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Abstract Recent advancesin molecular genetics and preclinical studies of tuberous sclerosis complex
(TSC) have helped to better understand the pathophysiology of TSGrelated autism
spectrum disorder (ASD). Furthermore, developmental studies have shown that infants
with TSC begin to diverge from the neurotypical trajectories at the age of 6 months. Early
abnormalities are often characterized by a delay in nonverbal cognitive skills, such as fine
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= parent-mediated rapamycin (mTOR) in determining the behavioral phenotypes associated with TSC led to

intervention the hypothesis that mTOR inhibitors could also have a benefit on ASD symptoms. After the
= predictors promising results from preclinical studies administrating rapamycin, clinical trials studying
= risk factors mTOR inhibitors are now undergoing.

kidneys, liver, heart, skin, eyes, and lungs. CNS usually presents
with cortical and subcortical tubers, subependymal nodules,

Introduction
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Tuberous sclerosis complex (TSC) is a genetic condition caused
by a mutation in the TSC1 or TSC2 genes,', coding, respectively,
for hamartin and tuberin proteins, which form together a
protein complex that inhibits a downstream signaling path-
way, the mammalian target of rapamycin (mTOR).> TSC is
clinically characterized by multiorgan formations of hamar-
tomatous lesions in the central nervous system (CNS), in the
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and giant cell astrocytomas. Epilepsy is the most frequent
neurological manifestation, affecting up to 85% of the
patients.* In 66% of the children with TSC, seizures onset is
within the first year of life.” Patients frequently show behav-
ioral and psychiatric difficulties that can deeply affect their
quality of life, like developmental delay, learning disabilities,
ASD, or attention-deficit hyperactivity disorder.
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According to the latest Diagnostic and Statistical Manual of
Mental Disorders, 5th edition criteria, autism spectrum disor-
der (ASD) is a neurodevelopmental condition characterized by
early-onset difficulties in social communication and unusually
restricted and repetitive behavior and interests.® Prevalence of
ASD is estimated to be up to 1 to 2%78 1t is a long time that
autistic traits in TSC have been recognized. They were already
described in 1932 as impaired social contact, repetitive and
stereotyped behavior, absent or abnormal speech and social
withdrawal.® According to various authors, as well as to the
criteria used for the diagnosis, ASD is commonly reckoned to
be present in 17 to 63% of patients with TSC.'® A more recent
study on a cohort of approximately 100 patients, evaluated by a
single clinician, found a prevalence of 40%."!

The expanding possibilities of an early diagnosis of TSC
should increasingly allow the prompt identification of a popu-
lation of infants at high risk for developing ASD and/or epilepsy.
That is why clinicians should pay further attention to the early
recognition of preclinical signs, which might suggest a possible
deviation from the normal developmental trajectory.

Pathophysiology of Autism Spectrum
Disorder in Tuberous Sclerosis

Significant advances during the last decades in molecular
biology, molecular genetics, and animal model studies of TSC
have helped to understand the pathophysiology of TSG-related
ASD better. It has been shown that mTOR overactivation,
caused by a mutation in one of the two TSC genes, leads to
global disturbances of the brain architecture and connectivity,
as well as to dysregulation of the excitatory and inhibitory
neurotransmission. These abnormalities lead to neural hyper-
excitability, which could explain both seizures and ASD. Sev-
eral animal models of TSC suggest that the neurocognitive and
neurodevelopmental manifestations of TSC, including ASD,
might be a direct result of cell signaling abnormalities.'?"'4
Indeed, mutated TSC1*/~ mice not only showed deficits in
learning and memory but also in social behavior.'? Evenif these
animal models did not develop any of the brain lesions typical
of TSC, they nevertheless exhibited a hippocampal dysfunction
with spatial learning deficit and context-depending memory
impairment. Furthermore, although autistic traits are not
easily tested in mice, mutant animals failed in the common
social, behavioral tests, such as the social interaction assess-
mentand the nest building.1 2These observations, as well as the
lack of structural brain lesions, indicate that genetic mutations,
and the subsequent cascade of events, might be directly
responsible for the autistic phenotype observed in TSC. Indeed,
mTOR signaling overactivity, both through direct and indirect
pathways, confers a high susceptibility to ASD. It is—at least in
part—responsible for the imbalance between excitation and
inhibition, as it plays a role in the disruption of GABAergic
interneurons during the early critical stages of neurodevelop-
ment. TSC1/TSC2 dysfunction can also impair the develop-
mental regulation of ionotropic glutamate receptors, thus
enhancing glutamatergic function.'” The mTOR pathway is
also associated with abnormal synaptic homeostasis and syn-
aptogenesis, which is a well-known risk factor for ASD.>'®
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Epilepsy Pathways to Autism Spectrum
Disorder

In TSC children with autistic features, epilepsy often pre-
cedes the onset of ASD, raising the issue of the effects of the
seizures themselves on the developmental brain. Epilepsy is
considered a potential risk factor for ASD, especially when
infantile spasms are present. Indeed, it has been demon-
strated that although neuropsychiatric comorbidities in TSC
are largely multifactorial, the only independent risk factor is
seizure onset at an early age.!” It has also been hypothesized
that a delayed detection and treatment of clinical seizures
might increase the risk of developing ASD in patients with
TSC. It seems that a shorter gap between seizure onset and
antiepileptic treatment is associated with better long-term
outcomes, both in terms of neurodevelopmental deficits,
including lower rates of learning disabilities and ASD, and
lower seizure frequency.'®'? It is reckoned that early-onset,
persistent seizures, and region-specific epileptiform electro-
encephalogram (EEG) activity might prevent the develop-
ment of an appropriate neural connectivity, leading to
autistic-like behaviors and language regression.

The comorbidity of epilepsy and ASD should be seen as the
last step of a common pathway starting with the genetic
mutation and leading to mTOR overactivation already during
fetal life.?® This activates a cascade of events, such as the
imbalance between GABAergic and glutamatergic transmis-
sion, and abnormalities of white matter connectivity, which
increase the susceptibility to both epilepsy and ASD.? Since
seizures may act as an epigenetic factor that worsens the
final mental outcome, every effort should be made to stop
the seizures as soon as possible.

Vigabatrin, an irreversible inhibitor of GABA transami-
nase, which also has a partial mTOR inhibition action, is
considered the first-line drug for early-onset seizures in
TSC.2122 However, seizures are preceded by a latent period
of epileptogenesis; therefore, EEG biomarkers can be suc-
cessfully used to detect high-risk groups by seeking and
identifying epileptiform EEG abnormalities.?> A preventative
treatment before the onset of clinical seizures, but after the
appearance of epileptiform EEG abnormalities, has also been
proposed,?* and it is the object of an ongoing multicenter
study (The EPISTOP project, NCT02098759, available at:
www.clinicaltrials.gov) aiming at identifying the best timing
to initiate antiepileptic treatment.

Early Predictors of Autism Spectrum
Disorder and Neurodevelopmental
Disorders

Genetic and Neuroimaging Biomarkers

Potential biomarkers for the onset of ASD also include
genetic features and cortical tubers. TSC2 mutations cause
more severe histological abnormalities and more severe
neurological phenotypes than mutations on the TSC1
gene.25 Recent studies investigating genotype-phenotype
correlations suggested that some specific genetic mutations
might confer a higher risk to develop ASD. Patients with TSC

Downloaded by: National University of Singapore. Copyrighted material.



New Perspectives in ASD associated with Tuberous Sclerosis

and ASD compared with patients with TSC but without ASD
were significantly more likely to present a mutation in the
TSC2 gene.'! In particular, mutations in the hamartin inter-
action domain of the TSC2 gene have been found to be
specifically associated with ASD.

Early neuroimaging studies suggested that the presence of
cortical tubers localized in the temporal lobes could be associ-
ated with a higher risk of ASD in TSC.2%?” Subsequent research
showed that subjects with TSC2 mutations presented with a
larger mean tuber number than subjects with TSC1 muta-
tions.2 However, differentiating TSC patients with or without
ASD on the basis of structural lesions, both in terms of
localization and total number, seems to be extremely difficult.
Recent data suggest that the “tuber-brain proportion” (the
proportion of brain occupied by tubers) rather than their
number, can be considered a potential risk factor for ASD
and cognitive impairment.'” The characteristics of the tubers
have been considered as well: cyst-like tubers seem to be more
likely present in children with ASD than without ASD."" In the
past decade, the application of new neuroimaging techniques,
including diffusion tensor imaging, helped in identifying white
matter abnormalities that are more frequent in patients with
ASD than in those without.>*-30

Developmental
Abilities

Benvenuto et al.

Clinical Signs

The development of infants with TSC begins to diverge from
the neurotypical trajectories at the age of 6 months, while a
generalized developmental impairment is usually present by
the age of 9 months. Abnormalities are often characterized
by a delay in nonverbal cognitive skills, such as fine motor
and visual reception domains (~Fig. 1).3' Early signs of
atypical social communication, and in particular of visual
behaviors, can also be already identified by the age of
6 months.>' The early visual perception impairment places
these infants at higher risk of deficits in social function, such
as visual tracking, disengagement of attention, and anticipa-
tory responses.>! These signs seem to be more evident in the
TSC population, not being associated with other “red flags”
that typically identify idiopathic forms of ASD, such as social
babbling or orienting to name.

The developmental trajectories of TSC infants are also
influenced by the presence of ASD traits, with more severe
autistic symptoms associated with more marked impair-
ments of the developmental profile. Children with TSC and
ASD had lower scores in all developmental quotients at 24
and 36 months of age, when compared with TSC children
without autism or ASD. Moreover, ASD patients did not
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Fig. 1 Developmental and behavioral trajectories in TSC infants: TSC infants trajectories of nonverbal cognitive skills, including fine motor and
visual reception domains (dotted black line), diverge from the homogeneous developmental trajectory of verbal and nonverbal abilities in
“typical” children (straight black line). At 6 months early signs of atypical social communication (e.g., visual tracking, disengagement of
attention, anticipatory responses) tend to be evident. This is the best time to initiate parent-mediated intervention. Evident developmental
impairment (e.g., alteration of eye contact, orienting to name and motor control) is seen from 12 months on. The presence of seizures (occurring
in the very first months of life in two-third of cases) worsens the developmental and behavioral trajectory. Seizures onset is preceded by a latent
period of epileptogenesis during which epileptiform EEG abnormalities appear and become progressively more frequent and multifocal. TSC,

tuberous sclerosis complex.
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present any change in full developmental quotients in the
second and third year of life, with a significant decline in
nonverbal quotients between 12 and 36 months of age. On
the other hand, the non-ASD group showed significant
developmental gains in nonverbal quotients, but not in
verbal abilities.?!

Qualitative impairment of social communication appears
to be similar in children with TSC without ASD and in
children with TSC/ASD, thus suggesting a common develop-
mental deficit in all children with TSC.3? In any case, the more
severe are the deficits, the more likely is a diagnosis of ASD.>?

Potential Models of Early Interventions

A presymptomatic diagnosis of TSC, when possible long
before the age of 24 months, could facilitate not only the
prospective investigation of developmental trajectories and
early markers of ASD but also the evaluation of the efficacy of
early interventions.

Parent-Mediated Interventions

Preclinical and clinical studies in high-risk populations of
both idiopathic and syndromic forms of ASD revealed that
enhanced environmental stimulations and an early inter-
vention, designed to promote early social engagement and
reciprocity, might remit or reduce the expression of symp-
toms.>373° Therefore, the initiation of an intensive, targeted,
and evidence-based behavioral intervention before the
age of 2 years—when brain plasticity is at its maximum—is
of crucial importance. Treatment strategies should be
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individualized and set up already before the onset of ASD
symptoms, as it is happening with other high-risk popula-
tions, with the aim of improving social communication and
other developmental domains.>2-3

Several prospective studies on siblings of children with
ASD have also demonstrated that improvements in parent-
infant synchrony could lead to improvements in child dyadic
communication and reduction in ASD symptoms.>>3” Par-
ent-infant relationship-focused intervention could be a
good model of treatment also for TSC children, as it seems
to be able to elicit better functional communication and
relationship and to stimulate social brain circuitry.

In the context of the above-mentioned EPISTOP project, our
research group developed a preliminary protocol of parent-
implemented interventions for infants with TSC. According to
this protocol, all children undergo periodic neuropsychologi-
cal assessments of autistic symptoms with ADOS-2—Autism
Diagnostic Observation Schedule-2nd edition—and of devel-
opmental level with Bayley scale, to early identify deficits in
specific developmental domains and to design individualized
treatment strategies mediated by parents; the aim is to reduce
autistic symptoms and to foster more typical developmental
patterns. Our protocol has been designed on the basis of
published studies on infants at high risk for idiopathic autism,
such as ASD siblings,%® with the aim of increasing parental
sensitivity and responsivity to infant cues. These are particu-
larly important for enrichment in communication and the
social development. = Table 1 summarizes the most important
markers of an increased risk of ASD and the related parent-
implementation strategies.

Table 1 Parent-mediated treatment approach for target symptoms in TSC infants at high risk for autism

Unusual target behaviors

Actions to be taken by parents

Unusual visual fixations on objects

Follow infant interest to an object

Facilitate attention shifting from object to parent

Develop a turn-taking social game

Develop a parallel play and sharing of emotion regarding the object

Unusual repetitive patterns
of object exploration

object play

Encouraging exible and varied actions with the object
Show another pattern of movement
Follow infant interest while developing age-appropriate sensory-motor schemes for

Shape motor movements into communicative gestures (e.g., turn repetitive hand
movements in a social clap)

Lack of intentional
communicative acts

Offer and follow the child into preferred activities and dyadic and triadic joint activities
Elicit communicative gestures for asking again the activities

Press for integrated communicative behaviors (e.g., wait for the baby look at parent and
use the voice before giving the object)

Lack of age-appropriate

phonemic development musical toys or games

Increase frequency of child vocalizations and shape specific consonant and vowel with

Use imitation of infant babbling
Promote dyadic turn talking interactions

Decreasing gaze, social interest,
and engagement

Position self and child for maximal face to face orientation and provide object and social
games that follow infant preferences
Maximize gaze and increase infant pleasure and engagement in social interaction

Note: In the first column, we report the main unusual behaviors in communicative and social interaction areas that could be indicative of high risk of
autism and should be implemented by parents; in the second column principal strategies that could be taken by parents in daily activities are

summarized.

Source: Adapted from Rogers et al 2014.3%

Journal of Pediatric Neurology Vol. 15 No. 3/2017

Downloaded by: National University of Singapore. Copyrighted material.



New Perspectives in ASD associated with Tuberous Sclerosis

Targeted Pharmacological Treatment with mTOR
Inhibitors

The involvement of mTOR in determining the behavioral
phenotypes associated with TSC led to the hypothesis that
mTOR inhibitors, a class of drug selectively inhibiting mTOR
complex and including rapamycin and everolimus, could also
have a benefit on ASD symptoms.3® Preclinical studies dem-
onstrated that the administration of rapamycin to a mouse
model of early-onset epilepsy and autism was not only able
to reduce seizure susceptibility but also to attenuate autistic-
like behaviors.340 Besides animal models, there is also some
initial clinical evidence of benefits of mTOR inhibitors on ASD
symptoms in some patients.3° There is a critical need to
evaluate the efficacy of mTOR inhibition in infants and young
children with TSC, so to understand if ASD symptoms might
benefit from this targeted treatment. According to the clin-
icaltrials.gov database, there are at present three registered
clinical trials studying mTOR inhibitors in TSC (Efficacy of
RADO0O1/Everolimus in Autism and NeuroPsychological Def-
icits in Children with Tuberous Sclerosis Complex [RAPIT]:
NCT01730209; Rapalogues for Autism Phenotype in TSC: A
Feasibility Study [RAPT]: NCT01929642; Trial of RAD0O1
and Neurocognition in Tuberous Sclerosis Complex:
NCT01289912).

Future Perspectives

Early identification of infants at high-risk for ASD, such as TSC
infants, can allow designing individualized treatment strategies
to address deficits in specific developmental domains associat-
ed with autism. Prospective neurodevelopmental assessments
should be performed since the first months of age and should
include standardized measures of autistic symptoms and de-
velopmental level. Neurodevelopmental assessment should be
associated with a close neurological and EEG follow-up, which
can help to study individual developmental trajectories and to
identify possible correlations between clinical and biological
markers of ASD that might forecast the long-term outcomes. For
all these reasons, clinical trials on very early intervention in TSC
infants at high risk for ASD are warranted.

Due to the greater plasticity of younger neural systems,
early identification of autistic behaviors and early interven-
tions with parent implementation in infants at high risk of
ASD can enrich the developmental trajectories and amelio-
rate the disabling effects of ASD. There is also hope that
mTOR inhibitors that target the developing brain might
prevent or restore its functional and structural changes,
reestablishing the impaired synaptic plasticity, and improv-
ing autism-like behavioral abnormalities.

TSC treatment could benefit from present and future
research on the molecular mechanisms involved in the
pathogenesis of the disease, improving both the course of
epilepsy and of its most invalidating neuropsychiatric co-
morbidities, such as ASD.
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