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Abstract
Background—Tuberous Sclerosis Complex is a genetic multi-system disorder that affects the
brain in almost every patient. It is caused by a mutation in the TSC1 or TSC2 genes, which
regulate mTOR, a key player in control of cellular growth and protein synthesis. The most
frequent neurologic symptoms are seizures, which occur in up to 90% of patients and are often
intractable, followed by autism spectrum disorders, intellectual disability, ADHD and sleep
problems. Conventional treatment has frequently proven insufficient for neurologic and behavioral
symptoms, particularly seizure control. This review focuses on the role of TSC/mTOR in neuronal
development and network formation, and recent mechanism-based treatment approaches.

Methods—We performed a literature review to identify ongoing therapeutical challenges and
novel strategies.

Results—To achieve a better quality of life for many patients, current therapy approaches are
directed at restoring dysregulated mTOR signaling. Animal studies have provided insight into
aberrant neuronal network formation caused by constitutive activation of the mTOR pathway, and
initial studies in TSC patients using MR diffusion tensor imaging and EEG support a model of
impaired neuronal connectivity in TSC. Rapamycin, an mTOR inhibitor, has been used
successfully in Tsc-deficient mice to prevent and treat seizures and behavioral abnormalities.
There is recent evidence in humans of improved seizure control with mTOR inhibitors.

Conclusions—Current research provides insight into aberrant neuronal connectivity in TSC and
the role of mTOR inhibitors as a promising therapeutical approach.
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1. TSC background
Tuberous sclerosis complex (TSC) is a genetic multi-system disorder that has an impact on
many organ systems by causing growth of benign tumors, so-called hamartomas. As brain,
skin, kidneys, heart, liver, lungs, and less frequently retina, gingiva, bones and
gastrointestinal tract can be affected, TSC patients require coordinated care of many
specialties. Revised diagnostic criteria were recently published in this journal 1.
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More than 90 % of patients develop neurological symptoms such as epilepsy, autism
spectrum disorders (ASDs), intellectual disability, attention deficit/hyperactivity disorder
(ADHD), anxiety, sleep disorders, and other behavioral problems, referred to as ‘TAND’
(TSC-associated neuropsychiatric disorders). TAND cause a significant disease burden on
patients and their families. This review focuses on the molecular mechanisms that underlie
its neurologic symptoms and discusses current treatment approaches and targeted
therapeutic strategies.

TSC is caused by a mutation of either the TSC1 gene, located on chromosome 9q34, or the
TSC2 gene, located on chromosome 16p13.3 2,3. It occurs with a frequency of 1: 6,000 4. A
heterozygous mutation of either gene leads to loss of their respective gene products,
hamartin (TSC1) and tuberin (TSC2). A mutation can be found in 85% of patients, and more
than 1500 mutations have been shown to cause TSC up to date (Tuberous Sclerosis
Database, http://chromium.liacs.nl/LOVD2/TSC/home.php). 30% of these mutations are
inherited in an autosomal dominant fashion, 70% are de novo mutations, resulting in a
disease with remarkable inter-individual phenotypic variability. In general, TSC2 mutations
occur more frequently de novo and result in a more severe phenotype compared to TSC1
mutations, but genotype-phenotype analyses have failed to show further correlations,
possibly due to the large number of mutations 5.

1.1 Neurologic Manifestations
The central nervous system is involved in the vast majority of TSC patients. MRI imaging of
the brain frequently shows structural abnormalities such as cortical tubers, and
subependymal nodules (SEN), which can evolve into subependymal giant cell astrocytomas
(SEGAs).

Tubers are focal malformations of embryonal cortical development. They are localized at the
subcortical junction zone and are characterized by disorganized lamination and giant cells
expressing markers of neuronal and glial differentiation, suggesting a differentiation defect
of early progenitor cells 6–8. 80–90% of TSC patients have tubers, with tuber counts ranging
between 5–50 with an average count of 18.8 9.

Subependymal nodules are small nodules along the lateral ventricle walls. In 5–20% of TSC
patients, SENs give rise to SEGAs, slow growing tumors with a mixed glioneuronal
phenotype. They tend to be larger compared to SENs, occur near the foramen of Monroe,
and have the potential to cause obstructive hydrocephalus. It has been suggested that SENs
and SEGAs originate from a neural stem/progenitor cell population 8,10.

Until recently, these pathological changes were thought to be responsible for the
neurological phenotype of TSC patients. Current studies have suggested that subtler
microscopic changes such as aberrant white matter connectivity, which cannot be visualized
with regular MR imaging techniques, play a role in causing cognitive deficits, behavioral
problems, ASD and epilepsy.

TSC is one of the most frequent genetic causes of epilepsy. Up to 90% of TSC patients
develop seizures, most of them in infancy, which poses a considerable impact on health and
quality of life, as seizures in TSC are difficult to treat with conventional antiepileptic drugs.
At least one third of patients develop refractory epilepsy. Early onset of seizures is
associated with an increased risk of behavioral problems, intellectual disability and reduced
quality of life (reviewed in 11). 50% have infantile spasms as the initial seizure
manifestation. Complex partial seizures are the most frequent seizure type later in life,
although any other form of seizure can be present as well.
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The mechanisms by which TSC causes epilepsy is unclear. Tubers and the perituberal cortex
have long been associated with epilepsy 12,13. Recent studies suggest a multifactorial
evolution, since epileptiform discharges can also occur in areas without tubers, and TSC
patients without tubers can have epilepsy 14. Vigabatrin is the mainstay of therapy for early-
onset seizures in TSC patients, and is used as a first-line treatment for infantile spasms as
well as focal seizures before the age of one year. It has been shown to be effective against
infantile spasms in up to 95% of children with TSC 15. Vigabatrin elevates GABA levels by
irreversible inhibition of the GABA transaminase. Its exact mechanism of action in TSC is
unclear, although a recent study suggests that vigabatrin inhibits the mTOR pathway in
mouse models 16.

A wide range of cognitive and behavioral problems are common in TSC. ADHD is
frequently present in patients with TSC, with a rate of 50%, comparable to the prevalence of
ASD in TSC 17–19. There is controversy about the use of stimulants such as
methylphenidate, as they may lower the seizure threshold, although a recent meta-analysis
found no difference in seizure rates between patients treated with placebo, methylphenidate
or atomoxetine 20. In addition, adult patients with TSC have higher rates of psychiatric
comorbidities such as mood disorders, anxiety, obsessive–compulsive behavior, and
alcoholism 21–23.

Intellectual disability has a prevalence of 40–50% in TSC. 30% are severely affected with
IQs in the very low range, and 70% have IQs in the normal, yet slightly left-shifted range.
Still, specific impairments of memory, attention, or executive skills are common even in
patients with normal intelligence 24. Early-onset epilepsy, refractory seizures and autism are
associated with poor cognitive outcome 25,26.

Sleep disturbances are a common problem in TSC and affect up to 60% of children and 30%
of adults 25,27. Polysomnography shows disorganized sleep with reduced REM sleep,
frequent awakenings and sleep instability even in the absence of nocturnal seizures 28. In
addition, seizures and treatment with antiepileptic drugs may affect sleep as well.

TSC is one of the major genetically identifiable causes of ASD. Up to 50% of patients have
ASD, compared to 1% of the general population. TSC accounts for 1–4% of all autism
cases, and has a male-to-female ratio of 1:1, compared to 4:1 in the general population. Most
TSC patients with autism also have epilepsy. The incidence of epilepsy in autistic patients
without TSC is 30%, raising the question whether epilepsy, especially early-onset seizures
and infantile spasms, predispose to autism. Growing evidence suggests ASDs to be caused
by abnormal neuronal connectivity, with symptoms arising as a result of ‘local over-
connectivity and long-distance under-connectivity’ 29,30 (discussed below).

1.2 The TSC signaling pathway
mTOR, a kinase that integrates multiple signals to regulate cellular growth and translation,
has been implicated in many functions of the developing as well as mature central nervous
system. Axon growth and specification, as well as proper synapse development and synaptic
plasticity, require the mTOR pathway (reviewed in 31). mTOR is activated in response to
hormones, mitogens, amino acids, stress and energy, and functions within two distinct multi-
protein complexes, mTORC1 and mTORC2. The main components of mTORC1 are the
proteins mTOR, raptor and mLST8. It mediates control of cell size and protein synthesis
through regulation of translation initiation via phosphorylation of its substrates S6K1 and
4E-BP1 32,33. In contrast, the main components of mTORC2 are mTOR, rictor and mLST8.
Its function is much less understood, but it appears to be involved in cytoskeleton
organization 34,35. TSC1 and TSC2 proteins function as a heterodimeric complex to inhibit
mTOR signaling by regulating a small GTP-binding protein, Rheb (Ras homolog enriched in
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brain), which acts as an mTOR activator (Figure 1). The TSC1/TSC2 complex is activated
by low cellular energy levels via AMP Kinase. Mutation of either TSC1 or TSC2 alone is
sufficient to disrupt the complex and disturb its function, leading to constitutive activation of
the mTOR pathway (for a review of the mTOR pathway, see 36).

Although data on mTOR signaling in the CNS of TSC patients is limited to samples mostly
obtained during epilepsy surgery, increased constitutive phosphorylation levels of mTOR
pathway substrates have been identified in tubers 37–39, confirming in vitro models with in
vivo data.

2. Inhibition of neuronal connectivity
Although many studies have tried to correlate tuber number and location with the severity of
CNS involvement, the question has been raised whether microscopic structural changes
rather than larger brain malformations such as tubers account for neurologic symptoms in
TSC patients. Seizures, autism and intellectual disability can occur in patients irrespective of
their tuber burden, while others with a high tuber count may have little or no neurological
deficits. The fact that TSC rodent models develop seizures and behavioral abnormalities in
the absence of gross structural brain abnormalities supports this hypothesis. Neuronal
network development is a complex and highly regulated process that requires multiple steps
to acquire proper axon, dendrite and synapse morphology. Failure of axonal growth,
specification and guidance, synapse formation, myelination or circuitry results in impaired
neuronal connectivity.

Information transmission and processing in the CNS requires the formation of polarized
neurons with axons transmitting, and dendrites receiving signals. This process is called axon
specification. Interestingly, components of the Tsc/mTOR pathway appear to be
preferentially expressed in nascent axons during early neuronal development 40,41. Neuronal
loss of Tsc1 or Tsc2 in a rat hippocampal tissue culture model resulted in multiple ectopic
axons and failure to develop into polarized cells in vitro. On the other hand, overexpression
of Tsc1 and Tsc2 in rat hippocampal neurons lead to axonal loss 41,42. Interestingly, the
formation of ectopic axons in Tsc1-deficient neurons was rescued by treatment with the
mTOR inhibitor rapamycin. TSC/mTOR pathway is also important for proper guidance of
axons. Local protein synthesis has been shown to be involved in growth cone dynamics, and
components of the mTOR pathway are active in growth cones 43. Tsc2 haploinsufficiency in
mice caused aberrant retinogeniculate projections in vivo, and in Drosophila, loss of Tsc1 in
the developing retina disrupted axon guidance in a similar fashion 44,45.

With conventional MR imaging techniques, white matter mostly appears normal in TSC
patients. However, diffusion tensor imaging (DTI), which is designed to detect white matter
tract abnormalities, has contributed to the findings of aberrant connectivity in TSC. Initial
studies found abnormal ADC (apparent diffusion coefficient, a measure of total diffusion),
FA (fractional anisotropy, a measure of diffusion directionality), and RD (radial diffusivity,
measuring diffusion perpendicular to axon tracts) values adjacent to cortical tubers and
within epileptic zones. Later reports also showed DTI changes in other areas such as the
corpus callosum in TSC patients compared to controls 46–53. Further support for white
matter irregularities derives from rodent models, where immunostaining of mouse brains
with conditional neuronal and glial Tsc1 or glial Tsc2 knockout showed myelination defects
and resulted in severe seizures and early death of the animals 54–56.

Activity-dependent changes in synapse function such as Long Term Depression (LTD) and
Long Term Potentiation (LTP) are presumed to be major mechanisms of learning and
memory. The TSC/mTOR pathway plays a role in synapse plasticity through the regulation
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of protein translation of protein involved in late phase LTP 57. Hippocampal neurons of
Tsc2+/− rats showed alterations in synapse plasticity in response to high-frequency
tetanization, as LTP and LTD were significantly impaired compared to wild type controls 58,
although these rats do not display obvious deficits in learning and memory 59. Likewise,
postnatal hippocampal deletion of Tsc1 in mice abolished protein synthesis-dependent
metabotropic glutamate receptor (mGluR)-LTD, while a protein synthesis-independent form
of NMDA receptor-mediated LTD remained unchanged 60. Interestingly, Tsc2+/− mice do
have disrupted hippocampal-dependent functions such as impaired spatial learning and
contextual discrimination in the absence of seizures 61.

In summary, multiple studies have shown involvement of the mTOR pathway in many steps
of neuronal development and maturation, and a failure of proper network formation with
mTOR dysregulation. Increasing evidence suggests that TSC is a disorder of impaired
neuronal connectivity in the brain caused by aberrant mTOR pathway signaling (Figure 2).

3. TSC as a model for autism
ASDs are characterized by impaired social interaction, communication deficits and
behavioral problems. TSC is one of the most frequently identified monogenic causes of
autism and a promising model to study its pathogenetic mechanism. Autism is a complex
disorder, and animal models are only recently emerging. Although several TSC animal
models display behavioral abnormalities, few researchers so far have reported autism-like
features in their animals. A likely explanation is the fact that many of these knockout mice
have frequent and severe seizures and die early on, obscuring behavioral studies. However,
mice either overexpressing a dominant-negative form of Tsc2, or those bearing
heterozygous deletion of Tsc1, appear to have impaired social interactions 62,63.

Recent studies have suggested both syndromic and non-syndromic ASD to be a
“developmental disconnection syndrome” caused by aberrant neuronal network
formation 29. A consistent finding in human post-mortem ASD studies is a loss of cerebellar
Purkinje cells (PC), suggesting the cerebellum to be involved in ASD pathogenesis.
Recently, cerebellum-specific TSC mouse models have been created to model ASD.
Homozygous deletion of Tsc1 or Tsc2 in PC caused cell death in the PC layer with reduced
excitability of the Tsc1-deficient PC. These mice displayed an autism-like phenotype with
social impairment, restrictive behavior, and abnormal vocalizations in the absence of
seizures and brain malformations such as tubers 64,65.

Further evidence for autism as a connectivity disorder comes from imaging studies designed
to evaluate white matter tracts. TSC patients with ASD had abnormalities of corpus
callosum projections on DTI imaging, whereas as TSC patients without ASD had imaging
values comparable to controls 53. Graph theory based analysis of functional networks via
EEG indicated a globally decreased functional connectivity in individuals with TSC
irrespective of the presence of ASD, while individuals with non-syndromic ASD had a more
complex pattern with decreased long- over short range connectivity and increased network
resilience 66.

Dysregulated mTOR signaling is not only involved in TSC. Other monogenic causes of
ASD, including mutations of NF1 (neurofibromin 1), PTEN (phosphatase and tensin
homolog), the tyrosine kinase MET and eIF4e are all involved in the mTOR signaling
pathway 67, raising the question whether dysregulation of the TSC/mTOR pathway
predisposes to autism. This opens up exciting potential therapeutic options for the future, as
mTOR inhibitors are already available and approved for other manifestations of TSC.

Jülich and Sahin Page 5

Pediatr Neurol. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4. Therapeutic approaches
Neurologic symptoms such as epilepsy, ASD, cognitive and behavioral problems remain an
area of great worry for parents of children with TSC. Despite the presence of many
antiepileptic drugs on the market, seizures in TSC can be devastating and difficult to control,
and there is an association between early seizure onset and worse developmental outcome in
TSC. Translational research has laid the foundation for promising therapeutic approaches.
Rapamycin (Sirolimus), a compound originally identified from S. hygroscopicus on Easter
Island (Rapa Nui gave the compound its name) and used as an immunosuppressant after
kidney transplantations for many years, inhibits mTORC1, but not mTORC2 activity.
mTOR inhibitors have been used in murine TSC models, and resulted in improved
myelination and cytopathologic architecture, as well as restoration of synaptic
function 56,61,68,69, suggesting its potential to prevent development or progression of
neurologic symptoms. Rapamycin treatment prolonged survival and prevented epilepsy in
mice with a glial or a neural progenitor Tsc1 deletion when initiated early in life, and caused
cessation of seizures when initiated after seizure onset 56,70,71. In addition, rapamycin
treatment of mice with a neural stem cell Tsc1 deletion reduced anxiety 72. Rapamycin also
reverted the autism-like phenotype in cerebellar PC Tsc1-knockout mice, prevented social
deficits in Tsc2-knockout mice 64,65, and reversed learning deficits in Tsc2+/− mice 61.

Sirolimus (rapamycin) and everolimus (a rapamycin analogue) have successfully been used
to treat renal angiomyolipomas and SEGAs in studies in TSC patients. Everolimus recently
received FDA approval for treatment of SEGAs at any age, and for renal anigiomyolipomas
over the age of 18. Sirolimus also reduced lymphangioleiomyoma growth in some, but not
all patients 73–75. Interestingly, patients treated with everolimus for SEGAs had a clinically
relevant reduction of their seizure frequency and an improved quality of life, but no changes
in cognition, which was assessed as a secondary study outcome 75. Subgroup analysis of this
study revealed improved FA measures as a marker for white matter integrity on DTI
imaging in everolimus-treated patients 76. Recently the first prospective phase I/II trial was
published that assessed the effect of everolimus on seizures as a primary outcome in 20 TSC
patients with refractory epilepsy. 12 weeks (4 weeks titration, 8 weeks maintenance) of
treatment resulted in a statistically significant reduction of seizure frequency and duration,
with 20% of enrolled patients achieving seizure freedom, as well as an increased quality of
life and improved behaviors, as reported by parents using the Nisonger Child Behavior
Rating Form (NCBRF) and the Quality of Life for Children with Epilepsy (QOLCE)
survey 77. A randomized, placebo-controlled phase II study assessing the effect of
everolimus on neurocognition as a primary outcome, with effects on seizures, sleep, ASD,
behavior and academic skills as secondary outcomes, is currently recruiting patients
(clinicaltrials.gov/show/NCT01289912).

Taken together, inhibition of the mTOR pathway with rapamycin or rapamycin analogues
has been shown to be effective in murine models of TSC, and has promising first results
regarding seizure control in patients with TSC. As mentioned above, a phase II study to
assess effects on other neurologic complications is currently being conducted, but there is a
long and winding road ahead, and many questions still need to be answered. We currently do
not know why a TSC mutation causes severe neurologic impairment in one patient, but not
in others, and what factors might be contributing. It has been shown that early-onset and
refractory seizures are associated with worse developmental outcome, indicating that
infancy is a critical period for the course of the disease. This opens up the question of
whether the time of treatment initiation is crucial, and whether there might be a possibility to
treat preventively. If so, how would we decide on whom to treat preventively given the wide
spectrum of disease manifestations? Will a short-term treatment be sufficient, or do patients
require long-term courses and potentially develop side more effects? Will patients with
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“mild” disease profit the same way as those who are severely affected, and vice versa?
Having surrogate markers that predict response to treatment will be extremely helpful, and
investigations are in progress to develop such biomarkers.

Nevertheless, seizures, cognitive and behavioral problems greatly determine disease burden
in TSC. Conventional therapies are often insufficient to control them, as they do not address
the underlying mechanism. The prospect of being able to pursue a mechanism-based
treatment approach for neurologic manifestations of TSC is a promising and exciting
possibility, and we hope, will contribute to help patients and their families in the future to
improve their quality of life.
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Figure 1.
Schematic of the TSC/mTOR pathway. mTORC1 is activated by growth factors, hormones
and nutrients, and regulates cell size and translation via its substrates S6K1 and 4E-BP1.
The heterodimeric TSC1/TSC2 complex is activated through AMPK by low energy states
and functions via Rheb to inhibit mTORC1 activity. The compound rapamycin inhibits
mTORC1 activity downstream of the TSC1/2 complex.
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Figure 2.
Proposed model of TSC pathomechanism in the brain. Mutation of either TSC1 or TSC2
disrupts the inhibitory function of the TSC1/2 complex. This leads to constitutively
increased mTORC1 activity, which in turn results in abnormal neuronal connectivity,
characterized by abnormal neuronal morphology and migration, abnormal white matter and
impaired synapse function.
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