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Abstract:

Tuberous Sclerosis Complex (TSC) is a rare genetic disease caused by TSC1 or TSC2
mutations, characterized by overactivation of mechanistic target of rapamycin (mTOR). Among
others, this leads to increased cell growth, altered cellular structure and migration. Consequently,
TSC patients exhibit multiorgan tumours, namely in the brain, with neurological and
neuropsychiatric manifestations affecting the majority of individuals. Central nervous system (CNS)
alterations are a significant contributor to decreased quality of life and increased morbidity and
caregiver dependence.

Although pharmacological options are available to manage specific CNS features of TSC,
these are limited and not curative, creating a high demand for new entities that address these
symptoms. In the search for novel compounds that target CNS manifestations in TSC, | focused on
cannabidiol, a phytocannabinoid present in Cannabis, seeking out to explore and identify which
CBD effects could contribute positively to the management of TSC.

With a zebrafish model of TSC, | demonstrated that CBD reduced the activation of the
mMTOR downstream molecule rpS6, cell size and anxiety-like behaviour. Using a rat model of TSC,
the Eker rat, | described a novel cerebellar characterization and identified mutation-dependent cell
size and density alterations, modified by CBD. Following long-term CBD administration and
behavioural analysis, | corroborated the mild phenotype of the Eker rat and the action of CBD on
rpS6. The Eker mutation also appeared to have no effect on seizure susceptibility following short-
term CBD treatment. In both cases, mutation and treatment revealed minimal disease-modifying
effects.

The results presented in this thesis provide novel information on the in vivo effects of
CBD in the presence of TSC mutations and additional insight on the appropriateness of TSC models
to explore CNS manifestations. The data presented is a valuable contribution to the development of
novel interventions for TSC and to the study of TSC itself.
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Chapter 1: Introduction

1.1 Tuberous Sclerosis Complex

1.1.1 The history of TSC

In 1835, the French dermatologist, Pierre Frangois Olive Rayer, published the “Traite
theorique et pratique des maladies de la peau”, a comprehensive compilation of skin disease
descriptions and illustrations®. One of these illustrations showed a picture of a man with what Rayer
called “vegetations vasculaires”, today recognized as facial angiofibromas. This is considered the
first mention of a manifestation we now know to be widely associated with Tuberous Sclerosis
Complex (TSC). Although sporadic reports of TSC symptoms had been described, it was in 1880
that Desire-Magloire Bourneville published the first detailed description of a TSC case, which he
called “sclerose tubereuse des circonvoluntions cerebrales”?. Here, he detailed the case of L. Marie,
a girl who exhibited partial and generalized seizures since birth, cognitive delay and “vasculo-
papular eruptions on her nose, cheeks and forehead”. When Marie died at 15, Bourneville
conducted a post-mortem examination where he also noted abnormalities in her brain, specifically
nodular tumours near the cerebral ventricles (now called subependymal nodules), as well as
sclerotic and white areas on cortical gyri (now known to be tubers). Additionally, he found small
masses in her kidneys, although he did not make an association between these and the cerebral and
cognitive pathology?. Today, the skin, brain and kidney tumours reported by Bourneville are still
used as clinical diagnostic criteria for TSC3.

In 1901 and 1905, Pellizzi and Perusini, respectively, published work on the pathology of
TSC in the brain, including microscopy drawings of abnormal and heterotopic cells, alterations of
myelination, and disorganized cortical organization*®. More importantly, Perusini was the first to
acknowledge that, in TSC patients, brain, heart, kidney and skin lesions often coexisted®.

Given the diversity of pathological manifestations in TSC, but also its rarity, the disease
was initially overlooked, and manifestations addressed as a set of distinct medical issues rather than
a single pathology. Heinrich Vogt greatly advanced the field by proposing, in 1908, the “clinical
triad” for TSC diagnosis. This comprised “mental retardation, intractable epilepsy and adenoma
sebaceum (facial angiofibromas)”. His proposal was widely accepted by the medical community as
the first diagnostic criteria for TSC®. These criteria were helpful in diagnosing severe cases of TSC.
However, due to the heterogeneity of manifestations and phenotypes now known to exist, a
considerable number of patients were still undiagnosed. In 1942, Moolten coined the term Tuberous
Sclerosis Complex to account for, not only the “sclerose tubereuse” found in the brain of patients

and reported by Bourneville, but also the manifestations present in other organs and systems’.



Diagnosing TSC was facilitated with the development and use of computed tomography
(CT) in 1974 and of magnetic resonance imaging (MRI) in 1982. These techniques enabled the
detection of tubers and subependymal nodules, two characteristic features of TSC®. Crucial to the
improvement of the diagnosis criteria, and to the study of TSC itself, was the discovery of a
possible TSC gene. Seminal work from Lagos and Gomez in 1967 suggested for the first time a
hereditary component in disease transmission, with the report of a family that had been affected by
TSC for 5 generations. In these individuals, a third had normal intelligence while the remaining two
thirds presented with learning disabilities, which again confirmed the heterogeneity of TSC and
forced a revision of the diagnosis criteria®. The experimental confirmation of a gene responsible for
TSC was published in 1987, when Fryer and colleges, studying 19 different families, found a
mutation on chromosome 9, region 9q34°. Soon after, in 1992, Northrup and colleagues identified a
second TSC locus. The exact location of this second locus was published in 1992, by linkage
analysis of the 5 families previously classified as unlinked to chromosome 9, with Kandt and
colleagues localizing this second TSC gene to chromosome 16, region p13'! (Figure 1.1). Of
importance to this finding was the observation that polycystic kidney disease (PKD) was very
common in TSC patients. This enabled the use of the marker D16S283, close to the already known
PKDL1 gene, to localize the unknown TSC2 gene.

The identification of the causative genes for TSC enabled research into the underlying
molecular mechanisms of disease to start. The crucial point for the transition from observational
patient studies into molecular manifestations of TSC was the cloning of the TSC2 and TSC1 genes,
in 1993'2 and 1997, respectively, and the discovery that these genes coded for two tumour

suppressor proteins, tuberin and hamartin.

Fil_"st facial Brain Vogt's Genetic testing
angiofibroma pa‘rhc_mlo_gy Clinical N as diagnosis
report description Triad identification criteria
oo e @
First TSC Multiorgan TSC TSC2
case report involvement hereditarity Identification
recognized proposed

Figure 1.1: The History of TSC. Timeline with selected dates that contributed to the understanding
of TSC and development of the diagnosis criteria. Please refer to the text body for the the

corresponding references.

1.1.2 Diagnosis of TSC



Up until 1998, the diagnosis of TSC was purely based on clinical presentation. In 2012,

these criteria were revised to include genetic criteria. A current definite diagnosis of TSC is possible

if: (i) a pathogenic mutation is found in TSC1 or TSC2 or (ii) two major clinical features or (iii) one

major and two minor or more clinical features are present®. Major and minor clinical features of

TSC and their prevalence are presented in Table 1.1.

System Manifestation Prevalence Dla_gn0_3|s
Criteria’
Subependymal nodules (SEN) 78.2 % M
Subependymal giant cell astrocytoma
Brain (SEGA) 24.4 % M
Cortical tgpers and white matter 20-90%15 M
abnormalities
Eye Retinal hamartomas 40-50"° M
Retinal achromic patch 12% 7 m
Heart Cardiac rhabdomyomas 609 18 M
Angiomyolipoma 472 % M (>2)
Kidney Cysts 22.8 % m
Renal cell carcinoma 2-49%1° NA
Liver Liver angiomyolipoma 15 %20 NA
Lymphangioleiomyomatosis (LAM) 6.9 % M
Lung Multlfoca_l micronodular pneumocyte Not available?: NA
hyperplasia
M (=3, at least
Hypomelanotic macules 66.8 % 5-mm
diameter)
) Shagreen patches 27.4 % M
<L Peri or subungual fibromas 16.7 % NA
Fg(:lal angloflb_romas 57.3 % M (3)
Fibrous cephalic plaque 14.1 %
Confetti lesions 8.6 % m
Nail Ungual fibroma 20%*8 M (>2)
ot Dental ena_lmel Pits 909%™ m (>3)
Intraoral fibromas 69% 2 m (>2)
Intellectual disability 30%*%° NA
Attention deficit hyperactivity disorder 19.6 % NA
Challenging behaviour 40-50%"° NA
Behaviour Mood, anxiety or depression disorders 20-50%% NA
Autism spectrum disorder 20.7 % NA
Epilepsy 80-96%"° NA
Infantile Spasm 38%% NA

Table 1.1: Pathological manifestations of Tuberous Sclerosis Complex. Prevalence of different

manifestations of TSC and their classification as diagnosis criteria. ¥ M- Major feature, m- minor

feature, NA- feature not included in the clinical diagnostic criteria.




Genetic testing was a major addition to the TSC diagnostic tools, as it allowed diagnosis of
young patients who might not yet have developed the full phenotype or major clinical features. This
enabled a better management of patients, as well as earlier medical intervention?. Additionally,
genetic testing facilitated family planning, when one of the couple’s members carried the disease?.
For genetic testing purposes, a pathogenic mutation, defined as one that prevents protein synthesis
or function?, is expected to be detected by standard diagnostic techniques in 85% of patients?®. The
remaining 15% are classified as no mutation identified (NMI), explained later in this work, and
diagnosis of these patients is primarily based on clinical criteria (Section 1.1.4.1).

A diagnosis of TSC can also be suspected with in utero examination, when cardiac
rhabdomyomas are detected during a foetal ultrasound (US) examination. Diagnosis can be
confirmed with foetal echocardiography?®?’. Nonetheless, a definite case of TSC can only be
assumed if either genetic testing is performed or if foetal cerebral MRI detects the presence of brain

lesions. The latter was shown to occur in 49% of the cases?’.

1.1.3 Clinical manifestations of TSC

1.1.3.1 General considerations

The majority of TSC patients develop hamartomas in the brain, skin, heart and kidney!62428,
defined as “a benign growth made up of an abnormal mixture of cells and tissues normally found in
the area of the body where the growth occurs”?®. However, hamartoma development does not occur
in all organs at the same time nor in equal number or severity. Some lesions are age-dependent and
may be temporary. Cardiac rhabdomyomas, for example, are usually detected in utero but, although
a main feature in foetuses and new-borns with TSC, complete remission is expected during
childhood®. On the other hand, LAM, a progressive pulmonary disease that leads to severe
respiratory insufficiency (OMIM 606690), is both age- and sex-dependent, mainly affecting
premenopausal women and rarely present in men'®%, In fact, the most recent TOSCA (TuberOus
SClerosis registry to increase disease Awareness) study, a systematization of the natural history and
disease management of 2093 TSC patients, across 31 different countries'4, showed that although
only 6.9% of their cohort had LAM, 94.4% of these were women'“. Lesions can be non-progressive,
as tubers, which remain relatively unchanged throughout an individual’s lifespan. Whilst cell
populations within tubers can undergo molecular modifications, namely increased apoptosis, the
number and size of tubers remains constant®31-32. Other lesions can increase or decrease in number,
like the shagreen patches'® or the previously mentioned cardiac rhabdomyomas, respectively.

Progression of symptom severity can also occur, as it is the case with LAM or kidney



angiomyolipomas (AML), that can lead to retroperitoneal haemorrhage, chronic renal disease or
renal failured®,

In summary, patients with TSC develop lesions that can grow virtually anywhere in the
body. However, the brain is one of the most critically affected organs. Tumour growth greatly
impacts the quality of life (QoL) and autonomy of patients**, and is correlated with significantly
altered behaviour and neurological pathology?®. As the brain is the main focus of this thesis, the

central nervous system (CNS) pathology of TSC will now be described in more detail.

1.1.3.2 Tubers

More than 90% of TSC patients show changes in the CNS in the form of lesions (tubers,
subependymal nodules or subependymal giant cell astrocytomas) or tuberous sclerosis- associated
neuropsychiatric disorders (TAND)?,

Tubers are the hallmark of TSC and are present in 82.2% of patients (Figure 1.2A). Tuber
load can be highly variable, with a retrospective study indicating numbers between 5 and 50,
averaging 18.8 tubers per patient®®3’, Tubers can also have different sizes and one single patient can
have tubers of multiple dimensions®. Although tubers do not grow nor increase in number post-
natally, they can still undergo significant structural changes. A common modification is
calcification, present in 37 to 46% of patients, and of higher incidence with age progression®-1,
Mainly in the paediatric population, cyst-like structures can also develop within pre-existent
tubers*04L,

The exact origin of tubers is still uncertain. These structures seem to appear early in the
embryonic period, with MRI detection reported as early as 19 weeks of gestation. These represent
areas where neuronal migration failed to be properly completed and where the expression of early-
stage neuronal migration markers is increased?6:3242-44,

Macroscopically, tubers are sites of cortical dysplasia where the hexalaminar structure of a
typical cortex is absent (Figure 1.2B)'®44¢ These are usually located in the frontal and parietal
lobes in the interface between white and grey matter®>4’, in either hemisphere and in any cortical
structure®%6:3848  Additionally, a recent study comparing neuronal density in control, tuber and focal
cortical dysplasia (FCD) tissue, reported general neuronal cell loss in tubers*. Microscopically,
tubers contain three main types of cells: astrocytes, dysmorphic neurons (DNs) and giant cells
(GCs) (Figure 1.2C-D)*“%. The number of astrocytes is increased by up to 3-fold in tuberal tissue,
compared to nearby neocortex*® and astrogliosis can be used as an indicator of the tuberal border,
using markers for astrocytes such as glial fibrillary acidic protein (GFAP)®C. DNs exhibit enlarged
somas and aberrant dendrites, and are often mispositioned in the cortical layer organization®t. GCs
are specific to TSC and appear as single units or clumps of large cells with thickened processes.

They exhibit a mixed phenotype, indicating not only a dysregulation of cell size control, but also of
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differentiation®°2, GCs are immunoreactive for neuronal markers such as non-phosphorylated
neurofilament SMI-311, but not NeuN as DNs, and for neuroglial progenitor markers, like
vimentin®'45% - Although DNs and GCs are common in TSC patients, their exact function and
contribution to TSC pathology is still unknown. Electroencephalography (EEG) studies and
electrophysiological recordings from dysplastic brain samples suggest that DNs may have abnormal
firing properties which could lead to network defects and an epileptogenic phenotype. However,

precise electrophysiological studies with DNs and GCs from TSC samples are still lacking®-®.

Figure 1.2: Neurological manifestations in TSC. Cortical tubers (A, arrows) are characterized by
the lack of hexalaminar organization (B) and by the presence of dysplastic neurons (C) and giant
cells (D), while SEGA can be found emerging from the ependyma into the ventricular
compartments (E). Images reproduced and adapted from references 30, 37 and 174 with permission

of Dr. Peter Crino and Dr. David Franz.

Historically, tubers are structures of great importance in TSC as they were considered from
early on the focal origin of epileptic seizures*®. Molecularly, this could be due to a hyperexcitable
state of DN’s, as these were shown to have increased transcripts and synthesis of AMPA and
NMDA receptors®*535758  Both DNs and GCs were also shown to have decreased transcripts of
GABA receptors, compared to control tissue, which could further potentiate an imbalance between
excitatory and inhibitory networks®”. Analysis of patient data corroborates the role of tubers in
seizures. A high tuber load, regardless of tuber location, was positively associated with infantile
spasms (I1S)*“8, with O’Callaghan and colleagues reporting a median of 20 tubers versus 8 in
patients with and without history of 1S, respectively®®. Additionally, tuber burden appears to be
inversely related to the age of seizure onset, an important determinant of neurocognitive outcome®.
However, it is important to acknowledge that there are still patients without tubers that present with

seizures, while others may have tubers and exhibit none*'.



The fact that some tuber-resected patients still exhibited seizures post-surgery led to the
hypothesis that perituberal tissue could also have epileptogenic properties®®52, Major and colleagues
reported a series of three clinical paediatric cases of tuber resection, with patients with intractable
epilepsy and TSC. Upon intracranial electrocorticography (ECoG), tubers were found to be silent
for epileptiform activity while the surrounding tissue presented with epileptogenic discharges*’.
Further studies on perituberal tissue revealed that, in addition to possible epileptogenic activity, this
structure also exhibited abnormal cells. Although sparser compared to tubers, reactive astrocytes,
that often but not always surrounded giant cells, and some dysmorphic neurons were also observed

in the perituberal area>**>%,

1.1.3.3 SEN and SEGA

Subependymal nodules (SENSs) are the second most common neurological manifestation in
TSC, present in 78.2% of patients!*. These are asymptomatic, potentially proliferative lesions,
frequently located on the surface of the lateral or third ventricles®3*%°, SENs develop during
gestation and can be detected in utero during the middle and final stages of foetal life®*®°. SENs are
usually benign and often undergo calcification® . In about 24% of patients, these lesions continue
to grow postnatally and become subependymal giant cell astrocytomas (SEGA) (Figure 1.2E)41865,
Presently, it is challenging to predict if a SEN will grow into a SEGA, and monitoring lesions is the
preferred course of action. After a TSC diagnosis, brain MRI, CT or US are performed every 1 to 3
years to detect and monitor these lesions. Serial imaging of SENs can inform about growth
alterations and possible SEGA transformation, in which case frequency of examination should be
increased®, Size-based conventions have also been used to aid the distinction between SENs and
SEGAs. Lesions in the caudo-thalamic groove, with a diameter bigger than one centimetre, are
commonly used parameters for identifying potentially proliferative lesions®.

SEGAs can theoretically grow anywhere where SENSs are present. However, because these
can also be asymptomatic lesions, they are often detected only when symptoms arise. This is usually
the case when SEGAS grow next to the foramina of Monro, narrow ducts that connect the third to
the lateral ventricles. Obstructions to these areas can impede cerebrospinal fluid flow leading to the
distention of the ventricular system, increased intracranial pressure and potentially abnormal head
growth — a condition denominated hydrocephalus. Consequently, common symptoms of
hydrocephalus include headaches, seizures, behavioural alterations, visual impairment and
vomiting®-%°. When left untreated, hydrocephalus is a life-threatening condition and a major cause
of morbidity and mortality in the TSC population®°,

Histologically, SENs and SEGAs are difficult to distinguish as they exhibit similar cell
types, namely fibrillated spindle cells, gemistocyte-like cells and giant cells (GC). Similarly to

tubers, GCs are positive for both neuronal and glial markers, such as neuron specific enolase and
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neural cell adhesion molecule, and GFAP, respectively*®’>-"3, GCs can be isolated but are more
commonly found in clusters. In SEGAs specifically, they often exhibit a pseudorosette shape. Low
mitosis levels, identified by the presence of mitotic nuclei and positive MIB-1 and cyclin D1
expression, and vascularization, detected by the presence of endothelial proliferation, are consistent
with the slow and progressive growth of SEGAs®66:70.71.73,

Although it is commonly assumed that SEGASs derive from SENSs, the mechanisms that
originate these lesions are still under debate®>’4'6, One of the reasons for this is the lack of SEN
samples, as these are rarely a threat to patients and, therefore, not often resected’’. When potential
differences in pathway activation between these two lesions was investigated, hyperactivation of the
mechanistic target of rapamycin (mTOR) pathway was confirmed in both SEN and SEGA samples,
with increased expression of the mTOR downstream marker phosphorylated protein rpS6
(rpS6)¢>7879 Additionally, components of the protein kinase B (Akt) cascade, upstream of mTOR
and that also receive feedback from the later, were also upregulated in both lesions, when compared
with control brain tissue. These included phosphorylated phosphoinositide-dependent protein kinase
1 (pPDK1) (Ser241), pAkt (Ser473) and phosphorylated glycogen synthase kinase 3 beta (pGSK-
3B) (Ser21/9). Interestingly, elements of the extracellular signal-regulated kinase (ERK) pathway,
which also acts upstream of mTOR, were differentially upregulated. Specifically, pERK
(Thr202/Tyr204) and phosphorylated mitogen-activated protein kinase kinase 1 and 2 (pMAP2K1
and pMAP2K?2) (Ser221) were upregulated in all three SEGA samples, while the SEN sample had a
similar expression to control tissue. The total amount of ERK was also increased in the SEN when
compared to the control tissue. Although this study uses a small sample size, it does suggest that
mechanisms additional to mTOR activation are required for the transformation of SEN into SEGA.
Despite the need for more studies on SEGA development, the possible activation of secondary
pathways is a critical theme for researchers in the TSC area as it may lead to the identification of

potential new targets for therapies and treatments.

1.1.3.4 Epilepsy

Epilepsy is the most common neurologic symptom in TSC, present in 83.5% of patients'4,
contrasting with its prevalence of 1% in general population®. Although all types of seizures can
manifest, focal seizures are the most common in children often evolving across the lifespan into loss
of awareness and generalized episodes, including tonic-clonic and myoclonic seizures'#%370, The
majority of TSC patients are diagnosed with epilepsy around the age of 3423*, Early diagnosis, and
treatment initiation, is critical as the age of onset of epilepsy is determinant for its prognosis. In a
retrospective study, Chu-Shore and colleagues showed that, in their cohort of 291 TSC patients,
85.2% had had at least one seizure, and from these, 99.2% developed epilepsy later on®. Early

seizure onset also impacted treatment outcome, as it was associated with an unfavourable
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prognosis®8l, This relationship between age of onset and treatment outcome was present in the
majority of patients, regardless of mutation type®2. Seizure development also impacts cognition,
with 60.9% of individuals with history of seizures being cognitively impaired. This contrasts with
the 12.2% without a seizure record®, suggesting that seizures are important contributors to
cognitive decline. More recently, data from the TSC Autism Center of Excellence Network
(TACERN), a multicentre prospective study, supported these findings revealing that early learning
composite scores were worse for epileptic patients and declined over time, as opposed to non-
epileptic patients®. Importantly, treatment-induced reduction in seizure frequency did not correlate
with cognitive improvement. Instead, a significant improvement was only seen in patients who
achieved complete seizure remission®, defined by the ILAE as the absence of seizures of any type
for at least 12 months®+®°. This once again alerted for the importance of patient assessment and for
the prescription of appropriate pharmacological treatment as soon as seizures are detected.

IS, also referred to as West Syndrome, are particularly relevant to the TSC paediatric
population®®’, This is an extremely rare condition in the general population affecting 0.03% of
children®#®”, but common in TSC affecting 38.8% of patients!42335378287 |5 develop between the
ages of 4 and 8 months, with a peak at 6 months of age, and are manifested by spasms of the upper
body, or limb extensions, and hypsarrythmia on EEG?¢-%, These are a severe neurological
manifestation as age of seizure onset impacts prognosis and is positively correlated with the
development of treatment-resistant seizures®?. In fact, it is estimated that between one to two thirds
of TSC patients develop drug-resistant (refractory) epilepsy, defined by the International League
Against Epilepsy (ILAE) as the “failure of adequate trials of two tolerated and appropriately
chosen and used AED schedules (whether as monotherapies or in combination) to achieve sustained
seizure freedom™®®91 |n a study by Chu-Shore and colleagues, from 110 IS patients 94%
exhibited seizures later in life. 75.4% of these went on to develop refractory epilepsy, whilst this
was only present in 39.8% of the patients without IS history®. In another TSC cohort, patients who
had not received treatment for IS or achieved seizure remission were strongly associated with the
likelihood of drug-resistant focal epilepsy later in life®2. Nonetheless, this study did find a high
success rate of IS treatment, mainly with vigabatrin administration, with 63.3% of treated patients
achieving seizure remission. This supports data from the TOSCA study where, from the 78.3% of
patients receiving vigabatrin for IS, 71.5% achieved seizure control®*. These highly relevant clinical

results reinforce the need for a rapid treatment initiation after IS diagnosis.

1.1.3.5 Behaviour and Cognition

The neurological manifestations present in TSC patients contribute in various degrees to
TSC-associated neuropsychiatric disorders (TAND). TAND can be highly heterogenous amongst
individuals but they are present in up to half of the TSC patients®%-°, TAND burden typically
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change with age. For example, cognitive concerns are predominant in paediatric populations whilst
depression is a major concern in adults**. Additionally, access to appropriate and TSC-specific
health care facilities, as well as the presence of other comorbidities and response to treatment, also
influence the impact of TAND on QoL*.

Both paediatric and adult TSC patients report cognitive, depression, anxiety and autism
spectrum disorders (ASD) symptoms as some of their major neuropsychiatric concerns4*+% (Table
1.1). In a postal survey conducted in the UK, with 265 answered questionnaires from children and
adolescents with TSC, de Vries and colleagues reported a 40% rate of anxiety in individuals and
depressed mood in 23%. Aggressive outbursts were present in 58% of responders, cognitive
disability in 64% and ASD in 48% of patients®”. In a USA-based population, results were similar.
27% of patients had symptoms of anxiety, 27% mood disorders and 28% showed aggressive or
disruptive behaviour. ASD prevalence was reported at 36% and cognitive impairment was present
in 49% of patients®. In a wider TSC population survey, anxiety was reported in 13.7% of patients,
depressive mood in 8.3%, severe aggression in 10.8% and ASD in 20.7%. Mild to profound
intellectual disability was also detected in 54.9% of patients upon evaluation with intelligent
quotient (1Q)-type studies and physician assessments*,

As a whole, the diagnosis of anxiety disorders is present in up to half of TSC patients, with
data indicating an age-dependent increase in prevalence®®¢. Specific analysis of the TAND
component of the TOSCA registry revealed that the prevalence of anxiety disorders was of 5.6% in
TSC patients under the age of 2, of 34.2% in patients between the ages of 14 and 18, and of 72% in
patients older than 40%, Contrastingly, epidemiological studies in general population report the
presence of anxiety disorders in 10 to 34% of individuals®. These numbers reveal that anxiety
disorders are a TSC comorbidity affecting a great number of individuals and that its presence and
treatment should also be addressed when searching for novel therapeutic options.

TSC is the second biggest monogenic cause of ASD, preceded only by Fragile X
Syndrome®19.101 - The prevalence of ASD in TSC has been reported to be between 20-
4091496:97.102103 "\which greatly contrasts with the observed prevalence in the general population of
0.5-2%'%197 According to the NIH definition, ASD is “a group of developmental disorders. ASD
includes a wide range, “a spectrum,” of symptoms, skills, and levels of disability”'%®. These
symptoms, according to the latest edition of the manual from the American Psychiatric
Association’s Diagnostic and Statistical Manual of Mental Disorders (DSM-5), can be grouped into
two main categories: (1) deficits in social communication and interaction, which include problems
in social-emotional reciprocity, nonverbal communicative behaviours, and developing, maintaining
and understanding relationships; and (2) restricted and repetitive behaviour and interests, which
comprises stereotyped actions, inflexibility to change and hyper- or hyposensitivity to sensory

input’®,
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In general population, ASD is typically diagnosed at the age of 4, although parental
concerns have been reported by 2 years of age!*%!, In fact, Richards and colleagues showed that, in
a survey of 471 children with developmental delays aged 18 to 24 months, parents with behavioural
concerns were significantly more likely to receive a diagnosis of ASD based on ADOS scores*!. In
this cohort, of the 93.4% of parents who revealed concerns about their child’s development,
particularly in the field of speech and communication, 94.4% later received a diagnosis of ASD for
their child!!®, In TSC, ASD tends to be detected earlier, at around 3 years of age'?. Nonetheless,
prospective studies have detected atypical communication features as early as 6 months old!3 and
altered cognitive abilities by the age of 9 months!!2, Earlier diagnoses likely represents the nature of
TSC which is not only a known risk factor for autism and cognitive deficits but also possible to
diagnose in utero'*. This in turn provides an opportunity for earlier diagnosis of ASD, that could
potentially lead to support therapy initiation during critical developmental periods!!2113115,

Another peculiarity of the TSC-ASD population, besides age of diagnosis, is its gender
distribution. While the distribution of ASD in general population is around 4 boys to 1 girl, across
the full 1Q range, it has a 1:1 prevalence in TSC3"104116-119  However, this gender bias has been
increasingly questioned and might actually be a consequence of the regular neuropsychiatric
monitoring TSC patients receive. It has been proposed that non-TSC females are underdiagnosed
with ASD because they exhibit a less visible phenotype, including anxiety and depression
symptoms. On the other hand, males exhibit a more external phenotype with aggression and
hyperactivity behaviours which draw more attention from carers and teachers®+%°,

A number of studies have now focused on understanding possible differences between
syndromic TSC-ASD and non-syndromic ASD (nsASD) populations, and if their features could be
used to define more adequate therapy schedules. Jeste and colleagues analysed a cohort of 82
nsASD, 18 TSC-ASD and 18 TSC-no ASD patients, with mean ages from 29.2 to 34.6 months.
Here, no significant differences in cognition were found between the TSC-ASD and nsASD groups,
assessed with the Mullen Scales of Early Learning (MSEL) test, whilst both the typically
developing (TD) and the TSC-no ASD groups presented with higher cognition scores!®.
Additionally, ADOS scores clustered TSC-ASD with the nsASD group, and TD with the TSC-no
ASD group. This was observed despite the similar epilepsy profile of the TSC-no ASD and the
TSC-ASD groups, indicating that at this age epilepsy might not contribute substantially to the
development of some ASD-like behaviours®. However, in an older TSC cohort (average 9.9 to
10.2 years old), Numis and colleagues showed that age of seizure onset, seizure frequency, and
interictal but not ictal epileptiform activity on EEG, were all significantly associated with ASD
symptomatology?**®.

In another study, Jeste and colleagues followed longitudinally a TSC population of 3 to 36-
month-olds!®. They found that, as a whole, the TSC group showed developmental delays at all ages

compared to the TD group. Furthermore, specific domains like fine motor skills, visual reception
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and behavioural interaction were affected by the age of 6 months, with all other domains (gross
motor, receptive language and expressive language skills) affected by 9 months of age. Comparing
the TSC-ASD with the TSC-no ASD groups at 12 months, the former exhibited lower scores in the
visual reception, fine motor, expressive language and receptive language parameters. From 12 to 36
months, the trajectories of developmental quotient, nonverbal IQ and verbal 1Q were also different
in both groups, with TSC-ASD showing no improvement, or even a decline, as opposed to the TSC-
no ASD group!®. Although it was expected that the TSC-ASD group presented itself with cognitive
and behavioural changes compared to the TSC-no ASD group, this study emphasises that the
diagnosis of TSC itself modifies behavioural and cognitive gain during infantile development. This
highlights the importance of initiating therapeutic interventions at early developmental time points,
in order to improve some ASD-related symptoms!?, Furthermore, although studies focusing on
different possible types of ASD, especially with respect to TSC, are still scarce, evidence points
towards a common mechanism of development, and that further differences between groups,
regarding communication, learning and behaviour, might be potentiated later in life due to other
contributing factors such as epilepsy.

Although the exact causes of autism are still unknown, considerable work has been done in
the search for specific brain areas or molecular markers involved in autism%121-125 One of the
brain areas that has been commonly reported to be altered in ASD patients is the cerebellum,
although conflicting results have been described®24127  Functional measurements with diffusion
weighted MRI tractography in fifteen 3-13 year old children have suggested reduced functional
connectivity between PC and the cerebellar dentate nuclei, supporting the presence of white matter
changes in ASD*?, MRI studies have also shown reduced cerebellar volume in ASD patients!?212°,
while Levitt and colleagues found this difference only in low IQ individuals!?®. In a meta-analysis
of paediatric population studies, grey matter volume in the cerebellum was also reduced®.
However, others have found no alterations regarding cerebellar size'?%131132 Post-mortem studies
with ASD brains from children, young adults and adult cerebelli have repeatedly shown a decrease
in the number of Purkinje cells (PC) compared to control brain tissue!?4125133135 ‘and the cross-
sectional area of these cells has also been reported to be smaller in ASD brains®*. Nonetheless,
other cells from the cerebellum, namely basket cells and stellate cells, do not seem to be altered™®’.
Structure-focused studies have reported area reductions in the vermal*®® and right crus I/11 areas*®,
while there is also evidence for increased volume in the vermis VIIIA and B areas®. ASD has been
proposed as a neurodevelopmental dysfunction where imbalances in central excitation and
inhibition contribute to altered behaviour'*°. Indeed, evidence suggests specific changes to GABA
system components in ASD%24  Specifically, GAD 65 and 67 proteins**14% as well as GABA
receptor subunits mMRNA and protein, were decreased in ASD cerebellit*®144145 | evels of
parvalbumin mRNA, a calcium binding protein abundant in the cerebellum, were also decreased®#.

Although highly relevant, post-mortem studies have their own limitations. First, due to the scarcity
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of samples, it is difficult to match brains in relation to age and comorbidities which introduces
significant variability into the studies; and second, samples are not always preserved using standard
guidelines which impacts the quality of tissue and outcome of experiments and analysis!®>12,
Overall, post-mortem studies are invaluable to our understanding of ASD, but more and larger
cohort studies are necessary to better understand which alterations are consistent across patients.

In the case of TSC, there is some evidence for the role of the cerebellum in ASD pathology.
Weber and colleagues analysed MRI and behavioural data from 29 TSC patients, from prenatal to 9
years old. Although no association was found between the Childhood Autism Rating Scale (CARS)
scores and the total number or location of cortical tubers, children with a higher cerebellar tuber
load did exhibit higher CARS scores. Similar results were found when the Vineland Adaptive
Behavior Composite (ABC) scores were considered'’. Another paediatric study with 78 TSC
patients revealed analogous results, with patients with cerebellar lesions exhibiting higher autistic
symptomatology scores than those without any cerebellar tubers*®. Finally, in a study by Sundberg
and colleagues, brain tissue from TSC patients with and without ASD, was used to generate human
induced pluripotent stem cells. After differentiation into Purkinje cells, electrophysiological
characterization revealed that cell lines from TSC-ASD patients had an hypoexcitability response
compared to the ones from the TSC-no ASD group**. In sum, although considerable work is still
required to properly address the role of the cerebellum in TSC-ASD, available evidence indicates
the possibility of disease-specific alterations that may contribute to a specific ASD phenotype in
TSC.

Despite the importance of ASD and TAND in general, and of their contribution to
decreased QoL, a study conducted in 2010 revealed that only 18% of patients received active
treatment or therapy for their TAND?8%9%150 |n an attempt to improve access to treatment, the
neuropsychiatric panel of the International Consensus Conference for TSC created a “TAND
checklist”, aiming at compiling main psychological and social concerns and facilitating treatment
prioritization®. Although this checklist is easy and accessible to use, the TOSCA study revealed
that, by 2017, a considerable number of patients were still lacking TAND assessments. Only 39.2%
of TSC patients had received an 1Q-type test and data on behavioural and psychiatric disorders was
missing in 25.5 to 38.2% of patients®,

One of the reasons for lack of diagnosis and consequent delay in initiating treatment
regimens for TAND is their uniqueness; symptoms are distinct and specific for each patient,
requiring individual care and attention. Looking to facilitate patient treatment and promote an
earlier detection of TAND, Leclezio and colleagues studied the possibility of grouping TAND
features in clusters. Using TAND checklist answers from 56 patients, cluster analysis was
conducted on 29 different parameters selected from the checklist. This analysis identified the
presence of 6 natural TAND clusters: “Behavioural dysregulation”, “Mood/mixed”, “ASD-like”,
“Hyperactive/impulsive”, “Neuropsychological” and “Scholastic”®. Although the first of its kind,
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this study suggested the possibility of patient grouping into specific TAND categories. Clinically,
this could enable the creation of TAND therapy “starter packs” allowing for rapid treatment
initiation and a posteriori adaptations according to individual progression.

In addition to the burden of TAND on patients themselves, and their contribution to disease
morbidity, TAND also have a considerable economical impact®. A survey of 676 TSC patients and
carers revealed that 99% of children and 98% of adults had been to the doctor at least once in the
past year and that 37% of children and adults were hospitalized for 5.2 days, on average, during this
same period®*. In countries where health care is not readily available or affordable, this could have a
determining impact on access to treatment. In addition, doctor visits often include changes in
medication, especially given that this is a highly refractory epileptic population®®!. In fact, the
economic costs of epileptic TSC patients can be more than 3-fold that of the general population
when there is also associated epilepsy*®2. Taken together, this reveals a major unmet medical need

in relation to TAND that requires not only more medical attention but also new support measures.

1.1.4 Management of CNS manifestations in TSC

As previously described, TSC is a multiorgan pathology that can affect different biological
systems in distinct manners. However, CNS involvement is predominant in TSC patients, with
seizures, tumour growth and TAND being highly prevalent in these individuals. As the brain is the
main focus of this thesis, further attention will be given to the available therapeutic options for the

management of neurological and neuropsychiatric symptoms in TSC.

1.1.4.1 Anti-epileptic drugs

Intractable epilepsy, which affects 20 to 30% of the epileptic population®:153154 js present
in around 85% of patients with TSC43:6082 Consequently, even though epilepsy management
begins following prescription guidelines, patients often require add-on treatments, including
surgery, to attempt seizure control. Carbamazepine, valproate and lamotrigine are commonly used
drugs, but therapy prescription greatly depends on the type of seizures exhibited by the patient and
on the response to treatment itself*811%°_ In the case of IS, the first-line treatment is vigabatrin. This
can, and is advised, to be used in very young patients including under 2 years of age38:1%,
Nonetheless, the use of vigabatrin has increased over the years and is now prescribed to older
children and adults as long as seizure remission persists®1°, In fact, the most recent TOSCA study
revealed that vigabatrin was prescribed to 78.3% of patients receiving any pharmacological
treatment for 1S, but also in 65.1% of the patients with focal seizures®.

It is important to acknowledge that although vigabatrin is the advised first-line treatment in

TSC IS, in centres and hospitals that do not specialize in TSC, prescription of this drug is often
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avoided due to vigabatrin-associated visual field loss (VAVFL). While initial reports of VAVFL
were highly variable, with small studies reporting anything from 9% to 92% of patients
affected®®8L157.1%8 3 Cochrane review including data from 755 patients, although none of these with
TSC, reported an increased rate of visual abnormalities in vigabatrin-treated groups that was not
statistically significant'*®. Therefore, although more studies are needed regarding the risk of
VAVFL in TSC, it is clear that the benefit from achieving seizure control especially when these
begin at very young ages supports the risk of vigabatrin use in paediatric and older TSC
populations®®®.

Interestingly, despite the effect of vigabatrin in TSC, in the NICE guidelines for the
pharmacological treatment of epilepsy this is either a third option or not even recommended for
other types of epilepsy, as it has been shown to be less effective in inducing seizure freedom than
other approved AED'*1%!, Considering specifically the paediatric population, vigabatrin seems to
be particularly effective. In a cohort of 103 epileptic patients, median 8 months old, a first follow-up
after approximately 1.6 months of vigabatrin therapy revealed a 24.2% rate of seizure freedom,
increasing to 37.5% in the last follow-up appointment at 12.1 months'®2, Furthermore, although
seizure freedom was not related to seizure aetiology, patients with TSC revealed a higher reduction
in seizure frequency when compared to other seizure causes®?. Another study also suggested that
vigabatrin could be particularly effective in TSC. In this retrospective study, from the 84 paediatric
patients treated for IS with vigabatrin, half became spasm free. From these, 82% had TSC while
only 37% had TSC in the non-responder group. However, regarding 59 patients that were also being
treated for partial seizures with vigabatrin as an add-on therapy, aetiology did not seem to impact
the response rate®,

The reason why vigabatrin seems to be particularly effective in TSC may be due to its
proposed mechanism of action. Primarily, vigabatrin is known to irreversibly inhibit GABA
transaminase. This increases GABA brain levels, potentiating inhibitory transmission and
decreasing neuronal excitation!®6157164  An additional secondary mechanism of action was proposed
by Zhang and colleagues, using the Tsc16FAPCKO mouse model**3. Upon vigabatrin treatment, an
expected reduction in seizure frequency was seen with video-EEG. However, in brain and cultured
astrocytes from treated mice, a reduction in phosphorylated rpS6 to total rpS6 ratio, a readout of
MTOR activity, was observed. This effect seemed to be specific of vigabatrin as phenobarbital, a
different AED, had no effect on rpS6 phosphorylation levels'®®%, This study highlights that
vigabatrin could provide treatment of seizures associated with mTORopathies and merits further
investigation.

When no improvement with vigabatrin is seen, or if this drug is unavailable, steroidal drugs
such as adrenocorticotropin hormone (ACTH) are usually the second-line treatment for TSC-
associated 1S%8%8!, This is rarely used for seizures in adult patients*!%, Regarding other seizure

types, treatment follows the standard AED prescription guidelines®.
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1.1.4.2 mTOR inhibitors

Given the overactivation of the mTOR pathway caused by TSC mutations, the study of
mTOR inhibitors as a potential therapy for TSC manifestations was always of interest. Indeed, these
compounds have shown promising effects in both in vitro and in vivo studies in addressing distinct
pathological features of TSC, which ultimately led to its approval for clinical use®”1%8, Currently,
the 2012 Consensus guidelines for the management of TSC comprehend the use of mTOR
inhibitors in patients with AML, asymptomatic and with a diameter larger than 3 cm, to prevent or
delay renal damage. Moreover, mTOR inhibitors are also advised for patients with fast progressing
LAM and were shown to aid the preservation of pulmonary function®.

Regarding the CNS, the use of mTOR inhibitors is recommended for the management of
SEGA when these are asymptomatic or when resective surgery is not feasible®. As mentioned
before, one of the most significant issues with the presence of SEGA is its contribution to
hydrocephalus and, in these cases, surgical resection is still the first-line treatment. Although this
procedure has a good prognosis, the management of SEGA with mTOR inhibitors is now
increasing®”’®. For example, the EXIST-1 trial examined the effect of the mTOR inhibitor
Everolimus in long-term SEGA management. In this prospective, double-blind, placebo-controlled
trial, a cohort of 111 patients was followed over the course of 4 years and, of these, 58% responded
to therapy. These exhibited a median reduction in total SEGA volume between -38% and -54%,
over the treatment period!®. Although a potentially good non-invasive alternative to surgery,
careful consideration should be made regarding the use of mTOR inhibitors as SEGA regrowth,
although rare, has been associated with therapy cessation®®17°,

More recently, the use of mTOR inhibitors for seizure control has also been proposed.
Initial indications of this effect were based on data from animal models of TSC and other epileptic
syndromes®154155.171 The exact mechanism by which mTOR inhibitors may reduce seizures is still
unkown'’?2, However, the biological functions of this kinase suggest how its inhibition could
potentially have beneficial effects on seizures.

mTOR is involved in the control of cell division, growth and migration, and synaptic
modulation'1"5, In cases where mTOR overactivation is present, common CNS findings include
hippocampal and cortical disorganization and hypertrophy*6, and increased inflammatory
mediators and astrogliosis!®*1"%176, Moreover, mTOR was shown to regulate synaptic processes,
such as local protein synthesis in dendrites'*'’, and the expression and function of
neurotransmitter transporters, such as GLT-1 and GLAST, voltage-gated ion channels, as Kiv1.1,
and ionotropic glutamate receptors, like AMPAR and NMDAR!/1176.178-181 * Ag these processes and
proteins have all been implicated in epileptogenesis, this sets the rationale for trials using mTOR

inhibitors for seizure control in TSC patients.
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When clinical studies with Everolimus started, their primary outcome measure was SEGA
size. However, seizure reduction was also reported in some patients'®&, In 2013, Krueger and
colleagues published the first prospective study specifically aimed at analysing the effect of
Everolimus in TSC-related epilepsy. In this study, 20 patients with a median age of 8 years old and
refractory epilepsy were followed for 16 weeks. 75% of patients reported an overall 73% decrease
in seizure frequency, with VEEG findings supporting reduced seizure frequency and duration in 17
patients. In this study, Everolimus was also reported to improve questionnaire-assessed QoL
parameters such as “Attention and concentration”, “Behaviour”, “Social interaction” and “Social
activities”. In addition, specific positive behaviours (Adaptive social) were improved, while
negative ones (Conduct problem and Insecure/anxious) were reduced’?. A different cohort of 7
children with TSC and intractable epilepsy were treated with Everolimus for 36 weeks by Wiegand
and colleagues. 4 out of the 7 children had a reduction in the mean number of daily seizures and 3
out of 7 had an increase in the percentage of seizure-free days compared to baseline values!®4. Of
note, the two patients that did not exhibit an improvement in seizure presentation also lacked
increased seizure-free days, suggesting that these two patients could represent a population less
responsive to mTOR inhibitors. In another small open-label trial, Cardamone and colleagues
monitored Sirolimus (rapamycin) treatment for varying periods of time (6 to 36 months). While one
patient did not improve seizure frequency, all other 6 reported decreases in the number of seizures.
Two patients reported to be seizure free for 6 months and one for 12. Parent-reported improvements
on communication and social skills were also observed!®. Altogether, these clinical studies
suggested that mTOR inhibitors could improve the seizure profile of TSC patients.

To address possible long-term effects of Everolimus, Krueger and colleagues followed-up
on 18 of their previous 20 patients, after 4 years treatment!®, During this time, 3 patients left the
study due to lack of efficacy and 1 due to withdrawn consent. For the remainder, response to
Everolimus was overall positive. For patients who had previously shown a favourable response
(more than 50% seizure reduction), a 75% to 93% overall seizure reduction was observed,
depending on the analysed time-point. For partial responders, there was a 6 to 13% seizure
reduction, although this value was reduced to 0% of baseline during the last time-point analysed (48
months). Therefore, for a percentage of patients that initially demonstrated a small response to
Everolimus, this was no longer present after 48 months of treatment. Additionally, while the 2013
study had reported statistically significant improvements in several qualitative behaviour and QoL
parameters, this significance was not achieved at the 48-month follow-up. Overall, this study
suggests that while Everolimus appears to be an initially good therapeutic option for TSC patients
with epilepsy, sustained effects after long treatment periods might not be observed. Molecularly,
this reduction in mTOR inhibitor effect after long-term exposure may be due to the establishment of

negative feedback loops that promote Akt stimulation?®’.
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So far, at least one patient was reported to wean off AEDs and maintain seizure control
solely with Everolimus'®. On the other hand, cessation of mTOR inhibitors, as mentioned before
regarding SEGA, has also been associated with seizure relapse®®1#18 This suggests the need for
continuous MTOR inhibitor treatment in order to sustain seizure control. However, although the
described studies imply a good seizure and behaviour profile of mTOR inhibitors, the assessment of
their effects is also limited by sample size. This prevents the evaluation of the contribution of
parameters such as age and type of seizure to the overall therapy effect. Additionally, as open-label
trials, mTOR inhibitors were used as add-on therapies. Therefore, the impact of the primary AED to
the final outcome should also be taken into account. Another limitation of these mTOR
inhibitor/seizure studies is that they often assess patients with SEGAs. Therefore, SEGA growth and
its contribution to seizures should also be considered. In conclusion, larger multi-centre studies are
necessary to: (1) build better controlled samples, (2) fully clarify the role of mTOR inhibitors in
seizure control, and (3) understand if their use outweighs possible side or long-term effects.
Nonetheless, although mTOR inhibitors do not seem to be a cure for intractable seizures in TSC,
having another pharmacological option available for seizure control is always a welcome

contribution.

1.1.4.3 Resective surgery

As previously mentioned, brain surgery is advised in TSC patients with symptomatic or
fast-growing SEGA, where the risk of hydrocephalus is high. The total removal of the SEGA mass
is determinant for a positive surgical outcome, as regrowth has been reported in patients where
complete removal was not achieved!®!!, Resective brain surgery is also a treatment option for
patients that do not respond to AED and in whom it is possible to identify one or more clearly
defined epileptogenic foci. These are usually associated with the presence of cortical
tubers®281.192193 patjents with generalized discharges, high frequency of seizures or multiple foci are
usually considered unsuitable surgical candidates*’521941% Resective surgery promotes complete
seizure remission in 57-75% of patients'®51%_ In the remainder, it also allows a reduction in the
number of AED necessary for seizure control, a factor shown to increase QoL in epilepsy
patient847,81,197—199.

However, despite the relatively successful rate of resective surgery in managing selected
SEGA and intractability cases, the procedure itself is highly invasive. Additionally, pre- and post-
operative examinations present with elevated financial costs for both institutions and patients, which
can limit surgery availability depending on health care system and country®2200201  Fyrthermore,
resective surgery is not without risks. In a cohort of 37 patients who underwent resective surgery,
Arya and colleagues reported a 13.5% incidence of postoperative complications in TSC patients, all

transient and usually involving infection?®2. The rate of complications in TSC patients undergoing
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resective surgery is similar to the rate observed in the general population, with a similar trend found
in respect to mortality as well. This is estimated to be up to 2% with permanent sequelae associated
with the resected brain area of up to 10%1%4202-204,

1.1.5 TSC genetics and epidemiology

As seen so far, TSC affects many organs and systems with different degrees of severity. To
a certain extent, the type of mutation present and the gene affected (TSC1 or 2) account for this
variability. However, considerable data is missing on the relationship between the genotype and the
phenotype of TSC patients. Before discussing the molecular pathways altered due to TSC mutations
(Section 1.1.5), this section will present an overview of disease inheritance and how distinct

mutations contribute to such vast phenotypical heterogeneity.

1.1.5.1 Types of mutations

The incidence of TSC is of approximately 1:6000%° people, classifying it as a rare disease
according to both the European Medicines Agency (EMA) (5:10 000) and the Food and Drugs
Administration (FDA) (less than 200 000 people in the United States) definitions.

Mutations in the TSC1 or the TSC2 genes can be organized in two main groups:
spontaneous mutations, or de novo, are present in 60-70% of patients and arise from an error in
DNA replication that was propagated during development®°2%52% Mutations can also be inherited,
or familial, present in 20-30% of TSC patients, and transmitted through generations of the same
family®02%5208|n the case of spontaneous mutations, the parents of the new-born with TSC will not
exhibit mutations in their TSC genes while, in the second case, one of the parents will be the carrier
of the mutated allele. Mutations in the TSC2 gene have a higher prevalence among mutation-
diagnosed patients (83%) and also occur more often as de novo mutations®207208,

Around 20% of the total number of TSC patients meet the clinical diagnosis criteria but
belong to a third genetic group denominated no-mutation-identified (NM1)%41%_ In these patients,
although genetic testing has been conducted, no pathogenic mutations were detected in neither the
TSC1 nor the TSC2 genes. The absence of genetic findings in the NMI group led to the hypothesis
that a third TSC gene might exist®®27, However, this is now thought to be an unlikely hypothesis
and that technical limitations are the most likely reason for the lack of mutation identification?82%,
The most readily available method to detect TSC mutations is the exon-based Sanger sequencing
method. However, if mutations are present in non-coding sequences (introns) or exist only in
specific populations of somatic cells (i.e. when mosaicism occurs??), conventional diagnosis
methods will not easily detect these mutations?!2'2, With the increasing availability of next-

generation sequencing (NGS), mutation detection is less limited by technical methodology. In 2015,
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Tyburczy and colleagues showed that, by using NGS in saliva and blood samples of 53 TSC
patients previously classified as NMI, genetic diagnosis was increased by 85%. In this cohort, a
58% rate of mosaicism was present while 40% of patients were carriers of intronic mutations?*2,

With the increased availability of genetic testing, predicting a patient’s phenotype based on
mutation became one of the goals of TSC research. However, the high number of reported TSC1
and TSC2 mutations made this task a difficult one to address. In the LOVD (Leiden Open Variation
TSC database), 3212 different mutations were reported for the TSC1 gene and 7456 were reported
for TSC2. The two most mutated exons are also the largest ones of each protein, exons 15 and 33,
respectively?®. However, no preferential mutation sites, also called hotspots, have been found so
far®,

All types of mutations have been reported for TSC1 and 2 including rearrangements,
deletions and insertions, the outcome of which includes both missense and nonsense
mutations?328.3541.206207 " In general, mutations that originate truncated proteins, hence inactive or
highly limited in function, induce a more severe phenotype. On the other hand, missense and small
in-frame mutations originate milder phenotypes as their product, although a dysfunctional protein
that is rapidly degraded, still exhibits some residual function minimizing the effect of the genetic
mutation?4, Of note, genetic modifications of greater impact such as rearrangements and large
deletions, are more frequent in the TSC2 gene. This is likely due to the higher number of splicing
events occurring in TSC2 which increase the probability of genetic error?', The genetic severity of
TSC2 mutations also predicts increased disease burden of these patients when compared to the
TSC1 group®2%,

1.1.5.2 Genotype-Phenotype relationship

In 1999, the first comprehensive study looking at the relationship of specific TSC mutations
with phenotypic presentation was published?®. In a cohort of 150 patients, intellectual disability
was reported in 57% of the individuals, 67% of these carriers of a TSC2 mutation®®. In a larger,
more recent study, van Eeghen and colleagues analysed the 1Q (or developmental quotient (DQ),
when appropriate) of 377 TSC patients. The total mean 1Q was scored at 71.1, but when split by
mutation, scores of 83 for TSC1- and 64 for TSC2-mutation carriers were observed. Additionally,
intellectual disability was present in 23% and 57% of TSC1 and TSC2 mutation carriers,
respectively?*. In patients with TSC1 mutations, alterations in the tuberin-interacting domain of
hamartin led to lower mean IQ when compared to all other TSC1 mutations (66 vs 83). Conversely,
for TSC2, the lowest mean 1Q was also present in patients with a mutation in the hamartin-
interacting domain of tuberin (51 vs 64). Interestingly, this mean IQ was lower than the mean IQ of
patients with mutations in tuberin’s functional GAP domain?*, suggesting that the interaction

between hamartin and tuberin, and not only tuberin’s enzymatic function, was crucial for the correct

20



function of the complex. TSC2 mutated patients exhibited a much higher prevalence of IS (1% for
TSC1 mutations vs 59% for TSC2 mutations)?!, a relationship that has now been found in several
other studies®®2Y7 In fact, TSC2 mutations were associated with a higher risk of epilepsy
development, in particular when this form of childhood seizures had been present before3521821° |n
accordance, history of IS contributed for cognitive impairment in 74% of patients, while only 39%
with no seizure history were cognitively impaired®. Importantly, IS are also a major predictor of
AED resistance. 75.4% of patients with IS develop intractable seizures contrasting with a 39.8%
rate of resistance in patients without 1S,

In another study, Sancak and colleagues identified 60% of TSC patients with intellectual
disability, 98% of these with epilepsy. This contrasted with the 59% rate of epilepsy in patients of
normal 1Q%, Intellectual disability was also more prevalent in patients with a TSC2 mutation (49%
for TSC1 vs 83% for TSC2)?!¢. Additionally, lower 1Q was found to be inversely related to tuber
Ioad36'22°.

While there are reports of non-significant differences regarding tuber load between TSC1
and TSC2 patients?', others have identified higher tuber counts in TSC2 patients?*2°":22L, Moreover,
cyst-like tubers, a type of tuber associated with increased seizure incidence, are also more prevalent
in TSC2 patients*. Similarly, studies have also reported a higher frequency of SEN and SEGA in
TSC2 patients?3207:219.221

Regarding ASD, although still a relatively new field in TSC research, studies so far seem to
suggest a higher prevalence of ASD in patients with TSC2 mutations, compared with TSC1t>17,
Nonetheless, a recent study from Capal and colleagues reported that, in their cohort of 77
individuals, mutation did not correlate with the presence of ASD or the performance in the ADOS,
although a higher incidence of neuropsychiatric disfunction in TSC2 patients predicted an increased
risk of neurological pathology**°.

Altogether, TSC2 mutations predict a more severe phenotype compared to the one observed
in TSC1 or NMI patients. However, it is clear that mutation is not the sole contributor to TSC
pathology. Other aspects, such as the loss of heterozygosity discussed in the next section, can

contribute to the development of a complex disease profile.

1.1.5.3 Loss of heterozygosity

A classic feature of TSC is the phenotypical variability present across patients. In fact, even
intrafamilial cases of TSC can show distinct symptomatology?®222, As an example, Lyczkowski
and colleagues, in a study of 5 families with TSC, reported one pair of monozygotic twins that
presented with similar peripheral manifestations, such as cardiac rhabdomyomas and renal

angiomyolipomas, but exhibited very distinct neurocognitive profiles. In fact, while one of the twins
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required resective surgery to attempt seizure control, the other had only recorded three episodes of
febrile seizures®®.

One explanation for these differences is the Knudson, or two-hit, hypothesis. In specific
types of cancer, such as retinoblastoma, loss of heterozygosity (LOH), the loss of the only
functional or normal existing allele in tumour suppressor genes, is necessary for tumorigenesis to
occur. In LOH, an individual who already has a higher predisposition for cancer development (first-
hit), undergoes an additional mutation (second-hit), losing its only functional gene. Homozygosity
for the tumour-prone genotype occurs and tumorigenesis progresses®?. If this second-hit mutation
was essential for the development of a TSC phenotype, that would explain why some patients
present with a more aggressive disease progression than others: these would be the ones who
underwent a second mutation in their functional TSC1 or TSC2 gene, in addition to the germline
mutation already carried?%.

Supporting the second-hit hypothesis, LOH was found in some clinical manifestations of
TSC, such as SEGA® 8 renal angiomyolipomas and lymphangioleiomyomatosis??42?7, Until
recently, however, LOH had not been found in tuberal tissue, a pathological hallmark of TSC,
questioning the role of LOH in TSC-associated tumour development®022822°  However, in 2010,
work by Crino and colleagues further described the relationship between LOH and tubers. In this
study, tubers from 6 different TSC patients were collected. Instead of using whole tuberal tissue to
detect LOH, genetic analysis was conducted specifically on giant cells that had been previously
stained for phosphorylated rpS6. In these cells, evidence for a second mutation in the TSC1 or the
TSC2 genes was present, reigniting the debate on the requirement for LOH in TSC hamartoma
development?®,

Despite this evidence, TSC tumour progression can still exist if LOH is not present, as
shown by Ma and collegues?!. This work postulated the possibility of a “functional” second-hit
where, instead of a true loss of heterozygosity in the TSC1 or TSC2 genes, alterations in the
regulation of other pathway-intervening molecules could lead to mTOR hyperactivation and
abnormal proliferation and growth?. In this in vitro and in vivo study, it was shown that, despite
lack of LOH, tumour progression could still be promoted by constitutive activation of ERK. This
kinase upstream of the TSC complex would in turn promote the inhibition of the TSC complex and
allow the downstream activation of mTOR.

Regardless of how the heterogeneous phenotypes in TSC appear, the variability between
patients contributes greatly to the difficulty in managing this pathology. Each individual requires a
multi-professional team and a treatment plan specifically designed for their personal needs,

reflecting the complexity of TSC.

1.1.6 Molecular Biology
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As mentioned before, TSC is caused by a mutation in one of the tumour suppressor genes
TSC1 or TSC2. Pathological mutations in either of the resultant proteins, that alter the normal
function of the downstream mTOR pathway, lead to multiple organ dysfunction, abnormal cell
growth and proliferation?®2-2%, In this section, more detail on the structure and function of the TSC1
and 2 genes and proteins, and on the mTOR pathway, will be described to better understand the

pathological features present in TSC and how to target them.

1.1.6.1 TSC1-TSC2 Complex

The TSC1 gene consists of 53 284 nucleotides located on chromosome 9934, organized in
23 exons, and whose product is TSC1 or hamartin, a 130 kDa protein with different functional
domains in its structure (Figure 1.3)*2%27 The N-terminal domain is located around amino acids
1 to 350 of hamartin. This has the primary function of stabilizing the protein and, curiously, the vast
majority of TSC1 missense mutations are located in this region?"-24, Amino acid residues 145 to
510 comprise a Rho GTPase activating domain, while residues 674 to 1164 and 881 to 1084 interact
with neurofilament L (NF-L) and ezrin-radixin-moezin (ERM) actin-binding proteins,

respectively?3>238.241,
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Figure 1.3: TSCI structure. A schematic representation of the 7SC/ human gene is presented,
together with its chromosomal location, exon distribution and main functional domain aposition.

Adapted from reference 221.
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Amino acids 939 to 992 exhibit a binding site for Tre2-Bub2-Cdc16 (TBC) 1 domain
family, member 7 (TBC1D7), while amino acids 302 to 430 and 681 to 937 correspond to the
binding site of tuberin?®2%:2%0240 Regarding the TSC1-2 complex, hamartin’s main function is to be
a scaffold for TSC2, stabilizing and preventing its ubiquitin-mediated degradation?6.241.242,

TSC2 (also known as tuberin) is coded by the TSC2 gene, located on chromosome 16p13.3.
TSC2 is smaller than TSC1, consisting on 40 723 nucleotides, organized in 42 exons (Figure 1.4)%12,
Although smaller in genetic sequence, tuberin is a bigger protein than hamartin, as a 198 kDa
protein. Tuberin interacts with hamartin through amino acids 1-4182%® but this is not the only
functional domain it exhibits. Important interactions are made with Akt, AMP-activated protein
kinase (AMPK), Erk and GSK3-B, kinases that phosphorylate TSC2 residues, an important
activation and deactivation switch in signalling cascades?®$243-246_ Additionally, tuberin has several
binding sites for proteins of the 14-3-3 family, important regulators in signal transduction and cell
proliferation?*’-2*°, Finally, one of the most relevant functional domains of TSC2 is its GTPase-
activating protein (GAP), between amino acids 1517-1674'22%, This domain is responsible for
converting active GTP-bound Ras homologue enriched in brain (Rheb) into inactive GDP-bound
Rheb (Figure 1.5)?5%2%3, This step is crucial for the integration of the tumour suppressor complex
function with the mTOR pathway?®5%%*, Alternative splicing forms of both TSC1 and TSC2 have
been reported although these do not seem to have major effect in the function of neither
protein?55:26,

The previously mentioned TBC1D7 protein is a recently found third subunit of the TSC
complex®’, This protein was shown to bind preferentially to the TSC1-2 complex, rather than the
individual free proteins, and to associate with the complex through TSC12%9240.257.258 = Although
further studies are needed to address the full function of this third subunit, it seems that binding of
TBC1D7 to TSC1 stabilizes TSC1 homodimers and the TSC complex itself, aiding the
oligomerization of multiple TSC1-TSC2 units?3%2402%8.259 gq far, there is no evidence for the direct
interaction of TBC1D7 with TSC2%%, The effect of TBC1D7 mutations towards TSC pathology is
still unknown. A small cohort of 12 NMI patients was screened for mutations in this gene and no
mutations were identified®’. However, one case report of two consanguineous siblings with mild
intellectual disability and megalencephaly, but without tubers, SEN or other TSC manifestations,
revealed a truncating mutation in the TBC1D7 gene, absence of TBC1D7 protein, and high levels of
mTORCL activity. This indicated a potential but still unclear role of TBC1D7 in disease®®°.
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Figure 1.4: TSC?2 structure. A schematic representation of the 7SC2 human gene is presented,
together with its chromosomal location, exon distribution and main functional domain aposition.

Adapted from references 221 and 230.

Some evidence suggests that the TSC1 and TSC2 proteins can have mTOR independent
actions, namely concerning centrosome-related structures, cytoskeleton and VEGF regulation?6:-264,
Nonetheless, the main reported and studied function of this complex is to be an intracellular switch
controlling the activation and deactivation of mTOR?%1.265-2688 Therefore, given the wide distribution
of mTOR throughout different tissues, it is with no surprise that also TSC1 and TSC2 are
ubiquitously distributed in different cell types and organs®®272, Regarding the subcellular
localization of the TSC complex, first reports indicated that tuberin and hamartin colocalized
predominantly in the cytosol, with small fractions associated with other structures such as the Golgi
apparatus, endosomes and cytoskeleton?>273, However, more recent studies have not replicated
these findings. Instead, these suggested that under unstimulated conditions, increased concentrations
of TSC1 and TSC2 are found in the lysosomal surface, where they co-localize with Rheb®’. When
TSC2 is phosphorylated, the complex moves away from the lysosome and distributes through the
cytoplasm?39.267:274215 Thjs enables the interaction between Rheb and mTOR, as it will be explained

in the following section.
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1.1.6.2 TSC complex and mTOR

The first studies indicating a relationship between TSC and mTOR were done in Drosophila
in 2001, when genetic screenings of TSC1 and 2 orthologue mutants, dTscl and dTsc2 respectively,
revealed increased total organ size due to increased cell size and proliferation?¢, Before this, it was
already known that both in Drosophila and in higher eukaryotes the presence of amino acids could
activate mTOR and promote downstream phosphorylation of ribosomal protein S6 kinase (S6K)
and eukaryotic initiation factor 4E-binding protein (4E-BP1). This process was reversed by
starvation conditions?’®, Additionally, the association between S6K and ribosomes had also been
reported, suggesting a potential role in protein synthesis and cell growth. In 1999, this was
confirmed by Montagne and colleagues, when S6K Drosophila mutants were found to present with
growth delays. Furthermore, most flies would die in a larval stage without reaching adulthood, and
had reduced body size compared to wild-type flies. Interestingly, it was also observed that all
systems appeared to be affected equally, a detail that suggested the ubiquity of S6K (and mTOR) in
the organism?’’. However, there was still a missing explanation as to how amino acids regulated this
process and how mTOR controlled S6K. Therefore, the discovery that TSC genes controlled cell
size in Drosophila, implied that these proteins could also be present along the mTOR pathway.
Together with S6K, these could contribute to the regulation of mTOR signalling.

In 2002, the link between TSC, mTOR and cell size was published by Gao and collegues?™®.
Although they observed premature death in dTsc1-null flies, viability was extended when uni-allelic
deletion of mtor was also performed. Moreover, this deletion was enough to reduce photoreceptor
size, increased in the dTscl mutants. dTscl-mtor-null flies had similar cell size to their wild-type
counterparts, only 0.25 times bigger than the latter. To confirm mTOR regulation by TSC and
knowing that S6K activation was an output of mTOR, S6K activity was analysed. Following the
knock down of dTscl and dTsc2, increased S6K activity was detected?”®. This indicated that the
TSC complex was involved in mTOR and S6K regulation.

Also in 2002, Kwiatkowski and colleagues reported the development of a Tscl mouse
model whose phenotype resembled Drosophila’s?™. Lethality was present in the Tsc1” but not in
Tsc1*- embryos, and abnormal cell growth was present in the form of liver and kidney tumours.
Using embryonic tissue (murine embryo fibroblasts, MEF), increased expression of phosphorylated
S6K, phosphorylated rpS6 and p4E-BP1 was observed?’®. This indicated that, similar to the
Drosophila mutants, mice also presented with a link between TSC-mTOR-rpS6. In the Tsc2 rat
model of TSC, the Eker rat (described in detail in Section 1.1.5.4.2)?7°% increased expression of
phosphorylated rpS6 and p4E-BP1 was also found in renal lesions®®?. Furthermore, increased
mTOR and S6K phosphorylation was also detected in renal tumours and angiomyolipoma tissue

from TSC patients?®2, Altogether, these studies suggested a strong similarity between the functions
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of the mTOR pathway in different species, as well as an important contribution of the TSC-mTOR
pathway to TSC pathology.

As previously mentioned, the TSC complex is present in the lysosomal surface, together
with Rheb. On the other hand, the subcellular location of mMTOR can change depending on its
association as mTOR complex 1 (MTORC1) or as mTOR complex 2 (mTORC2) (Section 1.1.5.3).

Figure 1.5: The mTOR pathway. A simplified scheme of the TSC-mTOR pathway is

represented in this diagram, based on references 14, 37, 164 and 216.

In a general, although mTOR seems to associate with different organelles, the translocation
from the cytoplasm to the lysosomal surface, and from an inactive to active state, respectively, has
now been replicated several times?44267274.283-285 Thjs proximity to the lysosomal surface, physically
approximates the TSC complex, Rheb and mTOR, allowing the interaction between the different
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components. In an unstimulated basal state, TSC2’s GAP domain promotes the hydrolysis of the
GTP-bound Rheb to GDP, maintaining it in an inactive state (Figure 1.5)%1222%  Following
extracellular growth factor or amino acid stimulation (with insulin being one of the most studied
components), distinct signalling cascades lead to the phosphorylation of TSC by kinases such as Erk
or Aktl75205.267.288 Thjs induces the translocation of the TSC complex with dissociation of TSC1 and
2. The movement to the cytoplasm, away from the lysosomal surface, separates TSC1-TSC2 from
Rheb and mTOR?"274215.287 Thjs activates the mTOR kinase and its downstream targets (Section
1.1.6.3). Although indirect methods of activation of mTOR have also been proposed?*>?°1, the direct
activation method has been strongly supported and comprehends the binding of GTP-bound Rheb to

mTOR, leading to an enhancement of the activity of this kinase?3,

1.1.6.3 mTOR and its downstream effects

As previously described, the TSC complex negatively regulates mTOR and, upon amino
acid or growth factor stimulation, tuberin is phosphorylated and its GAP function inactivated. This
allows phosphorylation of Rheb and activation of the serine-threonine kinase mTOR (Section
1.1.5.2) (Figure 1.5)*%, In the following section, the consequences of this activation will be
described, with focus on those most important for TSC CNS pathology.

The functions of mTOR, first and foremost, depend on mTOR’s organization which,
although we have been describing mTOR as a single unit, comprises two different forms, mTORC1
or mTORC2 (Figure 1.6). To date, most functions attributed to mTOR refer to when mTOR is in its
C1 configuration, whilst the functions of mTORC2 are not as well understood®®. The study of
mTORC1 has been facilitated by the existence of the specific mMTORC1 inhibitor, rapamycin.
Rapamycin, like its analogues, complexes with the FK506-binding protein (FKBP12) and binds
mTOR through its FKBP12-rapamycin binding (FRB) domain. This decreases the binding affinity
of substrates to mTORC1 therefore inhibiting its activity’>7"28°  Although prolonged exposure to
rapamycin has been shown to promote mTORC2’s inhibition in some cell types’®2%2% this
complex is usually considered to be insensitive to rapamycin. As a consequence, fewer studies exist
on the specific actions of mMTORC2.

The mTOR complexes are assembled with other subunits. mMTORC1 comprises mTOR,
Raptor (rapamycin-associated protein of TOR), mLST8 (also called GPL; mammalian lethal with
SEC13 protein 8), PRAS40 (proline-rich Akt substrate 40 kDa) and DEPTOR (DEP domain-
containing mTOR interacting protein)*’"?*® while mTORC2 is composed of mTOR, Rictor
(rapamycin-insensitive companion of mTOR), mLST8, mSinl (stress-activated protein kinase
interacting protein 1) and DEPTOR">2%2, Raptor is involved in mTORC1 assembly and substrate
recognition, facilitating mTOR’s access to downstream components. Rictor has an equivalent

function in mTORC21752%°, Raptor and Rictor are specific for each complex and ablation of these
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constituents impairs the function of the respective complexes'’®2%-2%, The function of mLST8 is
not yet fully understood but it appears to positively regulate mTOR by stabilizing its active site. At
least during development, mLST8 seems to be more relevant for mTORC2’s function than
mTORC1’s?*2%, mSinl acts as a scaffold for mTORC2 and as an Akt substrate?®®, while both
DEPTOR and PRAS40 are negative modulators of the complexes’ activity (Figure 1.6)%75300.301,

A

DEPTOR

DEPTOR

L N\

Figure 1.6: mTOR complexes. The mTOR kinase associates with different protein components to
originate complex 1 (mTORC1) (A) and complex 2 (mTORC?2) (B), which exhibit different targets

and biological functions.

mTORC1’s main function relates to protein translation and transduction'’, but it also
mediates the synthesis of other macromolecules such as lipids and nucleic acids!’>2%52%2, The two
most studied downstream effectors of MTORC1 are S6K and 4E-BP17%1752%2_|n contrast, mTORC?2
phosphorylates several kinases primarily involved in cell survival and cytoskeleton actin
regulation’®175283 Indirectly, mTORC2 controls mTORCI1 as it phosphorylates Akt on serine 473,
promoting its full activation and inducing further inhibitory phosphorylation of TSC215:292:293,302,303

Of note, although a lysosomal location for mTOR was previously described, this is actually
the main site for mTORC1 docking. When mTOR is functioning under its complex 2 organization,
several intracellular locations have been reported, one of these being the plasma membrane where
mTORC2 would be physically closer to Akt?832%,

Following mTORC1 activation, S6K is phosphorylated on threonine 389. S6K
phosphorylates and activates several other substrates that contribute to the initiation and elongation
of protein translation and ribosome biogenesis!’>?°23% QOne of these substrates is 40S ribosomal
protein S6 (rpS6), located in the interface between the large 60S ribosomal subunit and the small
40S ribosomal subunit3®43%, rpS6 is phosphorylated by S6K on Ser235/236 and Ser240/244, a
phosphorylation commonly used as a readout of mMTORCL1 activity. However, other enzymes such
as ERK can also promote rpS6 phosphorylation®®, The exact effect of rpS6 phosphorylation is still

under investigation. While initial studies suggested that this process regulated mRNA binding to
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ribosomes and the initiation of protein translation this has recently been proposed to be an area-
dependent regulation, rather than global®%43%,

In addition to protein synthesis, S6K also promotes the synthesis of lipids through sterol
regulatory element-binding protein activation 1 (SREBP1)%=%, mTORC1 also phosphorylates 4E-
BP1, inducing the release of eukaryotic initiation factor 4E (elFAE). Free elF4E recognizes and
binds to the 5 mRNA cap, promoting mRNA translation®?%2%2, As a result of these anabolic
downstream mTORC1 functions, in a TSC status, overactivation of this pathway leads to an
abnormal production of biomass, cell growth and division.

The consequences of the abnormal activation of mMTOR are varied and vast. Specifically, in
the CNS, proper regulation of the mTOR pathway is crucial for brain development?®. During
embryonic stages, mTOR is involved in the proliferation, migration and differentiation of neuronal
stem cells and radial glia cells. Together with the unviability of homozygous Tscl or Tsc2 mutants,
this suggests a crucial role of the TSC-mTOR axis in development73175.292309310 | jkewise, in non-
dividing post-mitotic neurons, alterations to the regulation of the mTOR pathway can induce
structural modifications. In fact, mTOR signalling has been shown, in vitro and in vivo, to control
neuronal soma size, axon growth, and Schwann cell-mediated myelination?73289311-313,

Cell size modulation is regulated by several TSC-mTOR axis downstream mechanisms. On
one hand, the phosphorylation and activation of mTOR by growth factors or deficient TSC
repression induces nuclear accumulation of the previously mentioned SREBP3', This induces the
de novo synthesis of lipids, crucial for construction of new plasma and organelle membranes,
enabling cell growth!”®, Additionally, mTOR induces the activation of S6K and 4E-BP1, two main
regulators of protein translation and transduction. In TSC, the unregulated activation of protein
synthesis machinery increases protein production, specially of ribosomal-related proteins, which
promotes the increase of overall cell volume and size3.

The alteration of soma size due to mTOR overactivation is particularly important in neurons
given the contribution of size to cell apposition, and capacitance and membrane resistance!’®. While
macroscopical changes in size alter the physical organization and contact between neurons,
electrophysiological alterations contribute to the establishment of abnormal neurotransmitter
responses and release mechanisms®'¢3%7. Both modification types ultimately lead to the development
of altered neuronal networks and response to stimuli.

Particular consideration has been given to the impact of conditional Tscl or Tsc2 deletions
on neurons’ finer morphology with the analysis of dendritic spines. In a very elegant work,
Tavazoie and colleagues showed that both shape, size and number of dendritic spines were altered
in Tscl or Tsc2 deficient pyramidal neurons. Loss of Tscl or Tsc2 induced changes from spherical
head spines with thin necks into enlarged bulbous spines with elongated necks, as well as decreased

spine density33,
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In addition to neuronal size and structure, the synthesis mechanisms altered due to
increased mTOR signalling in TSC, also promote increased glia growth, namely of astrocytes. In
tubers and perituberal tissue from TSC patients, astrocytes were shown to present in increased
numbers and size compared to control tissue samples®®, This hypertrophic astrocyte status,
commonly associated with a reactive phenotype, is predominant in acute traumatic states, such as
localized brain injuries or ischaemia®®3%®, However, in conditions were chronic brain injury is
present, such as epilepsy, highly prevalent in TSC patients, this hypertrophic and reactive
phenotype is detrimental for brain function. Instead of contributing for lesion healing, astrocytes
promote increased tissue degradation and scarring due to the unregulated release of pro-
inflammatory mediators, such as chemokines31:322,

This simplified description of the consequences of abnormal TSC-mTOR signalling predict
alterations concerning cell number, migration and shape. This suggests the macroscopical presence
of dysplasias and augmented cell masses, which are indeed present in the TSC population®+173323,
At a microscopical and functional level, structural alterations can also have an impact on cellular
physiology. Abnormal placement of neurons can lead to altered synaptogenesis and
neurotransmitter release’3'®. Changes in neuronal size predict alterations in input resistance and
capacitance'’®, as well as a modified electrophysiological response®:149324325 — Qverall, these
macroscopic and microscopic changes, together with the alterations of GABA and glutamate
receptor expression in tuber samples®?¢ support the concept that abnormal mTOR signalling
contributes to the development of both an epileptogenic phenotype and behavioural manifestations

seen in TSC140,

1.1.6.4 Experimental in vivo models of TSC

Research towards the understanding of TSC has highlighted the importance of animal
models for the investigation of the underlying mechanisms causing pathological manifestations.
However, given the complexity of this pathology, and the variability and unpredictability of
phenotypes, it is no surprise that no single animal model carries all features of TSC.

In the human presentation of TSC, TSC1 or TSC2 mutations are present in one single allele.
Mutational homozygosity is not observed in humans and it has been shown to be embryonically
lethal in animal models?’8327-32%  Yet, contrasting with the human form of TSC, the study of
heterozygote models has been hindered by the absence of severe disease-like manifestations,
especially CNS hamartomas and seizures?®2330331  Heterozygote models have, however, been
particularly useful in the study of renal manifestations and dysfunctional behaviour3?4329332-3%5_Qne
of the proposed reasons for this phenotypical variation, besides the obvious difference in organism
complexity, was the possible lack of LOH in heterozygote animals that could prevent the

development of certain hamartomas®?. To overcome this limitation, conditional knockout models
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have emerged, where deletion of both Tscl or Tsc2 alleles occurs in a time- and cell-specific
manner (Table 1.2).

To date, a number of animal models of TSC have been found and developed (Table 1.2). As
no single model displays all the characteristic features of TSC, the use of several animal models in
research is key. This enables a better understanding of different TSC manifestations and allows the
investigation of therapeutic interventions that could potentially modify disease progression. With
this in mind, this work presents experimental data involving two different animal models of TSC,
the tsc2"“>*2 zebrafish model and the Tsc2* (Eker) rat model. The following sections describe both

models in more detail, together with their relevance for the study of TSC.

1.1.6.4.1 Zebrafish as a research, and TSC, model

In the “An account of the fishes found in the river Ganges and its branches” (1822), Francis
Hamilton described a fish with “several blue and silver stripes on each side; with the body much
compressed, and with four tendrils, of which two are a little longer than the head”. Called Cyprinus
rerio at the time, this was the first description of the zebrafish (now known as Danio rerio), a
tropical fish native to southeast Asia, specially Bangladesh, India, Nepal and Pakistan336337,
However, it was not until the 1960s that this animal was first used in scientific research®®,

George Streisinger was a geneticist whose work focused on vertebrate development and
regressive mutations. As a fish enthusiast, he knew zebrafish were easy to raise and maintain, even
in the large numbers required for scientific research, given that adult fish reach a maximum of 6 cm
in length®®. Although no previous work had been conducted with this organism, Streisinger decided
to use it as his own research model and, in 1981, the first zebrafish paper was published33®2%, Here,
the development of homozygote zebrafish maintaining solely maternal DNA was described. This
novel technique allowed the development of mutated homozygotes and the study of mutations that
would otherwise be lost in heterozygosity. After this publication, the use of zebrafish as an animal
model in research grew quickly. This was particularly true in the genetics and development fields,
as genetic knockdown or overexpression in zebrafish was, and is, considered a relatively accessible
technique337'341’342.

In addition to the maintenance benefits already mentioned, zebrafish are also exhibit high
fecundity when mated. Sexual maturation can be achieved as early as 2 months and females can
produce 200 to 300 eggs a week3¥%:343-345 This allows rapid experiment turnover and data collection.
Additionally, larvae develop ex utero and both eggs and embryos are transparent. This easy
visualization of internal structures facilitates experimental manipulation. Moreover, compounds and
drugs, if of appropriate solubility, can be added directly to the swimming medium, easing
pharmacological delivery. Altogether, these characteristics transformed zebrafish into a medium to

high throughput screening model for drug development342:346:347,
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Model Genetic Mutation Reference
Zebrafish
tscla Global loss of Tscla DiBella et al. 2009
Mouse
Tscl*" Global loss of Tscl Goorden et al. 2007
Tsc1Nestin Loss of Tscl in SVZ neural stem cells Zhou et al. 2011
Tsc1f/mut Loss of Tscl in single cells during corticogenesis Feliciano et al.

2011

-
E Tsc1-Synl©" Loss of Tscl under synapsin promotor Meikle et al. 2007
Tsc1CFAP Loss of Tscl in GFAP-positive astrocytes Uhlmann et al.
2002
Tsc1Emxt Loss of Tsc1 in embryonic neural progenitor cells Magri et al. 2011
Tscl-L7¢r Loss of Tscl in Purkinje cells Tsai et al. 2012
Tscl-Lhxcre Loss of Tscl in eye-committed neural progenitor | Jones et al. 2015
cells
Zebrafish
tsc2"242 Global loss of tsc2 Kim et al. 2011
Mouse
Tsc2"~ Global loss of Tsc2 Ehninger et al.
o 2008
= | Tsc2®37 Emx1 | Loss of Tsc2 in embryonic neural progenitor cells Ess et al. 2013
Tsc2CFAP Loss of Tsc2 in GFAP-positive astrocytes Zeng et al. 2011
Tsc2-Pcp2¢re Loss of Tsc2 in Purkinje cells Reith et al. 2011
Rat
Tsc2'" Global loss of Tsc2 Yeung et al. 1994

Table 1.2: Animal models of TSC. A number of spontaneous and genetically-modified animal

models of TSC are presented, together with mutation target and outcome. References are not

exhaustive and indicate representative work for each model.

Following Stresinger’s work, zebrafish were soon accepted as a model organism to study

embryogenesis and development, especially in the CNS3%. However, a model organism is only

valuable as such if findings can be translated to other species. To assess similarities between

zebrafish and rodent and human pathology, the Wellcome Trust Sanger Institute (Cambridge, UK)

initiated in 2001 the zebrafish genome sequencing project. The Tubigen strain was used as reference

given that it had been the most widely used zebrafish strain to date3*!. With this pioneering study, it
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was possible to obtain comparative genetic data between zebrafish and other species, allowing for a
more accurate validation of this animal’s model status.

Although it was first proposed that zebrafish had 24 pairs of chromosomes®®, they were
later discovered to exhibit 25; humans, on the other hand, have 23 chromosomal pairs®®.
Nonetheless, the zebrafish genome was estimated to be half the size of the human one®®, with 26
206 protein coding genes, a great part of them species-specific and without orthologues to human,
mouse or chicken®, Importantly, 71.4% of human genes have an orthologue in the zebrafish
genome and, of these, 84% can be associated with pathological conditions3¥’. Despite genomic
similarity, it is important to acknowledge that, as in another fish species, zebrafish genome has
undergone significant processes of gene duplication. As a consequence, regardless of a similar
number of chromosomes compared to humans, some zebrafish genes can be expressed
differently®¥7:34834°  This is particularly important when knockout or overexpression of genes is
being considered. One example of gene duplication in zebrafish is actually the tscl gene, where
tscla and tsclb genes are present327:3%0,

The first use of zebrafish for the study of TSC was conducted by DiBella and colleagues in
2009. Because cilia, a cell organelle, appeared to be essential for kidney cyst prevention, and PKD
was highly prevalent in TSC patients, they hypothesised that cilia would be related to the tsc genes.
In this first description of tscl in zebrafish, two tscl genes were found, a and b, which had a 36%
and 44% homology to the human gene, respectively. Additionally, single zebrafish homologues to
the human TSC2 and RHEB genes were also identified. In accordance to human studies, zebrafish
tscl knockdown induced growth of kidney cysts and increased mTOR pathway activation. Cilia
growth was also increased in mutants compared to controls, supporting a relationship between cilia,
mTOR and tscl, as well as pathway homology to mammalian models?35035!, Two years later, Kim
and colleagues examined the role of tuberin in zebrafish, this time coded by a single tsc2 gene and
with a 73% homology to its human counterpart®?”-*%, Using the Targeting-Induced Local Lesions IN
Genomes (TILLING) technique, a mutant harbouring a tsc2 mutated gene (the tsc2"** mutant) was
identified. This mutant carried a cytosine to adenine transversion which originated a stop codon. As
a consequence, tuberin was without its GAP domain and was functionally inactive3?":352,
Characterization of the tsc2"?*? mutant showed common features with other TSC
models?209278:317:324.328.353 jncluding homozygous lethality by 11 days post-fertilization (dpf),
increased MTOR signalling, as seen by rpS6 and 4E-BP1 phosphorylation, and enlarged
hepatocytes and neurons. Importantly, rapamycin administration reduced phosphorylated rpS6
immunoreactivity and cell size, evidencing once again the similarities between the zebrafish and
mammalian TSC-mTOR axis®*’. Using this same model, Scheldeman, in collaboration with myself
and others, showed increased brain to body ratio in tsc2” zebrafish as well as decreased exploratory
behaviour and startle response. Furthermore, local field potential recordings revealed the presence

of epileptiform-like activity in tsc2”- mutants®.
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In summary, these studies indicate that the tsc2"“**> model replicates some of the disease
features present in human TSC, while also exhibiting additional species-specific behavioural
alterations, such as reduced swimming behaviour. These are desirable characteristics that make this
model useful for novel drug screening. With this in mind, the tsc2"?*? zebrafish model was used in
this thesis to address the possible effects of CBD on behaviour and molecular characteristics
modified by tsc2 mutation (Chapter 2). The experimental work presented in Chapter 2 was
published in Behavioural Brain Research (2019) 363:135-144 and partially features the patent “Use
of cannabidiol in the treatment of tuberous sclerosis complex” (W02018234811).

1.1.6.4.2 The Eker rat as a TSC model

As previously mentioned, several animal models of TSC are available (Table 1.2), each
replicating different manifestations of disease. In this thesis, in addition to the zebrafish model
described above, a rodent model of TSC, the Eker rat, was also used (Chapters 3 to 5).

In 1954, Reidar Eker published “Familial renal adenomas in wistar rats: a preliminary
report” where he reported a generation of rats with high incidence of renal adenoma®®.
Interestingly, although this disease was already known in humans, it had never been reported in
other mammals. This motivated Eker to keep and maintain the colony, later used to establish a
model of genetic familial cancer®?%3%¢, In 1983, the Eker rat caught the attention of Alfred
Knudson. Now considered one of the most important researchers in the cancer genetics field®’,
Knudson had proposed, in 1971, the previously mentioned two-hit hypothesis (Section 1.1.4.3).
However, this concept had been conceived solely based on epidemiological and statistical data from
retinoblastoma patients®®2, To test his hypothesis experimentally, Knudson was searching for an
animal model of hereditary cancer. Therefore, the finding of the Eker rat allowed his group to
explore with practical methodology, and for the first time, the hereditary characteristics of tumour
inheritance.

In 1993, Hino and colleagues confirmed the predisposition of the Eker rat to renal tumours.
More importantly, they showed that a second hit (ionizing radiation) increased the number of
tumours in the Eker group but not in wild-types. This confirmed that Ekers exhibited an unknown
mutation that predisposed them to renal carcinoma. Additionally, this study also revealed that
homozygosity for this unknown mutation was lethal, as it produced unviable embryos at around
embryonic day 10%°. These results further suggested that the mutated gene in the Eker rat was
critical for cell division and migration, and that mutations in both alleles did not allow progression
of intra-uterine development®*°*%, Also this year, the same group demonstrated with linkage
analysis that the mutation responsible for the Eker phenotype was located in the chromosome band
10q12. Furthermore, they showed that loss of heterozygosity was present in renal tumours®®,

Following this work, Yeung and colleagues linked the mutation responsible for the Eker rat
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pathology to its human homologue located on chromosome 16p13.13, where the TSC2 gene,
already known as a tumour suppressor at the time, was located'2%, In 1995, the exact mutation
product was found to be a 5kb insertion that rendered Tsc2 inactive®s!, This inactivation was caused
by an intracisternal-A particle transposition into codon 1272 that generated a longer, and therefore
prone to degradation, tuberin. Additionally, this insertion prevented the formation of the GAP
domain, essential for tuberin’s function®*.

The molecular and phenotypical consequences of the Eker mutation soon lead to its
investigation as a possible model of TSC. The renal epithelial tumours exhibited by the Eker rat
have a penetrance of 100% by the age of 12 months®2, although these were observed in animals as
young as 4 months old®. Because TSC patients have a 2 to 4% higher probability of exhibiting renal
cell carcinoma (RCC) than general population®®, this was a desirable property of this model. In
addition, renal disease is the major cause of disease-related mortality in TSC patients®®3, However, it
is important to acknowledge that other types of renal manifestations common in TSC patients, like
cysts and angiomyolipoma (Table 1.1), are not exhibited by the Eker rat model?°.

Regarding its neurological profile, the Eker rat does not show major gross morphological
alterations**2%23643% |n a comprehensive study by Yeung and colleagues, only small brain lesions
were found in the Eker rat brain®*. Using 18 to 24-month-old rats from the Fisher background,
small lesions with large cells next to the ventricles were found, which were proposed to resemble
human subependymal lesions. However, these did not protrude into the ventricles, as is usually seen
in patients. Occasional cortical lesions were also reported, although no tubers nor alterations of the
cortical layer organization were detected®*. Yet, it is important to acknowledge that this study used
rather old animals and that 43 Ekers vs only 4 controls were analysed. It is plausible that this age
and group imbalance could contribute to the difference in results between this and other studies in
the literature>232364.36 A similar study by Mizuguchi and colleagues also supported the absence of
gross morphological brain abnormalities in 17 to 24-month-old Ekers from the Long-Evans
background. Here, for the first and only time, one cortical tuber was reported in one single animal,
in addition to the presence of few subcortical and subependymal lesions with large GFAP positive
cells in 2/14 Ekers®’. Again, the imbalance between control and Eker animals could impact data
interpretation as 14 Ekers were compared to only 6 controls. Furthermore, when younger animals
were used, neurological pathology seemed to be even scarcer. Waltereit and colleagues analysed the
brains of 15 male Ekers of the Long-Evans background, aged 8 months old, and found one single
subependymal lesion in one animal alone, with no cortical tubers evident?2, This study supported a
previous report suggesting that, although a second hit such as radiation could increase the number
of abnormal cells Eker brains, these were absent in young non-irradiated animals**?%, Overall,
evidence indicates that the Eker rat brain does not seem to mimic the human presentation of TSC,

although the presence of CNS pathology may be increased in older animals.
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The lack of neurological features does not necessarily exclude the presence of behavioural
comorbidities. Epilepsy is one of the most common neurological presentations in TSC (Table
1.1)}1818 The Eker rat does not exhibit spontaneous seizures. However, a few studies evaluated its
propensity to develop seizures when challenged with convulsive compounds. Wenzel and
colleagues measured the latency to tonic-clonic (TC) seizure development in 3-month-old Ekers and
control rats, using the flurothyl inhalation method. Here, no difference was found in the latency to
develop TC seizures®. Using intraperitoneally administered pentylenetetrazole (PTZ), a GABAA
receptor antagonist that inhibits chloride currents and increases neuronal activity, Waltereit and
colleagues also failed to find differences in seizure susceptibility in 3 to 6-month old Ekers?3368.369,
However, when a kindling protocol was used, Eker rats developed Racine’s scale stage 5 seizures,
defined as “loss of posture or death”, earlier than wild-types®®2. Therefore, it is possible that the
Eker rat exhibits altered susceptibility to seizures. However, given that seizures manifest early in
patients with TSC, more data using younger Eker rats would be valuable to understand if this model
could better elucidate seizure development in TSC.

Another highly relevant feature of TSC is ASD (see Table 1.1). A common symptom in
ASD is the difficulty in interacting socially or in social environments. Evidence seems to indicate
that the Eker rat mimics some of these TSC features, although few studies have been published to
date. Using 3 to 6-month old males, Waltereit and colleagues analysed the behaviour of wild-type
and Eker rats, when faced with an unknown social partner (“stranger rat”). Ekers showed reduced
social exploration, which comprised ano- and non-anogenital exploration, as well as approaching
and/or following the social partner®”®. Furthermore, when epilepsy was chemically induced in these
rats, social evasion was accentuated®”. In a follow-up study, Schneider and colleagues proposed
that treatment with the mTOR inhibitor Everolimus would reverse some of the previously observed
interaction deficits®”t. After induction of an epilepsy paradigm using kainic acid, a glutamate
analogue, three intraperitoneal injections with 1 mg/kg Everolimus reversed social impairments to
control levels®’t, However, it is important to note that this study used only two experimental groups,
one naive control and one Eker with epilepsy. No other comparator control groups were tested.
Although this does not invalidate the obtained data, it would be interesting to investigate whether
effects of treatment on social behaviour could also be observed in non-epileptic Eker rats.

Although seizure and ASD-like features appear to be in some way present in the Eker rat,
other behavioural features, such as memory, learning and anxiety behaviours, seem to be similar to
wild-type rats (Table 1.3)?2%7°, The literature on the Eker rat is not extensive but, overall, only mild
neurological and behavioural phenotypes are consistently presented. On the other hand, the
development of kidney tumours seems to follow quite closely the human presentation of disease"2.
Nonetheless, given the complexity of this model compared to others (rat vs mouse), the Eker rat is a

valuable organism to address behavioural aspects of TSC.

37



Experimental

Difference to wild-type rats

Behaviour assessed Reference
task (Y/N)
Spatial learning and Waltereit et al. 2006;
Water maze N
memory 2011
Y Waltereit et al. 2006

Delayed water

Spatial learning and

Faster platform finding during

maze memory )
trial 2 only
) Unconditioned Waltereit et al. 2006;
Light/dark box ] N
anxiety response 2011
Conditioned . Waltereit et al. 2006
] Learning memory N
taste aversion
) Working and Y Waltereit et al. 2006
Radial maze ]
reference memory Fewer trial errors
Open field General activity level N Waltereit et al. 2011
PTZ acute Seizure susceptibility N Waltereit et al. 2006
o ) ] Y Waltereit et al. 2006
PTZ kindling Epileptogenesis o
Increased stage 5 susceptibility
Fear ) ) Waltereit et al. 2011
o Associate learning N
conditioning
N Waltereit et al. 2011
. (similar recognition of novel
Novel object . i
. Recognition memory object)
recognition
Y
Less time exploring objects
Social Interest in social Y Waltereit et al. 2011
interaction novelty Reduced social exploration

Table 1.3: The Eker rat behavioural profile. A summary of the different behavioural experiments

and their simplified results is presented in this table together with the reference work.

1.2 Cannabidiol

1.2.1 Cannabis, THC and CBD- an overview

Cannabis is a plant from the Cannabaceae family, indigenous to the south and centre of

Asia®®3*  comprising one main species, Cannabis sativa (Figure 1.7A). Cannabis indica and
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Cannabis ruderalis are often reported as two other species from this genus of plant. However, it is
now more accepted that these are variations or subspecies of C. sativa rather than individual species
in their own right 3748, Although the use of the Cannabis plant for medicinal purposes was first
documented circa 2900 BC by the Chinese Emperor Fu His and then by the Emperor Shen Nung
around 2700 BC®7®380, the main uses of the plant were as a source of fibre, oil and food®®. Cannabis
contains over 400 different compounds, including flavonoids, alkaloids and terpenoids, with ratios
depending on the subspecies and strain of plant®”. Around 60 to 80 of these compounds belong to a
Cannabis specific class of terpenophenolic structures denominated cannabinoids, primarily stored in

the plant’s trichomes (Figure 1.7B)373:374381.382

Figure 1.7: The Cannabis plant. Photograph of an indoor grown Cannabis plant (A) and of
trichomes in a Cannabis bud (B), both taken at the Cannabis Museum (6 Damstraat, Amsterdam,
Netherlands).

The two most abundant cannabinoids in Cannabis are A-9-tetrahydrocannabinol (THC) and
cannabidiol (CBD)%*3%4 THC, the main psychoactive component of Cannabis®®®, was first isolated
and structurally described by Gaoni and Mechoulam in 1964, through the use of chromatography on
an hexane extract of C. sativa hashish®, THC is often associated with the recreational use of
Cannabis, as its psychoactive properties are greatly responsible for the “high” felt after Cannabis
consumption. However, THC has also been proposed to possess relevant medical properties, mainly
via the partial agonism of both the CB1 and CB2 receptors®'=%, These include the control of
spastic disorders, pain and emesis®3%13%2 Nevertheless, due to its psychotropic effects, the use of
THC in medical formulations, especially in infantile pathologies, is highly limited®*33%, CBD is the
second most abundant compound in Cannabis and, as opposed to THC, it does not exhibit
psychotropic properties. CBD does not bind to CB1 and CB2 receptors in physiological
concentrations®’43%:3% CBD was first isolated in 1940 from a red oil from Minnesota wild hemp3®’.
Preliminary structural suggestions were made in this same year by two different research groups®’-
399, However, the actual correct structure of CBD was only published in 1963 and 1964, with the use
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of nuclear magnetic ressonance*®“1, Given the absence of a psychotropic profile, CBD has been
assessed for several different medicinal uses as an anti-epileptic®®24%  anxiolitic’®%, anti-
psychotic37440%410 and anti-tumoural compound**#4, Presently, CBD is commercialized as an
FDA-approved medication by GW Pharmaceuticals in two different formulations: in a 1:1 ratio
combination with THC (Sativex®), for multiple sclerosis spasticity; and in isolation (Epidiolex®) for
the treatment of seizures in Lennox-Gastaut syndrome (LGS) and in Dravet syndrome (DS).

In the Cannabis plant, the synthesis of THC and CBD begins with identical precursors
(Figure 1.8). Both compounds exhibit very similar chemical structures, distinguished by the
presence of a closed pyran ring in THC, opened in CBD (Figure 1.8)*1415, Note that the natural
biosynthesis of THC and CBD originates the carboxylated forms A-9-tetrahydrocannabinolic acid
(THCA) and cannabidiolic acid (CBDA), respectively. In fact, only when exposed to increased
levels of light, heat or drying conditions, does the non-enzymatic decarboxylation of THCA and
CBD occur, leading to the accumulation of THC and CBD per se in the plant’s trichomes®’"415416,

Because of the similarities between the structure and biosynthesis of THC and CBD, and
given the increasing research into CBD’s use as a medical treatment, concerns were raised
regarding the possibility of in vivo conversion of CBD into THC, which could hypothetically
promote unwanted psychotropic effects. To address this issue, Merrick and colleagues analysed the
presence of CBD and its metabolites, after 75 minutes of exposure to simulated gastric fluid. Using
compound separation with ultra-performance liquid chromatography and detection by ultraviolet
and mass spectrometry, this work revealed the presence of both AS-THC and A®-THC, suggesting
the conversion of CBD into THC*'. This was however a conversion of unknown biological
significance. Although an interesting result, the simulated gastric fluid used in this study consisted
of 0.1M HCI and 0.2% NaCl only, omitting the contribution that other gastric components, such as

trypsin, pepsin and gastricsin, have on metabolism, and nutrient and compound availability*184°,
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Figure 1.8: Biosynthesis of THC and CBD. In the Cannabis plant, olivetolic acid and geranyl
diphosphate are alkylated by the enzyme Geranylpyrophosphate: Olivetolate Geranyltransferase,
originating CBGA. Among other compounds, CBGA is the precursor of THC and CBD, following

the action of the oxidocyclases THCA synthase and CBDA synthase, respectively?6-*0

Although the work by Merrick and colleagues was contested by experts in the CBD
field*18420, the suggestion of an in vitro conversion of CBD into THC led to further experimental

work evaluating this possibility in vivo. Hlozek and colleagues administered 10 mg/kg CBD by oral
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gavage or subcutaneous injection to Wistar rats and measured THC levels in the serum. THC was
detected varying between 2 to 30% of the initially concentration of administered CBD. However no
THC was detected in brain tissue making it unclear if the amount of THC detected could have an
effect on the CNS and behaviour*?, In contrast with this study, when Pallazoli and colleagues
administered 50 mg/kg of CBD by oral gavage to Sprague Dawley rats, no THC or metabolites
were detected in blood, 3 and 6 hours after treatment. This detection was limited by the limit of
guantitation of the liquid chromatography-mass spectrometry (LC-MS) of 0.5 to 5 ng/mL,
depending on compound*??, In a study with minipigs, a model with a more comparable diet and
gastrointestinal metabolism as humans*?424 Wray and colleagues administered 15 mg/kg of CBD
by oral gavage. Both blood and gastrointestinal fluid were analysed by LC-MS and no trace of THC
or 11-OH-THC was found, despite the lower limit of quantitation of this study (0.5 ng/mL for both
compounds)*?.

In vivo data seems to suggest that the conversion of CBD into THC is unlikely, although
clinical data would be necessary to support this claim. One double-blind, placebo-controlled,
randomized crossover clinical study evaluated the presence of THC in Huntigton’s patients,
following a 6-week treatment with 10 mg/kg/day CBD in sesame oil. Gas chromatography and mass
spectrometry were used on blood samples to detect both CBD and THC, but no THC was detected
throughout the study. Although in line with previous reports, it is still important to consider the
detection limits of this work, as only 60% of the compounds could be retrieved from the samples*?®.

Finally, when used in clinical settings, commonly reported adverse effects following CBD
administration include somnolence, decreased appetite, diarrhoea and fatigue®®?4%4427, These
symptoms are quite distinct from what has been reported for THC which includes relaxation,
anxiety and euphoria®®“, This indicates that it is unlikely that patients are experiencing THC-
dependent effects. In conclusion, although there are few reports of CBD conversion into THC, it is
improbable that this is the case in humans or that the hypothetically achievable concentrations of

THC would originate CNS or behavioural effects.

1.2.2 The role of CBD in epilepsy treatment

CBD exists in two approved medications, Sativex® and Epidiolex®. However, despite
regulatory approval, the exact mechanism of action of CBD is still uncertain. As a consequence of
the vast array of proposed targets and effects for CBD (such as 5-HT, TRPV1 or adenosine receptor
activation; antagonism of GPR55; or inhibition of the ENT1 transporter34%6416) jts potential
application in a plethora of medical conditions has been investigated. One of the fields in which
there has been great focus regarding CBD use is epilepsy, and this will be the focus of the next

section.
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Until the 19" century, Cannabis was considered an official medicine, featuring in several
European and American Pharmacopoeias in the form of oils and tinctures®**¥2 However, a
prohibition period in the late 19" and beginning of the 20" century led to a new classification of
Cannabis as a Schedule 1 drug classifying it as “(drugs) with no currently accepted medical use and
a high potential for abuse”, therefore hindering its use in medicine®’®384433-435 This however did not
impede the illegal use of Cannabis in recreational and medical cases. Early anecdotal reports
suggested that patients with epilepsy benefited well from the drug*®4%, although cases of increased
seizure frequency due to drug intake were also reported**14%’, This reignited the study of Cannabis
extracts and of CBD for seizure control. CBD has now been extensively tested in in vitro models of
epileptiform-like activity*®44 and in in vivo models, where it was shown to have anti-convulsive
properties in rodents in common seizure models such as the maximal electroshock41444 pTZz444:445
pilocarpine*® and penicillin®®, among others*744¢, Importantly, as opposed to THC, there is no pre-
clinical evidence for a pro-convulsant action of CBD*"44°,

The overall positive results obtained in pre-clinical research led to the authorization of CBD
use in expansion and small open-label trials. These in turn allowed the development of large-scale
clinical trials where CBD was administered in better controlled cohorts and conditions. In an open-
label, multicentre study, 137 patients with intractable epilepsy, aged 1 to 30 years old, were given
25 or 50 mg/kg/day of CBD orally. After 12 weeks, a reduction in the median frequency of seizures
from 30.0 to 15.8 was seen, together with seizure freedom in 5/137 patients with motor seizures.
Two patients were free of all seizure types*®2. Regarding two forms of severe childhood epilepsy,
DS and LGS, a significant monthly median reduction of seizure frequency was seen for DS patients
(49.8% reduction in motor seizures and 42.7% in all seizure types), while a lower but significant
reduction was also observed for LGS (36.8% decrease in the median frequency for motor seizures
and 35.5% for all types of seizures)*’?. As an open-label trial, this study lacked the proper placebo
and experimental (“blind”) controls. Nonetheless, it still suggested a possible beneficial role of
CBD as an add-on therapy for intractable patients.

More reliable data on the anti-epileptic action of CBD was obtained in subsequent
randomized, double-blind, placebo-controlled studies for DS and LGS. In 2017, results from a
clinical trial with DS patients were published. Here, 120 individuals between the ages of 2.5 and 18
years old were given a maximum of 20 mg/kg/day CBD for 14 weeks. Following this treatment
period, reduction of seizure frequency was observed in the CBD group (38.9% vs 13.3% in the
placebo group). A significant difference favouring CBD treatment in the caregiver Global
Impression of Change (GIC) scale, concerning patient’s overall condition, was also found. No
differences were detected regarding the effect of CBD on sleep disturbances nor on the Vineland
Adaptative Behaviour Scales (VABS)*?", which evaluates communication, socialization and daily
living domains*®. For the investigation of CBD in LGS, two cohorts of patients were used. In one

of these, 225 individuals aged 2 to 43 years old received 10 or 20 mg /kg CBD orally. Median
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reductions in drop seizures of 41.9% in the 20 mg/kg dose, 37.2% in 10 mg/kg and 17.2% in
placebo group were observed, with CBD exhibiting similar results for total seizure type reduction.
A small but significant improvement in patients’ QoL and overall physical and cognitive condition
favoured the 10mg/kg CBD dose (66% patients were reported to exhibit improvements with the
Patient or Caregiver GIC vs 44% in the placebo group)**. Another trial recruited 171 patients
between the ages of 2 and 39, who were treated with 20 mg/kg CBD for 14 weeks. Again, a
significant median reduction in drop seizures was observed (43.9% in the CBD vs 21.8% in the
placebo group), together with a reduction in the frequency of all seizure types (reduction of 41.2%
in the CBD vs 13.7% in the placebo group). Similar to the previous study, patient and caregiver
GIC scale indicated improvements in the overall condition of patients who received CBD (58% vs
34% in the placebo group)*®.

Overall, clinical trials suggest that CBD improves seizure profile particularly in refractory
populations, while having tolerable adverse effects. Importantly, significant improvements in QoL
were seen after CBD treatment, although these results were based on carers’ and parents’
assessments rather than patient reports. Both these characteristics, i.e. improving seizure profile and
QoL, would also be of great value to the TSC population. Currently, two clinical trials assessing the
use of CBD in TSC are underway, both sponsored by GW Research Ltd. One of these trials is a
double-blind, placebo-controlled, randomized study in recruitment phase to “Investigate the
Efficacy and Safety of Cannabidiol (GWP42003-P, CBD) as Add-on Therapy in Patients With
Tuberous Sclerosis Complex Who Experience Inadequately-controlled Seizures” (NCT02544763).
The other is an open-label extension trial (NCT02544750). While completion of the first study is
expected by September 2018, data will not be available for several months after the trial has been
completed. However, a previous open-label trial with TSC patients suggested that, like in DS and
LGS, CBD might have a beneficial effect on this population®®®, Here, 18 TSC patients aged 2 to 31
years old received a maximum of 25 mg/kg/day of CBD for at least 6 months. During this period,
the median number of seizures per week decreased from 22 to 9.7. Twelve patients, parents or
physicians reported cognitive gains, although the method for this analysis was not described in the
study. Additionally, from the 9 patients who had reported behavioural difficulties, 6 described
improvements in this parameter, again suggesting that CBD could be an useful add-on therapy for

this patient group*®.

1.2.3 CBD and the mTOR pathway

Seizures are an integral feature of TSC (Section 1.1.3.4) and data so far suggests that CBD
might be a viable pharmacological option for TSC patients, although results are still required from
randomized, double-blind, placebo-controlled trials. Most pathological manifestations in TSC

develop due to mTOR over-activation (Section 1.1.5.3). Consequently, it would be advantageous if
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CBD also acted along this pathway, in addition to its anti-seizure profile. Although clinical data is
not available on this matter, a number of in vitro and in vivo studies have analysed this signalling
pathway after CBD treatment. Overall, results summarized below suggest that CBD might exert
some direct and indirect actions along the mTOR pathway.

Using different cell lines derived from human breast cancer cells (both oestrogen-receptor
positive and negative), Shrivastava and colleagues analysed the effect of a 24-hour incubation of
increasing CBD concentrations (0-10 puM). Starting at 5 uM, CBD reduced cell viability and
decreased the expression of pAKT (Ser473), p4E-BP1 (Ser65), cyclin D1 and pmTOR (Ser2448) in
a concentration-dependent manner#*2, These western blot results indicated that CBD reduced mTOR
pathway activation and some of its downstream targets, which are increased in several types of
cancer®®?, Also in breast cancer cells, Sultan and colleagues suggested a CBD-induced
concentration-dependent (1-7 uM) reduction in pmTOR and cyclin D143, although only qualitative
information was presented and no western blot quantification was given. Furthermore, in the Jurkat
leukaemic T-cell line, 2 hours of 10 uM CBD incubation lead to a decrease in phosphorylated
rpS6+tL. Despite phosphorylation sites not being given, this suggests a possible contribution of the
Erk or mTOR pathway to this change, as both kinases phosphorylate S6K. Contrasting with the
previous studies, in a rat model of schizophrenia (amphetamine-induced sensitization), intracerebral
injection of 100 ng/0.5uL CBD over 5 days resulted in a reduction of pGSK3p (Ser9) and pAKT
(Ser473) and increased pmTOR (Ser2448) and pS6K (Thr389)*°, Giacoppo and colleagues also
found increased mTOR pathway activation after CBD administration to a mouse model of
autoimmune encephalomyelitis (EAE). Analysis of western blot data after daily intraperitoneal
injections of 10 mg/kg CBD across 28 days demonstrated increased pAKT, pmTOR and pS6K*%3,
although specific phosphorylation sites of action were not provided.

The effects of CBD on the mTOR pathway have also been analysed indirectly through the
co-administration of rapamycin. In a model of cocaine-induced seizures, CBD reduced seizure
duration across different concentrations (15-90 mg/kg), but this effect was prevented by pre-
treatment with rapamycin®*8. Moreover, when exposed to the forced swim test, mice receiving 10
nmol/0.2uL of CBD into the dorsal hippocampus presented with reduced immobility time, an effect
that was absent from mice pre-treated with rapamycin“®. These results were replicated in a separate
study using the forced swim test in rats*4,

The previously described actions of CBD along the mTOR pathway, and the effect of the latter on
cell size regulation, suggest that CBD could also modulate size. Indeed, Kalenderoglou and colleagues
reported that the treatment of Jurkat lymphoblastic T cells with 10 pM CBD lead to a decrease in cellular
volume*!, In this work, mTOR pathway inhibition by CBD was suggested given that a decrease in
phosphorylated rpS6 and phosphorylated mTOR was observed after compound incubation®!!. Likewise, the

incubation of T-47D and MDA-MB-231 breast cancer cells with 7 uM CBD was also reported to reduce

mTOR phosphorylation and cell size*®3. Astrocytic hypertrophy, an important indicator of inflammation and
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putative brain damage, was also shown to be reduced in the hippocampus after a 10 mg/kg or 30mg/kg CDB
treatment**>45¢, Despite the fact that mTOR involvement was not explored in these last studies, agonism of
peroxisome proliferator-activated receptor gamma (PPARY) was suggested as a potential mechanism of action
of CBD. Interestingly, PPARy induction was shown to reduce mTOR signalling albeit in a mouse model of
osteoarthritis*>’. Nonetheless, it is important to acknowledge that both the effects of PPARY in the TSC brain
and the effects of CBD on neuronal size remain unexplored.

Altogether, reports on CBD’s mechanism of action present conflicting results that include
both decreased and increased activation of the mTOR pathway. The effects of CBD on mTOR
signalling originated not only molecular changes but also behavioural modifications that appeared
to be largely disease-dependent. Therefore, given this action along the mTOR pathway, it is
possible to hypothesize that CBD may contribute towards mTOR regulation in TSC, ultimately

aiding disease management beyond seizure control.

1.3 Aims and objectives

Cannabidiol has been widely investigated in our research group regarding its anti-epileptic
properties in different in vivo models of seizures and epilepsy. In itself, this is a therapeutic property
that could be highly beneficial for TSC patients given the high prevalence of epilepsy in this
population. However, other neurological and neuropsychiatric manifestations are present in TSC.
The main goal of this project was to explore potential new properties of CBD. | investigated if this
compound could provide specific therapeutic contributions towards TSC, with regards to the mTOR
pathway, central molecular alterations and behavioural modulation. To explore these research
questions, two different animal models of TSC, the tsc2"'?*? zebrafish and the Tsc2*- Eker rat, were

used and, with these, | attempted to answer the following:

What is the effect of short- or long- term CBD treatment on:

1) phosphorylated rpS6, a readout of MTOR activity?

2) cerebellar morphology and ASD-like molecular markers?

3) TSC-mutation-induced aberrant behaviour?
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Chapter 2: Cannabidiol modulates phosphorylated rpS6 signalling in a zebrafish

model of Tuberous Sclerosis Complex

The chapter presented here is the final manuscript version submitted to Brain Behavioural
Research, later published as 363:135-144 (2019) under the authorship of Ines Serra, Chloé
Scheldeman, Michael Bazelot, Benjamin J. Whalley, Mark L. Dallas, Peter A. M. de Witte and
Claire M. Williams. The work presented in this chapter is also partially described in the patent
“Use of Cannabidiol in the treatment of tuberous sclerosis complex” (WO/2018/234811).
Alterations were performed to comply with the structure and layout of this thesis. All experiments
described in this chapter were performed by myself with the exception of the chronic CBD

treatment, performed by Chloé Scheldeman.

2.1 Abstract

Tuberous sclerosis complex (TSC) is a rare disease caused by mutations in the TSC1 or
TSC2 genes and is characterized by widespread tumour growth, intractable epilepsy, cognitive
deficits and autistic behaviour. CBD has been reported to decrease seizures and inhibit tumour cell
progression, therefore we sought to determine the influence of CBD on TSC pathology in zebrafish
carrying a nonsense mutation in the tsc2 gene.

CBD treatment from 6 to 7 days post-fertilization (dpf) induced significant anxiolytic
actions without causing sedation. Furthermore, CBD treatment from 3 dpf had no impact on tsc2”
larvae motility nor their survival. CBD treatment did, however, reduce the number of
phosphorylated rpS6 positive cells, and their cross-sectional cell size. This suggests a CBD
mediated suppression of mechanistic target of rapamycin (mTOR) activity in the tsc2” larval brain.

Taken together, these data suggest that CBD selectively modulates levels of phosphorylated
rpS6 in the brain and additionally provides an anxiolytic effect. This is pertinent given the
alterations observed in mTOR signalling in experimental models of TSC. Additional work is
necessary to identify upstream signal modulation and to further justify the use of CBD as a possible

therapeutic strategy to manage TSC.

2.2 Introduction

Tuberous sclerosis complex (TSC) is a rare genetic disease caused by a mutation in the
TSC1 or TSC2 genes, coding for the proteins hamartin and tuberin, respectively®. TSC1 and TSC2
form an inhibitory complex with GTPase-activating protein (GAP) activity. This keeps Ras
homolog enriched in brain (Rheb) bound to GDP and in an inactive form, preventing downstream

phosphorylation of mechanistic target of rapamycin (mTOR). In humans and animal models of
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TSC, mutations in TSC1 or TSC2 impair the inhibitory function of the complex, allowing activation
of Rheb by GTP and constitutive activation of mTORZ"4%8,

MTOR is a major convergence point for extracellular signalling, through regulation of
anabolic processes such as transcription and translation’. This regulation of protein synthesis by
MTOR extends throughout the mammalian lifespan and is crucial for central nervous system (CNS)
development, where it controls soma size, dendritic arborisation, cortical lamination, and
plasticity?89:45°,

Overactivation of mTOR is evident in the majority of TSC patients that present with benign
tumours in several organs, such as skin, kidneys and brain!®4%, These often require surgical
treatment and are a major source of morbidity for patients?. Furthermore, disruption of mTOR
function in TSC also leads to neurological and neuropsychiatric complications in 85% of patients.
Brain lesions such as cortical dysplasia, subependymal nodules and tubers are present in 70-90% of
these patients®®. Importantly, tubers and the perituberal tissue have long been associated with
epilepsy, the most common neurological manifestation in TSC. In fact, 80-96% of patients have
epilepsy with two thirds refractory to existent therapies’>8. Failure to control seizures in TSC
patients is highly correlated with an early onset of seizures, before the age of 1 year old, in the form
of focal epilepsy and infantile spasms®2. Epilepsy is frequently associated with tuberous sclerosis
associated neuropsychiatric disorders (TAND), such as autism spectrum disorder, present in 40-
50% of patients, and intellectual disability, present in 30%'82%, The importance of seizure control is
further reinforced by its positive impact on developmental outcomes and QoL assessmentst’2460,
Nonetheless, despite the availability of some treatment options, due to the high heterogeneity of
manifestations and TSC phenotype, not all individuals respond to the currently available therapies
and new options are needed to attend to the patients’ needs®#2%,

Given that a vast array of different systems and organs are affected by TSC, treatment
typically requires a poly-pharmacological approach. mTOR inhibitors, such as rapamycin and
everolimus, are current first-line treatments to control the growth of asymptomatic lesions. Epilepsy
treatment can include one or multiple anti-epileptic drugs (AEDs), especially if resistance is present.
Vigabatrin, which has been proposed to modulate both GABA levels and the mTOR pathway*%?,
displays good efficacy in TSC and is the most commonly used AED in these patients'*!8, Regarding
TAND, no specific therapies are yet approved, although early-intervention neuropsychiatric
programmes, seizure control and mTOR inhibition have shown to contribute to cognitive
improvement8:92,

There is growing evidence to support the use of cannabidiol (CBD), the most abundant non-
euphoric phytocannabinoid derived from Cannabis sativa®®, in the management of seizures®’.
Previous in vitro and in vivo studies have demonstrated the efficacy of CBD in reducing the
frequency and severity of seizures, in different models of epilepsy*©14%2, More recently, two clinical

trials provided evidence of a CBD induced reduction in the median frequency of convulsive
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seizures and of drop seizures, in Dravet Syndrome (DS) and Lennox-Gastaut Syndrome,
respectively***42’. Additionally, an expanded-access study of CBD for patients with TSC also
suggested an effect of CBD in reducing seizure frequency in this population‘®®. CBD has also
shown beneficial effects in tumour studies. In vitro reduction of cellular viability and proliferation
was demonstrated in both tumour cell lines*12414:463-466 and primary tumour cells*®, whilst reducing
tumour volume*4463465 and metastasis in vivo*4467468  Importantly, CBD has been shown to
modulate some components of the mMTOR pathway?#10-412414448:453.454 “however there is a divergence
in the reported effects with evidence from the cancer field supporting a CBD inhibition of mTOR,
while epilepsy studies indicate an activation of mTOR. Therefore, in the complex pathology of
TSC, the modulation of mMTOR signalling via CBD is unclear.

Several animal models are available for the study of TSC, although none of these fully
replicates all features of the human disease®®. Mammalian models include the Eker rat, with a
spontaneous Tsc2 mutation, and several conditional knockout mice which allow biallelic
inactivation of Tscl1 or Tsc2 in a cell specific manner®®4%, Non-mammalian models are also widely
used, as it is the case of Saccharomyces cerevisiae, Drosophila and zebrafish*®. The zebrafish
model of TSC used here carries the nonsense vu242 mutation in the tsc2 gene®’. This renders
tuberin inactive as it lacks the functional GAP domain. Several human-like disease features, such as
increased phosphorylation of rpS6, a protein downstream of mTOR and often used as a readout of
mTORC1’s activity’"* increased cell size and early death of homozygotes, are present in this
model®?’. More recently, an mTOR-dependent disruption of locomotor behaviour was also
demonstrated in homozygous tcs2”- larvae®*. Here we use a zebrafish model of TSC to examine the
effects of CBD on the pathogenesis of TSC, including behavioural effects and ribosomal protein 6
phosphorylation. Our data highlights that CBD can modulate the mTOR pathway, through

regulating the phosphorylation status of ribosomal protein 6 in a relevant model of TSC.

2.3 Materials and methods

2.3.1 Zebrafish Husbandry

Zebrafish embryos, heterozygous for the tsc2w?42 mutation backcrossed with Tupfel longfin
wild-type fish, were a generous gift of Malgorzata Wiweger, head of the Zebrafish Core Facility of
the International Institute of Molecular and Cell Biology (Warsaw, Poland). The zebrafish model of
TSC with a tsc2 nonsense mutation (tsc2*") was previously described3?”3%, For this study,
heterozygous (tsc2*") zebrafish were interbred to generate a mixture of wild-type (tsc2*'™),
heterozygous (tsc2*") and homozygous (tsc2™) larvae. Adult zebrafish were maintained at 28.5 °C
in UV-sterilized water on a 14 h light/10 h dark cycle under standard aquaculture conditions.

Fertilized eggs were collected via natural spawning. Embryos and larvae (tsc2**, tsc2* and tsc2")
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were raised in embryo medium, containing 1.5 mM HEPES, pH 7.6, 17.4 mM NacCl, 0.21 mM KClI,
0.12 mM MgSO;, and 0.18 mM Ca(NOs). in an incubator on a 14 h light/10 h dark cycle at 28.5 °C.
For all experiments described, larvae from 0 to 10 days post-fertilization (dpf) were used. All
zebrafish experiments were approved by the Ethics Committee of the University of Leuven
(Ethische Commissie van de KU Leuven, approval number 061/2013) and by the Belgian Federal
Department of Public Health, Food Safety and Environment (Federale Overheidsdienst

Volksgezondheid, Veiligheid van de VVoedselketen en Leefmilieu, approval number LA1210199).

2.3.2 Maximum tolerated concentration (MTC)

6 dpf larvae were placed in a 24 well-plate (Corning Inc., New York, USA) and incubated
with 396 pL of swimming medium (Danieau’s) and 4 puL DMSO (0.1 or 1%) or CBD (GW
Pharmaceuticals, Cambridge, UK) dissolved in DMSO, directly added to the swimming media.
CBD was serial diluted and tested in concentrations ranging from 0.3 uM to 125 uM. Plates were
then transferred to a 37 °C incubator, in the dark, and larvae touch-response was tested after 1 and
24 hours of incubation. The MTC was defined as the highest concentration of CBD in DMSO that
did not induce any observable signs of toxicity, such as necrosis, abnormal heart beat or loss of

posture*™,

2.3.3 Locomotor assay

The locomotor assay was performed as previously published®“. 6 dpf larvae were placed in
a 24 well-plate and treated with Danieau's (called naive larvae in the text), 0.1% DMSO or 1.25 uM
CBD in 0.1% DMSO, by adding compounds directly to the swimming media. The larvae were
incubated in the plate in dark for 24 hours in a 37°C incubator. After 24 hours, the plates were
removed from the incubator and placed in a ZebraBox (ViewPoint, Behaviour Technology, USA).
Here, the movement of the larvae was automatically tracked in both light and dark conditions (see
below) and expressed in "actinteg" units (which is the sum of pixel changes detected during
tracking). In the ZebraBox, fish were first habituated for 10 minutes under both light and dark
conditions before being tracked for 5 minutes in both the light and dark conditions. To measure
anxiogenic or anxiolytic effects due to compound administration, changes in the startle response
upon light to dark transition were measured as previously published*’243, Touch response (TR) can
be used to corroborate the MTC data for toxicity as it is also a measure of larval peripheral
reflexes**. Therefore, the touch-response of the larvae was also tested, by touching the larvae’s tail
with a blunt needle, before and after tracking. The number of responding and non-responding larvae
was registered. All researchers were blinded to genotype throughout behavioural testing and data

analyses.
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2.3.4 Chronic treatment and survivability assay

Larvae were incubated in 200 pul of Danieau’s, in a 96-well plate, and observed daily from 3
dpf until 10 dpf. The swimming medium was changed every other day and 0.1% DMSO or 1.25 uM
CBD in 0.1% DMSO added to each larva’s well. During this period of observation, the number of
dead larvae was counted. At the end of the assay, when larvae were 10 dpf, the surviving larvae

underwent the previously described locomotor assay (Section 2.3.3).

2.3.5 Genotyping

Genotyping was conducted as previously published®* After the locomotor assay, larvae
were sacrificed in ice cold water. Larvae were placed under a stereo microscope (Leica) and
zebrafish tails were dissected. Tails were lysed in 10 mM Tris-EDTA pH 8, 2 mM EDTA 0.5 M pH
8, 0.2% Triton-X-100 and 200 pg/ml Proteinase K in MilliQ water for 3 hours, at 55 °C, followed
by 10 minutes at 95 °C. PCR was performed on the lysates using Pfu polymerase (Thermo
Scientific, UK), and the primers GTAACACAGAATCAGTGAATCGGA (forward primer) and
CACACACAGAAAACACTTGAAGC (reverse primer), amplifying a 500 bp DNA fragment. After
PCR, samples underwent digestion with the restriction enzyme HpyCh4 IV (New England Biolabs,
UK), for 1 hour, at 37 °C, followed by fragment separation on a 2% agarose/0.5 pg/mL ethidium
bromide gel, for 1 hour, at 110 V. Due to post-mortem genotyping, and because a smaller ratio of
tsc2” larvae is obtained compared to tsc2** and tsc2*", variation in group sizes exists throughout

experiments.

2.3.6 Immunohistochemistry (IHC)

After completion of the locomotor assay, 7 dpf zebrafish larvae were sacrificed in ice cold
water. Heads were dissected under a stereo microscope (Leica) and placed in 4% PFA for 48 hours,
at 4 °C, and then transferred into a 30% sucrose in PBS solution, at 4 °C. Zebrafish heads were then
briefly dried, embedded in optimum cutting temperature (OCT) compound, frozen in dry ice and
stored at -80 °C until sectioned.

For IHC, 10 um sections were cut and collected onto microscope slides (SuperFrost Plus,
Thermo Fisher Scientic, UK) and stored at -80 °C until used. On the first day of IHC, sections were
incubated for 2 hours, at room temperature, in a 2% BSA, 10% horse serum and 0.05% TX-100
buffer, followed by an overnight incubation with a primary antibody against phosphorylated rpS6
(Ser235/236) (1:500; 2211 New England Biolabs, lot 0023, UK), in a 1 % BSA and 0.05% TX-100
buffer, at 4 °C. The next day, slides were rinsed 3 x 10 minutes in Tris-buffered saline (TBS) and

incubated for 2 hours, at room temperature, with a goat anti-rabbit Alexa Fluor-647 secondary
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antibody (1:1000; A-21245 Thermo Fisher Scientific, lot 1805235, UK). After 3 further TBS rinses,
each of 10 minutes, sections were counterstained with DAPI (1:10 000; D1306 Thermo Fisher
Scientific, UK) during a 10-minute incubation. At the end of this stage, slides were rinsed in TBS,
dried at room temperature, and mounted in DPX.

For TUNEL staining (1:10; 12156792910 Roche, lot 26320800, Sigma, UK), slides
underwent the same buffer incubation procedure explained above, excluding antibody incubation.
After the final rinsing step, sections were incubated with TUNEL solution according to
manufacturer’s instructions, in the dark, for 1 hour, at 37 °C. A negative control slide was obtained
by omitting the enzyme solution from incubation, while positive control was performed by previous

incubation of sections with 5 mg/mL DNAse, for 10 minutes, at 37 °C.

2.3.7 Imaging and image quantification

After IHC or TUNEL stain, non-consecutive brain sections were imaged using a Zeiss
Axiolmager microscope. Exposure time was constant during image acquisition and background
fluorescence was measured in sections from slides where the primary antibody or enzyme solution
was omitted. Pictures were taken with a 20x objective using the AxioVision software. The obtained
original images were processed on Fiji Image J*”°. First, a region of interest (ROI) was freehand
defined around the brain outline. Then, the average intensity value for each previously defined ROI,
in each picture, was measured as Intensity Arbitrary Units (IAU), following background subtraction
for each picture. For cell counting, cells were considered positive for the rpS6 antibody if staining
for both phosphorylated rpS6 and DAPI were clearly present. To measure cell size, a similar
procedure was used, except five cells per picture were randomly selected and its cross-sectional area
measured. A minimum of three animals per group and genotype were used, and 3-9 sections per

animal were imaged and counted.

2.3.8 Statistical analysis

Statistical analysis was performed in SPSS (IBM SPSS Statistics 22) and GraphPad Prism
5. Repeated measures two-way ANOVA was used to analyse data from the locomotor assay
(genotype x treatment x exposure to light/dark) and phosphorylated rpS6 positive cell number
(genotype x treatment x number positive cells/section), while a three-way ANOVA was used to
analyse cell size (genotype x treatment x area of cells). Touch response (TR) (yes X no) was
analysed by chi-square test and TUNEL positive cells with the Kruskal- Wallis test. Normality was
assessed with the D'Agostino-Pearson omnibus test. Statistical testing was followed by Tukey or

Bonferroni post-hoc tests.
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Data are expressed as mean = SEM unless stated otherwise, and significant values were

considered when p< 0.05. All graphs were prepared with GraphPad Prism 5.

2.4 Results

2.4.1 CBD safety profile

To determine the maximum tolerated concentration (MTC) to be used in further
experiments, CBD and DMSO were tested at different concentrations, ranging from 0.3 uM to 125
UM CBD in DMSO, and 0.1% to 1% respectively.

Concentrations from 5 to 125 uM CBD in 1% DMSO, induced varying levels of toxicity in
the larvae, manifested by slow heartbeat, loss of posture and death. We then compared lower CBD
concentrations (0.3 to 2.5 uM) in 0.1 or 1% DMSO. Here, the toxicity of CBD was reduced with the
decrease in DMSO concentration from 1% to 0.1%. 1.25 uM CBD in 0.1% DMSO was the highest
CBD concentration in which all animals were alive after 24 hours and showed no signs of gross
morphological abnormalities.

At a cellular level, toxicity signs were absent from the central nervous system, as indicated
by a non-significant difference (p=1.0) in the number of apoptotic cells, as indicated by positive
TUNEL staining (Fig. 2.1A-C).

Regarding touch-response, compared to both the Danieau’s and 0.1% DMSO treated
groups, administration of CBD from 6 to 7 dpf did not affect the percentage of responders to touch
(%(2)=2.51, p=0.3; 98.0% for Danieau’s, n=155; 95.8% for 0.1% DMSO, n=166; 94.7% for CBD,
n=171), as manifested by a non-significant difference in the TR of treated larvae (Fig.2.2A).
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Figure 2.1: TUNEL labelling in the larval brain. (A) Representative pictures of the midbrain, for
each treatment (Danieau’s, 0.1% DMSO and 1.25 uM CBD) and genotype (tsc2*"*, tsc2* and tsc2”
), showing TUNEL positive cells in red and tissue autofluorescence in green. (B) Representative
pictures of negative control, where enzyme solution was omitted, and of positive control, incubated
with DNAse. (C) The median number of TUNEL positive cells in each section was analysed and
revealed no statistical differences between treatment groups. (n=3 animals per group; p=1.0. Data
shown as median and minimum to maximum values) (D) Measurement of brain sections’ area
showed no significant differences in the mean cross-sectional size, regardless of genotype
(F(2,209)=0.30, p=0.7) or treatment (F(2,209)=2.92, p=0.06) (h= 3-4 animals per group, 15-30

sections per group measured). Scale=50 pum.
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2.4.2 Behavioural effects of CBD

2.4.2.1 CBD does not induce sedation in this zebrafish TSC model

Next, we analysed larvae locomotor behaviour. To test the reported sedative properties of
CBD*3427 we quantified the average swimming movement of larvae during the light period, as a
reduction of overall exploratory movement can be used as a measure of sedation*’®4’’, There were
no statistically significant differences in the baseline behavioural exploration, between vehicle
(0.1% DMSO, 24h incubation) and CBD (1.25 uM, 24 hour incubation) treated larvae
(F(1,322)=2.28, p= 0.1), in the tsc2*"* (2275.9 + 190.3 actinteg units, n=63 vs 1914.7 + 289.1
actinteg units, n=49, p=0.873), tsc2*" (2349.3 + 241.7 actinteg units, n=76 vs 1907.3 + 158.2
actinteg units, n= 92, p=0.338) and tsc2” (906.1 + 208.3 actinteg units, n=26 vs 732.5 + 159.1
actinteg units, n=22, p=1.00) groups, indicating that, under these conditions, CBD does not induce
sedation (Fig. 2.2B).

+

2.4.2.2 CBD reduces startle response of larvae during the dark period

Zebrafish larvae respond to changes in light beginning from 5 dpf*’347°, and sudden changes
from light to dark induce a startle response. Decreased locomotion after a startle stimulus is
indicative of an anxiolytic effect*’7478480-482 Here, CBD (1.25 UM, 24 hour incubation) treatment
significantly reduced dark-induced movement compared to 0.1% DMSO (F(1,322)=7.26, p=0.01)
(Fig.2.2C).

55



=

1004 =3 No
B Yes

Touch-response
o
S S
1 1

(Percentage of animals)
.
=
1

[
f=]
1

=
L

Danieau's DMSO CBD

B
Bea
z %
(=]
= A
- @
O o
E .S
—
C
DMSO Light
8000+ : CBD Light
DMSO Dark
> CBD Dark
= . 6000+
=40
S 2
® =
5 % 40004
S =
538
2 < 20004
-

Figure 2.2: Treatment and genotype effects on larval locomotor behaviour. (A) Zebrafish touch-
response was tested after compound incubation and is not altered by the presence of 0.1% DMSO
nor CBD. Pooled data demonstrating no significant differences (3%(2)=2.5, p= 0.3) between the
percentage of zebrafish responding to touch in each treatment group (n=152 for Danieau's, n=165
for 0.1% DMSO, n=163 for CBD). Values are shown as percentage of "Yes" or "No" response. (B)
CBD has no effect on locomotor activity during light phase. Actinteg units normalised to vehicle
(0.1% DMSO) values demonstrate lack of effect on swimming activity under light (F(1,322)=2.28,
p= 0.1), following exposure to CBD, indicating the absence of sedating properties (n= 49-63 for
tsc2**, n=76-92 for tsc2*", n= 22-26 for tsc2”"). (C) CBD reduces zebrafish locomotor activity after
a dark startling stimulus. Exposure to CBD during the light period (light bars) did not alter the
average larval movement in any genotype. In the presence of a dark startling stimulus (dark bars),
CBD induced a reduction of the average swimming activity (F(1,322)=7.26, p=0.01). Values are

shown as mean actinteg units = SEM, ***p<0.001, **p<0.01, *p<0.05.
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2.4.2.3 CBD does not rescue homozygote behavioural phenotype

One of the features of this model is early death of tsc2”- homozygotes, between 9 and 11
dpf®273%4, This can also be seen in other TSC model organisms, such as mice and rats, which
typically die at embryonic day 10-10.5%32L3%  Additionally, reduced overall locomotion was
recently shown in tsc2”- larvae®*. We therefore assessed the effects of long-term CBD incubation,
from 3 to 10 dpf, on survivability and locomotion. No difference in the survival of tsc2” larvae
(¢*(1)=0.27, p=0.6; n= 72 per group) (Fig.2.3A) nor swimming ability (t(1)=3.06, p=0.2; 1459.8 +
366.8 actinteg units, n=28, vs 2875.6 + 520.1 actinteg units, n=27) (Fig.2.3B) was found between
0.1% DMSO and CBD treated groups.
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Figure 2.3: CBD does not improve tsc2” larvae survival nor rescues movement deficits. (A) Daily
incubation of larvae with 1.25 uM CBD, from 3-10 dpf, did not alter tsc2” larvae survival
compared to the vehicle DMSO (n=72 per group). (B) Daily incubation of larvae with CBD
treatment from 3-6 dpf CBD did not modulate movement deficits in tsc2” larvae (t(1)=3.06, p=0.2;
1459.8 + 366.8 vs 2875.6 = 520.1 actinteg units, n= 28 for 0.1% DMSO and n=27 for CBD, data
presented as mean + SEM) (Data collected by Chloé Scheldeman).
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2.4.3 CBD modulates phosphorylated rpS6

2.4.3.1 CBD reduces the number of phosphorylated rpS6 positive cells in tsc2**, tsc2* and
tsc2” larvae

We subsequently assessed the impact of CBD treatment upon rpS6 phosphorylation, which
is increased in tsc2” zebrafish3273%, In the Danieau’s group, we observed increased phosphorylated
rpS6 immunofluorescence in tsc2”- zebrafish brains (18.0 + 2.0 IAU), compared to the tsc2** (8.0 +
1.1 1AU) and tsc2*" (8.4 + 1.3 IAU) groups, confirming what others had previously shown3?73%,
Unexpectedly, an overall increase in phosphorylated rpS6 intensity was also observed in sections
from 0.1% DMSO incubated larvae (10.72 + 1.7, for tsc2**, 6.0 + 0.6, for tsc2*", 12.1 + 1.4 I1AU,
for tsc2”), while reduced immunofluorescence was found in the CBD groups (4.5 + 0.6, for tsc2**,
6.0 + 0.9, for tsc2*", 11.09 + 1.2, for tsc2”- IAU) (Fig.2.4A).

Section size was accounted for by prior analysis of total brain section size. This revealed no
significant differences between genotypes or treatments (Fig.2.1D).

Quantification of phosphorylated rpS6 positive cells revealed a significant main effect of
treatment, indicating that 0.1% DMSO on its own increased the number of phosphorylated rpS6
positive cells per section (187.1 £ 13.6 cells per section) compared to Danieau’s (116.1 £ 11.7 cells
per section) and to CBD (42.8 + 13.0 cells per section). Considering genotype-specific effects,
further analysis revealed that 0.1% DMSO significantly increased the number of phosphorylated
rpS6 positive cells in the tsc2** group, while this increase was not evident in the tsc2* and tsc2”
group. CBD suppressed the DMSO-induced increase in the number of phosphorylated rpS6 positive
cells across all genotypes (184.1 + 26.0, n=12 vs 10.7 £ 19.6, n=21, p<0.001; 97.7 + 23.2, n=15 vs
3.2 +26.0, n=12, p=0.03; 279.3 + 21.2, n=18 vs 114.7 + 21.2, n=18 p<0.001; for tsc2**, tsc2*" and
tsc2” larvae, respectively) (Fig.2.4C).

Taken together, this data suggests that CBD led to a reduction of phosphorylated rpS6

immunoreactivity in larval brain.

2.4.3.2 CBD reduces the size of phosphorylated rpS6 positive cells in tsc2*"*, tsc2*- and tsc2”-

larvae

The phosphorylation status of rpS6 has been correlated with cell size****%, therefore we

measured the cross-sectional area of phosphorylated rpS6 positive cells in the brain (Fig.2.4B).
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Figure 2.4: CBD reduces the number and size of phosphorylated rpS6 (Ser235/236) positive cells.
(A) Representative immunohistochemistry pictures of the forebrain of Danieau’s, 0.1% DMSO and
CBD incubated larvae of the three genotypes. Blue represents DAPI, green tissue autofluorescence
and red phosphorylated rpS6 (Ser235/236) positive cells. (C) Quantification of the number of
phosphorylated rpS6 (Ser235/236) positive cells in larval brain sections reveals that 0.1% DMSO

incubation increased the number of phosphorylated rpS6 (Ser235/236) positive cells in the tsc2”"
group. CBD reduced the number of positive cells in all genotypes compared to 0.1% DMSO but

only in the tsc2” group, compared to the Danieau’s incubated larvae (F(4,44)=3.14, p=0.02; n= 3-9

sections analysed, from 3-4 animals per group). (B) Magnification of a 0.1% DMSO-treated tsc2”"
brain section exemplifying how the cross-sectional area of phosphorylated rpS6 (Ser235/236)
positive cells was measured. (D) The cross-sectional area of rpS6 (Ser235/236) positive cells was
measured and CBD incubation induced a reduction of the average cross-sectional area of
phosphorylated rpS6 (Ser235/236) positive cells in all genotypes, compared to 0.1% DMSO
(F(4,1050)=9.06, p<0.001; n= 77-115 cells per genotype and treatment from 3-4 animals per group).
Values are shown as mean + SEM. ***p<0.001, *p<0.05. Scale=50 pm.
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A genotype dependent increase in cell area was seen in the naive group. That is, cells from
tsc2*" sections were larger than tsc2** (22.5 + 0.6 um?, n=133 vs 19.3 + 0.5 um?, n=165; p<0.001),
while tsc2” cells were also larger compared to tsc2* (28.3 + 0.6 um?, n=105 vs 22.5 + 0.6 pm?,
n=133; p<0.001) (Fig. 2.4D). Therefore, while a difference in the number of phosphorylated rpS6
positive cells between the naive tsc2** and tsc2*" larvae was absent, here, the area of cells from
heterozygote and wild-type animals did differ. Regarding CBD incubated larvae, these had smaller
phosphorylated rpS6 positive cells than the ones present in the 0.1% DMSO group (Fig.2.4C). This
effect was seen across tsc2** (22.8 + 0.7 um?, n= 95 vs 18.0 + 0.6 pm?, n=129; p<0.001), tsc2*"
(19.9 + 0.6 um? n=115 vs 16.3 + 0.6 pm? n=77; p=0.001) and tsc2” larvae (27.4 + 0.6 pum?, n=115;
21.7 £ 0.6 um?, n=144; p<0.001) (Fig.2.4D). Similar to results seen for cell number, where an effect
of 0.1% DMSO was reported, a DMSO-driven increase in cell size was also observed here
(Fig.2.4D). This was also significantly supressed by CBD incubation. Altogether, these data
indicate that CBD reduces genotype and DMSO- induced increase of size in tsc2* and tsc2”

zebrafish brain cells.

2.5 Discussion

CBD is a non-psychoactive component of Cannabis, that has increasingly been recognised
as the basis for pharmacology intervention in a host of diseases®4%%4%, Here we examine the
effects of CBD to modulate aberrant mTORC1 signalling in zebrafish carrying a tsc2 mutation.

Anxiety is a TSC-associated neuropsychiatric disorder and evidence indicates altered
serotonin signalling as a biological mechanism?34485-487 QOne of the proposed targets for CBD is the
5-HT1a receptor, where it has been shown to bind and to have agonist functions in vitro*48°,
Several serotonin receptors, orthologues to human receptors, have been shown to be expressed in
zebrafish larvae, including the 5-HT1a receptor®*%4%, This is pertinent to the current study with the
5-HT1a receptor a proposed site of action for CBD*®4% However, contrasting with the function of
mammalian 5-HT1a receptors, the role of these receptors on anxiety behaviour in zebrafish is less
defined. For example, extracellular serotonin content has been reported to have contrasting effects
on anxiety in the same adult zebrafish species*®4%t, Larvae, in contrast to their adult counterparts,
exhibit a transient elevation in motor activity in response to sudden onset of darkness3#78492 Dark
avoidance was shown to be modulated by anxiolytic drugs such as the 5-HT1a agonist, buspirone,
which increased dark preference patterns in zebrafish larvae3’.

Here we demonstrate a CBD induced reduction in startle response across genotypes.
However, a limitation of this model is that tsc2” larvae do not reach adulthood and, therefore, later
behavioural testing cannot be performed to confirm an anxiolytic effect of CBD in this genotype.
Nonetheless, further studies in tsc2* larvae could still be beneficial to elucidate possible effects of

CBD in TSC, given the clinical TSC population are heterozygous®.
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Several molecular processes have been proposed to modulate CBD actions®*®. The
serotonergic system is one such example and modulation here could provide control of other TSC
features such as epilepsy, highly prevalent in TSC patients**. Evidence from epilepsy studies
indicates that a reduction in serotonin concentration promotes seizures, while reduced serotonin
binding to the 5-HT1a receptor has been reported in epileptogenic foci“®*4%, Studies also indicate
that TSC patients present with increased tryptophan uptake localised to epileptic foci*®. Given that
CBD has been shown to reduce seizures in pathologies with different aetiologies*?®42"4% and that
tsc2”- zebrafish, and other TSC models, have been shown to exhibit abnormal brain
activity331:3°3:354.497 it would be relevant to further study its role in the serotonergic system of TSC
models.

A hallmark of TSC across all experimental models is an increase in mTOR
activity!5289.327.458,459498 - Activation of mTOR leads to an increase in the ratio of downstream targets
phosphorylated rpS6 /total rpS6, both in in vitro and in vivo models®83324331  Therefore,
phosphorylated rpS6 is often used as a read out of mTOR activation'’63134%° The reduction of rpS6
phosphorylation presented here is in line with published work where CBD treatment was found to
modulate the mTOR pathway. In breast cancer cells, incubation with CBD has been observed to
modulate Akt, a kinase upstream of mTOR, as well as 4E-BP1 and cyclin D*2414 Another study
also reported the reduction of ERK phosphorylation, a kinase upstream of mTOR*#. The effects
observed here with 0.1% DMSO may indicate a proinflammatory response3®-2 with subsequent
activation on mTOR®03:504,

The mTOR-S6K-rpS6 axis is also known to have a major role in controlling cell size3%4313,
In fact, we saw that Danieau’s incubated animals showed a mutation-dependent increase in cell size,
with tsc2” brain cells bigger than tsc2*", followed by tsc2**. These results are similar to previous
work on this model, where a difference in size was found between tsc2** and tsc2”, in liver, brain,
and spinal cord cells*?’. In accordance with a reduction in phosphorylated rpS6 positive cells there
was a corresponding CBD effect on the cross-sectional area of brain cells. A comprehensive
analysis of mTOR activity in phosphorylated rpS6 cells through enzymatic assay would definitely
link the disruption in phosphorylated rpS6 to mTOR activity which remains unresolved in this
current study.

However, contrasting effects on the mTOR signalling pathway by CBD have also been
reported. For example, in amphetamine-sensitized rats, CBD reduced levels of pGSK-3f and pAkt,
but importantly it induced an increase of pmTOR and pS6K*'°. To further demonstrate the effect of
CBD on mTOR specifically, this effect was reversed with the mTOR inhibitor, Torin 241,
Additionally, administration of 10 mg/kg CBD to a mouse model of multiple sclerosis revealed
increased pPI3K, pAkt, pmTOR and pS6K in spinal cord tissue. Importantly, in this model, basal
levels of mTOR pathway activation were shown to be decreased*3. Regarding the zebrafish model

used here, we observed a decrease in phosphorylated rpS6, which could result from a reduction in
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MTOR activation. However, the survival and locomotion data regarding the chronically CBD-
treated tsc2” larvae highlight that this modulation of mTOR was insufficient to impact these whole
system outputs.

2.6 Conclusion

In the current study, using a TSC zebrafish model, we demonstrate that CBD was tolerable,
while behavioural testing showed that CBD exhibited an anxiolytic profile without sedative effects.
Additionally, we showed modulation of rpS6 manifested by the reduction of the number and size of
phosphorylated rpS6 positive cells in the brain. Altogether, these data demonstrate that CBD
modulates aberrant mTOR signalling in a model of TSC. It provides a rationale for further

investigation into CBD as a therapeutic agent in diseases where mTOR signalling is disrupted.
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Chapter 3: The Eker rat cerebellum: ASD-like marker characterization and effects of
CBD treatment

3.1 Introduction

TSC1 and 2, together with TBC1D7, form a complex that prevents GTP binding to Rheb,
maintaining it in an inactive form?2?3257.274505 |n TSC, dysfunction of this complex allows Rheb to
constitutively activate mTOR?L253267284289506  Ag 3 consequence of this overactivation,
phosphorylation of downstream markers such as S6K and rpS6 ultimately leads to widespread
tumour growth®28°304 The brain is predominantly affected in TSC31824351507  Neuropsychiatric
dysfunction is present in TSC, with one of the most prevalent features being ASD, present in 20-
60% of patients'494112113.115117 (Saction 1.1).

ASD is characterized by social communication impairments, restricted and repetitive
behaviour, and inflexibility to change (Section 1.1.3.5). All of these symptoms have a major impact
on QoL5%5%° While psychosocial interventions are useful in managing ASD-associated symptoms
and are included in European treatment guidelines, evidence for beneficial pharmacological
treatments is not yet ascertained!4°10,

A vast array of drugs has been trialled towards the management of core and associated ASD
features. However, there are no current pharmacological options specifically approved for use in
ASD and, ultimately, careful examination of each individual is required to evaluate the benefit of
drug prescription®45t, Commonly prescribed drugs for the management of ASD symptoms include
antipsychotics (aripiprazole and risperidone), used to control irritability and repetitive behaviour;
melatonin, prescribed in situations of insomnia, especially in paediatric settings; and
methylphenidate, a dopamine and norepinephrine transporters’ inhibitor recommended for ADHD
symptoms®1-514_Given the great variation of effects between the administration of these compounds
to paediatric and adult populations, evidence for specific clinical benefit of these agents in ASD is
limited and usually inconsistent among studies!!#*1°15516 ' Non-pharmacological interventions, such
as the ketogenic diet, show poor relief of ASD-associated symptoms despite providing seizure relief
in TSC patients®®®. In one single clinical study, compliance to therapy proved to be low (18 out of
30 patients) with only 2/30 patients reporting significant improvements on the CARS®'’,

mTOR inhibitors were recently proposed as an option to address ASD in TSC (Section
1.1.3.4.2), and are currently being evaluated in two clinical trials (NCT01289912 and
NCTO01954693)°8, Yet, a few studies suggested that the use of mTOR inhibitors in TAND might be
limited. Initially, small clinical studies suggested parent- and clinician-reported improvements in
psychiatric symptoms and social cognition after short-term everolimus treatment (1-6 months)®172,

However, clinical data from long-term treatment periods (6-48 months) suggested that these
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improvements might not persist over longer periods of time!®5° implying a loss of treatment
efficacy. mTOR inhibitors have been trialled for chemotherapy resistance due to mTOR
hyperactivation in certain cancers®®%2, In these cases, the development of mTOR inhibitor
resistance has also been observed and, in some reports, shown to be mediated by a shift towards
mTORC?2 activation®2®524 which is not the primary target of mTOR inhibitors (Section 1.1.5.3).

The complexity of phenotypes and lack of biological markers hinder the study of ASD in
TSC. However, cerebellar alterations have often been observed in individuals with ASD (Section
1.1.3.5)106.124-126147 = Alterations in PC number?"1%5% and cross sectional area®?® have been
reported, and PC loss has also been found in TSC cerebella®**. Changes in cerebellar volume have
also been reported®”’” and MRI studies with children have detected reduced cerebellar grey matter
volume®528-5%0 I adults, reduced® or no change®® in cerebellar volume was reported, although
area-specific analysis of grey matter volume indicated a reduction of this parameter in the left side
crus | area, progressive with age. Functional MRI revealed decreased connectivity between PC and
the dentate nuclei in ASD patients!?, Cerebellar-specific alterations in the GABAergic system have
also been found, together with modifications in microglia morphology (Section 1.1.3.5). Finally,
motor skill impairments, recognized in the diagnosis and treatment guidelines for ASD, also suggest
a cerebellar role in its development, although movement coordination is not exclusive to cerebellar
control*'4532_ Altogether, evidence suggests that structural and molecular alterations are indeed
present in the cerebella of individuals with ASD and TSC-ASD, and that these may contribute to the
behavioural and cognitive manifestations exhibited by the patients.

Strengthening the hypothesis of the role of the cerebellum in the development of ASD in
TSC, are two conditional mice models Tsc1-L7¢™® and Tsc2-Pcp2°', with Tsc deletions exclusive to
PC324.333334 In both these models, PC loss was observed together with increased phosphorylated
rpS6 immunoreactivity®?43333% Furthermore, social interaction and novelty preference deficits were
found, behaviours that are classified as ASD-like behaviours®?43%, Therefore, evidence suggests the
possibility of cerebellar alterations contributing to the behavioural deficits seen in TSC-ASD
patients. Further studies with additional animal models would be welcome to ascertain the role of
the cerebellum in this matter.

The Eker rat was shown to present with reduced social interaction when exposed to a novel
unknown rat®® (Section 1.1.5.4.2). However, the cerebellum of the Eker rat has been poorly
explored. Only one study reported on the cerebellum, focusing on the presence of tumours between
the cerebellum and brainstem of 4/9 18-24 month-old Ekers, although no comparison with wild-
type animals was performed3®®, Here, by characterizing the Eker rat cerebellum I hypothesized that,
if conditional cerebellar models of TSC exhibit cerebellar pathology and ASD-like behaviours, the
Eker rat could also carry molecular and/or cellular changes in cerebellar tissue. Therefore, the first
objective of this work was to 1) compare the Eker rat cerebellum to wild-type littermates. To allow

translatability of results, | analysed features previously reported to be changed in human ASD
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samples, such as cerebellar morphology and cellular density, GABAergic system and inflammatory
responses; secondly, using these same markers, | 2) investigated whether treatment with CBD
induced any morphological or molecular changes to the cerebellum.

3.2 Methods

3.2.1 Breeding and animal groups

Adult male Eker rats from the Long-Evans background were kindly provided by Dr. Robert
Waltereit (Technical University of Dresden, Dresden, Germany). Both wild-type (WT; Tsc2**) and
Eker (Heterozygote; Tsc2*) animals were bred at the University of Reading Bioresource Unit,
where they were group housed and kept at room temperature on a 12:12-h day/night cycle (dark/red
light 7pm — 7am, normal light 7am — 7pm). Food and water were given ad libitum. At P14, male
animals were ear-notched and genotyped, as described in section 3.2.2. After genotyping, animals
were assigned to one of four experimental groups: 7 animals to the WT-vehicle group, 7 animals to
the WT-CBD group, 7 animals to the Eker-vehicle group and 7 animals to the Eker-CBD group.
Animals in each group were derived from different litters and different cages always housed
animals from different groups. All experiments were approved by the University of Reading Ethics
Board and the UK Home Office (PPL 70/8974) and carried out in accordance with UK Home
Office regulations (Animals (Scientific Procedures) Act, 1986) and the ARRIVE guidelines.

3.2.2 Genotyping

Genotyping was performed based on previously described protocols?®?%28, After ear notch
collection, DNA was extracted using the PCRBio Rapid Extract PCR kit (PCR Biosystems, UK)
according to manufacturer instructions. After extraction, 0.5 uL of DNA lysate were mixed with 10
puL of PCRBIio HS Tag Mix Red (PCR Biosystems, UK), 8.2 puL of ddH,O and 0.4 pL of the
primers (5’-GTCTAATGCCCTTATGGCTG-3") and (5°-TCCTCCTGAAGCTGAAGAGT-3’)%?®
(Sigma, UK), which target intron 31, where the Eker rat mutation is inserted (Section 1.1.5.4.2).
The following thermal cycle (T100™, Bio-Rad, UK) was used: 94 °C for 2 minutes for the initial
denaturation step; 30 cycles of 94 °C for 1 minute for denaturation, 60°C for 1 minute and 68 °C for
54 seconds for annealing, and 72 °C for 7 minutes for the extension step. At the end of the PCR
protocol, products were cooled down to 4°C and kept at this temperature until analysed. Analysis of
PCR products was conducted together with positive (original Eker notch, collected in house after
animal reception) and negative (water) controls, as well as with an Exact gene 100bp ladder (Fisher
Scientific, UK). Products were separated by electrophoresis at 70V for 45 minutes in a 2% (w/v)

agarose gel in tris-acetate-EDTA buffer and visualized in a Syngene U:Genius 3 (Syngene, UK) gel
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imaging system. Eker rats were identified by the presence of a DNA band, absent in wild-type
samples (Figure 3.1).
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Figure 3.1: Genotyping of WT and Eker rats. An example of a gel visualization image is presented
here, showing the detection of WT and Eker DNA, together with the DNA ladder, positive and
negative controls. As Eker rats exhibit an insertional mutation (Section 1.1.5.4.2), a visible band

indicates a Tsc2"™ sample while the absence of a band represents a WT sample.

3.2.3 Pharmacological treatment

From P18 to P24, male WT and Eker rats (7 animals per group, n= 28) were weighed twice
daily before each subcutaneous injection. The injected compounds, vehicle (2:1:17 EtOH:
Cremophor: 0.9% saline) (Ethanol 32221, Merck) (Kolliphor®HS 15, 42966, Sigma) or 100mg/kg
of CBD (GW Pharmaceuticals, Cambridge, UK), were prepared at the beginning of the treatment
week and kept in glass vials, protected from light at 4°C. During treatment, animals were always

handled by familiar experimenters to prevent effects resulting from unknown handlers.

3.2.4 Immunohistochemistry
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At P24, animals were anesthetised with gaseous isoflurane and, when absence of righting
and paw withdrawal reflexes was confirmed, decapitated. The brain was rapidly removed and the
cerebellum dissected through an incision in the transverse fissure. Tissue was washed in PBS,
transferred to a 4% PFA solution and weighed. After 24 hours, brains were transferred into a 30%
sucrose in 4% PFA solution and, the next day, into a 30% sucrose solution. Samples were
embedded in OCT compound (CellPath™, UK) and stored at -80°C until used.

12 um sagittal sections were obtained with a 5040 Bright cryostat and mounted onto
microscope slides (SuperFrost Plus, Thermo Fisher Scientific, UK). Slides were incubated for 2
hours in a 2% BSA, 10% horse serum and 0.05% TX-100 buffer, at room temperature, followed by
an over-night incubation with primary antibodies (Table 3.1) in a 1% BSA and 0.05% TX-100
buffer, at 4°C. The next day, slides were rinsed 3 times in TBS, for 10 minutes, followed by
secondary antibody (Table 3.1) incubation for 2 hours at room temperature. After further rinsing in
TBS, sections were counterstained with DAPI (1:10 000; D1306, Thermo Fisher Scientific, UK) or
Nissl (1:500, N21480, lot 931328, Life Technologies) and finally rinsed again. For TUNEL-
incubated sections (1:10; 12156792910 Roche, lot 26320800, Sigma, UK), the same treatment was
applied to the slides, omitting primary and secondary antibody incubation. Sections were incubated
with TUNEL reaction for 1 hour at 37 °C, together with a negative control, omitting the enzyme
solution, and positive control, incubated with DNase. All slides were left to dry and mounted using
DPX Mountant (44581, Sigma).

3.2.5 Imaging and Image analysis

Three randomly selected images for each animal (n=5 animals per group) were acquired
from different sections of the posterior cerebellum, using a Zeiss Axiolmager microscope with the
AxioVision software. Image analysis was undertaken using Fiji Image J*7.

Cerebellar layer thickness was measured in pum on Nissl stained sagittal sections, as
published elsewhere>®® (Figure 3.3A). Cell density in the molecular layer (ML) and in the granular
cell layer (GCL) was analysed on DAPI stained sections. For the ML, cells were automatically
counted using the “Analyse particle” function in Fiji Image J. For the granular cell layer (GCL),
given the high density of cells, pictures were converted to a binary picture using the Huang
threshold filter on Fiji Image J, and the mean intensity quantified and used as a measure of cell
density (measured in arbitrary density units, ADU). The number of Purkinje cells (PC) was
manually counted using Nissl stained sections.

For antibody fluorescence intensity analysis, measured in arbitrary intensity units (AlU),
squared ROI were defined in the molecular (200 x 200) and granular cell layers (250 x 250) and
kept constant for all pictures. For Purkinje cell layer (PCL) analysis, a ROl was manually defined

around the layer and mean fluorescence intensity was divided by the total area of the selection.
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For PC structure analysis, measurements were done as previously published®* and as
illustrated in Figure 3.4A, using SMI311 stained sections (number of analysed cells: n=23 PC for
WT, n=20 PC for Eker, n=23 PC for vehicle and n=20 PC for CBD). Cross sectional area was
obtained by drawing a line around the cell body. Length of the main dendrite was measured until
first branching, starting in the middle of the cell body, and the thickness of the main dendrite was
measured in its mid-point. For Ibal-positive cell analysis, the total number of cells with a clearly
visible nucleus was counted in each picture, together with the number of round cells, classified as
the ones with an ameboid morphology lacking visible processes#%%%3:536,

For quantification of TUNEL positive cells, slides from 5 animals per group were

visualized under the microscope and the number of positive cells counted in each section.

Target Dilution Host Supplier Reference Lot
GAD-67 1:500 Mouse Millipore MAB5406 2972846
Ibal 1:500 | Goat Abcam ab5076 GR2425353'

§ Neurofilament
E (pan neuronal 1:500 Mouse BioLegend 837801 B204317
. SMI311)
Parvalbumin 1:2000 Rabbit Abcam ab11427 GRZE;GZ?S_
rpS6 (235/236) 1:500 Rabbit Cell Signalling 2211L 0023

Anti- goat 594 1:1000 | Donkey | Life technologies A11058 1736986

>| Ant- rabbit 647 1:1000 | Donkey | Life technologies A31573 1693297
§ Anti- rabbit 647 | 1:1000 Goat Invitrogen A21245 1805235
% Anti- mouse 594 | 1:1000 Goat Invitrogen A11032 748192

Anti- mouse 647 | 1:1000 Goat Invitrogen A21236 1156622

Table 3.1: Antibody list. The following primary and secondary antibodies were used at the
dilutions described above. Different antibodies were used in combination to obtain co-

labelling in the same microscope slide.

3.2.6 Statistical Analysis

Data was analysed using IBM SPSS Statistics 22 and graphs produced using GraphPad
Prism 6. Normality was assessed using the Shapiro-Wilk test and homogeneity with the Levene’s
test. Outliers were detected with the Grubbs test. Genotype (wild-type or Eker, n=5 per group) and

Treatment (vehicle or CBD, n=5 per group) were defined as independent variables. Cellular density,
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body and brain weight, weight gain, number of Ibal-positive cells and % of round Ibal-positive
cells were analysed using a two-way ANOVA. The immunofluorescence of phosphorylated rpSe6,
GAD-67 and PV, as well as the weight ratios and layer thickness, were analysed with repeated-
measures ANOVA, taking into account the different cerebellar layers. The PC parameters, mid-
point thickness of the main dendrite, length of the main dendrite until first branching point and
soma area were individually analysed. Thickness was analysed with a two-way ANOVA, while
length and area were analysed with a robust two-way ANOVA using the bootstrapping method, as
both parameters did not follow normality nor homogeneity>3°%, Post-hoc analysis was done using
the Bonferroni test adjusted for multiple comparisons. Results were considered statistically

significant when the p value was less than 0.05.

3.3 Results

3.3.1 Gross body and brain morphology are not affected by genotype nor CBD

After the 7-day treatment period, weight was used as a measure to analyse gross
morphology. Across the treatment week, average group weight progressed similarly in all four
groups (Figure 3.2A). Weight gain analysis revealed a main effect of treatment (F(1,24)=9.773,
p=0.005), but not of genotype (F(1,24)=0.060, p=0.809) nor interaction (F(1,24)=0.578, p=0.454),
indicating that overall CBD-treated animals showed decreased daily weight increments compared to
vehicle-treated animals (3.83 g/day * 0.18 for vehicle vs 3.04 g/day + 0.18 for CBD) (Figure 3.2B).
At the end of the study, there were no significant differences in average body weight in any of the
groups  (genotype:  F(1,24)=0.226, p=0.610; treatment:  F(1,24)=2.927, p=0.100;
genotype*treatment: F(1,24)=0.042, p=0.840; Figure 3.2C). No significant effects of treatment or
genotype were found regarding the average weight of the cortex and cerebellum (Figure 3.2C).
Similar results were seen for the cortex/body, cerebellum/body, whole brain/body and
cerebellum/whole brain weight ratios (genotype: F(1,24)=0.025, p=0.877; treatment: F(1,24)=0.054,
p=0.819; genotype*treatment: F(1,24)=0.210, p=0.651; Table 3.2).
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Figure 3.2: CBD altered weight gain, but body and brain gross morphology were unaffected by

Tsc2 mutation or treatment. (A) Monitoring of weight progression over the 7-day treatment period
for wild-type and Eker animals revealed a steady increase in weight during treatment. (B) Analysis
of the weight gained per day revealed a main effect of treatment (F(1,24)=9.773, p=0.005)
indicating decreased weight gain in CBD-treated animals. (C) Data from the final brain weight
revealed no effect of genotype (WT vs Eker: F(1,24)=0.226, p=0.610) or CBD (100 mg/kg)
treatment (F(1,24)=2.927, p=0.100) on whole brain, cortical (Ctx) nor cerebellar (Crbl) weight.

Data is presented as mean £ SEM, n=7 animals per group.
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. WT(9) Eker (9)
Ratio

Vehicle (n=7) | CBD (n=7) | Vehicle (n=7) | CBD (n=7)

Cortex/ Body 1.84 +0.08 1.98 + 0.08 1.94 +0.08 2.03+0.08
Cerebellum/ Body 0.58 £ 0.04 0.61+£0.04 0.59 +0.04 0.62 £0.04
Whole Brain/ Body 242 +0.10 2.59+0.10 2.52+0.10 2.65+0.10
Cerebellum/ Whole Brain | 23.93+0.83 | 23.37+0.83 | 23.16+0.83 | 23.54+0.83
Table 3.2: Brain to body weight ratios. After one week of treatment, body, whole brain,
cortex and cerebellum weight was measured. Data are presented in grams as mean + SEM,

n=7 animals per group.

3.3.2 CBD treatment alters cerebellar layer thickness and Purkinje cell area

Brain sections were used to assess alterations in cerebellar structure due to treatment or
genotype. Consistent with previous literature for the cerebellum®®54, few TUNEL positive cells (0
to 2) were found (data not shown), indicating no CNS degeneration nor abnormal developmental
cell death.

Alterations in mTOR signalling and autism have been associated with changes in cerebellar
thickness!32310541-543 “ Therefore, we next measured cerebellar layer thickness (Figure 3.3A). We
found no main effect of genotype on thickness (F(1,15)=0.002, p=0.969) (Figure 3.3B). However, a
significant main effect of treatment (F(1,15)=5.104, p=0.039) and genotype*treatment interaction
(F(1,15)=6.123, p=0.026), together with a significant effect of layer (F(2,30)=442.38, p=0.000) and
a layer*genotype*treatment (F(2,30)=4.482, p=0.020) interaction were present. Post hoc analysis
revealed a change located in the GLC with CBD significantly increasing layer thickness in the wild-
type CBD-treated group, compared to the wild-type vehicle-treated group (147.86 + 11.31 um for
the vehicle vs 207.26 + 12.64 um, for the CBD group, p=0.003; Figure 2B). Additionally, in the
PCL, the CBD-treated Eker group also exhibited increased layer thickness compared to the vehicle-
treated Eker group (25.17 + 1.12 pm for the CBD vs 21.78 + 1.12 um for the vehicle group,
p=0.048; Figure 3.3B).

We next analysed cellular density in each layer. There was no effect of treatment
(F(1,15)=0.777, p=0.392), (F(1,15)=0.132, p=0.721) nor
(F(1,15)=0.168, p=0.687) regarding the ML density (Figure 3.3C). This layer is mainly composed

of stellate and basket cell bodies, and the dendritic tree of PC3%. Therefore, the lack of difference

genotype genotype*treatment

seen here, together with the absence of layer thickness alterations, suggest that neither interneuron
number nor PC dendritic tree were altered by genotype or treatment>*4-5%, In the GCL, a main effect
of genotype (F(1,15)=6.708, p=0.021) but not of treatment (F(1,15)=0.106, p=0.750) nor interaction
(genotype*treatment: F(1,15)=0.001, p=0.975) was found, indicating that Eker rats exhibited an
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overall higher cellular density in this layer when compared to WT rats (1.01 x 10 ADU * 1.36 x
10“for WT vs 1.22 x 10°ADU =+ 1.82 x 10**for Eker, p=0.02) (Figure 3.3D).
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Figure 3.3: Treatment and Tsc2 mutation dependent changes on cerebellar layer thickness and
cellular density. After IHC, the thickness of the three cerebellar layers was measured as in (A). (B)
Thickness measurements revealed a significant effect of CBD (F(1,15)=5.104, p=0.039), increasing
both GCL and PCL average thickness. (C-D) Cell density values were also quantified, using
arbitrary density units (ADU). No alterations were detected in the molecular layer (F(1,15)=0.777,
p=0.392) (C), while in the granular layer, an effect of mutation revealed that Ekers rats had
increased cellular density (F(1,15)=6.708, p=0.021) (D). Data is presented as mean £ SEM, n=5

animals per group, 3 pictures per animal. *p<0.05; **p<0.01.

Alterations in the GCL can reflect changes in the PCL®". Given the alteration in PCL
thickness found, PC were analysed in more detail (Figure 3.4A). There was no difference in the
number of PC in the different genotypes (F(0,15)=0.008, p=0.928) or following CBD treatment
(F(1,15)=3.806, p=0.070), and no interaction between genotype and treatment (F(1,15)=0.175,
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p=0.681) (Figure 3.4B). Additionally, no difference was found for the average length of the main
dendrite (genotype: F(1,39)=3.746, bootstrapping p=0.071 (p=0.060 without bootstrapping);
treatment:  F(1,39)=1.149, bootstrapping p=0.293 (p=0,290 without bootstrapping;
genotype*treatment: F(1,39)=0.017, p=0.897) (Figure 3.4C), nor regarding the thickness at its mid-
point (genotype: F(1,38)=1.639, p=0.208; treatment: F(1,38)=1,316, p=0,259; genotype*treatment:
F(1,38)=2.254, p=0.142) (Figure 3.4D). A significant difference was found regarding the average
PC area. In this case, a significant main effect of genotype (F(1,39)=9.711, bootstrapping p=0.003
(p=0.003 without bootstrapping) revealed that WT animals had an overall bigger PC area than Ekers
(385.79 um? + 20.20 for WT vs 296.21 + 20.27 um? for Ekers). Additionally, a main effect of
treatment was also found (F(1,39)=8.833, bootstrapping p=0.009 (p=0.005 without bootstrapping)),
indicating that vehicle-treated animals presented with smaller PC cross-sectional area than CBD-
treated animals (289.28 um? + 13.93 for vehicle vs 383.72 um? + 24.92 for CBD). The interaction
between genotype and treatment was not statistically significant (F(1,39)=0.079, p=0.781) (Figure
3.4E-F).

3.3.3 GAD-67 and PV immunofluorescence is similar between WT and Ekers, irrespective of
CBD treatment

GABAergic neurons are abundant in the cerebellum, including PC in the PCL, stellate and
basket cells in the MCL and Golgi cells in the GCL>*°**%, We therefore explored if other alterations
in GABAergic neurons were present, especially following the previously reported changes in the
PC and the PCL. To this effect, we first looked at the immunoreactivity of glutamic acid
decarboxylase 67 (GAD-67), an enzyme responsible for GABA synthesis, abundant in the
cytoplasm of cerebellar cells®®. As expected®®**! we found GAD-67 positive cells in all three
layers (Figure 3.5A). Quantification of the fluorescent signal revealed a similar distribution of
GAD-67 across the different genotypes (F(1,15)=0.005, p=0.946) and treatments (F(1,15)=0.079,
p=0.782), and no interaction between these variables was found (F(1,15)=0.004, p=0.950) (Figure
3.5B). GAD-67 sections were also co-stained with a parvalbumin (PV) antibody. PV is a calcium
binding protein that contributes to the regulation of synaptic plasticity®*>%. GAD-67 and PV stain
appeared to overlap, as seen by the yellow stain resulting from the merge of the two antibody
images, indicating a colocalization of the two markers (Figure 3.5A- fourth column). PV stain was
detected in the cell bodies of PC and cells from the ML, while no specific PV positive stain was
seen in cell bodies from the GCL, albeit diffuse background fluorescence was present>5355°5%
(Figure 3.5A- third column). Fluorescence quantification of PV intensity did not differ between
experimental groups (genotype: F(1,15)=0.119, p=0.735; treatment: F(1,15)=0.147, p=0.707;
genotype*treatment: F(1,15)=0.229, p=0.639) (Figure 3.5C).
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Schematic example of the measurement of Purkinje cell parameters with area shown in yellow,
main dendrite length in green and mid point thickness of the main dendrite in magenta. (B) The
cellular density of PC was manually analysed by counting the number of cells in each section. No
effect of genotype (F(0,15)=0.008, p=0.928) nor treatment (F(1,15)=3.806, p=0.070) was observed.
(C-E) Values for main dendrite length (genotype: F(1,39)=3.746, p=0.071; treatment:
F(1,39)=1.149, p=0.293 (C) and mid-point thickness of the main dendrite (genotype: F(1,38)=1.639,
p=0.208; treatment: F(1,38)=1,316, p=0,259) did not differ between groups (D). Purkinje cell area
was decreased in the Eker group (F(1,39)=9.711, p=0.003) and increased by CBD treatment
(F(1,39)=8.833, bootstrapping p=0.009)(E). (F) Representative pictures of Purkinje cells from both
genotypes and treatments. Data are presented as mean + SEM. *p<0.05; **p<0.01. n= 20-23 PC per
group. Scale= 50um.
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Figure 3.5: GAD-67 and PV labelling is preserved in the Eker rat and not modified by CBD
treatment. (A) Cerebellar sections were stained with DAPI (blue), and GAD-67 (red) and a PV
antibodies (green). Merged pictures reveal co-labelling of both GABAergic markers on the
cerebellum. (B-C) The average immunofluorescence of each marker was quantified in arbitrary
intensity units and found to be similar between groups for both GAD-67 (genotype: (F(1,15)=0.005,
p=0.946); treatment (F(1,15)=0.079, p=0.782)) (B) and for PV labelling (genotype: F(1,15)=0.119,
p=0.735; treatment: F(1,15)=0.147, p=0.707) (C). Data presented as mean £ SEM. n=5 animals per

group, 3 pictures per animal. Scale=50pm.
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3.3.4 Phosphorylated rpS6 and Ibal immunoreactivity remain unaltered by the Eker
mutation or CBD treatment

Phosphorylated rpS6 is commonly used as a readout of mTOR activity®$2%" and its
expression is increased in both animal models and human samples of TSCS3209.313.331498.55%8  CBD
treatment has been shown to reduce rpS6 phosphorylation levels and the total number of Ibal-
positive cells, including the ones with a reactive phenotype (Section 2)4°415¢ |pal is a calcium
binding protein present in microglia cells that can be used to count and visualize the shape of
microglia cells®?%!, Therefore, in addition to phosphorylated rpS6 fluorescence, to explore the
numbers and shape of microglia in the Eker rat cerebellum, an lbal antibody was also used®®2°63,
Phosphorylated rpS6 staining was similar across all groups and predominantly localized to PC
(Figure 3.6A- second column). Sporadic phosphorylated rpS6 positive cells were also found in the
GCL (Figure 3.6A- second column, arrow heads). Quantification of the fluorescence intensity in the
different layers revealed no significant differences in phosphorylated rpS6 immunofluorescence
between any groups (genotype: F(1,15)=0.757, p=0.398; treatment: F(1,15)=1.747, p=0.206;
genotype*treatment: F(1,15)=0.014, p=0.908) (Figure 3.6B). Ibal positive cells were
homogenously scattered throughout the cerebellar layers, as previously reported regarding this brain
area®®?%* and they exhibited a morphology with few visible primary branches (0 to 5 visible
branches per cell, mode=1) (Figure 3.6A- forth column). The total number of Ibal positive cells per
field/ per animal was similar in all four groups, as we found no effect of genotype (F(1,16)=1.105,
p=0.309), treatment (F(1,16)=0.909, p=0.355) nor interaction (F(1,16)=1.215, p=0.287) between
groups (Figure 3.6C). Additionally, no main effect of genotype (F(1,16)=0.320, p=0.579), treatment
(F(1,16)=0.061, p=0.809) nor interaction (F(1,16)=0.927, p=0.350) was observed regarding the
percentage of round Ibal positive cells (Figure 3.6D). Finally, the number of cells positive for both
phosphorylated rpS6 and Ibal were counted. In all acquired images, the number of double positive
cells was 12. In total, 1 ramified cell was found in the WT-vehicle group, 2 round cells in the WT-
CBD group, 4 ramified and 1 round cells in the Eker-vehicle group and 4 ramified cells in the Eker-
CBD group.

3.4 Discussion
We sought out to characterize for the first time the cerebellum of the Eker rat, a
heterozygous model of TSC proposed to exhibit autism-like behaviour®”®. Additionally, we also

explored the effect of a 7-day CBD treatment on the cerebellum, a compound proposed to modulate

social behaviour>%°:566,
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Figure 3.6: Phosphorylated rpS6 immunoreactivity and microglia structure are unchanged by the
Eker mutation and by CBD treatment. (A) Cerebellar sections were stained with Nissl (green),
phosphorylated rpS6 (magenta) and Ibal (grey). Arrowheads in the phosphorylated rpS6 panel
indicate pS6+ cells in the molecular layer. (B) Quantification of phosphorylated rpS6
immunofluorescence indicated no differences between groups (genotype: F(1,15)=0.757, p=0.398;
treatment: F(1,15)=1.747, p=0.206). (C-D) The average number of Ibal+ cells per field and the
percentage of round Ibal+ cells were quantified and found to be similar between treatment and
genotype groups. Data is presented as mean + SEM. Scale= 50 pm on panel images and 25 pm in

the Iba-1 magnification column. n=5 animals per group, 3 pictures per animal.
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3.4.1 Effects of the Tsc2*- mutation on the Eker rat cerebellum

Previous studies with the Eker rat have indicated no changes in whole brain and cortex
weight in adults compared to WT#5232364365567 Thjs was consistent with the findings reported here.
In addition, no gross alterations in cerebellar morphology or weight were observed. More severe
models of TSC carrying conditional homozygous deletions show poor weight gain and increased
brain weight!®3317.568-570 Eqr example, both the Tsc16FPcKO and the Tsc2°FAPcKO exhibit weight
changes compared to WT by post-natal weeks 7-8'3353568 |n the Tsc2MFAPcKO and Tsc15™1cKO,
weight changes are visible from post-natal weeks 2 and 3, respectively31%°™, Altogether, the lack of
body and brain weight alterations seen here is in line with results from other heterozygous models
Of TSC324'330'335'572.

Analysis of the finer structure of the cerebellum revealed no changes in layer thickness.
However, Ekers exhibited increased cellular density in the GCL. This could be indicative of
increased proliferation of Tsc2* GC. Work with the TSC2-RGA model has shown that GC
precursors exhibited increased proliferation compared to WT cells after Sonic Hedgehog (SHH)
treatment®3, Additionally, human induced pluripotent stem cells from TSC2 mutated patients
expressed increased levels of Ki67, a proliferation marker*, A clinical study also revealed that
cerebellar lesions in TSC have a higher incidence in patients with TSC2 mutations and it was
hypothesised that the high capacity of GC proliferation increases the probability of a second
mutation and subsequent lesion development®™®. Because of this high capacity for proliferation
compared to other cerebellar populations®™, it is possible that the Eker mutation promotes increased
cell division in the GCL, detected earlier due to the increased number of cells in this layer compared
to others. GC are the main excitatory neurons in the cerebellum and act on PC, the sole output of the
cerebellar cortex. Consequently, GC dysfunction can have major impact on downstream cerebral
substrates. Analysis of proliferation markers, such as Ki67, could help clarify if these density
changes are GCL-specific or present throughout the cerebellum.

Changes in cellular number could also be due to cell migration alterations. During
embryonic development, GC precursors undergo mitosis and accumulate in a layer parallel to the
pial surface (external granule layer, EGL)%®%7. Postnatally, GC exit cell cycle and migrate
inwards®’®5”7, This process is finalized in rodents between P21-P24, matching the disappearance of
the EGL®57%-59 Here, no traces of EGL were visible indicating proper migration. This contrasts
with data from the TSC2-RGA model which exhibits residual EGL cells®3. This discrepancy may
arise from the less severe phenotype of the Eker rat. Although both models exhibit defective GAP
activity, the Eker rat mutation affects exon 30 while the RGA affects the genomic DNA between
exons 8 and 9, differences that can contribute to the establishment of different phenotypes?’®°%,
Further studies with different time points, and with neuronal-specific markers, such as NeuN®1582,

could provide valuable insight to whether changes in cell number and/or delays in granule cell
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migration could also be present in the Eker rat. Likewise, timed studies could indicate if increased
cellular density was induced by reduced developmental apoptosis although, at this age, we found no
difference in the number of TUNEL-positive cells.

Adult male rats are estimated to have around 10.72x10° cerebellar glia cells®®. Thus, glia
alterations could also contribute to increased cell density®®. Studies with the microglia marker
HLA-DR and with the in vivo tracer [C](R)-PK11195 have reported increases in microglia
numbers in the cerebellum of TSC??® as well as of ASD, patients®®>°%, Here, we used the marker
Ibal and found no difference between groups. Although this suggests it is unlikely that density
changes are due to microglia number alterations, it is also important to consider other microglial
markers. In fact, work by Hendrickx and colleagues revealed that, in human brain tissue, although
overlapping immunoreactivity was seen in some microglial cells with the use of Ibal, HLA-DR and
CD68 antibodies, other cells would only express one or two of these markers®’. This suggests the
presence of different microglia populations which we did not address in this work. Likewise, reports
from human TSC cases have described changes in the astrocyte population in the
cerebellum?28:588589 - and Tsc1*- and Tsc2*~ mice were shown to exhibit increased numbers of
GFAP-positive astrocytes compared to control brains®®. Therefore, increased astrogliosis could
contribute to changes in the GCL. Further studies with astrocyte markers, such as GFAP, glutamine
synthase or S100B%°*°% could help understand the possible contribution of these cells to the GCL
changes reported here.

An overall decrease in PC cross-sectional area was also observed in the Eker group. This
has also been reported in human cases of ASD®%, although data is inconsistent!**%¢, This decrease
in size was unexpected as it is in contrast to the understanding that TSC mutations promote
mTORC1 activation and increases in cell size®3%4 Furthermore, as opposed to conditional
homozygous TSC models, work with heterozygous models has shown no alterations in cellular
size%4330 However, one other model in which reduction in PC soma size has been reported was in
mice with a conditional knockout of rictor (RibKQO)%%. Rictor, which is highly expressed in PC%%, is
essential for the formation of MTORC2 (Section 1.1.5.1; Figure 1.6)24%95597-5% This suggests that
proper mTORC2 function is necessary for the development of a correct PC size.

The relationship between mTORC2 and the TSC complex has been poorly explored and is
still not fully understood. Work by Huang and colleagues demonstrated that the presence of a
functional Tsc1-Tsc2 complex was required for correct mTORC2 assembly and function, and that
this effect was independent of Tsc2’s GAP function®®. A physical interaction between the Tscl-
Tsc2 complex and mTORC2 was also observed. This was later determined to be dependent on the
N-terminal region of Tsc2 (amino acids 1-1530)°%%%, This domain of interaction could be impaired
in the Eker rat as its mutation modifies Tsc2 around amino acid 1229, Furthermore, the Eker
mutation has also been shown to affect the number of Tscl-Tsc2 complexes, as co-

immunoprecipitation revealed a lower complex yield in cells with the Eker mutation than in wild-
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type cells®®2. Therefore, it could be possible that the magnitude of the Tscl-Tsc2 interaction
reduction in the Eker rat is greater than its GAP activity dysfunction. In this case, the Tsc2 mutation
would be sufficient to trigger a decrease in mTORC2 activity, but not a significant reduction in
mTORCI1 signalling, thereby leading to an overall reduction in PC size. In line with this hypothesis,
we found no difference in phosphorylated rpS6 stain between genotypes. To further explore these
intriguing possibilities, the analysis of molecules that provide a readout of mTORC2 activity, such
as the expression of PKCy or phosphorylated Akt (Ser473)°05603604  \would provide valuable

information on the possible dysfunction of mMTORC2 in the Eker cerebellum.

3.4.2 Effects of CBD treatment on the Eker rat cerebellum

The second objective of this work was to investigate the effects of CBD on the cerebellum
of the Eker model. We first observed decreased weight gain in CBD-treated animals. This effect has
been previously reported albeit using a different animal cohort (10 week-old Wistar rats) treated
with comparatively low doses of CBD (2.5 or 5 mg/kg/day)®%. This action of CBD on weight was
attributed to agonism of the CB2 receptor, given that CBD’s effect was absent when co-
administered with the CB2 antagonist AM630. We cannot ascertain if this was the mechanism of
action by which CBD induced the reduction in weight gain observed here. However, it would be
important to further study this effect given the proposed applications of CBD in paediatric
populations who are still growing and developing.

Another effect of CBD was the increase in the thickness of the GCL in the wild-type group.
As previously explained, increases in layer thickness could potentially be due to increased cell
proliferation, altered developmental migration, decreased developmental apoptosis or increased cell
size®, Given the different proposed actions of CBD in the CNS#02405438:440,456.607-609 ' qne that could
be highlighted here is CBD’s capacity to increase survival and neurogenesis??456:609610 This could
potentially lead to increased layer thickness due to cellular proliferation. However, although the
effects of CBD on cerebellar development are not know, we initiated treatment at P18, well past the
EGL proliferation peak®757%611 Therefore, it is unlikely that treatment would induce an increase in
neuronal cell number and layer thickness. Increased glia numbers, rather than neurons, could also
contribute to increased layer thickness®®®!2, However, although it has been reported that CBD
treatment could increase the number of astrocytes in piglets exposed to an ischaemic insult®s®, a
greater number of publications suggest that CBD reduces the number of both GFAP and Ibal
positive cells, albeit in models of ischemia, Alzheimer’s and schizophrenia?0%4%°4%6.608614 Therefore,
based on the available literature, it is unlikely that CBD is inducing an increase in cellular number.
Finally, we cannot discard that CBD might cause an increase in cell size, as seen for PC (see
below), leading to increased layer thickness, but not density. This would contrast with previous

work where CBD treatment was shown to reduce cell size (Chapter 2)*1615616 However, due to
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technical considerations, the high density of cells in the GCL did not allow for individual
measurements of size. Future work focusing on individual cell analysis and glia-specific markers, as
mentioned before, could help understand if CBD modifies the proliferative capacity of cells in the
cerebellum.

Contrasting with the GCL experiments, we could indeed measure and confirm an increase
in PC cross-sectional area due to CBD treatment. Particularly in the Eker group, this was also
accompanied by an increase in PCL thickness. This is pertinent given that we found that Eker rats
exhibited smaller PC size compared to WT animals. One of the proposed actions of CBD is the
promotion of autophagy*2617-619 Autophagy, in turn, was shown to induce mTORC?2 signalling
independently of mTORC1 activity®2%%2!, Although this relationship was shown in fibroblasts and
colorectal cancer cells, if mMTORC2 dysfunction is indeed present in the Eker rat, as we previously
hypothesized, and is responsible for altered PC size, this could be a potential mechanism of action
by which CBD is correcting for this defect.

From a functional point of view, PC size regulation is of particular importance given that
cell size is one of the determinants of input resistance and ion channel distribution, which further
impacts on type and timing of PC discharges®4622623  Physiologically, these alterations can
potentially be of great importance as changes in PC response have been found in animal models of
TSC and autism-like behaviour324624,

3.5 Conclusion

This work revealed mild phenotypical alterations in the Eker rat cerebellum. Eker rats
exhibited increased cell density in the GCL, which could possibly be attributed to an increased
proliferation rate, and a decrease in PC size, which could potentially be associated with mTORC2
signalling deficits. We also found that CBD increased layer thickness and cell area, opposing the
effect of the Tsc2* mutation in PC size. This could possibly be accomplished by the modulation of
mTORC2. Pharmacological targeting of PC size alterations could have potential therapeutic value
thus, further studies with CBD focusing on its cerebellar mechanism of action could help

understand its possible role in ASD-like behaviours.
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Chapter 4: The effect of CBD on Eker rat behaviour: a focus on locomotor, repetitive-
and anxiety-like, social interaction and memory outputs

4.1 Introduction

TSC is a genetic disease with significant neurological and neuropsychiatric involvement.
Despite phenotypical variability between patients, CNS dysfunction is present in up to 90% of
individuals, not only in the form tubers and SEGAs, but also in the form of TAND, such as
increased levels of anxiety, memory deficits and high ASD prevalence (Section 1.1.3)4189597,
Consequently, alongside the pharmacological treatment of tumours and epilepsy (Section 1.1.3.4),
TSC patients often require additional therapy to manage their neuropsychiatric symptoms. This
polypharmacological approach is far from optimal, with unwanted interactions, resistance to
treatment, relapse following cessation of therapy and unknown effects of long-term treatments
documented in the literature (Section 1.1.3.4.2). The use of multiple drugs and therapies has also
been shown to contribute to disease burden, decreasing QoL as well as school and work
productivity, while simultaneously increasing patient- and government-supported medical
expenses®4 152625,

Typically, the treatment of symptoms such as anxiety, attention deficit or sleep difficulties
in TSC follows treatment and prescription guidelines for the general population®*®¢, Behavioural
difficulties, often associated with the ASD comorbidity, are highly prevalent in TSC4110.113.117 - A
number of drugs are available for their management, albeit addressing a limited range of
behavioural features such as aggressive behaviour and irritability (Section 3.1)%%6%%", However,
evidence for the efficacy of these compounds is scarce and, especially in children and young adults,
side effects of long-term treatment are considerable, including metabolic syndrome, tachycardia,
increased irritability or increased frequency of suicidal thoughts®1626-628  Therefore, careful
individual evaluation of the risk versus benefit of pharmacological treatment is needed before
prescription. Given the burden of neuropsychiatric dysfunction to individuals, and the significant
impact behavioural alterations have on the QoL of both patients and carers®%:50°629-632 rasearch into
new therapeutic options that can aid TAND management is crucial.

In the search for new compounds that could benefit TSC patients, this thesis has focused on
the evaluation of CBD for different pathological features present in TSC. We have previously
reported that, in a zebrafish model of TSC, a one-day treatment with 1.25 puM CBD induced a
reduction in the number and size of phosphorylated rpS6 positive cells, while also reducing
anxiogenic-like responses (Chapter 2)1>61, In the Eker rat, we showed that mutation-induced
reductions in PC cross-sectional area were increased by a twice daily administration of 100 mg/kg
CBD for 7 days (Chapter 3).
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In pre-clinical studies, CBD administration was shown to ameliorate a number of symptoms
relevant to TAND. These include the reduction of anxiety- and depression-like behaviours and the
improvement of social interaction deficits#0>4%6:565633 Clinical work has also suggested a possible
beneficial role of CBD in improving behavioural features altered in TSC. For example, 66.7% TSC
patients with refractory epilepsy, treated for 12 months with 5-50 mg/kg/day CBD, reported (by
either parents and physicians) behavioural improvements*®, Together, this body of work suggests
beneficial contributions of CBD towards the behavioural alterations typically presented by TSC
patients. Seminal work by Waltereit and colleagues reported that 3-6 month old Ekers exhibited
social interaction deficits and reduced object exploration, both representative of ASD-like
features®°6%, However, limited work has been done on the possible ASD-like phenotype of the
Eker rat®237° Therefore, we hypothesised that this model could exhibit other behavioural
dysfunctionalities in addition to the ones reported thus far, similar to what is reported by TSC
patients, and that CBD could potentially reverse these alterations.

To test which behaviours might be modified and, conversely, which of these could be
changed by CBD administration, a battery of behavioural tasks was designed aimed at screening
different neuropsychiatric symptoms reported by TSC patients. As already mentioned, one of these
is social interaction impairment (Section 1.1.3.5)!'1112115 Here, we addressed these social deficits
by studying the interaction between the Eker rat and a stranger (unknown, novel) rat. Social
engagement is a typical rodent behaviour. Both rats and mice tend to engage in contact with novel
partners, displaying increased investigation and play behaviour with unknown animals®"%¢%, Thus,
the social interaction task can be used to detect deficits in social behaviour which correlate to those
observed in some TSC-ASD patients®**. Reduced interest in new environments and experiences is
also a common feature of TSC-ASD as well as nsASD patients!!>11763_|n rodents, this behaviour
can be evaluated indirectly by measuring the time spent exploring old and new objects, as rodents
exhibit a preference for objects that are unknown to them®763% As a measure of this, the novel
object recognition task directly assesses working memory deficits. Animals must recognize and
distinguish a previously presented object®-64 a valuable output given that memory deficits have
also been observed in TSC patients®%4,

Anxiety disorders are a common comorbidity in TSC%%:9%#642  Additionally, the high
prevalence of ASD in this population itself predicts a higher incidence of anxiety in these
individuals®-°7643644 \We then studied if the Eker rat exhibited increased anxiety levels by
quantifying the time spent exploring the inner area of an open-field arena. Rats preferentially
ambulate in areas where at least one wall is present, hence avoiding open and exposed spaces4®54,
Therefore, increased time spent in the inner area of the open-field is interpreted as an anxiolytic-like
state, which can be modulated by compounds and mutations®*%%2,  Furthermore, grooming
behaviour during open-field exploration was also quantified as, although not a marker of anxiety in

itself, this innate repetitive behaviour can likewise be potentiated or decreased depending on the
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stressful stimuli presented®3%%. Higher levels of anxiety have also been associated with the
presence of repetitive behaviours®"%, In TSC, these are also part of the identified TAND®65%-661
although typical of the TSC-ASD population rather than the TSC-no ASD one®?%%2, To assess the
presence of perseverative behaviours in TSC, Eker rats were also exposed to the marble burying
task, as excessive digging has been shown to translate into obsessive-like behaviour®3-665,

Finally, decreased gross and fine motor control were detected with the MSEL in children
with TSC as young as 9 months old*®. Furthermore, atrophy and death of PC, which contributes to
altered motor function and gait®3%% have also been found in post-mortem cerebella of TSC
patients??833, Therefore, we assessed motor performance by analysing spontaneous locomotion in
the open-field and footprint patterning on the gait apparatus.

The present work 1) explored the presence of behavioural alterations in the Eker rat
analogous to TAND manifestations and 2) investigated the effect of an 8-week CBD treatment on
behaviour. We hypothesized that the Eker rat would exhibit additional behavioural deficits to the

ones reported in previous work and that long-term CBD treatment would ameliorate these features.

4.2 Methods

4.2.1 Breeding and animal groups

Wild-type (WT; Tsc2**) and Eker rats (heterozygotes; Tsc2*") from the Long-Evans
background were kindly provided by Dr. Waltereit (Technical University of Dresden, Dresden,
Germany) and bred in-house, group-housed at room temperature on a 12:12 hour day/night cycle
and with food and water provided ad libitum. Genotyping of male rats was conducted during post-
natal week 2 (see below; Section 3.2.2). Once finalized, animals were assigned to one of four
groups, each containing 9 animals: WT-vehicle, WT-CBD, Eker-vehicle and Eker-CBD. In total, 36
male rats were used for this study. From post-natal week 3 to 10, animals underwent vehicle or
CBD treatment (see below, Section 4.2.3), with behavioural testing conducted during post-natal
weeks 9 and 10 (see below, Section 4.2.4) (Figure 4.1). Animals undergoing treatment were handled
twice daily by the researchers conducting the behavioural experiments to ensure familiarity of the
animals with the handlers. Habituation to handling for the unfamiliar rats used in the social
interaction task (see below, Section 4.2.4.2) was done at least twice a week. All animal experiments
were approved by the University of Reading Ethics Board and the UK Home Office (PPL 70/8974),
and carried out in accordance with UK Home Office regulations (Animals (Scientific Procedures)
Act, 1986) and the ARRIVE guidelines.
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Week 0 Week 2

—| Animals Born H Genotyping |-

Group Assignment

WT-vehicle

WT-CBD

Treatment

Eker-vehicle

Eker-CBD

Behaviour
Week 9 Week 10

+ Marble Burying
* Social Interaction
* Open-Field
* Novel Object Recognition

Figure 4.1: Treatment timeline. Animals were genotyped during post-natal week 2 and assigned

into four different treatment groups. Treatment was initiated on week 3 and continued for 6

weeks. A behavioural test battery was initiated on week 9 and treatment continued until testing

was concluded.

4.2.2 Genotyping

Genotyping was performed as described in Section 3.2.2. Briefly, at post-natal day 14,

animals were ear-notched and DNA was extracted. PCR was conducted using previously published

primers that target the Eker mutational insertion®?, together with positive (original Eker DNA) and

negative (water) controls. PCR products were analysed in a 2% agarose gel in tris-acetate-EDTA

buffer and visualized in a Syngene U:Genius 3 gel imaging system (Syngene, UK).

4.2.3 Pharmacological treatment

From post-natal weeks 3 to 10, animals were weighed prior to injection (i.e., twice daily)

and their weights recorded and monitored. Weight values were used to calculate the average weight

gain per week (weight gain) and the average body weight at the end of the experimental period

(final weight). After calculation of the required injection volume, based on each animal’s weight,

rats were injected subcutaneously with either vehicle (2:1:17 EtOH: Cremophor: 0.9% saline)
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(Ethanol 32221, Merck) (Kolliphor®HS 15, 42966, Sigma) or 100 mg/kg CBD (GW
Pharmaceuticals, Cambridge, UK), twice daily, until the last day of behavioural experiments
(Figure 4.1). Vehicle and CBD formulations were prepared and aliquoted in glass vials and kept at
4°C protected from light. Prior to injection, both formulations were warmed to room temperature.

4.2.4 Behavioural tasks

All behavioural tasks were conducted in the light phase, between 10:00 and 16:00, during
post-natal weeks 9 and 10 (Figure 4.1). All behavioural tasks and animal weighing were conducted
in the same room, except for the gait task. Animals were left to acclimatize to the behavioural
testing room for at least one hour after the morning injection of the last rat, and all behavioural tasks
were initiated after this period. This allowed for the maximal concentration of CBD to be achieved
in the brain before behavioural tasks were initiated®®’. For the gait task, animals were moved to the
test room after weighing and drug administration, before being left to habituate for at least one hour
prior to task initiation. All apparatus and equipment were thoroughly cleaned with 70% ethanol
between each individual animal and at the end of each experimental day. Except for the marble
burying and gait tasks, all experiments were recorded with a video camera and behavioural
parameters (outlined below) were coded with Noldus The Observer® XT, Version 9 (Noldus
Information Technology b.v., Wageningen, The Netherlands).

4.2.4.1 Marble burying

To study the presence of obsessive-compulsive-like and repetitive behaviours, the number
of buried marbles was quantified in the marble burying task®7¢7, In summary, standard 32 x 50 x
18 cm rat cages were filled with 5 cm of bedding and 5 rows of 4 marbles were set on the surface of
the bedding. Animals were then placed in the cage facing a corner and the cage lid closed. Rats
were left undisturbed for 30 minutes and returned to their home cage at the end of this period. A
photo of each cage was acquired before and after the task took place (Figure 4.2A) and the number
of marbles that had been buried was calculated (maximum score= 20). For analysis of the number of
buried marbles, the surface area of each individual marble was measured with Fiji Image J*’° in both
before and after task photos. Comparing the area of exposed marble in both pictures, marbles were

considered buried if two thirds or more of their surface was covered by bedding material®®’.

4.2.4.2 Social interaction

The social interaction task, aimed at studying the interaction between the test animal and an

unfamiliar strange rat, was performed as previously described®’%¢%, To habituate the animals to the
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test arena, the day before the test trial, animals were individually placed into a 52 x 52 x 45 cm
Perspex arena and allowed to freely explore for 5 minutes. On the test day, each animal was placed
individually in the centre of the arena. After one minute, an unfamiliar rat was added to the arena
facing a corner. Unfamiliar rats were age- and weight-matched male Long-Evans which belonged to
a different litter than the test animal. Each unfamiliar rat interacted individually with 3-5 test rats.
After three minutes of interaction, both test animal and stranger rat were returned to their home
cages. The latency to first contact between test and unfamiliar animals, the time the test animal
spent interacting with the unfamiliar rat and the total number of interactions were coded and
guantified. An event was coded as an interaction if the test rat was grooming, sniffing, crawling
under or over, or play fighting with the unfamiliar rat. Data for each group of animals (WT-vehicle,
WT-CBD, Eker-vehicle and Eker-CBD) was pooled together to yield a mean frequency and

duration of interaction, as previously published™.

4.2.4.3 Open-field

The open-field task was performed as published elsewhere®® aiming at quantifying
spontaneous locomotor activity. Here, the 52 x 52 x 45 cm Perspex arena was divided into 4 x 4
squares, as illustrated in Figure 4.2B. Animals were placed in the centre of the arena, left to explore
for 5 minutes, and the total time each animal spent moving was quantified. A moving event was
coded when the animal was traversing across squares of the arena. Additionally, to measure
anxiety-like behaviour, the time each animal spent in the inner squares of the arena, as well as the
time spent grooming and the number of grooming events, were also coded and quantified. A

grooming event was considered when the animal was licking or chewing its fur.

4.2.4.4 Novel object recognition

To evaluate memory impairments and the distinction between known and unknown stimuli,
the novel object recognition task was performed as previously published®®57°, Each individual
animal was placed in a 52 x 52 x 45 cm Perspex arena and allowed to explore an unknown object
for 3 minutes (Phase 1). These consisted of hard plastic, geometric, three-dimensional shapes, such
as cones, triangular and squared pyramids. After Phase 1, each animal was returned to its home
cage. Following a 15-minute interval, a copy of the object used in Phase 1 was placed in the arena,
together with a new unknown object. This should be recognized as novel and, therefore,
preferentially explored (Phase 2) (Figure 4.2C). After 3 minutes of exploration, rats were again
returned to their home cage. The time spent exploring the object during Phase 1 and the time spent
exploring either object during Phase 2 were coded and quantified. Exploration of the object was

considered when the animal was touching, sniffing or biting the object. Standing on top of the
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object was not considered object exploration, unless the animal was sniffing or biting the object

specifically®7:672,

4.2.4.5 Gait analysis

Locomotor symmetry and motor coordination was evaluated with the gait test. The protocol
used here was adapted from previously published work®3¢7° A transparent Perspex apparatus
consisting of a 100 x 13 x 11 cm corridor attached to a 31 x 31 x 11 cm dark box was used. Animals
were habituated to the apparatus and task for two consecutive days, by performing the task as
described below but using water instead of ink. On the third day, the hind paws of each rat were
coloured with blue tattoo ink and the animal was placed at the entrance of the corridor, lined with a
white paper strip (uncoated Inkjet Printer Roll, 610 mm x 45 m, 90 gsm, Office Depot), and allowed
to run along the corridor to the dark box. After crossing into the dark box, the rat was returned to its
home cage and, 5 minutes later, a second trial was repeated. The right side stride length (the
distance between two right foot strikes, measured from the mid-point between the central foot pad
print and the proximal toe print), left side stride length (the distance between two left foot strikes,
measured from the mid-point between the central foot pad print and the proximal toe print) and
stride width (the midpoint distance between consecutive left and right strikes, obtained by the
measurement parallel to the mid-point distance between the central foot pad and the proximal toe
print) were measured in centimetres as shown in Figure 4.2D. The results of the two gait runs were

averaged for each animal.

4.2.5 Western Blot

To assess MTORCL1 pathway alterations due to genotype or treatment, phosphorylated rpS6
(235/236) and total rpS6 proteins were quantified using western blot. All chemicals were purchased
from Sigma unless stated otherwise.

Following completion of behavioural tasks, animals were sacrificed with CO, and brains
were rapidly removed and washed in PBS. Samples were flash frozen and kept at -80° C until used.
For western blot, 3 brains from the WT-Vehicle, 3 brains from the WT-CBD, 3 brains from the
Eker-Vehicle and 3 brains from the Eker-CBD group were used.

For sample lysate preparation, brains were first homogenized using an electronic
homogenizer, 3 times for 30 seconds each time. The Bradford assay was used to quantify the total
protein content of each sample using NanoDrop™ (Thermo Fisher, UK), according to manufacturer
instructions. Samples were diluted with sample buffer (150 mM Tris-HCI (pH 6.8), 300 mM DTT,
6% SDS, 0.3% bromophenol blue, and 30% glycerol) to achieve a 5 pg/ul concentration and boiled

at 95° C for 5 minutes.
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Proteins in the lysate were separated by electrophoresis using a Mini-PROTEAN® II
electrophoresis cell (Bio-Rad, UK). First, a 10% separating gel was prepared, consisting of 5 ml of
H2O, 2.5 ml of separating buffer (0.75 mM Tris base, 0.4% SDS; pH 8.8), 2.5 ml of 40%
acrylamide, 60 pl of 10% ammonium persulfate and 6 pl of TEMED. After the separating gel
settled, a 5% stacking gel consisting of 1.85 ml of H,O, 0.75 ml of stacking buffer (0.25 mM Tris
base, 0.4% SDS; pH 6.8), 0.375 ml of 40% acrylamide, 40 pl of 10% ammonium persulfate and 4
ul of TEMED was prepared and poured over the separating gel. Once the stacking gel was settled,
the first well was loaded with the protein molecular weight marker Precision Plus Protein™
(1610374, Bio-Rad, UK). The subsequent wells were loaded with 10 pL of sample lysate, each in
duplicate. The gel was covered with running buffer (48 mM Tris base, 384 mM glycine, 0.1% SDS)
and ran for 30 minutes at 80V and then for 100-120 minutes at 110 V.

Once the gel run was finished, proteins were transferred to an Immun-Blot® PVDF
(polyvinylidene difluoride) Membrane (1620177, Bio-Rad, UK), using a Trans-Blot® SD Semi-Dry
Transfer Cell (1703940, Bio-Rad, UK). To prepare the transfer, PVDF membranes were activated in
absolute methanol for 30 seconds and in distilled H.O for 2 minutes. Membranes were soaked in
transfer buffer (25 mM Tris base, 250 mM glycine, 25% methanol) for 10 minutes. Filter papers
(Whatman, UK) were soaked for 10 to 15 minutes solely in transfer buffer. A transfer “sandwich”
was prepared by stacking the transfer membrane and the gel between two layers of filter paper and
ran at 15V for 1 hour.

After the transfer, membranes were blocked by incubation with a 2.5% non-fat milk, TBS-
0.1% Tween 20 (TBST) buffer for 1 hour, at room temperature, in an orbital shaker. After this step,
membranes were incubated with primary antibodies targeting phosphorylated rpS6 (Ser 235/236)
(1:800, rabbit anti-phospho S6 Ribosomal Protein (Ser235/236), #2211, Cell Signalling) or total
rpS6 (1:1000, rabbit anti-S6 Ribosomal Protein, #2217, Cell Signalling), and with a primary
antibody against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:5000, mouse anti-
GAPDH, monoclonal GALR, MA5-15738, Thermo Fisher, UK), used as a loading control.
Antibodies were diluted in 2.5% non-fat milk in PBS and left overnight in an orbital shaker at 4° C.
On the following day, membranes were brought up to room temperature and placed in the orbital
shaker for another hour. Membranes were then washed in TBST, TBS and finally in PBS for 3 x 10
minutes. After this step, membranes were incubated for 2 hours at room temperature, with the
corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies (Goat anti-rabbit IgG
(H+L), HRP (474-1506), 5450-0010, SeraCare KPL, USA; Goat anti-mouse IgG (H+L), Human
Serum Adsorbed, HRP (474-1806), 5450-0011 SeraCare KPL, USA), diluted in 2.5% non-fat milk
in PBS. At the end of the two-hour incubation, membranes were washed again in TBST, TBS and
PBS for 3 x 10 minutes.

To reveal protein bands, membranes were incubated with Clarity™ Western ECL Substrate

(Bio-Rad, UK) and bands detected with a BioSpectrum® AC Imaging System (UVP, UK). A picture
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of each membrane was acquired after a 1-minute exposure and the optical density of each band was

analysed with Image J4° as described below.

4.2.5.1 Optical Density Measurement

Protein bands detected in the western blot membrane were analysed with the densitometry
method®"®7". Membrane images were loaded into the Image J software and bands were horizontally
aligned, when necessary, with the Image — Transform — Rotate command. A ROl was defined
around the protein bands and, using the command CTRL1 + CTRL3, a histogram of each band was
obtained. The area of each histogram, proportional to the band’s intensity, was selected and
measured using the Wand tool. A normalization factor was determined by dividing the highest
GAPDH optical density value (ODV) by the remaining GAPDH values. The ODV obtained for
each sample was then divided by the corresponding normalization factor to obtain a normalized
experimental signal (NES) for each experimental sample®’®. As each sample was loaded in the gel in
duplicate, two NES were obtained per sample. These were averaged to obtain one single NES value

per sample, i.e. per animal.

4.2.6 Statistics

All datasets were analysed with IBM SPSS Statistics 22 and graphs were designed with
GraphPad Prism 6. Prior to data analysis, data was scanned for outliers using the Grubbs test. The
following outliers were found and removed: one value in object recognition Phase 1 (z= 3.708,
p<0.05); one value in object recognition Phase 2 (z= 4.113, p<0.05); one value in inner squares
exploration (z= 4.733, p<0.05); and one value in weight gain (z=3.0215, p>0.05). An initial
exploratory analysis revealed a significant difference between the weights of the different groups.
Therefore, in all further statistics, weight was used as a covariate except with weight gain, final
weight and the western blot data. Normality and homogeneity were tested with the Shapiro-Wilk
and Levene’s tests, respectively. All data was analysed with a two-way ANCOVA using treatment
and genotype as independent variables and weight as a covariate. Weight gain was analysed with
repeated-measures, taking into account the average weight gain per animal during each treatment
week. A two-way ANOVA was used to analyse western blot data with treatment and genotype as
independent variables and normalized experimental signal (NES) as the dependent variable. Post
hoc analysis was performed using the Bonferroni test corrected for multiple comparisons. Where
assumptions of normality and homogeneity were not met, bootstrapping was performed, to account
for the unequal distribution of data and variance®"°®, This was the case for inner squares
exploration (Open-field task), time spent grooming (Open-field task), grooming frequency (Open-

field task) and time to first approach (Social interaction task). Additionally, as weight was a
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significant covariate in inner square exploration (p=0.049) and approached significance in the
open-field locomotion (p=0.052), a correlation was also conducted between these variables, using
the Pearson correlation coefficient.

4.3 Results

4.3.1 Weight progression and phenotypic observations during the 8-week drug treatment

During the treatment period, no changes in response to handling or any atypical behaviour
were observed for any group. Animals were well habituated to handlers, did not show any
aggressive reactions and exhibited a standard play behaviour and posture in the cage®”®. With
repeated CBD injections some animals exhibited subcutaneous lumps at the injection site despite
injection site rotation. These persisted for a few days but did not appear to be painful, as animals did
not react aggressively to touch on the affected areas nor exhibited increased scratching behaviour,
with exception of one single animal. Therefore, these did not require any additional treatment or
veterinary intervention. These lumps were not present in the vehicle-treated group.

As expected for this age range, a gain in weight was present across all groups (effect of
week: F(3.274, 52.388)=90.113, p=0.000) (Figure 4.3A). Significant weight increments were found
from the first to the last treatment weeks, with exception of weeks 4 and 5 where weight gain was
constant between weeks. No weight loss was observed across the 8-week treatment period (Figure
4.3B). No significant interactions between week and other variables were observed. Further analysis
of the weekly weight gain revealed a main effect of treatment (F(1,16)=30.42, p=0.000) and a
significant treatment x genotype interaction (F1,16)=4.89, p=0.042). This showed that while WT
CBD-treated animals constantly gained less weight than WT vehicle-treated rats (average weight
gain: 40.98 g £+ 1.16 for WT-vehicle vs 31.97 g + 1.05 for WT-CBD; p=0.000), this effect of CBD
was more pronounced in the Eker group, where the magnitude of weight gain was lower (37.55 g £
1.29 for Eker-vehicle vs 33.70 g + 1.16 for Eker-CBD; p=0.041) (Figure 4.3B). There was no
significant effect of genotype on weight gain (F(1,16)=0.533, p=0.476).

Analysis of the final weight at the end of the 8-week treatment period revealed a significant
effect of treatment (F(1,32)=7.692, p=0.009; 314.98 g + 8.69 for vehicle vs 280.88 g + 8.69 for
CBD), but no effect of genotype (F(1,32)=0.026, p=0.873; 296.94 g + 8.69 for WT vs 298.92 + 8.69
for Eker) or treatment x genotype interaction (F(1,32)=2.319, p=0.138) were detected (Figure 4.3C).
These results indicate that, overall, CBD-treated animals gained less weight than vehicle-treated

animals although no weight loss was observed.
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Figure 4.2: Experimental set-up for behavioural testing. (A) Representative photos of the marble
burying task, with the left panel showing the marble set up before the test and the right panel
showing the result of the task after 30 min of animal exposure. (B) During the open-field task,
the test arena was divided in 4 x 4 squares and an inner and outer area was defined. (C) In the
novel object recognition task, animals were presented with an unknown object in Phase 1 (C, left
panel), and a copy of that same object, together with a novel object, during Phase 2 (C, right
panel). (D) An example of a gait task output is presented with indication on the measuring
method for the left side stride length, right side stride length and stride width. Parallel lines
between the central foot pad print and the proximal toe print were designed to guide the

measurement of the three parameters.
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Figure 4.3: Weight progression during the 8-week treatment is changed by CBD administration. (A)
During the treatment period, all animals increased in total body weight regardless of group. (B)
However, a main effect of treatment was observed (F(1,16)=30.42, p=0.000), indicating that CBD-
treated animals gained less weight than vehicle-treated ones. (C) At the end of the study, a
significant difference in weight was found between the vehicle and CBD-treated groups
(F(1,32)=7.692, p=0.009), with the latter exhibiting lower weight than the former. Data are
presented as mean. SEM was excluded from (A) for clarity but is present in (B) and (C). n= 9

animals per group.
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4.3.2 Eker rats exhibit reduced locomotor exploration in the open-field whilst CBD treatment

reduces gait width in Ekers and WT

Spontaneous locomotor activity was analysed with the open-field apparatus. No significant
main effect of treatment (F(1,31)=0.153, p=0.699; 36.86 + 4.08 % time for vehicle vs 34.46 + 4.08
% time for CBD) nor interaction between variables (F(1,31)=0.08, p=0.779) was observed for the
time spent moving (Figure 4.4A). However, in contrast to previous reports?237, a significant main
effect of genotype was found (F(1,31)=8.076, p=0.008) with Ekers spending less time exploring the
open-field arena (43.30 + 3.80 time for WT vs 28.02 + 3.80 % time for Eker; Figure 4.4A). As the
covariate weight approached significance (F(1,31)=4.068, p=0.052), a correlation between weight
and the time spent moving was performed. A significant and positive correlation was found between
the two variables indicating that heavier animals spent more time moving that lighter ones (r=0.384,
p=0.021) (Figure 4.4B).

Next, we analysed performance on the gait apparatus (Figure 4.2D). Footprint analysis
demonstrated that both right and left strides presented with a similar distribution in all groups
highlighting symmetry of stride. This indicates a lack of central and peripheral motor deficits®®.
These parameters were also similar between groups, suggesting the preservation of a typical stride
rhythm in all groups®®%! There was no main effect of genotype on the right stride length
(F(1,31)=0.112, p=0.740; 12.74 £ 0.39 cm for WT vs 12.92 + 0.40 cm for Eker) nor on the left
stride length (F(1,31)=0.196, p=0.661; 12.86 + 0.42 cm for WT vs 13.12 + 0.42 cm for Eker)
(Figure 4.4C-D). Additionally, no main effect of treatment was found for the right stride length
(F(1,31)=1.230, p=0.276; 13.21 £ 0.44 cm for vehicle vs 12.45 + 0.44 cm for CBD) nor for the left
stride length (F(1,31)=0.347, p=0.560; 13.20 = 0.47 cm for vehicle vs 12.78 + 0.47 cm for CBD)
(Figure 4.4C-D). There were no statistically significant interactions between treatment and genotype
for either stride length (right: F(1,31)=10.065, p=0.069; left: (1,31)=1.807, p=0.189). Analysis of
the stride width revealed a main effect of treatment (F(1,31)=7.262, p=0.011) with CBD-treated
animals presenting with a reduction in stride width irrespective of genotype (3.72 + 0.12 cm for
vehicle vs 3.23 + 0.12 cm for CBD; Figure 4.4E). No effects on width were cause by genotype
(F(1,31)=2.218, p=0.146; 3.58 + 0.11 cm for WT vs 3.36 = 0.11 cm for Eker) nor was there a
significant interaction between variables (F(1,31)=0.039, p=0.844).
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Figure 4.4: Open-field exploration and gait analysis. (A) Spontaneous locomotor activity was
measured in the open-field arena and found to be reduced in Eker rats (F(1,31)=8.076, p=0.008).
(B) This locomotor activity was also found to be positively correlated with total body weight, i.e.
that heavier rats spent more time moving (r=0.384, p=0.021; curve of best fit with 95% confidence
band). (C-E) Average gait measurements for each animal were also obtained for the right stride (C),
left stride (D), and stride width (E), revealing that CBD administration reduced stride width in both
genotypes (F(1,31)=7.262, p=0.011) (gait experiment performed by Leo Geng and Elena

Serafeimidou). Data is presented as mean + SEM; n= 9 animals per group; **p<0.01.

4.3.3 Repetitive and anxiety-like behaviours are absent in the Eker rat and are unchanged by
CBD treatment

The marble burying test was used to evaluate the presence of perseverative
behaviours'®387 (Figure 4.2A). There were no effects of treatment on marble burying
(F(1,30)=1.506, p=0.229; 10.09 £ 1.53 marbles for vehicle vs 7.30 = 1.47 marbles for CBD), nor
any significant interaction between treatment and genotype (F(1,30)=0.036, p=0.852) regarding the
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number

animals

of buried marbles. However, there was a trend for Ekers to bury more marbles than WT
(6.91 + 1.41 buried marbles for WT; 10.48 + 1.37 buried marbles for Ekers) but this did not

reach statistical significance (F(1,30)=3.288, p=0.080) (Figure 4.5A).
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Figure 4.5: Repetitive behaviours and anxiety-like features are absent from Eker rats and not
modified by CBD treatment. (A) Repetitive-like behaviours, analysed with the marble burying task
by the quantification of the number of buried marbles, revealed no differences between

experimental groups. (B) Likewise, anxiety-like behaviours, analysed in the open-field apparatus

and with
between
revealed
p=0.120;
revealed
p=0.284)

time spent in the inner squares of the arena, were quantified and found to be similar
groups. (C) A correlation analysis between weight and the time spent in the central area
a non-significant relationship between weight and time spent in the inner squares (r=0.268,
curve of best fit with 95% confidence band). (D-E) Grooming behaviour quantification
no genotype (F(1,31)=2.754, p=0.109) nor treatment-induced changes (F(1,31)=0.903,

in the time nor the number of grooming events. Data are shown as mean = SEM; n=9

animals per group.
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The presence of anxiety-like behaviour was investigated with the quantification of the time
spent in the inner squares of the open-field arena (Figure 4.2B). We found that both WT and Eker
animals spent a similar amount of time in the inner area of the arena, although a tendency for higher
avoidance of inner squares was observed in the Eker group but this did not reach statistical
significance (F(1,30)=3.528, p=0.087 (p=0.070 without bootstrapping); 2.37 + 0.61 % time for WT
vs 1.02 = 0.32 % time for Eker). Treatment had no effect on inner square exploration
(F(1,30)=1.985, p=0.201 (p=0.169 without bootstrapping); 1.12 £+ 0.50 % time for vehicle vs 2.27 +
0.58 % time for CBD), and there was no significant interaction between the two variables
(F(1,30)=0.150, p=0.701) (Figure 4.5B). A significant effect of the covariate weight was found
regarding central exploration (F(1,30)=4.225, p=0.049) but the correlation between both variables
was not statistically significant (r=0.268, p=0.120) (Figure 4.5C). As we previously observed a
correlation between weight and general locomotion, this is likely a reflection of that effect.

Finally, we quantified grooming behaviour during the open-field exploration. Both the time
spent grooming and the number of grooming events, behaviours that engage distinct central
mechanisms, were quantified®. Here, no differences were found regarding genotype
(F(1,31)=2.754, p=0.109 (p=0.107 without bootstrapping); 5.75 + 1.46 % time for WT vs 10.03 +
2.04 % time for Eker) nor treatment (F(1,31)=0.903, p=0.284 (p=0.349 without bootstrapping); 6.49
*+ 1.74 % time for vehicle vs 9.29 £ 1.83 % time for CBD) for the time spent grooming (Figure
4.5D). The number of grooming events was also similar between groups irrespective of genotype
(F(1,31)=0.073, p=0.791 (p=0.789 without bootstrapping); 3.34 + 0.66 events for WT vs 3.10 +
0.52 events for Eker) or treatment (F(1,31)=2.121, p=0.145 (p=0.155 without bootstrapping); 2.50 +
0.51 events for vehicle vs 3.95 + 0.72 events for CBD) (Figure 4.5E). There were no significant
interactions between treatment and genotype for the time spent grooming (F(1,31)=1.120, p=0.298)
nor for the number of grooming events (F(1,31)=0.001, p=0.977). Overall, these data indicate that
the anxiety and repetitive behaviour profile of the Eker rat, at this age, is similar to WT and that

these features were not modified by CBD treatment.

4.3.4 Obiject, but not stranger rat, exploration is reduced in the Eker rat, and both parameters

are modified by CBD treatment

The latency and length of interaction between test animal and an unfamiliar stranger animal
was quantified in the social interaction task. We first quantified the latency, in seconds, for the first
approach between the test rat and the unfamiliar rat. A main effect of treatment was found
(F(1,31)=9.105, p=0.011 with bootstrapping [p=0.005 without bootstrapping]) with CBD-treated
animals taking more time to initiate contact with the stranger rat compared to animals in the
vehicle-treated group (vehicle: 3.07 s £ 0.71; CBD: 6.13 s £ 0.73). Contrastingly, there was no
significant effect of genotype (F(1,31)=0.347, p=0.539 (p=0.560 without bootstrapping)) nor
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treatment x genotype interaction (F(1,31)= 0.599, p=0.445) on the time to initiate contact (Figure
4.6A). Similarly, we found no effect of genotype on the total time spent interacting with an
unfamiliar animal (F(1,31)=0.002, p=0.964; 30.83 + 2.44 % time for WT vs 30.67 * 2.44 % time for
Eker), contrasting with previously published data for this model*”°. There were also no genotype-
induced changes in the number of interaction events (F(1,31)=0.475, p=0.496; 14.61+ 0.97 events
for WT vs 15.56 + 0.97 events for Eker). Treatment with CBD did not alter the total time spent
interacting (F(1,31)=2.861, p=0.101; 27.28 + 2.68 % time for vehicle vs 34.22 + 2.68 % time for
CBD) nor the number of interaction events (F(1,31)=0.139, p=0.712; 15.78 + 1.07 events for
vehicle vs 15.39 £ 1.07 events for CBD) (Figure 4.6B-C). The interaction treatment x genotype was
also not significant in relation to the time spent interacting (F(1,31)=1.219, p=0.278) and the
number of interactions (F(1,31)=1.115, p=0.299). Overall, these results indicate no deficits in social
behaviour across genotypes, with CBD treatment increasing the time to first approach.

Memory was assessed with the novel object recognition task. During Phase 1 of the task,
Ekers spent significantly less time exploring the object than wild-type animals (F(1,30)=5.928,
p=0.021; 11.22 *+ 0.96 % time for WT vs 7.88 + 0.99 % time for Ekers), indicating decreased
interest for novel stimuli, supporting previously published data®® (Figure 4.6D). Exploration was
unaffected by treatment (F(1,30)=1.835, p=0.186; 10.62 + 1.06 % time for vehicle vs 8.48 + 1.03 %
time for CBD) and no significant interaction between treatment and genotype was found for the
object exploration in Phase 1 (F(1,30)=0.293, p=0.593; Figure 4.6D). During Phase 2, when a new
object was presented together with a copy of the previous object, no main effect of genotype was
observed (F(1,30)=2.644, p=0.114; 62.54 + 2.47 % time for WT vs 68.32 + 2.55 % time for Eker)
(Figure 4.6E). There was a trend for an effect of treatment on novel object exploration
(F(1,30)=3.454, p=0.073) with vehicle-treated animals spending slightly more time exploring the
new object compared to the CBD-treated animals (69.22 + 2.67 % time for vehicle; 61.64 + 2.74 %
time for CBD). There was no significant interaction between genotype and treatment
(F(1,30)=0.756, p=0.391) (Figure 4.6E). Finally, given the reduction in exploration observed in
Phase 1 for the Eker group, Phase 2 exploration was also analysed using the percentage of time
spent exploring in Phase 1 as a covariate. When this parameter was introduced in the analysis, a
main effect of treatment was observed (F(1,29)=4.858, p=0.036), while no effect of genotype
(F(1,29)=1.255, p=0.272) nor treatment x genotype interaction (F(1,29)=0.853, p=0.363) were
found. This indicated that, while Ekers explored the first object less, compared to wild-type
animals, when taking into account the time spent exploring the object in Phase 1, overall in Phase 2
CBD-treated animals spend less time exploring the novel object than vehicle-treated animals (69,42
* 2.57 % time for vehicle vs 61.35 £ 2.58 % time for CBD). These data indicate that Ekers explore
objects less than wild-types, with CBD treatment impairing the exploration of novel, but not old,
objects. Nonetheless, all groups preferentially explored the new object when given a choice, rather

than the previously explored object from Phase 1.
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Figure 4.6: CBD treatment increases the time to first social approach while the Eker rat mutation
decreases object exploration. (A) During the social interaction task, CBD treatment increased the
latency for social approach in both WT and Eker animals (F(1,31)=9.105, p=0.011) . (B-C)
Nonetheless, no differences were found regarding the time spent interacting with an unfamiliar rat
(B) nor the number of interaction events (C) during the social interaction task. (D-E) Memory
function was evaluated with the novel object recognition task. Eker rats spent less time exploring
the object presented during Phase 1 (F(1,30)=5.928, p=0.021) (D) but all experimental groups
preferentially explored the novel object presented in Phase 2 (genotype: F(1,30)=2.644, p=0.114;
treatment: F(1,30)=3.454, p=0.073) (E). Data are presented as mean + SEM; n= 9 animals per
group; *p<0.05.

4.3.5 Phosphorylated rpS6 is unaffected by treatment and genotype and total rpS6 is
decreased by CBD treatment
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Western blot was conducted on whole brain tissue to evaluate mTORCL signalling in the
different genotype and treatment groups. There was no main effect of genotype (F(1,8)=1.544,
p=0.249) or of treatment (F(1,8)=0.830, p=0.389) on phosphorylated rpS6 expression. The
interaction between genotype and treatment was also not statistically significant (F(1,8)=3.964,
p=0.082), although there was a tendency for CBD to increase phosphorylated rpS6 expression in
WT animals while reducing it in Ekers (Figure 4.7A). Total rpS6 levels were also quantified and no
effect of genotype (F(1,8)=0.604, p=0.459) or treatment (F(1,8)=3.616, p=0.094) was observed. A
significant interaction between genotype and treatment (F(1,88)=7.272, p=0.027) indicated that
while CBD administration had no effect on WT animals, it reduced total rpS6 levels specifically in
the Eker group (WT-vehicle 19418,43+ 1998.388, WT-CBD 21007.423 + 1998.388, Eker-Vehicle
23254.100 + 1998.388, Eker-CBD 14065,097 + 1998.388) (Figure 4.7B).
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Figure 4.7: CBD treatment has no effect on phosphorylated rpS6 but reduces total rpS6 expression
levels. (A) Western blot was performed to quantify the expression of phosphorylated S6 levels. This
were found to be similar across genotypes (F(1,8)=1.544, p=0.249) and treatments (F(1,8)=0.830,
p=0.389). (B) On the other hand, CBD administration changed total S6 expression in the Eker group
(F(1,88)=7.272, p=0.027) (experiment performed by Leo Geng). Data are presented as mean *
SEM; NES= normalized experimental signal; n=3 animals per group; *p<0.05.

4.4 Discussion

In this work, a battery of behavioural tasks was conducted to further understand the TSC-
like neuropsychiatric phenotype exhibited by the Eker rat and to explore the effect of an 8-week

CBD treatment regimen.
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During treatment, weight was monitored and all animals exhibited a time-dependent
increase in body mass. Interestingly, CBD-treated animals displayed smaller increments of weight-
gain, regardless of genotype, such that by the end of the treatment period, animals receiving CBD
presented with lower body weight compared to vehicle-treated animals. This finding is consistent
with a previous report where 10-week old male Wistar rats treated intraperitonially with 2.5 mg/kg
or 5 mg/kg CBD for 14 days, exhibited reduced weight gain compared to the ones injected with an
ethanol, cremophor, saline (1:1:18) solution®®, Contrastingly, when 30-day old Wistar rats were
injected with intraperitoneal 0.5, 1 or 5 mg/kg CBD for 30 days, no changes in body weight were
observed®®2, Our study and these two others use distinct doses and durations of CBD treatment, as
well as different rat strains. Given that weight progression is both age- and strain- dependent®82.683,
this could explain the variability of results. As trials with CBD often target infantile pathologies, it
is possible that CBD administration accompanies decisive periods of growth in these patients®®,
Hence, it would be important to further understand and monitor possible effects of CBD on weight
and development, that could potentially translate into a significant impact on children’s growth.

Impairments in fine and gross motor skills can be found in TSC patients from as early as 9
months, with lower fine motor scores potentiated by the presence of the ASD comorbidity!1368568,
A number of TSC models also exhibit motor impairments, with abnormal gait and rotarod
performance reported in homozygote animals®**%38 However, motor function appears to be
preserved in heterozygote TSC modelst?”33572 Accordingly, we found no genotype-induced gait
alterations. Therefore, although we previously reported a PC area reduction in Eker cerebella
(Section 3.3.2) which could suggest cerebellar atrophy and ataxic movement334666:688-691
behaviourally this was not observed in older Eker rats. CBD did induce a decrease in stride width in
both WT and Ekers which correlates with the reported effect of CBD on weight, as these two
parameters have been shown to increase in a curvilinear manner®°%2 Furthermore, no effect of
CBD was found on locomotor activity supporting previous pre-clinical work with this
compound®96%-6% - However, Ekers did exhibit decreased spontaneous locomotor exploration
compared to WT animals, supporting previous work with this model®°. This result contrasts with
locomotion data from other heterozygote models of TSC, where no changes in ambulatory
movement have been reported®4333:33%572 One of the reasons for this inconsistency could be the
parameters measured as time spent moving was used here, whilst other studies have reported total
distance travelled®?#3%%572 or average speed values®®. Furthermore, species-related differences
could also contribute to the changes observed between TSC mice and rats. Mice stop more
frequently and move slower compared to rats during open-field exploration®®, which could also
account for the different results between models. Decreased ambulation in the open-field could also
be indicative of motor deficits although, as previously mentioned, these would likely be
independent of cerebellar dysfunction®”¢%, To further clarify possible motor impairments in the

Eker rat, further work should include muscle strength tests, such as the grip strength test®®.
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Focusing on motor-specific tasks would allow a better differentiation between motor symptoms and
other confounding behaviours present in the open-field task such as anxiety- or depression-like
manifestations. Indeed, decreased open-field exploration has also been associated with increased
immobility time in the forced swim test, a task that analyses depressive-like behaviours’®.
Additionally, comparison between adult Wistar and Long-Evans rats reported that the latter
exhibited increased depressive-like behaviour in both the forced swim and sucrose preference
tests’®. Thus, it is possible that the Eker rat exhibits an increased depressive-like phenotype,
relevant for TSC pathology. In fact 19-43% of TSC patients are reported to exhibit
depression6:%8642702 "while the latest World Health Organization report estimates the prevalence of
depression for the general population in 4.4%%,

CBD was previously reported to modify repetitive behaviourst®”6647%4 This contrasts with
the data presented here. One major difference between this and other studies is treatment duration,
with previous reports describing the effects of a single CBD injection or a 7-day treatment. In work
by Casarotto and colleagues, an average of 5/25 marbles were buried after a single CBD injection.
After 7 days of treatment however, this number had increased to 10/25, with the naive group
burying 19/25 marbles®*. This suggests there may be a loss of CBD effect on the marble burying
task with repeated treatment. Therefore, although CBD has been proposed as a possible alternative
to address perseverative behaviours’, treatment might not promote long-term benefits. Although a
significant effect of genotype was not present, Ekers did exhibit a tendency to bury more marbles
than WT animals, which could be reminiscent of an increased repetitive-like behaviour. However,
this was not supported by our measures of grooming behaviour, which failed to show differences
between genotypes, irrespective of treatment. No changes in anxiety-like behaviours were seen,
although a tendency for increased avoidance of the inner squares was seen in the Eker group. A
similar propensity for inner area avoidance was also reported in the Tsc2-DN model. Nevertheless,
the overall lack of an anxiety-like phenotype in Eker rats is in line with previous work using the
light/dark box task, where no differences were observed between WT and Ekers3237°,

CBD had an effect on both genotypes in the latency to first approach. As diazepam was
shown to also increase latency in Wistar rats’®, the effect seen here could indicate an anxiolytic
action of CBD. However, we did not observe any other effects of CBD in the remaining anxiety-
like behaviour paradigms used in this study (grooming frequency and duration; time spent exploring
the inner squares). Alternatively, this increased latency to approach a novel animal could suggest a
reduction in interest of the experimental rodent towards the new partner. If translated to a TSC
clinical setting, this would be an unwanted effect of CBD given the already existent and highly
impactful psychosocial difficulties faced by these individuals, especially by TSC-ASD patients®%°,
Overall evidence suggests that, at this age, the Eker rat does not exhibit repetitive nor anxiety-like
behaviours and, therefore, does not replicate this feature of TSC. As CBD was previously shown to

modulate anxiety-like behaviours (Section 2.3.2.2)405407615.707 "t would be valuable to investigate its
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effect in models of TSC that do exhibit an increased anxiety phenotype. This would clarify its
possible role in the modulation of these features®¥572,

The Eker rat has been proposed as a model of ASD-like behaviour, as it displayed social
interaction dysfunction at 12-24 weeks*°. Using 9-week-old Ekers, we found no evidence of social
interaction deficits. The data presented here therefore suggests that these deficits in the Tsc2*" rats
may be exacerbated by age. For example, while Sprague-Dawley rats aged 4 to 10 weeks presented
with similar social interaction patterns’®, 10 week-old Wistar rats were shown to have increased
interaction time compared to 19 and 25 week-old animals™. Furthermore, 6-week old Fischer 344
male rats exhibited increased social interaction compared to 12 and 72 week rats’®, Thus, it is
possible that the discrepancy of results between this and previous work with the Eker rat may be
due to an age-dependent effect. Younger Ekers exhibit typical social interaction behaviours whilst
social differences in older animals are potentiated by age and the Tsc2 mutation.

Although no differences in social exploration were found, object exploration was altered in
the Eker group, replicating previous work with this model®®. Laboratory rats are naturally
inquisitive and preferentially explore novel environments and objects rather than previously known
ones™713, Preference for an object is also dependent on the memory of previous exposures, which
ultimately makes the novel object recognition task a memory test®3®74 In this regard, no memory
deficits have been previously reported with the Eker rat?®2, Reduced object exploration can be
associated with increased levels of anxiety-like behaviour’*>"6, which were not observed in these
experiments. Alternatively, reduced levels of exploration suggest decreased novelty seeking
behaviour, a characteristic of TSC-ASD and nsASD individuals’*"-"1%, CBD treatment reduced
object exploration in the discrimination phase, when the time spent exploring during the acquisition
phase was taken into account. This could be due to an effect of CBD on memory retention. Indeed,
this compound has been shown to improve®6®69720 impair’2*'2> or have no effect®666%724 gn
memory retention in naive animals and disease models. With the present data it is not possible to
discern what would be a memory deficit from an alteration in innate novelty exploration. Thus,
further behavioural tasks focused on memory, such as the T-maze, would enable a better
differentiation of these effects’4725,

rpS6 is a ribosomal protein that shuttles between the cytoplasm and the nucleus®®.
Although phosphorylation of rpS6 is frequently used as a readout of mTOR activity, the exact
function of rpSé6 is still debated. Previous work with CBD reported decreased phosphorylated rpS6
after compound administration**%1%. This was not observed in this work. While here an 8-week
CBD treatment was administered to rats, prior studies have used incubations overnight in zebrafish
(Chapter 2)%%5616 or of 2 hours in Jurkat cells*!*. Thus, it is possible that the discrepancies in effects
are due to model-specific mechanisms of action or to the attenuation of the effect of CBD on
phosphorylated rpS6 over long periods of treatment time. Clinically, CBD appears to maintain a

sustained effect after 48 weeks of treatment albeit concerning seizure control’?72’, Further studies
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with a timed evaluation of CBD’s effect on phosphorylated rpS6 would enable clarification of its
role on the mTOR pathway. This could provide valuable information to elucidate possible
contributions of this compound to the specific treatment of TSC manifestations where rpS6
phosphorylation is increased.

Interestingly, we did observe a CBD-induced reduction in total rpS6 expression specifically
in the Eker group. Mutant mice with rpS6 haploinsufficiency present with impaired mitosis and
decreased rRNA, indicating alterations in protein synthesis’, S61°ce* mice exhibit altered 40S
biogenesis and cell cycle arrest due to lack of cyclin E’?°. Furthermore, total rpS6 was shown to be
increased in several types of tumours and its expression was indicative of a poor prognosis™°. Thus,
the reduction in total rpS6 expression seen in the CBD-treated Eker group suggests a potential
beneficial effect of CBD on the abnormal cell growth.

Finally, an injection-induced effect was observed in this study. This was manifested by the
presence of skin abnormalities in the form of small subcutaneous lumps in a number of CBD-
injected rats, regardless of genotype. Previous work with Long-Evans has reported that daily
subcutaneous injections with peanut oil led to the appearance of subcutaneous lumps, after a 21-day
treatment’!, These had no effect on behavioural testing’!. Here, a different vehicle was used.
However, we did not find evidence of these lumps in vehicle-treated animals suggesting that, as
opposed to peanut oil, in this case we were in the presence of a CBD rather than a vehicle effect.
These lumps suggest an accumulation of CBD under the skin, which has also been previously
described with transdermal CBD delivery’®2. Other reports of subcutaneous CBD treatment have not
stated the presence of these abnormalities, although these comprehended single CBD
administrations instead of long-term treatments**%%’. Although this subcutaneous reaction can be a
previously unknown side effect of repeated CBD injections, clinical treatment with CBD often
follows an oral route?®2404427.738 Therefore, this effect would unlikely be found in CBD-treated

patients.

4.5 Conclusion

In TSC, behavioural alterations in nonverbal 1Q and visual reception can be detected in
patients as young as 6 months old'!®. Despite the burden that these alterations have on patients’
lives, the vast majority of them remains untreated. This in part reflects the complexity of
behavioural presentations but also the difficulty in addressing specific behavioural components of
disease¥%%81%0 Therefore, research with models that mimic behavioural aspects of TSC is of great
need and importance to the TSC population. Here, exploring the behavioural profile of the young
Eker rat, we confirmed its mild phenotypical profile. Although interesting differences in exploratory
behaviour were found, no other changes representative of the behavioural profile of TSC patients

were observed. Furthermore, although CBD did not greatly affect animal behaviour, it did promote
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a reduction in weight gain, changes in memory retention and increased contact latency that could be
relevant to the TSC population. Hence, to better evaluate behavioural changes, the use of animal
models of TSC with a more human-like phenotype could prove beneficial. For example, the Tsc2-
DN model which exhibits increased anxiety levels, decreased social behaviour and novelty
preference, deficient memory and reduced motor coordination. Administration of CBD to other
models could help clarify its long-term effects and safety. This is crucial to the TSC population
given their complex symptomatology and associated comorbidities. The use of CBD to manage

behavioural TSC symptoms is therefore still to be resolved.
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Chapter 5: The effect of CBD administration on PTZ-induced tonic-clonic seizures

and mortality in the Eker rat model of TSC

5.1 Introduction

Epilepsy is highly prevalent in TSC patients, present in 80 to 96% of individuals?®, with 30
to 50% of these exhibiting first seizures before the age of one, in the form of 1S!4:3582838891460 (spe
also Section 1.1.3.4.; Table 1.1). While some TSC patients achieve seizure freedom with
pharmacological treatment®°17247%5 one to two thirds develop refractory epilepsy. Anti-epileptic
drugs are the therapeutic approach most likely to induce seizure freedom. In TSC, vigabatrin is the
compound most often prescribed as the first AED treatment, followed by valproate, carbamazepine
and levetiracetam® 7%, Besides pharmacological treatment, resective surgery can also provide a
seizure-free prognosis, with the ketogenic diet and vagus nerve stimulation reducing seizure
frequency but often failing to promote complete seizure remission20%735736,

The development of epilepsy in TSC has a significant impact on the QoL of patients. This is
a combination of the inherent disease burden, caused by the direct presence of seizures and AED-
related side effects, its economic cost*»”¥’, and the impact of seizures on cognitive and mental
health (Section 1.1.3.5)83217460.738 This is evident in TSC, where there is a close relationship
between epilepsy, cognitive delay and autism. Decreased cognitive function is observed in patients
with ASD, with epilepsy, and with both conditions combined®"11¢7° More importantly, reducing
seizure frequency has been shown to positively contribute to the QoL of TSC patients®. Altogether,
given the number of TSC patients that do not currently achieve seizure freedom, the development of
new anti-epileptic therapies is crucial for the improvement of seizure control and for improved
health and QoL of patients.

Recently, CBD has shown potential as a new anti-epileptic medication especially in the
management of treatment-resistant epilepsies*’? (Section 1.2.2). Preclinical studies first reported the
effectiveness of CBD in reducing seizure frequency in a plethora of systems. These included acute
seizure models, such as PTZ, penicillin and maximal electroshock?*#3#4544¢ acquired models of
epilepsy, like corneal kindling and the reduced intensity status epilepticus-spontaneous recurrent
seizure (RISE-SRS) model®™, and a genetic model of DS®®°,

In clinical populations, a randomized, double-blind, placebo-controlled trial for LGS has
shown a 37 to 41% dose-dependent reduction in drop seizure frequency following 14 weeks of CBD
treatment. In DS, convulsive seizure frequency was reduced in 39% after CBD administration, and
62% of caregivers reported improved overall condition after treatment. Seizure freedom was
reported by 5% of individuals receiving CBD***#?". Furthermore, in an open-label trial with TSC

patients with refractory epilepsy, addition of CBD to the AED treatment schedule induced a 48.8%
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median percent change in seizure frequency*®. Thus, although only a limited number of clinical
trial results are available, the current clinical evidence supports the preclinical data suggesting a
positive effect of CBD in reducing the frequency of drug-resistant seizures.

To date, no studies have investigated the possible anti-seizure actions of CBD in the Tsc2*"
animal model, the Eker rat. This TSC model does not exhibit spontaneous seizures itself and
therefore, to explore seizure physiology, seizures must be evoked through chemical induction
(Section 1.1.5.4.2). One way to achieve this is through the acute administration of PTZ, an
experimental method considered to be a gold-standard in the field of AED research and
development’®7!, PTZ’s convulsive action derives from its antagonism of GABAa receptors
(Section 1.1.6.4.2)%°741 In AED discovery, the assessment of novel compounds against a 50-100
mg/kg PTZ challenge is a widely accepted screening assay to assess the anticonvulsant potential of
novel compounds*®74274°  Furthermore, a number of currently approved AED, such as
ethosuximide, vigabatrin and valproate, were first selected due to their efficacy against PTZ-
induced seizures™6.747,

Using an acute PTZ administration paradigm, Waltereit et al. (2006) showed that 10 to 14
week-old Eker rats did not show increased susceptibility to 30, 40 or 50 mg/kg PTZ, when
compared to wild-type animals?2. Although no changes in susceptibility were observed, this model
did shown a convulsive response to PTZ administration, indicating that this can be a valuable
platform to investigate the effect of antiepileptic compounds, such as CBD*,

Age is also an important variable regarding seizure development, as susceptibility to PTZ
has been shown to be modulated by the age of exposure’>74-"1 For example, Klioueva and
colleagues injected intraperitoneal 25 mg/kg PTZ in WAG/RIj and Wistar male rats. At P10, tonic-
clonic (TC) seizures were present in 7 and 31% of the animals, respectively. This incidence
increased to 40 and 33% at P26, and to 100% in both strains from P707*. In contrast, Sircar and
colleagues reported that administration of 100 mg/kg PTZ to male and female Sprague-Dawley rats
induced 100% incidence of tonic-clonic seizures in animals aged P21, but in only 64% and 20% of
the animals aged P40 and P60, respectively’. This suggests that age may influence the
development of PTZ-induced seizures, although the exact relationship between these two variables
is still to be ascertained. Thus, using the PTZ acute seizure model | 1) hypothesized that using
younger rats (P24-P28) compared to Waltereit’s study (P70-P98) would modify the Eker’s response
to the PTZ challenge and 2) investigated the anti-convulsant ability of CBD in the Eker rat.

| first piloted this protocol on P24 to P28 wild-type male rats to optimize the PTZ dose to
be used in further experiments. Subsequently, wild-type and Eker animals were treated with vehicle
or CBD, prior to administration of the piloted dose of PTZ. The effects of genotype and CBD

treatment on the development of TC seizures and mortality were measured.
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5.2 Methods

5.2.1 Breeding and animal groups

Male wild-type (Tsc2**) and Eker (Tsc2™") Long-Evans rats, from our in-house colony at
the University of Reading Bioresource Unit facilities, were maintained at room temperature, on a
12:12 hour day/night cycle and with access to food and water ad libitum. At P14, animals were ear-
notched and genotyped as described in detail in Section 3.2. Briefly, following DNA extraction and
PCR, the obtained PCR products were separated in a 2% agarose gel and visualized with a Syngene
U:Genius 3 (Syngene, UK) gel imaging system. Eker DNA was identified by a visible band around
the 892-bp ladder reference band, representative of the mutational insertion in the Tsc2 gene (Figure
3.1; Section 1.1.5.4.2). For the experiments in this chapter, an initial pilot study was designed to
ascertain the PTZ dose to be used in subsequent experiments. Here, 19 wild-type male animals aged
P24 to P28 were used. In the experimental study, 40 male animals (20 wild-type and 20 Eker) aged
P24 to P28 were used with 10 animals assigned to the WT-vehicle group, 10 to the WT-CBD group,
10 to the Eker-vehicle group and 10 to the Eker-CBD group. All experiments were approved by the
University of Reading Ethics Board and the UK Home Office (PPL 70/8974) and carried out in
accordance with UK Home Office regulations (Animals (Scientific Procedures) Act, 1986) and the
ARRIVE guidelines.

5.2.2 Compound and drug preparation

Before each round of PTZ sessions, vehicle with a ratio of 2:1:17 EtOH: Cremophor: 0.9%
saline (Ethanol 32221, Merck) (Kolliphor®HS 15, 42966, Sigma) and CBD (GW Pharmaceuticals,
Cambridge, UK) in a concentration of 35mg/mL were freshly prepared and stored at 4°C, in
individual glass vials and protected from light. On the morning of each experiment, a fresh solution
of 30 mg/mL PTZ (P6500-100G, Sigma-Aldrich) was prepared in saline, and stored in individual

glass vials protected from light.

5.2.3 Pilot protocol for PTZ dose optimization

Using a protocol adapted from previously published work*344.745 90 mg/kg and 95 mg/kg
concentrations of PTZ were selected and administered to 9 and 10 wild-type male animals,
respectively’?. On the morning of each pilot, animals were moved to the observation room,
weighed and placed in a transparent, 15 x 15 x 24 cm plastic observation arena with a lid, where
they were left to acclimatize for 120 minutes until 10:00hrs. After this time, animals were injected

intraperitonially (ip) with vehicle (2:1:17 EtOH: Cremophor: 0.9% saline), and returned to their
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observation arena for a further 60 minutes, mimicking the experimental protocol (described
below)®%”. At 11:00 hrs, each animal was injected with either 90 or 95 mg/kg PTZ, according to a
pseudo-randomised design, and immediately placed back in their observation arena for 30 minutes.
The presence of TC seizures, defined by a prolonged contraction of muscles with loss of posture
and righting reflex”273 as well as mortality, were visually recorded. After 30 minutes of

observation, animals were euthanized by carbon dioxide exposure followed by neck dislocation.

5.2.4 Experimental Protocol

To test the effect of genotype and CBD on PTZ-induced seizures, P24-28 male wild-type
and Eker rats were injected (i.p.) with 90 mg/kg PTZ, based on the pilot results. The protocol used
for the experimental rounds was similar to the one described above for the pilot round. Twenty
wild-type rats and 20 Ekers were moved into the experimental room 2 hours before first injection,
after their weight was measured. Subsequently, animals were allocated to the vehicle or CBD group
and, two hours after acclimatization, injected with either vehicle or 200 mg/kg CBD (Figure 5.1),
the suggested dose by the sponsors of this work, GW Pharmaceuticals®”®. One hour after vehicle or
CBD administration, animals were injected with 90 mg/kg PTZ and observed for 30 minutes.
Whilst in the observation arenas, animals were continuously visually monitored for the development

of TC seizures and for the occurrence of mortality, as well as for the latency of these events.

5.2.5 Data analysis and statistics

Statistical analysis of the collected data was performed in IBM SPSS Statistics 22 and
graphs were produced using GraphPad Prism 6. Due to the small sample size of this study and
violation of normality in some data sets (see below), the presence of outliers was analysed using the
ROUT test’>*7°, One outlier was identified in the latency to first TC seizure variable and
consequently removed from statistical analysis.

For the analysis of the pilot data, PTZ dose was the independent variable, with weight,
recorded in grams, TC seizures and mortality, recorded as the number of animals exhibiting each
feature, as dependent variables. Weight was analysed with a one-way ANOVA, as data followed
normality under the Shapiro-Wilk test and only wild-type and vehicle-treated animals were used.
TC seizures and mortality was plotted in a “Yes/No” variable format and analysed with the Chi-
square test of independence.

For the analysis of the data obtained in the experimental rounds, genotype and treatment
were the independent variables. Weight, in grams, was analysed with a two-way ANOVA with
bootstrapping, following a statistically significant Shapiro-Wilk normality test result. The number

of animals exhibiting TC seizures and mortality (Yes/No) was analysed with the Chi-square test of
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independence. The latency to first TC seizure, recorded in minutes, was analysed with a two-way
ANOVA with bootstrapping, as normality was violated.

All data are presented as mean + SEM, unless stated otherwise and the p value for
significance was set at 0.05.

Animals into Vehicle or PTZ injection and
observationroom | CBD injection Behavioural observation

Euthanasia

t=-120 min t= Omin t= 60 min =90 min

Figure 5.1: PTZ acute seizure model. Animals were placed in the observation room two hours
before injection of vehicle or CBD. One hour later, PTZ was injected and behavioural observation

was conducted for 30 minutes. At the end of the observation period, animals were euthanized.

5.3 Results

5.3.1 Pilot results for the PTZ dose optimization

A pilot round was performed to determine the optimal PTZ dose to be used in further
experiments, using wild-type males injected with vehicle (at the time point when CBD will be
administered during the experimental phase) and 90 mg/kg or 95 mg/kg PTZ. Both the 90 mg/kg
group and the 95 mg/kg group presented with similarly distributed weights (85.156 + 2.0 g for the
90 mg/kg group vs 84.590 + 1.898 g for the 95 mg/kg group; F(1,17)= 0.042, p= 0.840) (Figure
5.2A). Following PTZ administration, all animals exhibited TC irrespective of the administered
PTZ dose (Figure 5.2B). Significant differences in mortality between the two doses were seen
(¢*(1)= 4.866, p=0.027). One in nine animals died in the 90 mg/kg group and 6/10 animals in the 95
mg/kg group (Figure 5.2C).

Previous data comparing Eker rats with wild-type animals indicates a mild seizure
phenotype, suggesting that mutation-induced differences between wild-type and Eker in response to
PTZ and CBD could be subtle?®2. Furthermore, as the intensity and speed of progression of PTZ
seizures is dose-dependent™®7%° these small differences could, in turn, be obscured by high doses
of PTZ787€0.761 Therefore, to avoid masking genotype or drug-induced effects, the lower 90 mg/kg

dose was selected for use in the experimental phase.

110



b

1104
1004
— By
2 904 50
5 | S agme
S 801 ©®ee )
=
70- .
60 T T
90 mg/kg 95 mg/kg
PTZ dose
1
107 L_J No %10- L] No
% o~ 94 £ 94
£Z s 03 ves 2 s 03 ves
E £ 74 s 74
28 61 5 6
e 51 e 5-
32 4 2 4
gg 3 “;: 3
S 2 21 2 2-
1- £ 1-
0 T r =S 0 T r
90 mg/kg 95 mg/kg 90 mg/kg 95 mg/kg
PTZ dose PTZ dose

Figure 5.2: PTZ dose pilot in WT animals. A pilot experiment was performed using 90 mg/kg and
95 mg/kg PTZ doses in two different male WT cohorts. (A) The weight distribution of the animals,
presented as mean + SEM, was similar between groups, (B) as was the proportion of animals
exhibiting TC seizures. (C) The mortality rate was significantly higher in the 95 mg/kg group
(x*(1)= 4.866, p=0.027); n=9 for the 90 mg/kg group and n=10 for the 95 mg/kg group; * p< 0.05.

5.3.2 Animal weight variation between groups during experimental rounds

Animals used for the experimental rounds of PTZ were randomly allocated to vehicle or
CBD treatment groups. Despite randomization, a significant main effect of treatment was found
(F(1,36)= 6.865, p= 0.013 (0.013 without bootstrapping)), with animals allocated to the vehicle
group being heavier than those allocated to the CBD group (90.725 + 5.368 g for vehicle vs 71.620
* 4.219 g for CBD). There was no significant main effect of genotype (82.510 + 4.864 g for WT vs
79.835 + 4.954 for Eker; F(1,36)= 0.135, p= 0.735 (0.716 without bootstrapping)) nor any
significant genotype x treatment interaction (F(1,36)= 0.008, p=0.931) (Figure 5.3A).
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Figure 5.3: The effects of CBD after a 90 mg/kg acute dose of PTZ. During experimental rounds, a
90 mg/kg dose of PTZ was used. (A) Animals allocated to the CBD-treated group presented with
lower weight compared to the ones in the vehicle-treated group (F(1,36)= 6.865, p= 0.013). (B-C)
Tonic-clonic seizures were analysed by visual recording. (B) Their presence (Yes/No) was similar
between groups, as was (C) their latency, presented in minutes. (D) The mortality rate in each
treatment and genotype was also recorded as a Yes/No variable. Data for weight and latency is

presented as mean + SEM; n=10 animals per group.

5.3.3 CBD-treated Eker rats present with the lowest TC seizure frequency

Both the frequency and latency to TC seizures were visually monitored. WT animals
exhibited the highest rate of TC, with 9/10 animals exhibiting at least one episode of this type of
seizure irrespective of treatment. Eight in ten vehicle-treated Eker rats presented with TC seizures
while CBD-treated Eker rats presented with the lowest TC rate (6/10) (Figure 5.3B). Chi-square

analysis of the presence of TC seizures revealed a non-significant association between the presence
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of TC and treatment (}?(1)=0.625, p= 0.429) and between the presence of TC and genotype
(¥3(1)=2.5, p=0.114). In both cases the two variables were weakly associated (Cramer’s V=0.125
for treatment; Cramer’s V=0.250 for genotype). The latency to first TC seizure was not different
between genotypes (5.208 + 1.415 min for WT vs 5.792 + 1.573 min for Eker; F(1,27)= 0.076, p=
0.793 (0.785 without bootstrapping)) nor treatments (4.0 £ 1.456 min for vehicle vs 7.0 £ 1.535 min
for CBD; F(1,27)= 2.010, p= 0.212 (0.168 without bootstrapping)) (Figure 5.3C). There was no
interaction between genotype and treatment (F(1,27)=0.820, p=0.373).

5.3.4 Mortality was consistent across all experimental groups

Mortality following PTZ administration was also analysed. Consistent with the pilot data, a
low incidence of mortality was found following the administration of 90 mg/kg PTZ. By the end of
the 30-minute observation period, only 2 animals had died during the procedure: one from the WT-
vehicle group, 5 min after PTZ injection and one from the WT-CBD group, 12 min after PTZ
injection. No Eker rats died during these experiments (Figure 5.3D).

5.4 Discussion

CBD has been shown to have anti-epileptic properties in several in vivo animal models**’
and in human trials**+4274%1 Data from an open-label trial also suggests CBD has efficacy to treat
seizures in TSC*®?, although controlled clinical data is still needed (Section 1.2.2). To further
understand the possible role of CBD in TSC, we examined the Eker rat, a Tsc2*"~ model, following
an acute dose of PTZ. Overall, we found no major differences between vehicle and CBD treatment
on the presence and latency of TC seizures or mortality in both genotypes.

In the pilot round, 95 mg/kg PTZ induced the development of TC seizures in WT animals
followed by a relatively high mortality (6/10) in comparison to the 90 mg/kg dose (1/9). As no
differences in susceptibility to seizure were found between WT and Eker rats in previous work??,
only the possibility of modest differences in relation to PTZ susceptibility were expected in this
study, despite higher doses of PTZ being used. The 90 mg/kg dose was chosen to facilitate the
detection of subtle differences in TC seizure development due to either the Tsc2 mutation and/or
CBD treatment. This is a dose that falls well within the range of PTZ doses previously used for the
assessment of CBD in this model, although it should be noted that considerable variation in PTZ
doses during antiepileptic compound assessment is found between studies?44-446.742.744.762

Given the role of the PTZ acute paradigm as a gold-standard screening tool for novel AED
compounds, it is of great importance that a balanced group assignment is properly achieved for
robust and comprehensive compound investigation. Differences in litter size, and consequent

feeding, can lead to distinct rates of growth and physiological maturation between litters’®-7% a
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factor that can itself contribute to differences in drug response’®”7%8, Therefore, the use of animals of
similar weights across groups can help reduce variability in response due to experimental design.
Given the positive results with pseudo-random allocation obtained in the pilot round, a similar
procedure was used in the experimental round. However, despite this approach, we detected a
difference in weight between the animals that were allocated to the vehicle and CBD groups.
Importantly, this was not a drug-induced effect as animals were weighed prior treatment
administration. It is still unclear if weight could have had an impact on the effect of CBD. For
example, CBD is a lipophilic compound that can accumulate in adipose tissue’®®. Consequently, rats
with different weights and percentage of fat mass could have different rates of absorption and
distribution of CBD. Therefore, to avoid the contribution of confounding factors to drug response,
further work should proceed with allocations to each experimental group after weight measurements
have been taken’2, This will allow an even distribution of weight throughout the different groups
and minimize the effect of heterogenous populations to the final results.

Regarding seizure development, we examined TC seizures which resemble the generalized
myoclonic seizures present in the TSC population®®376, These are also the most important risk
factor for sudden unexpected death in epilepsy (SUDEP)”*"*, No statistically significant
differences were found for the latency to TC seizure development nor for the presence (yes/no) of
TC seizures. Given the Tsc2 mutation present in the Eker rat, increased susceptibility to chemically-
induced seizures was expected for the this group. Indeed, previous work with other TSC models has
shown that mutations in the TSC genes increased neuronal excitability and the susceptibility for
seizure development (Section 1.1.3.4)3331354569 However, in line with previous work with this
model®2, WT-vehicle animals exhibited a similar TC frequency to Eker-vehicle animals (9/10 vs
8/10). This was unexpected since the susceptibility to PTZ-induced TC seizures has been shown to
decrease with age in pre-pubescent and young adult rats’>7472 increasing again in older
animals’®™1 Therefore, as this work used P24-28 rats, contrasting with the 3 to 6-month-old rats
previously used by Waltereit and colleagues, an increased frequency of TC was expected in the
Eker group. However, the absence of significant TC frequency differences does not preclude
changes in other types of PTZ-induced seizure behaviours. In this sense, it would be interesting to
record more detailed seizure information following PTZ treatment. For instance, tracking seizure
development using the modified Racine scale, which grades seizure severity from 0 to 5, would
provide a more complete evaluation of seizure progression following the PTZ challenge™?27"3, This
includes the recording of other seizure types besides TC (a score 5 in the Racine scale), to better
evaluate the susceptibility of the Eker rat to PTZ convulsions at this age. For example, myoclonic
jerks (a score 1 in the Racine scale) can also be seen with PTZ administration, and translate into
human motor seizures without loss of awareness, also present in TSC patients?*2”3, Therefore, the
evaluation of seizure development using the complete Racine scale could be of value to the TSC

population. Other factors may have also contributed to the lack of effect of mutation on PTZ-
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induced seizures. The Eker rat does not exhibit major signs of TSC-related brain pathology (Section
1.1.5.4.2). This might impact the rate and severity of seizure development as both tubers and
perituberal tissue have been shown to be major contributors to seizures®364147.50326 " and hoth of
these features are absent from the Eker rat at the different ages analysed.

The group with the lowest incidence of TC was the CBD-treated Eker group, suggesting
that CBD might impact the frequency of TC seizures, specifically in the presence of mutation. In
TSC models with spontaneous seizures, mMTORCL1 signalling was shown to be increased with
seizures, and administration of rapamycin was shown to decrease seizure frequency?0153:568.569,
Furthermore, phosphorylated rpS6 levels increased in 6-week-old Sprague Dawley rats following
75 mg/kg PTZ (ip) treatment. Phosphorylated rpS6 Ser240/244 and Ser235/236 expression was
detected, indicating an induction of the mTOR pathway, 5 minutes and 1 hour post-injection,
respectively’3. Furthermore, after acute PTZ administration to both zebrafish and rats, rapamycin
treatment was shown to increase the latency of seizures’’*7", suggesting that PTZ treatment
increased MTORCL activation and that reduction of this activation through mTOR-inhibitor
treatment exhibited protective effects. Therefore, given the Tsc2 mutation present in the Eker rat,
PTZ could further potentiate mTORC1 activation in these animals compared to wild-types. We
found that short- (Chapter 2)51561¢ hut not longer-term (Chapters 3 and 4) CBD treatment decreased
phosphorylated rpS6 levels. Thus, this could potentially be a mechanism by which CBD could
induce a reduction in TC frequency, specifically in the Eker group. Interestingly, Talos and
colleagues observed that mTORC2 activation in temporal lobe epilepsy was responsible for
improved neuronal survival’®, In Chapter 3 we hypothesized that a possible mTORC2 induction
was present after CBD treatment. Although just a theory, if proven to be the case, this could further
contribute to a beneficial action of CBD on TSC seizures. However, given the relatively similar
frequency values of TC seizures in all groups and the small effect sizes detected, additional
experiments with larger cohorts and quantification of time spent in TC would be required to clarify
the effect of CBD on Eker seizures. Overall, additional molecular biology experiments including the
guantification of S6K, phosphorylated rpS6 (Ser240/244), phosphorylated rpS6 (Ser235/236) or
pAkt (Ser473), throughout different experimental time points, would be valuable to investigate if
CBD exhibits modifying actions in the mTOR pathway during PTZ-induced seizures.

Finally, despite the presence of a high incidence of TC seizures in the experimental rounds,
only a low mortality rate was present. Although 2/20 WT animals died, in contrast with 0/20
animals from the Eker group, the low mortality rate does not allow for detailed interpretation of the
role of genotype or treatment on this parameter. In this case, given the high mortality rate seen with
the 95 mg/kg PTZ dose, it might be necessary for future work to increase mortality rate or treatment

group size to fully understand the effect of CBD on mortality.
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5.5 Conclusion

No substantial changes were found between groups regarding the effects of genotype or
treatment on response to PTZ-induced TC seizures and mortality. Considering the previously
referred limitations of this study, more data is necessary to investigate the effects of CBD in
chemically-induced seizures with TSC models. Further research into these effects may be able to
clarify if CBD has a TSC-specific effect, beyond its known seizure reduction action, through
modulation of the mTOR pathway. If shown to be true, this would provide TSC patients with an
alternative AED not only to control severe seizures but also to manage other epilepsy-associated

symptoms.
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Chapter 6: General Discussion and Conclusion

CBD is a non-euphoric phytocannabinoid from Cannabis sativa that has been shown to
reduce seizure frequency. In the work described in this thesis, | explored the hypothesis that CBD
could exert beneficial effects in TSC, using two different animal models of this pathology, the
tsc24242 zebrafish and the Tsc2*" Eker rat. CBD received FDA approval under the designation of
Epidiolex® to treat seizures associated with two forms of childhood epilepsy syndromes, DS and
LGS*"41 More recently, CBD was also used in a randomized placebo-controlled trial towards
seizures in TSC (NCT02544763). Therefore, | sought out to investigate the effect of this compound
in addition to its seizure component in a TSC specific context, by analysing its effect on mTOR
readouts, brain structure and behaviour.

Throughout the years, the study of TSC as a disease has been strongly associated with the
study of TSC1 and 2 as biochemical tumour suppressors, and with the mTOR kinase and
pathway!213268276.777.778 - The discovery that functional mutations in these tumour suppressors
induced mTOR overactivation, and that this potentiated the growth of TSC-associated
tumours?8282778 led to the hypothesis that inhibition of mTOR would be beneficial in the treatment
of TSC-associated lesions. Rapamycin and Everolimus are currently prescribed mTOR inhibitors
that show efficacy in reducing tumour volume in TSC patients. However research into the effect of
these mTOR inhibitors on other TSC features, such as TAND and epilepsy, has so far been
limited!6°186:519.780 Thys, although mTOR inhibitors revolutionized the treatment of TSC, they do
not address all features of disease and the study of novel compounds that fill this therapeutic gap is
necessary. With this in mind, this project evaluated the administration of CBD in two distinct
animal models of TSC to address what possible effects CBD could have on different features of
TSC. The use of different models is advantageous as they possess distinct characteristics, allowing
the study of different facets of the disease and possible CBD effects.

In the zebrafish tsc2'¥2*2 model, | analysed the effect of the tsc2 mutation and CBD on
MTORCL activation, by quantifying the number and size of brain cells expressing phosphorylated
rpS6. | also investigated changes in anxiety-like and swimming behaviour by evaluating the
response to a light-dark startling stimulus and locomotion (Chapter 2). Here | demonstrated that
mutations in tsc2 induced an increase in mTOR activation, as assessed by the number of cells with
phosphorylated rpS6 fluorescence. Therefore, this model allowed for an assessment of the effect of
CBD on this molecule. We indeed saw a reduction of rpS6 phosphorylation and cell size, indicating
an action of CBD along the mTOR pathway. This was consistent with previous literature*:-413,
albeit some authors have also observed an induction of the mTOR pathway following CBD
administration, as seen by increased expression of the phosphorylated forms of mTOR and

S6K*10453  Although the mechanism of action of CBD was not explored thoroughly in this work, the
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data obtained does suggest that short-term CBD treatment decreases mTORCL1 activation in this
model. If this was also proven to be the case in TSC patients, this effect would be highly beneficial
in a clinical setting. Furthermore, in this zebrafish model, | also observed an anxiolytic action of
CBD, supporting previous literature using rodent and clinical populations*®407633781 - although this
seems to be a dose- and pre-condition-dependent effect®®37%7. If, again, this effect were to be
translated into the human population, given the high level of anxiety in TSC patients across
different age groups®, this could provide beneficial effects to patients receiving CBD. Overall, this
multi-effect action of CBD would be advantageous over mTOR inhibitors, enabling a reduction of
the pharmacological burden of patients and of the potential side effects and interactions associated
with complex treatment schedules.

A mammalian model of TSC, the Eker rat, was then used. Its brain homology with primates
benefits the study of the neuroanatomy and behaviour changed in TSC82783 The Eker rat has been
known to have a mild phenotype regarding both behavioural and neurological TSC-like
manifestations?264%7  However, this model has been reported to exhibit autistic-like features®”,
representing an opportunity to study not only ASD but possibly other neuropsychiatric aspects
characteristic of TSC. | first focused on the cerebellum, a rather overlooked structure in this model,
that has been shown to be involved in autism-like behaviour®126.130 Changes in cerebellar weight
and layer thickness were investigated, together with alterations in cell morphology and in the
expression of different disease markers (Chapter 3). Four main findings were reported on the
cerebellum, namely that the Eker rat presented with increased cellular density in the granular cell
layer and exhibited a reduction in the cross-sectional area of PC, while CBD treatment increased
GCL thickness and increased PC cross-sectional area. These are relevant findings as they suggest
that the Eker rat might have altered cerebellar development and that CBD partially corrected for this
defect. In humans, as in rodents, a great part of the cerebellar structure develops post-natally which
could provide a good window for CBD therapy initiation®?2, PC soma maturation was altered in this
work and CBD administration promoted an increase in the cross-sectional area of the PC. However,
this is a seemingly contradictory effect on size to the one reported previously with the zebrafish
model. Hence, how could CBD have two apparently opposing actions in different models of the
same pathology? One important note to be made at this point is that, in the zebrafish model,
increased mTOR signalling through phosphorylated rpS6 (235/236) was detected, while this was
not the case for the Eker rat cerebellum. This possible bidirectional action of CBD is suggestive of a
homeostatic, disease-, and state-dependent role, which has previously been reported in other
experimental conditions such as regarding the regulation of intracellular calcium levels in a
physiological vs hyper-excitable state’® ", or in relation to the viability of tumoural vs non-
tumoural cell lines*278, Furthermore, distinct mutations or models, as used in this study, could
elicit different compensatory mechanisms that would differentially alter the expression of CBD

targets and hence, its activity and outcome. More importantly, mTORC1 and mTORC2, which can
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have opposite effects in cell size regulation (Chapter 3), have been shown to negatively regulate
each other. This would allow the simultaneous activation of one complex and the inhibition of the
other’™”. Once again, a deeper look into the mechanism of action by which CBD is modulating both
complexes of the mTOR pathway would be crucial to fully understand its role in TSC.

The molecular changes seen in the Eker rat cerebellum suggested possible future
modifications in behaviour. Therefore, | analysed motor, anxiety and ASD-like behaviour in the
Eker rat upon CBD treatment. I also investigated this model’s response to an acute convulsant dose
of PTZ to understand the effect of mutation and treatment in the presence of seizures. Few
neuropsychiatric changes were observed in the Eker rat and following CBD treatment, in agreement
with previous literature (Chapters 4 and 5)22%°, Our PTZ trial results contrasted with data from
human trials, as we found no significant effect of mutation nor of CBD on the response to PTZ-
induced seizures, although a lower number of animals exhibited TC seizures in the Eker-CBD
group. The animals used in these studies presented a younger age compared to previous work with
this model, which | hypothesized would translate better into the age at which TAND and seizures
manifest in TSC patients. However, this difference in age profile did not accentuate the behavioural
phenotype of the Eker rat as anticipated. Instead, overall, it led to a more typical behavioural profile
compared to previous reports?*237, This is of crucial importance as manifestations of epilepsy and
TAND start very early in the life of TSC patients®>!3, Consequently, the models used to study the
effect of pharmaceutical interventions to be administered in this population should present TSC-like
features at early ages as well. Therefore, this work suggests that the Eker rat is not a good model to
address the early development of neuropsychiatric and neurological manifestations in TSC and,
consequently, to study their management. The pharmacology of TSC would benefit from more
studies where models with TSC-like manifestations are used with young ages. This would provide a
better match to the age at which human manifestations occur, and potentially reveal novel
information on how to manage young TSC patients’, Although | did not evaluate if the cerebellar
changes reported in Chapter 3 were still present during behavioural testing (Chapter 4), a lack of
alterations in cerebellar-dependent tasks was observed. This apparent discrepancy suggests that
either initial cerebellar changes were not of sufficient magnitude to impact future behaviour or that
alternative mechanisms contributed to a compensation for this developmental change, culminating
in behavioural adjustment. Additionally, it is possible that the cerebellar alterations detected in
Chapter 3 represented immature, rather than atrophic, cells and that these modifications were
corrected by the time of behavioural testing. These are interesting considerations because they
indicate that, although the Eker rat may not be a suitable model to study TAND and therefore, by
extension, to investigate possible therapies to manage the patients’ neuropsychiatric phenotypes, it
might instead be an interesting model to understand how other signalling mechanisms compensate
for modifications to the mTOR pathway. In this case, comparing the development of the Eker rat

with other models of TSC, with a more evident behavioural phenotype, could provide valuable
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insight on the modifications that occur between patients that lead to such a vast heterogeneity of
neurological and neuropsychiatric phenotypes in TSC.

Considering the impact of CBD on behaviour and seizures, treatment did not affect the
majority of the parameters analysed. However, a possible contribution of CBD towards the
management of TAND and epilepsy cannot be excluded, as the lack of an evident neuropsychiatric-
like phenotype in the Eker rat did not allow a conclusive evaluation of possible treatment effects. To
ascertain whether this is true, it is crucial that further work considers more severe models of TSC,
where behaviour and its pharmacological modulation can be properly addressed. This is especially
important given that we found an effect of CBD on total rpS6 expression after an 8-week treatment,
which may reflect modifications in protein translation (Chapter 4). This, together with the reduction
in phosphorylated rpS6 found after an overnight CBD treatment (Chapter 2) suggests that CBD may
alter mTOR signalling in a time-dependent manner. Given the overactive mTORC1 present in TSC,
these properties might prove clinically relevant for the TSC population. Once again, a timed
analysis of CBD’s effect would benefit further work on its mechanism of action.

One aspect that was changed by CBD administration, both in the short-term 1-week
treatment and in the long-term 8-week treatment, was weight gain, which was used as a measure of
growth™°. Therefore, it is important to consider how this could translate into a human population.
Clinical trials with CBD have often reported vomiting, decreased appetite and diarrhoea as side
effectsi02403421:45L790 " hyt they have focused heavily on seizure progression measures and scarcely
report other clinical parameters such as weight progression“®2, As CBD has been widely proposed as
a drug to address childhood epilepsy syndromes, it is indeed important to include, in current and
follow-up studies, a progressive assessment of, not only the neurological, but also the physical and
motor profile of patients. This will ensure the detection of significant alterations to a typical
development upon CBD treatment, as childhood is a highly sensitive period of growth. Another
important implication of this finding relates to the fact that CBD is often seen as the innocuous
sibling of THC, that presents no psychotropic nor adverse effects. Furthermore, although CBD is
becoming a widely accessible product, available in many main stream market contexts, long-term
studies with CBD treatment are scarce, both in pre-clinical and clinical models™®7%2, Hence, it is
important to be aware of the differences between anecdotal reports of CBD’s benefits and the actual
scientific evidence available, remembering that there are still a considerable number of unknowns in
relation to this compound.

One of the limitations of this work was indeed the lack of a marked behavioural component
in the Eker rat model, which did not allow absolute conclusions regarding the effect of CBD on
TSC-specific behavioural alterations. These results reinforce the notion that the Eker rat is not the
most appropriate model to study the establishment of TAND or infantile epilepsy in the TSC
population. Another important limitation was that each experiment analysed the effect of CBD on

single time points. This methodology does not allow the detection of possible progressive or time-
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limited effects of CBD. This is particularly important to address given that we found effects of
short-term but not of long-term treatment on the status of phosphorylated rpS6. Finally, the
mechanism of action of CBD on the mTOR pathway was only briefly investigated in this work.
This was mainly accomplished with the use of phosphorylated rpS6. Given that this marker can also
be modified by other signalling pathways and feedback regulation, the observations collected
should also be interpreted with care.

Presently, the mechanism of action of CBD is highly debated. Contradictory results are not
rarely reported, especially between in vitro and in vivo results®*®7®3 and this work was no exception.
This could be due to the use of different models and therefore, to an altered expression and
distribution of target receptors or enzymes throughout the different systems. Furthermore, different
preparations, vehicles, doses and routes of administration of CBD have been used in in vitro and in
vivo studies, which could further elicit these distinct results®®. Therefore, further in vivo research,
where increasing doses of CBD are administered, would allow to properly build a dose-response
curve on the effect of CBD along the mTOR pathway. Furthermore, as this is a very complex
signalling system, with the convergence of different signalling pathways into mTOR, it would also
be important to consider different downstream targets, not only phosphorylated rpS6 (235/236) used
in this work as a readout of this pathway. Therefore, in order to properly clarify the role of CBD in
TSC, future work should focus on two specific areas: 1) experimental sampling during different
time points of CBD administration, so that acute and chronic effects of CBD treatment in TSC
could be evaluated; 2) exploring the exact mechanism of action of CBD on the mTOR pathway. In
this case, the use of high throughput screening (for example, an mTOR signalling pathway array)
would be crucial to efficiently identify CBD’s targets. These experiments would enable a better
understanding of which targets would more likely be changed by CBD treatment and at which
treatment timepoint. Importantly, these questions should be addressed in different models of TSC in
which disease features are present, namely in conditional knockout murine models.

To a certain extent, the experimental method applied in this work moves in the opposite
direction of the conventional drug discovery process. Instead of the pre-clinical work leading to the
development of clinical trials, here, results from clinical studies inspired the investigation of the role
of CBD in TSC*®, Large clinical trials are currently undergoing to assess the effect of CBD in TSC-
derived seizures (NCT02544763), and data from previous smaller scale studies seem
promissing*®24%, However, could CBD have any other action besides aiding seizure control?
Ultimately, the goal with TSC treatment would be to have a single drug that could eventually
address tumour growth, seizures and neuropsychiatric dysfunction. This would enable a reduction
of the number of prescribed drugs, minimizing adverse effects and pharmacological interactions.
However, CBD is also often portrayed as a silver bullet, with a plethora of effects that are often
anecdotal™!. Therefore, it is important to acknowledge that considerable data is still lacking for this

compound, primarily regarding its mechanism of action.
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In TSC, there is great urgency for compounds that address TAND. Furthermore, research in
TAND development and management has been rather overlooked compared to our understanding of
the underlying processes regulating seizures and tumours. For the progress of TSC research, it is
crucial to focus efforts into the understanding of its neurodevelopment and of how TSC mutations
impact CNS maturation and behaviour establishment. The TSC field would progress drastically
with the investigation of novel compounds that could aid neurodevelopment and TAND
management, whilst also being safe to allow early interventions. This knowledge would be of great
value to improve the quality of life of TSC patients and provide them with the independence they so
much deserve.

In sum, this work adds to the existent literature information regarding the actions of CBD
on the mTOR signalling cascade, brain structure and behaviour. Importantly, this new knowledge
regarding CBD is relevant not only for the TSC population but also to all patients that are
increasingly recommended the use of this compound for vastly distinct pathologies. This work
provides the bases for further research into the value of CBD as a clinical product to tackle
neurological conditions, which may contribute to the development of a novel therapeutic entity for
currently poorly addressed pathologies.
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