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Tuberous sclerosis complex (TSC) is one of the most common genetic causes of epilepsy. Mutations in the TSC1 or
TSC2 genes lead to the dysregulation of the mechanistic target of rapamycin (mTOR) pathway. This mTOR path-
way hyperactivation is associated with several processes resulting in epileptic conditions. The occurrence of sei-
zures and their treatment outcomes seem to play a crucial role in cognitive and behavioral developments in
patients with TSC. Mechanistic target of rapamycin inhibitors have been proven to be effective in epilepsy treat-
ment in individuals with TSC. Specifically, because of their disease-modifying mechanism of action, they have the

TSC capability to prevent epileptogenesis in patients with TSC. This article will provide an overview of the current ev-
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idence of and delineate future perspectives for mTOR inhibitors and their role in preventing epileptogenesis.
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1. Tuberous sclerosis complex

Tuberous sclerosis complex (TSC) is an autosomal dominant genetic
disease typically caused by mutations in the TSC1 or TSC2 genes. It is a
rare disorder with an incidence of one in 6000 births affecting about
1.5 million patients worldwide [1]. Tuberous sclerosis complex muta-
tions are characterized by the growth of hamartomas in multiple
major organ systems due to an overactivation of the mechanistic target
of rapamycin (mTOR) pathway.

Although TSC can affect organs such as the brain, skin, heart, eyes,
kidneys, and lungs, it is primarily characterized by its neurological man-
ifestations [1]. Epilepsy is one of the most frequent symptoms of TSC af-
fecting about 80% of all individuals with TSC. More than 60% of all
patients with TSC epilepsy turn out to be resistant to therapy despite
the recent introductions of new antiepileptic drugs (AEDs) into clinical
practice [2]. In contrast, classic AEDs only act by raising the seizure
threshold and suppressing seizures. They have no disease-modifying
mechanism for treating epilepsy in a curative way and are, therefore,
anticonvulsants rather than true AEDs.
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The idea of preventing epileptogenesis by inhibiting the underlying
pathomechanism seems tempting. Several studies support this ap-
proach as mTOR inhibitors have been demonstrated to prevent epilepsy
and reduce the underlying brain malformations in TSC animal models
[3-5].

2. mTOR signaling pathway and epileptogenesis

Initially referred to as the mammalian target of rapamycin, mTOR
was instead changed to the term “mechanistic target of rapamycin” to
enhance the ubiquitous mechanisms of action [2]. This serine/threonine
kinase plays a key role in regulating multiple physiological functions in-
cluding cell proliferation, growth, survival, protein synthesis, neuronal
morphology, and cortical development. Tuberous sclerosis complex 1
or TSC2 gene mutations lead to an overactivation of mTOR. The dysreg-
ulation of mTOR results in abnormal cell proliferation, growth, and the
subsequent formation of hamartomas, giant cells, and disturbed con-
nectivity of the brain. Furthermore, mTOR pathway hyperactivation
leads to several epileptogenic brain malformation disorders or the so-
called mTORopathies, which include TSC, focal cortical dysplasia,
hemimegalencephaly, and ganglioglioma [6]. Hyperactivated mTOR
seems to play a crucial role in epileptogenesis according to several ani-
mal models of acquired epilepsies. Mechanistic target of rapamycin reg-
ulates the inhibitory and excitatory neurotransmitter balance.
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Hyperactivation of mTOR is associated with impaired presynaptic trans-
mission and increased synaptic transmission in glutamatergic and GABA
(gamma-aminobutyric acid)-ergic neurons [2]. lon channel expression
and synaptic plasticity are also affected by dysregulated mTOR [7, 8].

3. mTOR inhibitors prevent epileptogenesis in animal models of ge-
netic and acquired epilepsies

Mechanistic target of rapamycin is associated with various proteins
to form the mechanistic target of rapamycin complex 1 (mTORC1)
and TORC2 complexes. The mTORC1 pathway plays a major role in
epileptogenesis, and seizures themselves seem to increase mTORC1 ac-
tivity even in the absence of any other structural pathologies [6, 9]. Pre-
clinical studies have demonstrated that treatment with mTOR inhibitors
was beneficial for survival, seizure reduction, and developmental out-
comes in animal models [4, 10].

Avariety of different animal models of genetic or acquired epilepsies
have demonstrated the antiepileptic effects of mTOR inhibitors [5].

Zeng et al. provided the first evidence of the antiepileptogenic effect
of mTOR inhibitors by preventing new onset seizures in TSC1 knockout
mice [3]. The mice showed an improved level of survival and reduced
seizure frequency when treated with the mTOR inhibitor. On the cellu-
lar level, rapamycin reversed the reduction of astrocyte-specific gluta-
mate transporters, which also play a potential role in epileptogenesis
in TSC. Meikle et al. demonstrated that early treatment with the mTOR
inhibitors or everolimus led to sustained seizure freedom and normal
survival rates in TSC1 knockout mice [4]. Further rodent models of
mTORopathies like cortical dysplasia showed reduced seizure frequen-
cies and a reduction of behavioral alterations following treatment
with rapamycin. Mechanistic target of rapamycin inhibitors reversed
the neuronal hypertrophy and megalencephaly in PTEN (phosphatase
and tensin homolog; tumor suppressor) knockout mice. The authors hy-
pothesized that changes in subcellular structures as well as synaptic ex-
citability were possible mechanisms of action [11, 12]. Additionally, in a
rodent absence epilepsy model, rapamycin blocked the development of
absence seizures [13].

Furthermore, the mTOR pathway seems to play a crucial role in a va-
riety of acquired epilepsies as well. The mTOR inhibitor was effective in
prompting seizure reduction in animal models of temporal lobe epilep-
sies caused by kainic acid-induced status epilepticus. Treatment with
rapamycin also successfully reduced mossy fiber sprouting and de-
creased neuronal degeneration [9]. Animal models of traumatic brain
injury- or hypoxia-induced seizures showed decreased chronic seizures
or the prevention of posttraumatic epilepsy following treatment with
rapamycin [14-16].

4. Epilepsy and cognitive development in patients with TSC

Epilepsy is a common symptom in TSC with about 80% of all patients
being affected. Epilepsy onset most frequently occurs within the first
two years of life with a peak incidence during the first few months [1].
Initial seizures are focal or infantile spasms. There is usually a high sei-
zure burden with multiple seizures per day. During brain maturation,
all seizure semiologies can occur, and most patients with TSC epilepsy
will develop more than one seizure type. Mental retardation is frequent
in patients with TSC. Severe cognitive impairment in children with epi-
lepsy onset during the first year of life ranges from 45% to 100% [17, 18].
Up to 45% of infants with TSC with infantile spasms develop autistic-like
behavior [19]. Thus, epilepsy is an additional risk factor for mental and
behavioral impairments in patients with TSC.

5. Prediction of epilepsy in patients with TSC
Although epilepsy is present in the majority of all patients with TSC,

not every patient will be affected. To prevent epileptogenesis, it is essen-
tial to differentiate between affected and nonaffected patients prior to

epilepsy onset. To avoid unnecessary treatment, it is also important to
predict the earliest possible time of epilepsy onset.

Specific symptoms like cardiac rhabdomyoma, white spots, or ge-
netic identification because of an affected family member allow for the
early diagnosis of TSC before seizure onset in some patients [20, 21].
In an electroclinical study, later epilepsy was identified before seizure
onset by preceding pathological electroencephalograms (EEGs). Out of
28 patients, 19 developed seizures (67.8%). Regarding onset, 14 of the
19 patients had their first abnormal EEG findings at a median of 1.9
months preceding epilepsy onset. The average time interval between
the occurrence of abnormal EEG findings and the onset of seizures
was 2.8 months + 3.4 months. All patients with pathological EEG find-
ings developed epilepsy subsequently [22]. Therefore, the positive pre-
dictive value of a pathological EEG for the diagnosis of later epilepsy was
100%. However, not all patients showed epileptic discharges prior to
clinical onset. The negative predictive value was 64%, i.e., five out of 14
patients with normal EEG findings developed epilepsy. This could be
due to prolonged EEG intervals, but a preventive treatment based on
EEG findings will probably not successfully include all children with
later epilepsy.

Jézwiak et al. used EEGs to identify epilepsy in infants with TSC and
treat their conditions before seizure onset. Out of 45 patients, 32 devel-
oped pathological EEG findings. In this study, all patients with patholog-
ical EEG developed epilepsy unless their conditions were treated
preventively [23]. Although this study involved a small cohort only, it
opens up the possibility for prophylactic treatment to be administered
as soon as EEG pathologies are detected. Thus, EEG may represent a bio-
marker for predicting epilepsy in patients with TSC.

6. Treatment of epilepsy in TSC

To date, classic AEDs are still the first-line treatment in TSC-related
epilepsies. Antiepileptic drug treatment is age-related and dependent
on seizure type and EEG syndrome. Treatment initiation is recom-
mended in infants and children within the first two years of life as
soon as ictal discharges in EEG occur with or without clinical manifesta-
tions. Epilepsy in children older than 24 months of age should be treated
if clinical seizures become obvious [24]. According to international rec-
ommendations, vigabatrin is used as a first-line treatment in cases of in-
fantile spasms or focal seizures caused by TSC before the age of one year
[24]. Vigabatrin has an antiseizure effect on neuronal hyperexcitability
by enhancing GABAergic inhibitory mechanisms. Furthermore,
vigabatrin showed an impact on the mTOR pathway both in vivo and
in vitro. It partially inhibited glial proliferation in TSC knockout mice
and decreased mTOR activation in cultured astrocytes [25]. This addi-
tional effect may contribute to the unique effectiveness of vigabatrin
in TSC epilepsies as compared with other antiseizure medications.
Other AEDs used in TSC-related epilepsy include valproic acid, levetirac-
etam, carbamazepine, and clonazepam. Interestingly, there seems to be
no difference in effectiveness among the classic AEDs apart from
vigabatrin [26]. Rufinamide showed a positive effect on drop attacks
and tonic seizures as well as in Lennox-Gastaut syndrome [27].

The ketogenic diet represents an important nonpharmacological
treatment option. Smaller cohorts showed that the ketogenic diet was
a generally effective therapeutic modality in children with TSC. Notably,
it reduced seizure frequency as well as improved cognition and behav-
ior [28, 29]. Other research indicates that the ketogenic diet inhibits the
mTOR pathway in rodents [30]. This potential antiepileptic effect, in ad-
dition to anticonvulsant action and growth impairment, may be the
cause of this effectiveness.

Epilepsy surgery can be curative if there is an unifocal epileptogenic
zone in concordance with one hamartoma [31]. Epilepsy surgery can
also be considered and performed in children with multiple epilepto-
genic tubers or dysplasia via one or several sequential procedures |32,
33]. However, despite current anticonvulsant and nonpharmacological
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treatment options, TSC is still characterized by treatment-refractory
epilepsy.

7. The current role of mTOR inhibitors in epilepsy treatment

The mTOR inhibitor everolimus has been established in the treat-
ment of TSC-associated subependymal giant cell astrocytoma (SEGA)
and renal angiomyolipoma [34, 35]. Occasional beneficial antiepileptic
effects of mTOR inhibitors in patients with TSC and in a small case series
have been reported since 2009 [36, 37]. A prospective study of patients
with TSC strongly underlined improved seizure control during the treat-
ment of SEGAs [34, 35]. Krueger et al. demonstrated the effective treat-
ment of patients with TSC epilepsy in a prospective multicenter, open-
label, phase I/1I clinical trial [38]. In this study, seizure frequency was re-
duced by more than 50% in 12 out of 20 subjects. Overall, seizures were
reduced in 17 out of the 20 subjects by a median reduction of 73% (p <
0.001).

In a single center prospective study, 80% (12/15) of the children in-
volved were responders and 58% of them (7/12) were seizure-free.
The overall reduction in seizure frequency was 60% in focal seizures,
80% in generalized tonic—clonic seizures, and 87% in drop attacks [39].
Most recently, a phase III study demonstrated the efficacy and safety
of the mTOR inhibitor everolimus in patients with TSC epilepsy [40]. A
total of 366 patients were enrolled and randomly assigned to placebo,
low exposure everolimus (3-7 ng/ml), or high exposure everolimus
(9-15 ng/ml) as an add-on treatment. The median seizure frequency re-
duction was 29.3% in the low exposure group and 39.6% in the high ex-
posure group versus 14.9% in the placebo group after 18 weeks of
treatment. The response rates (>50% seizure reduction) were 28.2% vs.
40% (low vs. high exposure). Grades 3 or 4 adverse events occurred in
18% in the low exposure group versus 24% in the high exposure group.
Common adverse events included stomatitis, pyrexia, infections,
vomiting, decreased appetite, hypercholesterolemia, and headache. Ac-
tual data recommend to target a concentration range of everolimus of
5-15 ng/ml [41]. Based on these results, the European Medicines
Agency approved everolimus as adjunctive treatment of patients aged
two years and older whose refractory partial onset seizures, with or
without secondary generalization, are associated with TSC. Recently,
in April 2018, the Food and Drug Administration approved everolimus
for the adjunctive treatment of adult and pediatric patients aged two
years and older with TSC-associated partial onset seizures.

8. Future perspectives for epilepsy treatment in patients with TSC

The importance of early and sustained seizure control for better de-
velopmental outcomes has been shown by several studies [42, 43]. Early
epilepsy onset was a negative predictor for normal mental outcome in a
cohort of 130 children [19]. Patients with TSC without epilepsy or those
who have been successfully treated for epilepsy have a much better
chance for normal development [42].

Table 1
Clinical studies with treatment in patients with TSC before seizure onset.

Jézwiak et al. compared early treatment with vigabatrin after seizure
onset with treatment when epileptiform discharges were seen on EEG
but before epilepsy onset [23]. The preventively treated group had a sig-
nificantly higher number of seizure-free patients (93% vs. 35%) while
mental retardation was more likely in the standard treatment group
(48% vs. 14%). The results regarding mental retardation might show
some bias because there were no pretreatment data available and the
preventive treatment group was small. Four out of the 14 infants in
the preventive group presented with neither epileptiform discharges
nor seizures. Because of this systematic failure and the small cohort,
this study can only speculate on the hypothesis that preventing epilepsy
in TSC is associated with a better developmental outcome.

9. mTOR inhibitors in very young infants

Human data on early postnatal administration of mTOR inhibitors
are only anecdotal [44-47]. In these studies, neonates were treated
with everolimus because of cardiac rhabdomyoma or giant cell
subependymal astrocytoma. One infant developed drug-resistant infan-
tile spasms under everolimus treatment at the age of seven months. One
neonate with cardiac rhabdomyoma and SEGA was treated with evero-
limus and did not develop epilepsy during a one year observation period
[47]. All available studies, to our knowledge, on patients with TSC
treated with mTOR inhibitors before seizure onset are listed in Table 1.

10. The prevention of epileptogenesis in children with TSC

From the pathomechanistic side, the hypothesis of preventing
epileptogenesis by inhibiting the mTOR pathway is very tempting.
There are preclinical data showing clear evidence of the prevention of
epileptogenesis and cognitive impairment by the use of mTOR
inhibitors.

Mechanistic target of rapamycin dysregulation may represent a final
common pathway in epilepsies of various causes. Therefore, mTOR inhi-
bition is an exciting potential antiepileptogenic strategy.

However, many questions are raised regarding the possibility of the
preventive treatment of epilepsy in patients with TSC. For example, the
optimal timing of treatment initiation seems to be crucial. Early seizure
onset is often combined with encephalopathy resulting in
neurodevelopmental deficits. Evidence has arisen that encephalopathy
in TSC might be genetically determined and that epilepsy is merely
one of the symptoms rather than the cause of the encephalopathy.
Thus, the development of encephalopathy starts very early during pre-
natal brain development and so the window for inhibiting the mTOR
hyperactivation effects preceding epileptogenesis might be very limited
[48].

The early identification of patients who will develop epilepsy seems
to be possible by pre- or early postnatal diagnosis of TSC and closely
spaced EEG monitoring intervals during the first year of life. However,
in a high proportion of patients, TSC is diagnosed with epilepsy onset

Study Study type Cause for treatment Drug and dose Number + age Duration of Clinical result
of patients treatment
Jozwiak Prospective, open-label, Epileptic discharges Vigabatrin N=10 9-21.5 months 9/10 seizure-free, 8/10 normal EEG outcome, significant

etal. [23] parallel group in EEG

100-150 mg/kg/d 2.5-15 months

better cognitive outcome compared with standard care
group

Goyer et al. Case report Cardiac rhabdomyoma Everolimus N=3 7 months 1/3 infantile spasms under everolimus treatment
[44] Subependymal giant ~ 5-15 ng/ml neonates
cell astrocytoma
Chang et al. Case report Cardiac rhabdomyoma Everolimus N=3 6 months 1/3 had TSC1 mutation and developed seizures
[45] 3-7 ng/ml neonates one day after everolimus treatment initiation
Aw et al. Case report Cardiac rhabdomyoma Everolimus N=4 73 days 2/4 neurological manifestations (not further specified)
[46] 5-15 ng/ml neonates no report of seizures
Hoshal Case report Cardiac rhabdomyoma Everolimus N=1 12 months Seizure-free at 12 months
et al. [47] 0.5 mg neonate
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as infantile spasms are frequently the first sign in patients with TSC. It is
questionable whether mTOR inhibitors will be successful concerning
seizure freedom and normal cognitive development when introduced
after seizure onset.

The duration of treatment in very young and possibly asymptomatic pa-
tients remains unclear. Several animal models showed dysfunction relapse
as soon as the mTOR inhibitor treatment was discontinued. Seizures
reoccurred and both neurological and histological abnormalities
reappeared within a few weeks after treatment was stopped [3, 4]. Seizure
relapse was also shown in a clinical study after withdrawal [49]. This indi-
cates that long-term and possibly lifelong treatment is required to achieve
sustainable effects on epilepsy and developmental outcomes. The first pub-
lications on long-term treatment with mTOR inhibitors show a tolerable
safety profile during an observational period of up to four years [35, 50].
Also, the first long-term safety data especially those for young children
are available and in a small observation group of eight children under the
age of three years, the incidence of adverse events was similar to that ob-
served in older children and adults [51]. There were no negative effects
on neuropsychological evaluation, growth velocity, or weight development
over a mean follow-up of 35 months. However, studies involving large pop-
ulations to prove the safety of long-term treatment with mTOR inhibitors
especially in young children are lacking at this point in time.

Furthermore, the long-term effects of mTOR inhibition on early
human brain development are hardly predictable. A total blockade of
the fundamental physiological actions of mTOR seems to hold a risk of
widespread complications such as insulin tolerance, the stimulation of
autophagy, and many other problems [6]. The ubiquitous mTOR path-
ways involve substantial and necessary mechanisms of normal brain
development like normal cell growth and proliferation. No first-line an-
tiepileptic treatment with mTOR inhibitors in infants or children have
been investigated or reported yet.

The ongoing European Union-funded long-term, prospective study
evaluating clinical and molecular biomarkers of epileptogenesis in a ge-
netic model of epilepsy - tuberous sclerosis complex (EPISTOP) initia-
tive will address some of these questions by comparing standard vs.
preventive treatment with vigabatrin in children with TSC in a prospec-
tive multicenter study (study no. NCT02098759). The EPISTOP study
aims to target the risk factors for drug-resistant epilepsy and finds
new therapeutic targets to block epileptogenesis. Further goals will be
to identify biomarkers and secure a better understanding of underlying
basic mechanisms in epileptogenesis. Molecular analysis of blood bio-
markers like microribonucleic acid (microRNA) profiling will be corre-
lated to EEG and seizures in order to obtain new insights into
ictogenesis and epileptogenesis in TSC [52]. It is hoped that these pro-
jects will provide some answers to the questions of presymptomatic
treatment of TSC-related epilepsies by mTOR inhibitors and open up
new opportunities for preventive and causative treatments.
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