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Abstract
Focal cortical dysplasia (FCD) and other localized malformations of cortical development
represent common causes of intractable pediatric epilepsy. Insights into the cellular and molecular
pathogenesis of focal cortical malformations may reveal information about associated mechanisms
of epileptogenesis and suggest new therapies for seizures caused by these developmental lesions.
In animal models and human studies of FCD and the related disease of Tuberous Sclerosis
Complex (TSC), the mammalian target of rapamycin (mTOR) pathway has been implicated in
mediating cellular and molecular changes leading to the formation of the cortical malformations
and the expression of epilepsy. The use of mTOR inhibitors may represent a rational therapeutic
strategy for treating or even preventing epilepsy due to FCD and TSC.
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Epilepsy in Focal Cortical Dysplasia and Related Focal Cortical
Malformations

Malformations of cortical development represent a common cause of pediatric epilepsy
(Kuzniecky, 2006; Sisodiya, 2004). A variety of different cortical malformations may cause
epilepsy, ranging from diffuse or multifocal abnormalities (e.g. lissencephaly, band
heterotopia) to isolated, discrete focal lesions (e.g. focal cortical dysplasia). With improving
neuroimaging technology, focal cortical malformations, in particular focal cortical dysplasia
(FCD), have been increasing recognized as causes of intractable epilepsy in children,
accounting for up to 25% of cases of medically-refractory partial epilepsy (Bast et al., 2006;
Blumke et al. 2009). Furthermore, the actual prevalence of FCD causing epilepsy may be
underestimated, as pathological diagnoses of FCD are often made retrospectively in surgical
specimens removed from patients with intractable epilepsy that were previously labelled as
having “cryptogenic” or non-lesional (i.e. MRI-negative) epilepsy. From a therapeutic
standpoint, epilepsy caused by FCD is often refractory to available seizure medications.
Surgical resection of FCD leads to seizure-freedom in about 50–70% of patients (Chern et
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al., 2010; Cohen-Gadol et al., 2004; Tassi et al., 2002), but a significant proportion of
epilepsy patients related to FCD continue to have seizures despite all available medical and
surgical options. Thus, novel therapies for FCD, including potential disease-modifying or
antiepileptogenic treatments, are clearly needed, which will depend on obtaining a better
understanding of the pathogenesis of theses developmental lesions and the associated
mechanisms of epileptogenesis.

Insights into the pathogenesis of FCD may be gleaned from other related disorders in which
the molecular pathophysiology is better understood. In particular, Tuberous Sclerosis
Complex (TSC), an autosomal dominant genetic disease due to mutation of either the TSC1
or TSC2 gene, typically involves multifocal cortical lesions (tubers) that have cellular and
histopathological features closely resembling some types of FCD (see below). Similar to
FCD, epilepsy is a very common manifestation of TSC, occurring in up to 90% of TSC
patients in some series (Chu-Shore et al., 2010). Furthermore, the majority of TSC patients
have medically-intractable epilepsy (Chu-Shore et al., 2010; Sparagana et al., 2003).
Although a subset of TSC patients may benefit substantially from epilepsy surgery
(Madhavan et al., 2007; Weiner et al., 2006) or other non-medical options such as ketogenic
diet (Kossoff et al., 2005), many patients are not considered good candidates for epilepsy
surgery and continue to have long-term, disabling seizures. Thus, similar to FCD, better
therapeutic options and disease-modifying approaches need to be developed for epilepsy in
TSC.

Classification and Pathological Features of Focal Cortical Dysplasia and
Related Focal Cortical Malformations

Significant progress has been made in identifying and classifying the pathological features
of FCD and related focal cortical malformations. The terminology and classification of FCD
has evolved and has sometimes caused confusion in the literature. From a semantic
standpoint, the term “cortical dysplasia” has often been used broadly to refer to any
malformation of cortical development, but strictly-applied, FCD refers to a particular type of
focal cortical malformation based on specific imaging, pathological and molecular genetic
criteria (Barkovich et al., 2005). Pathologically, FCD has been subdivided into at least two
major subtypes: FCD Type I, characterized primarily by a focal disruption of normal
intracortical lamination and columnar organization, and FCD Type II, involving both
cortical dyslamination and abnormal cellular features, particularly dysmorphic neurons
(Palmini et al., 2004). FCD Type II is further subdivided into those without (Type IIA) and
with (Type IIB) balloon cells. Furthermore, recently an additional category of FCD Type III
has been proposed, to identify cases of FCD that occurred in combination with other types
of lesions, such as hippocampal sclerosis, tumors, or vascular malformations (Blumcke et
al., 2011).

Striking pathological similarities have been noted between one type of FCD (Type IIB) and
cortical tubers of TSC. In fact, FCD Type IIB has sometimes been proposed to represent a
“forme fruste” of TSC. FCD Type IIB and tubers of TSC have been classified together as
cortical malformations that are likely caused by abnormal cell proliferation (Barkovich et
al., 2005). Both malformations exhibit focal cortical dyslamination and dysmorphic neurons,
as well as distinctive cytomegalic cells (balloon cells in FCD Type IIB, “giant” cells in
TSC). In addition, these two lesions may both involve other abnormal cellular processes
along a spectrum between glia and neurons, including maloriented neurons, dysplastic
neurons and glia, and reactive astrocytes. A leading hypothesis about the developmental
pathogenesis of FCD Type IIB and tubers of TSC is that both lesions arise during early brain
development due to abnormal cell proliferation, perhaps involving embryonic neuroglial
progenitor cells. Accordingly, balloon cells and giant cells may represent immature,
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undifferentiated cells originating from such embryonic stem cells (Yasin et al., 2010). On
the molecular level, support for this hypothesis derives from studies identifying immature
markers of cortical development in both FCD and TSC, such as CD34 and doublecortin-like
protein (Boer et al., 2009; Fauser et al., 2004; Lamparello et al., 2007; Lee et al., 2003;
Mizuguchi et al., 2002). If FCD and TSC do share a common developmental pathogenesis, it
would follow that mechanisms of epileptogenesis and targeted therapeutic strategies for
epilepsy may also overlap between these two disorders.

Role of the mTOR Pathway in the Pathogenesis of Focal Cortical Dysplasia
and Tuberous Sclerosis

The mammalian target of rapamycin (mTOR) pathway is a cellular signalling pathway that
could represent a primary pathogenic mechanism causing the cortical lesions of FCD and
TSC. mTOR is a protein kinase that normally serves as a central regulator of a number of
important physiological functions, including cell growth and proliferation, metabolism,
autophagy, and cellular survival and death (Sarabassov et al., 2005; Crino et al., 2006;
Wong, 2010). mTOR acts as the catalytic subunit within two distinct complexes, mTOR
complex 1 (mTORC1) and mTORC2, which differ in their downstream targets and their
sensitivity to rapamycin. mTORC1 is rapamycin-sensitive and modulates a number of
downstream signalling mechanisms that directly promote protein synthesis, such as the
ribosomal S6 kinase/S6 protein pathway and the eukaryotic initiation factor 4E binding
protein-1 (4E-BP1)/eukaryotic initiation factor eIF4E pathway. mTORC2 is largely
rapamycin-insensitive and activates a number of other kinases, including Akt and protein
kinase C, as well as cytoskeletal regulators. Conversely, the mTOR pathway, particularly
mTORC1, can be activated or inhibited by a number of upstream signaling mechanisms in
response to environmental cues or metabolic demands, such as the insulin/phosphoinositide
3-kinase (PI3K)/Akt pathway or the adenosine monophosphate-activated protein kinase
(AMPK) pathway (Fig. 1A). The mTOR pathway is involved in a diversity of physiological
processes that might contribute to various histopathological abnormalities of cortical
malformations, but the involvement of mTOR in regulating cell growth and proliferation
seems especially appropriate for accounting for the abnormal cellular phenotypes observed
in FCD and TSC.

The role of the mTOR pathway in the molecular pathogenesis of focal cortical
malformations is most clearly established in TSC. TSC is caused by mutation of either the
TSC1 or TSC2 genes, which encode the proteins hamartin and tuberin, respectively (Crino
et al., 2006). Hamartin and tuberin bind together to form a complex that normally inhibit the
mTOR pathway and consequently prevent excessive cell growth and proliferation. In TSC,
mutation of TSC1 or TSC2 leads to a loss or decrease in function of the hamartin-tuberin
complex, resulting in disinhibition or hyperactivation of the mTOR pathway, particularly
mTORC1 (Fig. 1B). Dysregulated mTORC1 activity can then cause abnormal cell growth
and proliferation, which could account for various tumors that develop in TSC, as well as
abnormal cellular features of cytomegaly, dysmorphism, and astrogliosis seen in tubers.
Direct evidence for the involvement of the mTOR pathway in these cellular processes comes
from animal models of TSC. Knock-out mice involving inactivation of the Tsc1 or Tsc2
gene in neurons or glia exhibit some of the neuropathological features of tubers, such as
cortical disorganization, enlarged neurons, and astrogliosis (Meikle et al., 2008; Way et al.,
2009; Zeng et al., 2008; Zeng et al., 2011). Treatment with the mTORC1 inhibitor,
rapamycin, can prevent or reverse some of these cellular and histopathological abnormalities
in these mice (Meikle et al., 2008; Zeng et al., 2008; Zeng et al., 2011), indicating that the
mTOR pathway is necessary for these phenotypic features related to cortical malformations.
Extending these findings to human TSC, the mTOR pathway is strongly implicated in the
pathogenesis of tumors in TSC, as mTOR inhibitors can decrease growth of renal and brain
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tumors in TSC patients and a rapamycin analog has recently been approved for treatment of
subependymal giant cell astrocytomas in TSC (Bissler et al., 2008; Krueger et al., 2010).
Although cortical tubers in the postnatal brain do not exhibit the same progressive growth
and proliferation as tumors in TSC, it is reasonable to extrapolate that mTOR could be
involved in pathogenesis of human tubers at an early stage of brain development.

While the primary molecular genetic defects and their direct relationship to the mTOR
pathway are well-established in TSC, there is also some evidence that similar mechanisms
could be operative in FCD. First of all, although pathogenic genes have not been identified
in causing cases of isolated FCD, some studies have suggested a potential genetic link
between FCD and the TSC genes. While known disease-causing mutations for TSC have not
yet been reported in FCD, an increase in allelic variants or polymorphisms in the TSC1 or
TSC2 genes has been found in some series of patients with FCD (Becker et al., 2002;
Schonberger et al., 2009), but not in other studies (Gumbinger et al., 2009). Regardless of
whether these variations in TSC genes have any influence on the pathogenesis of FCD, there
is other evidence for abnormalities of mTOR signaling elements themselves in FCD. Protein
expression or subcellular distribution of the TSC gene products, hamartin and tuberin, has
been found to be altered in specimens of FCD Type IIB (Grajkowska et al., 2008; Lugnier et
al., 2009). Downstream mediators of the mTOR pathway, such as ribosomal S6 and eIF43,
are abnormally activated in cytomegalic neurons or balloon cells from FCD tissue, although
the specific patterns of activation of various mTOR elements show some differences
compared to giant cells from TSC (Baybis et al., 2004; Ljungberg et al., 2006; Miyata et al.,
2004; Schick et al., 2007). Unlike in TSC, the pathogenic significance of abnormal mTOR
activation in FCD has not been demonstrated. Perhaps the strongest evidence supporting a
causative role of mTOR signaling in FCD comes from animal models. A mouse model
involving phosphatase and tensin homolog (PTEN) gene inactivation in neurons leads to
neuronal hypertrophy and macrocephaly, which has been proposed to represent a model of
cortical dysplasia (Ljundberg et al., 2009). PTEN normally inhibits the PI3K-Akt pathway,
which is an upstream activator of mTORC1 (Fig. 1A). Thus, similar to TSC, PTEN
inactivation leads to disinhibition or hyperactivation of the mTOR pathway (Fig. 1B).
Accordingly, mTOR inhibitors have been shown to reverse the neuronal hypertrophy and
macrocephaly in PTEN knock-out mice (Kwon et al., 2003; Ljundberg et al., 2009; Zhou et
al., 2009), demonstrating the importance of the mTOR pathway in this model of cortical
dysplasia. So, overall, there is significant evidence that abnormal mTOR signaling is critical
for the pathogenesis of tubers in TSC, and to lesser degree, FCD. However, since the
pathogenic mechanisms causing the development of the structural lesions of FCD and TSC
are not necessarily the same ones producing seizures, further studies are needed specifically
focusing on mechanisms of epileptogenesis in these disorders.

Role of the mTOR Pathway in Epileptogenesis of Focal Cortical Dysplasia
and Tuberous Sclerosis

While the pathological features of FCD and tubers are well-described, the mechanisms by
which these lesions cause seizures are incompletely understood and several key questions
about epileptogenesis in FCD and TSC are often debated (Wong, 2008). First, it is unclear
whether seizures start within the lesions themselves or from the normal-appearing regions
surrounding the lesions. Surgical resection of FCD or tubers results in seizure-freedom in a
majority of carefully-selected cases (Chern et al., 2010; Cohen-Gadol et al., 2004;
Madhavan et al., 2007; Tassi et al., 2002; Weiner et al., 2006), suggesting that the lesion is
likely the source of the seizures in those cases. On the other hand, a significant proportion of
patients continue to have seizures despite a lesionectomy, indicating that the epileptogenic
zone was not contained within the lesion. While single-cell recordings have demonstrated
abnormal synaptic and electrophysiological properties of neurons within excised FCD and
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tubers (Cepeda et al., 2010), intracranial electrocorticography studies with subdural grids
and depth electrodes in and around tubers indicate that tubers are electrically silent and that
epileptiform activity arises from the peri-tuber cortex (Major et al., 2009). Regardless of the
site of origin of the seizures relative to the lesion, another issue is whether epileptogenesis
involves primarily circuit abnormalities or cellular/molecular defects. Potential circuit-level
mechanisms include a loss of GABAergic inhibitory neurons or aberrant excitatory
connections within local networks. Cellular or molecular defects promoting epileptogenesis
may involve changes in expression of neurotransporter receptors or ion channels. Finally,
the relative contribution of different cell populations to epileptogenesis may vary, including
not only different types of neurons, but also non-neuronal cells, such as astrocytes,
microglia, and vascular endothelial cells.

Despite these uncertainties about mechanisms of epileptogenesis and seizure-generation in
FCD and TSC, a potentially unifying principle might involve the identification of a
common, central signaling pathway that triggers multiple downstream epileptogenic
mechanisms on the circuit, cell, and molecular levels in different cell types. The mTOR
pathway is a rational candidate for such a pathway, as mTOR regulates a number of
physiological functions, which could potentially influence epileptogenesis under
pathological conditions. For example, abnormal cell growth and proliferation due to mTOR
hyperactivation could contribute to excessive excitability of neuronal circuits. Through its
control of protein synthesis, abnormal mTOR activity could alter expression of
neurotransmitter receptors or ion channels. In TSC, there is strong evidence that the mTOR
pathway promotes epileptogenesis, at least in animal models. Mice with inactivation of the
Tsc1 gene primarily in astrocytes develop epilepsy and premature death associated with
progressive glial proliferation, dispersed neuronal lamination, and defects in astrocyte
glutamate transport (Uhlmann et al., 2002; Wong et al., 2003). Treatment with rapamycin
initiated at an early stage completely prevents the development of epilepsy and the
associated cellular and molecular abnormalities promoting epileptogenesis in these mice.
Later treatment after the onset of epilepsy can also decrease seizure frequency (Zeng et al.,
2008). In another mouse model of TSC, rapamycin can also reverse learning deficits
(Ehninger et al., 2008). These results indicate that the mTOR pathway is centrally involved
in triggering mechanisms of epileptogenesis and other neurological deficits in TSC and that
mTOR inhibitors could have a role in treating epilepsy in TSC, as well as having potential
preventive antiepileptogenic or disease-modifying effects. In fact, mTOR inhibitors have
been reported to decrease seizures in TSC patients (Kreuger et al., 2010; Muncy et al.,
2009), although controlled clinical trials are still needed to verify efficacy more definitively

Much less is known about specific mechanisms of epileptogenesis in FCD, but in theory
there could be substantial overlap with TSC. In the PTEN knock-out model, rapamycin has
also been shown to decrease seizures, along with the neuronal hypertrophy and
macrocephaly (Kwon et al., 2003; Ljundberg et al., 2009; Zhou et al., 2009), indicating the
importance of the mTOR pathway in epileptogenesis similar to the TSC models. However,
in contrast to TSC, the use of mTOR inhibitors for epilepsy due to FCD in people has not
been reported.

Conclusions
The need for more effective therapies for intractable epilepsy caused by focal malformations
of cortical development have been recognized for some time, but the scientific and clinical
progress for establishing such therapies has been slow. Identification of the mTOR pathway
as a potential central feature in the pathophysiology of FCD and TSC may provide a unique
opportunity for developing rational strategies for epilepsy related to focal cortical
malformations. Abnormal mTOR signaling may account for shared histopathological
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features seen in these related cortical malformations, such as cytomegaly, cellular
dysmorphism, proliferation, and cortical dyslamination. The same or other mechanisms
related to altered mTOR-mediated protein synthesis, affecting such processes as ion channel
expression and circuit reorganization, may account for epileptogenesis in this group of
disorders. Furthermore, mTOR has also been implicated in other related cortical
malformations and epilepsy, such as hemimegalencephaly, ganglioglioma, and
polyhydramnios, megalencephaly, symptomatic epilepsy (PMSE) syndrome (Aronica et al.,
2007; Orlova et al., 2010; Samadani et al., 2007). For example, in PMSE syndrome, a
mutation in the STRADA gene, which normally facilitates AMPK pathway inhibition of the
mTOR pathway, also leads to mTOR hyperactivation (Fig. 1B; Orlova et al., 2010). Thus,
this group of focal cortical malformations has been proposed to constitute a spectrum of
“TORopathies” causing epilepsy (Crino, 2007; Wong and Crino, 2011). While the primary
genetic defect of TSC and PMSE are well-defined, the molecular genetic etiology of FCD
and most of the other related malformations remains to be determined. Based on differential
activations patterns of different mTOR pathway elements between these various entities
(Baybis et al., 2004; Miyata et al., 2004; Schick et al., 2007), it is likely that other upstream
modulators of the mTOR pathway, besides the TSC genes, are affected in these other
malformations.

Independent of the initial molecular genetic etiology in each type of focal cortical
malformation, if abnormal mTOR pathway activation is a final common pathway, the use of
mTOR inhibitors could represent a rational therapy for epilepsy in these group of disorders.
Data from animal models provide solid evidence that mTOR inhibitors could be beneficial
for epilepsy due to TORopathies. However, while there are some encouraging reports on the
effects of mTOR inhibitors on seizures in TSC patients, larger controlled clinical trials are
still needed, as well as initial studies in epilepsy due to FCD, before the utility of mTOR
inhibitors for these disorders can be established. Furthermore, the specific timing and
conditions in which mTOR inhibitors may be effective need to be better delineated. The
most common and practical indication for new seizure medications are for patients with
established, intractable epilepsy. However, based on the mechanisms of action of mTOR
inhibitors, it’s not clear that mTOR inhibitors should be that effective for intractable
epilepsy, in which the underlying mechanisms of seizure-generation are established, and
perhaps irreversible. It seems more likely that mTOR inhibitors would be more effective as
potential antiepileptogenic or disease-modifying therapies in pre- or early-symptomatic
patients at risk for epilepsy, by preventing mechanisms of epileptogenesis from being
triggered in the first place. While antiepileptogenic drug trials are very difficult to conduct,
TSC patients may represent a feasible population to target. Some people are diagnosed with
TSC for non-neurological reasons at an early stage prior to seizure onset and yet they are at
high risk for developing epilepsy in the future. Other TSC patients present initially with
infantile spasms, which usually progress eventually into chronic intractable epilepsy. These
groups of TSC patients may represent appropriate candidates for antiepileptogenic therapy.
On the other hand, mTOR inhibitors could have significant long-term risks and side effects,
such as immunosuppression and impaired growth. As TSC has other indications for mTOR
inhibitors, such as tumor treatment, TSC patients also represent the most appropriate
population to test for adverse effects of these drugs. If mTOR inhibitors are proven to be
safe and effective as either symptomatic or preventative therapy for epilepsy in TSC, this
could pave the way for broader applications in other TORopathies.

Highlights

• Focal cortical dysplasia and tuberous sclerosis are common causes of intractable
epilepsy
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• These focal cortical malformations have similar pathological and cellular
abnormalities

• mTOR pathway signalling may promote the pathogenesis of focal cortical
malformations

• mTOR pathway signalling may promote epileptogenesis in focal cortical
malformations

• mTOR inhibitors may be a rational therapy for epilepsy in focal cortical
malformations
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Figure 1.
Putative role of the mTOR pathway in pathogenesis and epileptogenesis of focal cortical
malformations. A. During normal brain development, the mTOR pathway, particularly
mTORC1, regulates a number of important physiological functions, such as cell growth,
proliferation, ion channel expression, and synaptic and circuit plasticity, primarily via
activation of protein synthesis mechanisms, such as through S6K/ribosomal S6 protein and
eukaryotic initiation factor 4E binding protein-1 (4E-BP1)/eukaryotic initiation factor eIF4E
pathways. In turn, in response to different physiological conditions and stimuli, mTORC1
may be activated or inhibited by various upstream signaling pathways, such as the insulin/
phosphoinositide 3-kinase (PI3K)/Akt pathway or the adenosine monophosphate-activated
protein kinase (AMPK) pathway. B. In focal malformations of cortical development, the
mTOR pathway may become hyperactivated, caused in some cases by known mutations in
upstream regulators of mTOR (e.g. TSC1 or TSC2 genes in the disease TSC directly
affecting hamartin or tuberin expression; STRADA gene in PMSE syndrome, leading to
decreased AMPK pathway activation; PTEN inactivation in an animal model of FCD,
leading to increased PI3K/Akt pathway activity) or in other cases by unknown mechanisms
(e.g. most cases of isolated FCD in people). Regardless of the initial upstream trigger,
disinhibition or hyperactivation of the mTOR pathway can lead to abnormally increased cell
growth and proliferation, which may account for the focal lesion formation of FCD and
tubers. The gross structural lesions themselves, as well as non-structural molecular and
cellular changes in ion channel expression and synaptic organization triggered by altered
mTOR-mediated protein synthesis, may promote epileptogenesis in these disorders. Finally,
mTOR inhibitors may represent a rational therapy for FCD and TSC by reversing mTORC1
hyperactivation and the downstream mechanisms of epileptogenesis.
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