomas, bem como o impacto da severidade na
eficacia de diferentes terapias.

Este estudo apresenta um modelo de classificacido de severidade de autismo, o qual foi
construido usando um modelo de perturbacao do espectro do autismo, o modelo animal
de neurofibromatose tipo 1 (Nfl*). Para isso, pontuacdes de diferentes medidas
comportamentais para marcos de desenvolvimento em periodo neonatal bem como
para comportamentos social e repetitivo, e aprendizagem/memoaria foram utilizadas para
obter uma pontuacdo composta. Este modelo foi bastante preciso na identificacdo dos
animais Nf1*" com fenétipo semelhante ao autismo, distinguindo-o dos seus irm&os de
ninhada sem mutacdo (murganhos wild-type). Esta classificacdo foi seguida por um
modelo de multi-classificacdo, que posteriormente atribuiu um nivel de severidade aos
animais Nf1"". Este modelo mostra menos preciso e tera de ser melhorado com mais
dados. A distribuigdo dos niveis de gravidade dentro da amostra obtida pelo modelo de
multi-classificacdo esta proxima da distribuicdo da severidade de autismo na populacéo

de neurofibromatose tipo 1 humana com perturbacdo do espetro do autismo.



Palavras Chave: Perturbacdo do Espetro do Autismo; Neurofibromatose tipo 1;
Modelo de Classificdo; Modelo Animal de Pertubacdo do Espectro do Autismo;

Comportamento animal



Abstract

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by
deficits in social behaviour and communication, repetitive behaviours/stereotypies, and,
in some cases, cognitive disability. Due to heterogeneity of symptomatology and severity
of ASD, clinically autism is classified in three levels: level 1 (mild), level 2 (moderate),
level 3 (severe).

To investigate autism features, several animal models with genetic mutations were used
to recapitulate autism core symptoms. However, even in animals with the same genetic
background, symptom severity varies, resulting in heterogeneity of data obtained. This
is often seen as undesirable. But, if we look at it as a representation of what is observed
in humans, it could be used to improve translatability of autism research. By classifying
animals into three different severity levels, new insights can be obtained about the ASD,
and the impact of different factors on severity, as well as the impact of severity in
effectiveness of different therapies.

Here, using a model of ASD, the mouse model of neurofibromatosis type 1 (Nf1*"), was
built a model of autism severity classification. For this, scores from different behavioural
measures for developmental milestones as well as dimensions of social, repetitive
behaviour, and learning/memory were used to obtain a composite score. This model was
highly accurate and precise at identifying Nf1*"and distinguishing it from their littermates
wild-type. This was followed by a multi-classification model that further attributed a
severity level to Nf1*" animals. This model show less accuracy and should be improved
with more data. The distribution of severity levels within the sample given by the multi-
classification model is close to the distribution of autism severity in the human

neurofibromatosis type 1 population with ASD comorbidity.
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Introduction

Autism Spectrum Disorders

Autism Spectrum Disorder (ASD), a group of neurodevelopmental disorders, occur due
to changes or deviations from normal development caused by genetic and/or
environmental factors, before birth and/or in early childhood, leading to abnormal
neuronal connectivity or structure. These disorders are characterized by deficits in social
behaviour and communication, repetitive behaviours, restricted interests, and, in some

cases, intellectual disability* (Figure 1).
Core Charecteristics
Common Symptoms

Sy
QQ

Figure 1 Core features of autism spectrum disorders and common associated symptoms

ASD is highly heterogenous and symptoms may present with different severity and
frequency from individual to individual. The DSM-5 suggests that severity should be

classified in three levels, depending on the level of assistance the patient needs:

e Level 1 (requiring support) — individuals have difficulties in social interaction and
may be inflexible in some contexts (inflexibility of behaviour);

e Level 2 (requiring substantial support) — “marked deficits in verbal and nonverbal
social communication” even when support is provided, inflexibility of behaviour, difficulty

coping with change, and obvious repetitive behaviours;
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e Level 3 (requiring very substantial support) — severe deficits in verbal and
nonverbal communication, a person who speaks only a few words of intelligible speech,

who rarely initiates social interaction.!

No single definitive aetiology has been established, as multiple genetic, epigenetic, and
environmental factors seem to play a role in the development of ASD. Genetics play a
major role in the development of these disorders. Early research in twins suggested ASD
was heritable, while also under tight genetic control, postulating that multiple loci were
involved in the development of autism.? In fact, multiple genomic studies have, since
then, identified more than 100 ASD-risk genes and regions. In most instances, it is the
interaction between single nucleotide changes that lead to ASD. The nucleotide changes
are common in the population, present little individual risk and can be passed from
parents to offspring. However rare, single de novo variants (DNVS), such as SHANK2,
NRXN1, NLGN4, and NF1 have also been associated with ASD. These DNVS are
sufficient to considerably increase the risk of autism.>* Autism risk genes may affect
several aspects of brain function at different times across the development process,
making it harder to fully understand the mechanism behind the disorder. However,
studies have shown that most of these genes encode proteins involved in synaptic
structure and function, chromatin modification, regulation of gene expression, and
development of excitatory and inhibitory neurons.>’

Environmental factors also seem to be important contributors to ASD. Many of these are
related to the mother, such as substance abuse, maternal nutrition, hormonal balance,
stress, exposure to chemicals and air pollutants, and inflammatory events during
pregnancy. &° A recent study by Hegarty et al. (2020) performed on monozygotic and
dizygotic twins with and without ASD identified some structures that are more influenced
by genetic background and other which seem to be more influenced by environmental
factors. In fact, cortical thickness, cerebellar white matter and ventricular volume seem
to be considerably influenced by environmental factors.'° Additionally, monozygotic twins
exhibit different symptom severity scores, despite 96% concordance for ASD,
highlighting the contribution of non-shared environmental factors in early infancy for the
outcome of the disorder.!!

Due to the high heterogeneity of factors and resulting phenotypes associated with ASD,
research on possible mechanisms, treatments and therapies often faces challenges

concerning translatability.
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Neurofibromatosis Type 1

Neurofibromatosis type 1 (NF1) is a monogenic autosomal dominant disorder caused by
mutations, inherited or spontaneous, in the Nfl gene resulting in the loss of function of
neurofiboromin. This protein is expressed in early melanocyte development and
melanogenesis!? , is necessary for the correct development of neurons and glia***#, and
hematopoietic development?®.

Neurofibromin is a tumour suppressor protein that regulates the activity of RAS
guanosine triphosphatase (GTPase-activating protein, GAP). Loss of neurofibromin
function leads to excessive cell growth and survival due to the hyperactivation of RAS,
which promotes cellular growth through the mTOR and MEK-ERK pathways (Figure 2).16

Activating Signals

/—\ - PI3K 3 Akt 3 MTOR

GDP GTP,
o -

\/ p RAF (3 MEK e————3 ERK

NF1

Figure 2 NF1 regulates cell growth and survival through mTOR and MEK-ERK pathways. Loss
of neurofibromin leads to hyperactivation of RAS, which activates phosphoinositol 3’kinase
(PI3K), Akt and mTOR. Loss of neurofiboromin and RAS activation also leads to hyperactivation
of the MEK-ERK pathway.

NF1 is characterized mainly by the occurrence of neurofibromas, pigmentary
abnormalities (“café-au-lait” spots), and skeletal deformities. However, there is a great
level of variability in symptom presentation, even between patients with identical
germline mutations. Some individuals may also present symptoms of NF1 in only one
area of the body. This is known as segmental or mosaic NF1.%’

Deficits in cognition and behaviour are also present in some patients, such as learning
disabilities, impaired spatial perception, attention deficits, social and communication
difficulties, and motor delays.®2° Consequently, multiple studies have identified an
increased risk of ASD in NF1 patients, with approximately 39.2% NF1 patients scoring
above-threshold in quantitative autistic trait (QAT) scores.?

Several authors have reported that the high risk of ASD associated with NF1 could be

caused by an excitation/inhibition (E/I) imbalance, characterized by a desequilibrium
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between glutamatergic and GABAergic inputs. This dysfunction has been reported in
NF1 patients in the parieto-occipital cortex, midbrain, and thalamus with a decrease in
GABA(A) receptors binding.?? Learning impairment in NF1 patients has also been
associated with deficient modulation of GABA mediated intracortical inhibition?3.

Accordingly, studies performed in the Nf1*~

mouse model have confirmed the disruptions
in GABA/glutamate ratio and GABA(A) receptor distribution and levels. This work also
found that these alterations occurred in a region-dependent manner 2%, Moreover, it was
showed a link between abnormal GABA and glutamate neurotransmission in the
amygdala, and social deficits. These deficits were rescued by blocking of Pakl in the
amygdala.®

Due to these characteristics, the Nf1*~ mouse model is valuable to study ASD, especially
its social and cognitive dimensions, and the impact of E/I imbalance in autistic-like

behaviour.
Animal Models in Autism Research

Animal models are commonly used in research to study ASD. Several mouse models
have been created using genetic alterations associated with ASD such as NLGN4, Fmr1,
NF1, TSC2. Others are generated through the re-creation of environmental factors
related with high risk of ASD, such as maternal immune activation and prenatal exposure
to valproic acid. These models recapitulate not only the molecular and structural aspects
of the disorder, but it's behavioural phenotype, allowing researchers to study all aspects
of the disorder. Further, animals models allow to understand how different factors and
possible therapies might impact on behaviour?, using a battery of behavioural and
neurodevelopmental tests. These tests evaluate different behaviours and cognitive
function relevant to the different dimensions of autism.

Understanding the developmental process in pups is crucial to understand how ASD
might impact development in infancy, as it is a neurodevelopmental disorder. For this
purpose, multiple tests can be used at different stages of the pups’ development to
analyse milestones such as motor ability and coordination, sensorimotor development,
and early communication. Methods for assessing these developmental milestones have
been thoroughly describe in the literature.?” Behavioural tests performed in juvenile and
adult mice are used to describe how ASD affects social behaviour, memory and learning
and compare findings in animal models with human ASD population features.

Social behaviour can be assessed in a variety of tests that evaluate different aspects of
social interactions, from sociability to social memory, vocalizations and dominance. The

three-chamber test, for instance, is routinely used to assess sociability and social
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memory in ASD mouse models, allowing researchers to better understand which
components of social behaviour differ from wild-type (WT) control animals.?®

Another core feature of autism is the repetitive behaviour. In mouse models, this can be
studied using tests such as marble burying test, where the number of marbles buried by
the animal in a certain period is used as a measure of repetitiveness. Another behaviour
associated with repetitiveness is grooming, which can be observed during the open field
test, spontaneously.?®

The Morris Water Mazer is frequently used to evaluate spatial learning and memory,
while other motor tasks may also be used to assess other dimensions of memory or
learning.*°

Animal models are also useful for more invasive studies that could not be performed in
patients, or even for some longitudinal studies, as they have a shorter life cycle than
humans. They are indispensable in the search for the mechanisms behind ASD and
possible therapies, as well as for drug development.

However, similar to humans, ASD mice may show interindividual variability in symptom
severity, even in groups with the same genetic mutation.®! This can make the process of
obtaining statistically significant results strenuous and have a negative impact on
translatability of the results from animal studies to the clinic. However, when properly
addressed, this variability may offer deeper insights into the disorder, its mechanisms,

and the best ways to help patients with different symptom severity.
Statistical models and their importance in biomedical research and in clinic

Mathematical and statistical models are used in most areas of research, from economy
to physics, chemistry and biomedicine, due to their capability of describing complex
events or predicting outcomes from large amounts of data.

With the rapid technological development, Data Science has become an almost
ubiquitous discipline, providing tools to improve fundamental research as well as clinical
practices, by automating and speeding up complex analysis and decision processes.
Machine learning - algorithms that can become more accurate through experience - is
gaining popularity in the clinic and multiple algorithms have been developed with the goal
to help identify risk factors for multiple diseases, diagnose, predict clinical outcomes.
For ASD, machine learning algorithms have shown to be able diagnose ASD based on
characteristic autistic behaviours®?, fMRI data®® that can even be combined with personal
data such as full-scale intelligence quotient (1Q), followed by verbal IQ and performance

1Q34. By allowing the analysis of home videos and short questionnaires that can be filled
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out by the parents, these algorithms allow for easier screening and facilitate early
diagnosis.®

Further, machine learning has also been used to improve the quality of life and therapies
for ASD patients. For instance, machine learning improves robot-assisted therapy for
emotion expression by improving robot perception of affect and engagement in children
with ASD®*%. The possibility of using algorithms to help neurotypical individuals better
understand ASD patients has also been explored by Tang et al. (2018), using sensors
to predict emotion from facial expression and body movement.®” Picture Exchange
Communication Systems (PECS) — which help ASD patients communicate by using
picture cards to express their needs - can also be refined by using data such as location
and event sensing to offer context-sensitive picture cards.®

In research, computational approaches may help tackle the high heterogeneity of ASD
by analysing large-scale datasets and identifying risk factors, guiding future research.®
Another approach involves searching for biomarkers that can help early detection of the
disorder. Artoni et al. (2020) trained a neural network to identify abnormalities in
cholinergic modulation in idiopathic and genetic mouse models of ASD that was then
successfully applied to human data, showing that this type of approach can quickly

provide reliable and translational biomarkers.*°
ASD composite score

El-Kordi et al. (2013) developed an autism severity score for mice using the Nign4 null
mutant model. This score was obtained by combining readouts from several behavioural
tests for three dimensions of ASD: social interaction, communication, and repetitive
behaviour/stereotypies. The severity score was able to predict the correct genotype
between WT and Nlgn4™~ mice with an accuracy of almost 100%.3! Different severities
in animals with the same genetic background, housed in the same conditions were
reported as well, confirming that even with similar conditions and identical genetic
background, symptom severity may vary. This study used only behaviour tests
performed in 11-12-week-old mice, without any neurodevelopmental read-outs, which
could be important contributors in the severity of ASD, as it is a neurodevelopmental

disorder.

In present work, a classification system was built to further characterize the Nf1"", an
ASD mouse model. A composite severity score was calculated using read-outs from
behavioural tests performed in a battery of neurodevelopmental milestones tests to

assess the contribution of early development to symptom severity, together with 8-week-
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old mice for the social, repetitive behaviour and cognitive dimensions of ASD. This score

distinguished between Nf1*"~

and WT genotypes with high accuracy and precision. The
multi-classification model was then built to classify subjects into level 1 (mild), level 2
(moderate), or level 3 (severe) ASD-like symptoms. Due to the small sample size and
increased level of complexity, the accuracy of this model was considerably lower than
the first. However, accuracy should improve as more data is included in the model. It is
also worth noting that the distribution of severity obtained by the multi-classification

model is similar to what is observed in the NF1 human population with ASD.
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Hypothesis and Aims

Many studies have been dedicated to furthering the knowledge on Autism Spectrum
Disorder, including its mechanisms and aetiology, molecular pathways, phenotype
characteristics, risk factors and possible therapies. Mice models are commonly used in
this field, as they allow for more complete and invasive studies to be developed.
However, similar to what is observed in the human population, there is a high variability
in symptom severity and presentation. This heterogeneity hinders translatability of
results obtained through animal research to the clinic. Variability is generally
compensated for by using more animals, rather than by a finer division of subjects into
groups according to phenotype. This means that the effect of symptom severity and
presentation are often masked, and valuable information on this core characteristic of
ASD is not achieved from these studies.

The present study aimed to improve the quality of data and information obtained from
animal models of ASD by building a severity classification model. For that, we will used
Nf1*~ mouse as a ASD animal model. Here, we intended to provide a useful tool to
classify subjects according to autism severity rather than just genotype.

In this work, three specific objectives are identified:

1 - Explore the impact of NF1 depletion in development milestones, behaviour and
cognitive processes;

2 - Build a severity score using behavioural and neurodevelopmental measures to
distinguish WT from Nf1*~ genotypes;

3 - Categorize symptom severity in three different levels similar to those used to classify
ASD severity in humans.

Exploratory analysis was performed on data from developmental milestones and adult
behavioural tests to fully characterize the Nf1*"mouse model (Aim 1). This data was also
used to build a ASD severity composite score. For that, single read-outs from each test
were z-standardized and combined (by averaging z-scores) to calculate a single
composite score. This score was then used to identify Nf1*~and WT genotypes with high
accuracy and precision (Aim 2). Finally, a multi-classification model was developed to
classify animals identified as Nf1*" by the composite score into three different severity
levels. As NF1 has been described to significantly affect social behaviour, high scores
from social tests were used as a required condition for the highest level of severity (level
3). Parameters for each level were proposed based on the distribution of ASD severity
in the human NF1 + ASD population (Aim 3).
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Methods

Animals: Data from developmental milestones and behavioural tests performed in 29
mice [15 Nf1*" and 14 WT littermates (controls)] was used in the construction of the
classification model. Developmental milestones were obtained in pups from postnatal
day (PND) 6 to PND 14. Behaviour tests were performed in 8-weeks-old male mice. To

keep the genetic background of the Nf1*~

mice constant across experiments and studies,
mice were backcrossed to Taconic C57BI/6 mice at least 10 times and bred once with
129T2/SyEmsJ before experiments. Animals were group housed (2-4) on a 12h
light/dark cycle at ICNAS animal facility. All experiments were carried out in accordance
with the European Union Council Directive (2010/63/EU), the National Regulations, and
the Internal Review Board of the University of Coimbra. All animals were healthy
(discomfort score 0), and all efforts were made to minimize the number of animals used

and their suffering.

Developmental milestones and behavioural tests: Data from NF1 mice developmental
milestones and behavioural tests was analysed and scores were calculated for each
measure. Importantly, experimenters were blinded to genotype during the experiments

and analysis. The tests were used to characterize four different dimensions of ASD.

Developmental milestones: A battery of developmental milestones was analysed
on pups on PND 6,8,10,12 and 14, following the same task sequence at every time point.
Pups were returned to their home cage once the battery of tests was finalized. For the
calculation of the composite score, all the read-outs from each day were averaged to
create one score per test.

1) Surface righting reflex: This test was used to evaluate the motor ability of pup to return
to a four-limb position from a supine position. The pup was placed on its back on a flat
surface and held in position for 5 seconds (Figure 3). The time the pup took to flip onto

its feet was recorded, until a maximum time of 30 seconds .**
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Figure 3 Surface Righting Test. Pups are held on their backs for 5 seconds. Time to return
to a supine position is record. Image by Ferreira, H. (2020)#?

2) Negative geotaxis reflex: Motor coordination was assessed with this test. Here, each
pup was placed facing down on a 35° incline, covered with fabric to facilitate traction
(Figure 4). The time the animal took to rotate and face the top of the incline was recorded,
with a cut-off of 30 seconds. Mice that fell off or rolled down the platform were re-tested

to a maximum of 2 extra tries, after which a time of 30 seconds was attributed.*!

-

Figure 4 Negative Geotaxis Test. Pups were placed facing down on a 35° incline. Time to
rotate and face the top of the incline was recorded.Image by Ferreira, H. (2020)*2

3) Locomotion: This test was used to assess extinction of rotary movement. A 13 cm
diameter circle was drawn on a flat surface and the animal placed at the centre of it
(Figure 5). Time to exit the circle with both forepaws was recorded to a maximum time
of 30 seconds. Failure to exit the circle earned the score of 30 seconds.*!

19



Figure 5 Locomotion test. Pups were place in the middle of a 13 cm diameter circle. Time
to leave the circle with two forepaws was measured.Image by Ferreira, H. (2020)*2

4) Nest seeking: Sensorimotor development was assessed with the nest seeking test.
Here, a rectangular plastic arena (25cm x 10cm) divided into 3 compartments was used.
Bedding from home cage was placed on the left compartment and similar amount of
fresh bedding was placed on the right compartment (Figure 6). Lines were drawn in each
compartment 6,5 cm from the centre to mark each zone. The pup was placed in the
center and allowed to explore. Two trials were performed, with a 30 second intertrial
interval, during which the operator held the animal. In each trial, time to cross home
bedding line with both forepaws was measured, up to a cut-off time of 120 seconds. Final
score was calculated by averaging the scores attributed in each trial. Pups were
positioned facing opposite sides of the arena, in each trial, to rule out possible head

turning preferences.*

Figure 6 Nest Seeking test. Bedding from home cage was placed on the left compartment
of an arena divided in three. Fresh bedding was placed on the right compartment. Pups
were placed in the middle of the arena and time to find the nest was measured. Image by
Ferreira, H. (2020)2
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Adult Behaviour: A battery of tests for repetitive and social behaviours and
learning/memory skill was performed on 8-week-old male mice.
1) Marble burying test:
This test was used to assess repetitive and obsessive behaviour. Mice were placed,
individually, in a standard mouse cage with a 5 cm layer of sawdust. Fifteen marbles
were placed equidistantly on the surface of the sawdust, with a 3x5 disposition, as
illustrated in Figure 7. To prevent animals from escaping the arena, the walls were
extended with acrylic sheets. Mice were left to explore the arena for 30 min, and the
number of buried marbles was recorded at 5, 10, 15, 20, 25 and 30 minutes.

O .

I T 1T 1T 1T 7
0 5 10 15 20 25 30

Figure 7 Representation of the Marble Burying Test. Number of buried marbles was
recorded at 0,5,10,15,20,25 and 30 minute time points. Image created with BioRender.com

A score was calculated with the following formula:

number marbles buried at each time point

Index= Avg(

)

Total marbles

2) Morris Water Maze: To evaluate learning and memory, data from the Morris water
maze was used. Mice were placed in a round pool filled with tap water at 23°C. The
escape platform was exposed 0.5 cm above the water during training. Water was made
opague with non-toxic white paint. Animals were tested for three trials per day for a period
of 4 days. Before the beginning of the test, animals were allowed to swim freely for 30
seconds and placed on the escape platform for 30 seconds. During testing, the platform
was placed in north-west quadrant and submerged (Figure 8). Mice were placed in the
pool starting at the edge of one of the four quadrants and allowed to swim for 60 seconds.
If the animal did not reach the platform within the 60 second period, it was guided toward

it and held for 15 seconds on the platform. This procedure was followed for three trials,
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starting at a different position each time. At the end of each trial block, the mouse was
dried and placed back on its home cage (kept warm with a heating pad) for 30 to 40
minutes. Swim time and path length were recorded using a tracking software. After the
final session, the platform as removed for a probe trial to test spatial strategy and

retention. Mice were allowed to swim for 60 seconds.

Training Sessions; 3 trials/ day Test Session; 1 trial/ day
Learning Memory

Figure 8 Representation of the Morris Water Maze Test for Learning and Memory. Trials
have a maximum duration of 60 seconds. Image created with BioRender.com

The percentage of time spent in the quadrant where the platform was previously located

was recorded.*® The following scores were obtained:

L(dx+1)—-L (dx)xloo

Increase in Learning on day x+1 (dx+1): Avg( )

Time in platform zone
60

where L corresponds to Learning: L=

M(dx+1)-M (dx)xloo

Increase in Memory on day x+1 (dx+1): Avg( M(an)

Time Plat+Quadrant 4)

where M corresponds to Memory: M= ( %o

3) Open Field: Grooming and rearing were obtained as measures of repetitive and
obsessive behaviour, during open field task. Each animal was placed in an open
polycarbonate arena (50 x 50 cm, 40 cm high) for ten minutes.*! Time spent grooming
and rearing was recorded. For analysis purposes, grooming was defined as a sequence
that began with licking the paws, proceeding to the nose using elliptical brushing
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movements, followed by unilateral strokes to clean vibrissae and eyes, bilateral strokes
beginning behind the ears and over the face, and ending with licking the rest of the body
and cleaning of the tail (Figure 9). In addition, rearing was considered as moments when
the mouse lifted its forelimbs off the ground, putting the weight on its hind paws, lifting
his head upwards. Average time spent on the activity was used as the scores for the

ASD Severity composite score.

Grooming

Licking Paws Brushing nose, eyes Licking rest of the
vibrissae, and ears body and tail

Rearing

Figure 9 Representation of Grooming and Rearing behaviours observed during the Open
Field test. Image created with BioRender.com

4) Three Chamber Social Test: To evaluate social behavior and the deficits in social
interactions, the three-chamber test was used (Figure 10). This test measures the
"sociability”, the propensity to spend time with another mouse, as compared to time spent
alone in an identical but empty chamber, and "social novelty", the propensity to spend
time with a previously never-before-met mouse rather than with a familiar mouse. A three
compartments’ box was used (Panlab Light Grey Methacrylate floor, transparent walls,
60 x 42 x 22 (H) cm,). On day one, after adaption to the three-chamber arena, the subject
mouse is placed into the middle chamber and allowed to explore freely for 10 minutes.
In the left chamber of the test apparatus, a stimulus mouse is placed under a wire cage.
In the right chamber, a similar wire cage is located without the stimulus mouse. To
qguantify the sociability of the experimental mouse, the time it spends in each chamber
and the time spent sniffing at each wire cage are measured. On the following day, a
novel mouse is placed under the wire cage in the empty right chamber, while the already
known mouse stays in the left chamber. Time spent exploring each cage was recorded.
The arena was cleaned with alcohol 70% between each animal. The position of the cups
changed between each mouse. The ovariectomised female was habituated to the cup

for 15 minutes per day, during 3 days before the tests.
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Day 1 - Sociability Mouge Empty

Familiar

Day 2 - Social Memory

Figure 10 Representation of the Three-chamber social test. Mice were allowed to explore
for 10 minutes. The position of the cup was changed between each mouse and the arena
was cleaned with alchool 70% between each trial. Image created with BioRender.com

Sociability Index and Social Memory were calculated as:

Time with stranger

x100

Sociability Index= — .
time stranger+time empty

. Time with new
Social Memory= — . ——x100
Time new+time familiar

Statistical Analysis: Statistical tests and graphs were obtained using GraphPad Prism
version 9.0.0 for Windows, GraphPad Software, San Diego, California USA,
www.graphpad.com. Data was compared by 2-way ANOVA with post hoc planned
comparisons and Mann-Whitney U tests. A p value below 0.05 was considered

significant. Figures are expressed as mean + SEM, unless stated otherwise.

Composite Score: The autism composite score was calculated by combining the scores
of all behaviour measures, or only the ones from statistically significant measures (for
comparison purposes). These scores were z-standardized and the composite score was
the mean of all z-standardized scores. Scores from readouts where WT group were
originally higher were inverted, to ensure that NF1 group would correspond to higher
score. Missing values were replaced by the average of the group (WT or NF1). One
Nf1*~ and one WT mouse had to be excluded from the composite score due to multiple
missing neurodevelopmental and adult behaviour readouts. Therefore, 27 animals were

used to build the composite score. Redundant readouts were identified through
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correlation analysis and removed. Internal consistency of each composite score scale
was assessed using Cronbach’s a and McDonald’s w. Scores over >0.6 were considered
acceptable (Kontig et al, 2009). Correlation and internal consistency analysis were
performed using JASP Software (JASP Team (2020). JASP (Version 0.14.1). Scores
were compared to genotype in order to assess whether the composite score was a good

predictor of genotype and could be used to distinguish between Nf1*~ and WT.

Classification Model: To build autism severity classification model, the composite score
scale that better predicted genotype was used. Thresholds for levels 1, 2 and 3 (mild,
moderate, and severe, respectively) were proposed based on composite score and
social behaviour readouts. An independent observer rated each animal on a scale of
level 1 (healthy of mild) to level 3 (severe impairment) based on the videos from the
social behaviour readouts. These classifications were then used as a comparison to

evaluate the model's performance.
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Results
Development Milestones

1) Locomotion: Although there were no significant differences between NF1 and WT
groups on each of the testing days (Figure 11a), overall, NF1 mice spent more time to
exit the circle in the locomotion test (p=0.005, NF1>WT) (Figure 11b).
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Figure 11 Neurodevelopmental milestones locomotion test showed a) no daily differences
in time to exit the circle between NF1 and WT groups. However b) NF1 mice spent more
time to exit the circle that WT mice. Two-way ANOVA with post hoc planned multiple
comparisons (a) and one-tailed Mann-Whitney U test (b); n=28

2) Nest Seeking: In agreement with locomotion test, no significant differences were
detected on each separate testing day between NF1 and WT mice in the nest seeking
test (Figure 12a). However, overall, the NF1+/- group was faster than the WT group to
reach the nest (p=0.007, NF1<WT) (Figure 12b).
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Figure 12 The nest seeking test revealed a) no significant daily differences between NF1 and WT
mice in time to find the nest. However, b) on average, NF1 mice took less time to reach the nest.
Two-way ANOVA with post hoc planned multiple comparisons (a) and one-tailed Mann-Whitney
U test (b); n=28 3)
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3) Negative Geotaxis: No difference between WT and NF1 groups were observed in
negative geotaxis test. Both groups spent similar time to turn to face the top of the incline
in all testing days and overall (p=0.325, NF1>WT) (Figure 13a and b).

a) Negative Geotaxis b) Negative Geotaxis Score
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Figure 13 In the negative geotaxis test showed no difference a) in time to turn daily or b)
overall between NF1 and WT mice. Two-way ANOVA with post hoc planned multiple
comparisons (a) and one-tailed Mann-Whitney U test (b); n=28

4) Surface Righting: Both groups had similar performance in the surface righting test and
no significant differences between NF1 and WT mice were detected in time to flip to a

supine position during the testing period (p=0.160, NF1+/-<WT) (Figure 14a and b).
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Figure 14 NFf1*" depletion does not seem to affect surface righting reflex. a) no differences
between NF1 and WT mice in surface righting reflex on any of the testing days nor b)
overall. Two-way ANOVA with post hoc planned multiple comparisons (a) and one-tailed
Mann-Whitney U test (b); n=28

Adult Behaviour

1) Social: In the three-chamber test, NF1 mice did not show a clear preference between
the chamber with the mouse over the empty chamber (p=0.674), in contrast to the WT
group, who showed a significant preference for the chamber with the mouse (p=0.046)

(Figure 15a). The sociability scores (preference for mouse vs empty) for each group,
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however, were not statistically different (p=0.161, NF1<WT) (Figure 15b). Neither NF1
nor WT showed a marked preference for novel or familiar animal on the second day
(p=0.4, and p=0.686 respectively) (Figure 15c). However, social memory (preference for
new vs familiar) scores were lower in the NF1 group than in the WT group (p=0.047,
NF1<WT) (Figure 15d).
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Figure 15 Nf1+/'depletion affects social behavior. a) NF1 mice show no preference
between a conspecific and an empty chamber. Two-way ANOVA b) No clear difference was
observed in sociability (time spent with conspecific) between WT and NF1 mice. One-tailed
Mann-Whitney U test c) Neither WT nor NF1 show marked preference for either familiar or
novel mice. Two-way ANOVA However, d) NF1 mice spent less time with novel
mouse.One-tailed Mann-Whitney U test; n=19

2) Repetitive Behaviour: At the 15-minute of marble burying test, NF1 mice had buried
significantly more marbles than the WT group (p=0.031). Differences in number of
marbles buried at the other time points (5, 10, 20, 25 and 30 minutes) were not
statistically significant (Figure 16a). However, NF1 group buried, on average, more
marbles than the WT group (p=0.007, NF1>WT) (Figure 16b).
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a) Marble Burying Test b) Marble Burying Score
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Figure 16 NF1 exhibit repetitive behavior in the marble burying test. a) NF1 mice
bury significantly more marbles at the 15 min time point than their WT littermates.
Two-Way ANOVA with post hoc planned comparisons b) The total number of
marbles buried by the NF1 group was significantly higher than WT. One-tailed
Mann-Whitney Test; n=25

No significant differences were found in time spent grooming between the two groups for
each time interval (0-5 minutes: p=0.947; 5-10 minutes: p=0.541) (Figure 17a) nor in
rearing time (0-5 minutes: p=0.965; 5-10 minutes: p=0.994) (Figure 17b).
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Figure 17 Read-outs from the open field test did not show any difference between NF1
and WT group in a) grooming or in b) rearing. Two-way ANOVA, n=29.

3) Learning and Memory: No differences were observed between NF1 and WT groups
in time spent in zone in each of the 4 days of the Morris Water Maze, nor in daily increase
in learning (p=0.77, NF1<WT) (Figure 18a and b). Likewise, no significant differences
were found between NF1 and WT mice regarding time spent in quadrant 4 and target
zone during the last trial of each day. However, when day 4 is dismissed, the increase in
memory from day 2 and day 3 is lower for the NF1 group (p=0.041, NF1<WT) (Figure
18c and d).
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Figure 18 Read-outs from the Morris Water Maze show a) no significant differences on
each day between NF1 mice and WT littermates. Two-Way ANOVA with posthoc planned
comparisons b) no differences in learning throughout the testing period between NF1 and
WT groups. One-tailed Mann-Whitney U Test ¢) No differences were observed in memory
on each single day between NF1 and WT mice. Two-way ANOVA with posthoc planned
comparisons. However, d) NF1 show a decrease in memory during days 2 and 3 of the
test, while WT mice seem to increase their memory on the same days. One-tailed Mann-
Whitney U test; n=21

ASD Severity Composite Score

To build the severity classification model, one score for each measure was used, and
missing values replaced by mean score in group (WT or Nfl""). Scores were z-
standardized. Measures where NF1group had lower scores than WT were inversed, so
that higher scores would correspond to the Nfl*"genotype. A composite score was
calculated as the average of ranks from all indexes and another one using only the
measures that were statistically significant according to the Mann-Whitney U test, for
comparison purposes.
Correlation analysis identified redundant variables and have poor relationship with the
composite score. Negative geotaxis was excluded from the “ALL” model (Figure 19).
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Pearson's Correlations

Variable Social Memory  Marble Burying  Saciabilty ~ Grooming  Rearing  Learning  Memory  Locomotion  Negative Geotaxis  Surface Righting  Nest Seeking  composite_all

1. Social Memory Pearson's r —
p-value -

2. Marble Burying Pearson's r 0.040 -
p-value 0.844 —
3. Sociability Pearson's r 0.451 0.146 —_
p-value 0.018 0.468
4. Grooming Pearson's r -0.018 0.099 0.126 —
p-value 0.928 0.622 0533 =
5. Rearing Pearson's r 0.159 0.121 0237 0.222 —
p-value 0428 0.549 0234 0.266 -
6. Leamning Pearson's r 0.291 -0.087 0.210 0.420 0.321 —_
p-value 0.141 0.666 0.293 0.029 0.102 —
7. Memory Pearson's r 0.082 0428 0.051 0.353 0.041 0.181
p-value 0.684 0.026 0.800 0.071 0.840 0.367 -
8. Locomotion Pearson's r -0.055 0.057 -0.031 0.090 -0.331 -0.072 0.274 —
p-value 0.786 0.777 0.878 0.656 0.092 0720 0.167 —
9. Negative Geotaxis Pearson's r -0.148 0.055 -0.001 -0.278 0.050 -0.076 -0.067 0.558 —
p-value 0.462 0.787 0995 0.161 0.805 0.705 0741 0.002 —
10. Surface Righting Pearson's r -0.123 -0.077 -0.10 0.315 -0.155 0.233 0.354 0.232 -0.186 —
p-value 0.542 0.702 0.585 0.109 0.440 0.242 0.070 0.245 0.354 -
11. Nest Seeking Pearson's r 0.326 0.108 0337 0.268 0.140 0345 0339 0.071 -0215 0242 —
p-value 0.097 0.592 0.086 0177 0.487 0.078 0.083 0.723 0.280 0.223 —
12. composite_all Pearson's r 0.447 0.371 0.489 0.605 0.357 0.584 0.643 0.263 -0.073 0.402 0.658
p-value 0.019 0.057 o010 < 001 0.067 0.001 < 001 0.185 077 0.037 < 001 —

Figure 19 Correlation analysis for the composite score calculation with all behavioral and
neurodevelopmental scores. Negative geotaxis is not significantly correlated with the
composite score, and has a negative effect on it. Locomotion and rearing are also not
significantly correlated with the final composite score.

Three models were built and their performance on distinguishing between WT and NF1
was tested, summarised in Table 1:
a) Model 1 included all the statistically significant developmental milestones and

+/-

behavioural indexes. This model could identify Nf1*"genotype with a precision of 87,5%

and distinguish between Nf1*~

and WT with an accuracy of 92,59%. The error rate of the
model was 7,41%. Internal consistency was poor (cronbach’s a= 0,458; McDonald’s w=
0,486). This model was created for comparison purposes, but is not a good option, since
by using only the statistically significant measures in the same data set, redundancy is
introduced, and the model tends to overfit the data, explaining the recall of 100%. It might
not be as accurate and precise with different sets of data.

b) Model 2 was built using all measures except negative geotaxis. It was 85,7% precise
at identifying the Nf1*~ genotype, with 85,7% recall and 85,2% accuracy at distinguishing
between Nf1*~and WT. The error rate of this model is 14,8%. Internal consistency is
acceptable (cronbach’s a= 0,634; McDonald’s w= 0,654).

c) Model 3 used all the measures except ones identified through correlation analysis to
have a weak correlation with the final composite score. These measures were negative
geotaxis, locomotion, rearing. The model distinguished between Nf1*"and WT with an
accuracy of 81,48%. It identified Nf1*~genotype with a precision of 80% and recall of
85,71%. Error rate was 18,52%. Internal consistency was acceptable (cronbach’'s a=
0,653; McDonald’s w= 0,667).
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Table 1 Summary of the 3 different models created to calculate the ASD severity composite score

o Error Cronbach’s | McDonald’s
Model Precision | Recall F Score Accuracy
Rate a w

1-Only
o 87,50% 100,00% | 93,33% 92,59% 7,41% | 0,458 0,486
Significant
2- ALL - Neg

_ 85,7% 85,7% 85,7% 85,2% 14,8% | 0,634 0,654
Geotaxis
3- All -
Negative

_ 80,00% 85,71% | 82,76% 81,48% 18,52% | 0,653 0,667
Geotaxis,
Loc, Rearing
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ASD Severity Multi-classification Model

Model 2 was selected as the best model due to its ability to distinguish between
genotypes with high accuracy (Figure 20). It was then used to determine threshold for
the three different severity levels of autism spectrum disorder. The three levels of severity

are only given to animals classified as NF1 by the model.
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Figure 20 NF1 vs WT composite scores obtained with model 2. NF1 mice consistently
scored higher (>0) than WT mice (<0); n=27

Considering NF1 as a model for autistic-like social behaviour, conditions were added to
ensure that animals classified as level 3 presented deficits in this dimension. Hence, for
a level 3 classification, NF1 mice had to have a composite score higher than 0.5 and
either social memory or sociability score higher than 1. For levels 1 and 2, only the
composite score was considered (level 1: composite score<0.25; level 2: 0.25<

composite score >0.5).

Table 2 Multi-classification model performance

Classification | Precision Recall F Score

WT 85% 100% 92%

Level 1 12% 25% 17%

Level 2 33% 25% 29%

Level 3 67% 25% 36%
Accuracy 56%
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Classification was compared against the severity classification performed by an

independent observer. The model showed a 56% accuracy (

Table 2). The model classified 57,14% of the NF1 mice as level 1 (mild), 21,4% as level

2 (moderate), and 21,4% as level 3 (severe) (Figure 21).
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Figure 21 Confusion matrix for the multi-classification model. Number of actual animals per

classification (True) vs number of animals classified by the model (Model). n=27
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Discussion

During neonatal period, NF1 pups show impairments in locomotion, since they spent
more time than their WT littermates to exit the circle during the locomotion test. This
delay means that NF1 animals loose rotatory movements later than WT. Accordingly,
NF1 patients often show motor deficits, including gait impairment, speed, and agility, as
well as muscle weakness.**“® It has been proposed that motor deficits may be linked
with abnormal dopamine levels or structural and functional irregularities in brain areas
related to motor function, such as corpus callosum, thalamus, and caudate nucleus,
given the importance of neurofibromin to the correct development of the brain.*¢ Motor
impairments have also been reported in ASD patients.*’

On the other hand, the NF1 group was faster in reaching the nest, during the nest seeking
test. These observations were unexpected, as NF1 has been associated with deficits in
olfactory learning in fly models ¢ and abnormal olfactory preference in mice*°. However,
it could be that WT pups are more exploratory and explore the arena before actively
looking for the nest, thus taking longer to reach it. In fact, NF1 mice tend to show reduced
exploratory behaviour than their WT counterparts.®°

No significant differences between groups were found in negative geotaxis and surface
righting reflex. Previous studies in NF1 mice have reported similar results in surface
righting reflex. Maloney et al (2017) tested surface righting reflex of NF1 mice on PND14
by placing the mice in a 50-mL conical containing a lid with a hole, which was turned
180° when the belly of the mouse was facing down, placing the mouse on its back. Time
the animal took to right itself with all four paws underneath its belly was recorded. The
authors reported no differences in righting reflex between NF1 and WT mice.5* No
studies were found in NF1 mouse model for negative geotaxis. However, studies done
in maternal immune activation model of ASD also show no significant alterations in
negative geotaxis.®> On the other hand, the C58/J mouse model of ASD has been
reported to show enhanced negative geotaxis on PNDs 8 and 10.%3

Regarding adult behaviour, NF1 male mice showed social impairments associated with
social recognition/memory. NF1 mice did not show any marked interest in the mouse
when presented with the option to choose between an empty chamber and a chamber
with a conspecific. On the second day of the test, NF1 group spent more time with the
familiar mouse than the WT group, when given the choice between familiar and novel
mice, indicating less social memory. Previous studies in the NF1 mouse model have
also reported impairments in long-term (24h) social memory.?®> Multiple authors have

suggested that social impairments in ASD may be caused by impairments in facial
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recognition or social memory. In fact, NF1 patients have been reported to show less
attention to faces®.

To explore learning and memory, we have used the Morris water maze test. Here, NF1
mice showed no significant difference in time spent in the platform area and in time to
reach the platform. However, overall, the WT group showed more increase in memory,
in days two and three of the test. Previous studies have suggested that despite learning
and memory deficit, NF1 mice can reach the platform within the same time as WT by
using different strategies and extended training can further improve their performance in
this test.>®. Deficits in spatial memory and learning have also been documented in
children with NF1.%¢ It has been suggested that these deficits may be related to visual
impairments. A study performed in NF1 patients used fMRI to study early cortical visual
pathways found alterations in activation of the visual cortex in response to low-level
visual stimulation, which could explain the visuospatial impairments associated with NF1.
The same study also reported abnormal default-mode network (DMN) activation during
stimulation periods in the NF1 group, suggesting that attention deficits may also impair
memory and learning in NF1 patients. *’

Repetitive behaviour is one of the core characteristics of ASD. Therefore, to account for
this dimension, NF1 mice and their WT littermates were tested using marble burying test.
The NF1 group buried significantly more marbles than the WT group, showing that NF1
mice do engage in repetitive behaviours. The biggest difference between number of
marbles buried by the NF1 group and the WT group was at the 15-minute time point.
Also, grooming and rearing were used as measure for repetitive behaviour. However,
NF1 mice did not seem to differ considerably from WT in either grooming time or rearing
time. Repetitive behaviour has not yet been thoroughly characterized in this mouse
model. High scores in the marble burying test have been reported in some ASD mouse
models, such as BTBR T + tf/J mice®, VPA®, and maternal immune activation®® models.
However reduced burying activity has also been reported in several other ASD mouse
models, such as Shank1*", Shank1”, Shank2”, and mice with loss of maternal Ube3a.*°
Also, increased self-grooming has been reported in some mouse models of ASD, such
as the VPA mouse model®8, BTBR T+tf/J inbred strain® , and NL1 KO mice®! while some
models, such as Nlgn4 male mice®, Nign2, Shank1” do not seem to show significant
increase in grooming activity.®? Several ASD mouse models have been reported to show
decreased rearing, such as the Shank1 7", Ephrin-A 7~ ©, and BTBR T+ltpr3tf/J®. Both
grooming and rearing behaviour are also associated with anxiety.®>% Therefore, these
activities may be influenced by levels of anxiety, either caused by external environment
or by the genetic background, explaining the variability of these measures in different

studies and models.
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Repetitive behaviour and stereotypies are core characteristics of ASD in humans.!
However, it has been reported that children with NF1 and ASD seem to exhibit less
repetitive behaviours than the general ASD population.®”:68

When the scores for each behavioural and neurodevelopmental measure were
combined, composite scores were obtained for all subjects. The chosen model included
all scores except negative geotaxis which was found to not only be negatively correlated
with the final score but have a weak correlation with it. This model was able to distinguish
between Nf1*~and WT genotypes with an accuracy of 85.2% and identify Nf1*"genotype
with a precision of 85.7%, confirming that the chosen scores were appropriate. It is also
worth noting that even within the NF1 group, different composite scores were obtained,
corroborating that different symptom severity and presentation exist within the group.
To add severity levels to the classification model, thresholds for each level were
proposed based on the composite scores of the NF1 group, as well as the average
distribution of ASD severity in the NF1 population, and taking into account the main
characteristics of the disorder — i.e., social impairments. When the severity levels were
added to the model, the accuracy decreased considerably to 58.62%. This decrease
was, however, not surprising, as extra levels of information require more data, which was
not available. The model was, then, tested in a very small sample (16 animals classified
as Nfl through the composite score). It is expected that, in the future, as the sample size
increases, the accuracy will also increase.

This multi-classification model classified 57,14% of the NF1 mice as level 1 (mild), 21,4%
as level 2 (moderate), and 21,4% as level 3 (severe).This distribution is not far from
what is reported in the NF1 population, where 42%- 70% of NF1 patients with ASD will

have a ‘mild to moderate’ score, and 30-58% will have a severe score.%70
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Strengths, weaknesses, and recommendations

The classification model built in this project is accurate and precise enough to classify
autism severity in the NF1 mouse model,

It is important to take into consideration that this project was done using a relatively small
sample with high variability within the data, which may impact on statistical analysis.
However, all tests performed were chosen with this in mind and are all possible to use in
small samples. The model will continue to improve as more data is provided.

Another possible weakness are the missing values from the dataset that was used.
These missing values had to be replaced with the average score of the measure for the
group (NF1 or WT), which can introduce some bias to the model. This is expected to
improve as more data is included in the model.

In this project, thresholds for the three different levels were proposed but need to be
further validated. To ensure that was no redundancy in the true classification, an
independent observer watched the social behaviour videos for each animal and
attributed their own classification, which was then compared to the classification obtained
by the model.

It is also worth noticing that adding the classification by level decreased the accuracy of
the model. Still, this classification adds an extra level of information that should prove
useful in future research in the area and should be improved as more data is fed to the
model.

Lastly, the classification model should be validated in different animal models to ensure
its replicability.
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Conclusion

Data obtained from developmental milestones and adult behaviour of NF1 and WT
littermates were consistent with previous published studies for the NF1 mouse model
and/or for NF1 patients. Accordingly, these behaviours are also observed in ASD
population, suggesting that the NF1 mouse model recapitulates behavioural features of
both NF1 and ASD.

When combined, all behavioural and neurodevelopmental read-outs (except negative
geotaxis) produced a composite score that clearly distinguished between WT and NF1
mice (with an accuracy of 85,2%) and identified Nf1*"genotype with 85,7% precision,
which shows that the chosen read-outs were good distinguishing factors for this mouse
model.

As expected, different severity scores were found within the NF1 group, confirming that
animals with the same genetic background, and kept in similar housing conditions can
present different severity of symptoms.

Differentiation into 3 levels of severity was possible with the multi-classification model.
However, due to a small amount of data, adding the extra levels of information reduced
the accuracy of the model. In the future, as more data is obtained and included in the
model, accuracy should increase. Additionally, the distribution of ASD severity scores
attributed by the model are similar to the distribution of severity in NF1 patients with ASD,
which could indicate that the thresholds proposed are reasonable.

Since the read-outs used are characteristic of ASD, this model should be applicable to
other mouse models of ASD, even if minor some adjustments need to be made and this
will also be tested in the future.

The multi-classification model should provide researchers the opportunity to further the
knowledge of ASD, allowing, for instance, studies on the impact of severity on
therapeutic strategies, as well as the influence of other, non-genetic, factors on symptom
severity, or possible correlations between brain structure and severity level, among
others. Further, classification by severity level will allow experimental designs that reduce

variability, allowing for less animals to be used in research.
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