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Abstract

Malformations of cortical development constitute a variety of pathological brain abnormalities that 

commonly cause severe, medically-refractory epilepsy, including focal lesions, such as focal 

cortical dysplasia, hetereotopias, and tubers of tuberous sclerosis complex, and diffuse 

malformations, such as lissencephaly. Although some cortical malformations result from 

environmental insults during cortical development in utero, genetic factors are increasingly 

recognized as primary pathogenic factors across the entire spectrum of malformations. Genes 

implicated in causing different cortical malformations are involved in a variety of physiological 

functions, but many are focused on regulation of cell proliferation, differentiation, and neuronal 

migration. Advances in molecular genetic methods have allowed the engineering of increasingly 

sophisticated animal models of cortical malformations and associated epilepsy. These animal 

models have identified some common mechanistic themes shared by a number of different cortical 

malformations, but also revealed the diversity and complexity of cellular and molecular 

mechanisms that lead to the development of the pathological lesions and resulting epileptogenesis.
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1. Introduction

Malformations of cortical development represent a spectrum of pathological abnormalities 

of the brain, which are commonly associated with epilepsy (Aronica et al., 2012; Guerrini 

and Dobyns, 2014). Depending on the type of cortical malformation, epilepsy is typically 

severe, often with onset of seizures early in childhood or infancy. In addition, epilepsy 

associated with malformation of cortical development is frequently intractable or resistant to 

available anti-seizure medications. Patients with localized, isolated cortical malformations, 
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such as focal cortical dysplasia, may be candidates for epilepsy surgery (Hauptman and 

Mathern, 2012). However, many malformations of cortical development, such as 

lissencephaly, have extensive, bilateral involvement of the cortex and generate generalized 

or multifocal seizures, making epilepsy surgery difficult or impossible. Furthermore, even in 

patients with localized malformations, the actual region of cortical disorganization may 

extend microscopically beyond the gross anatomical lesion apparent on imaging tests, often 

leading to failure of epilepsy surgery. Thus, understanding the pathogenesis of 

malformations of cortical development and the associated mechanisms of epileptogenesis is 

critical for developing more effective therapies for epilepsy related to these cortical 

malformations.

Although some malformations of cortical development are caused by environmental insults 

that occur during cortical development in utero, genetic factors also play a critical role in the 

pathogenesis of many cortical malformations (Guerrini and Dobyns, 2014). With the 

explosion in diagnostic technologies in genetics, specific genetic mutations are increasingly 

identified as causes of different malformations of cortical development. Recognized gene 

defects may disrupt a variety of different cellular and molecular processes during cortical 

development. However, many of these genes are involved in relatively selective functions, 

such as regulation of cell proliferation and survival, cell cycle, and neuronal migration.

The impact of a genetic mutation in causing a particular type of cortical malformation also 

depends on the stage of cortical development that is most directly affected. Cortical 

development is divided into at least three, overlapping stages: cellular proliferation and 

differentiation, neuronal migration, and postmigrational cortical organization. The standard 

classification scheme for cortical malformations is based on the stage at which cortical 

development is first disrupted (Barkovich et al., 2012; Barkovich et al., 2009). Although 

there are numerous types of malformations of cortical development, only a few categories 

are most commonly utilized in clinical practice. For example, most types of focal cortical 

dysplasia and dysplastic megalencephaly are typically considered defects in cellular 

proliferation and differentiation. The spectrum of lissencephalies and heterotopias likely 

results from disorders of neuronal migration. Polymicrogyria may primarily relate to 

abnormalities in postmigrational cortical organization. Despite this logical mechanistic-

based classification scheme, it is increasingly recognized that these categorizations are 

overly simplified. There is considerable overlap between different types of malformations of 

cortical development, and some may result from defects in multiple stages of cortical 

development. To a large extent, advances in genetics, and the associated biological pathways 

involved, will help refine the classification system and provide insights into the true 

mechanistic relationships between different types of cortical malformations.

Animal models, particularly transgenic mice, represent powerful tools for investigating 

genetic mechanisms of cortical malformations and epilepsy. Many genetic mutations 

causing human cortical malformations and epilepsy have been engineered in mice and other 

model systems. Although there are significant limitations to the degree and fidelity to which 

animal models may mimic human pathology and physiology, animal models have begun to 

reveal important, translationally-relevant insights into the pathogenesis of cortical 

malformations and associated mechanisms of epileptogenesis. In this paper, we will review 
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selected examples of animal models of malformations of cortical development and epilepsy, 

representing different types within the mechanistic classification scheme, and discuss 

general limitations and future directions for these models.

2. Animal Models of Different Types of Malformations of Cortical 

Development

2.1 Focal Cortical Dysplasia

Focal cortical dysplasia is a common cause of drug-resistant focal epilepsy and often 

identified in pathological specimens resected from patients receiving epilepsy surgery. 

Pathologically, focal cortical dysplasia is primarily characterized by discrete localized 

regions of disorganized cortical lamination and morphologically abnormal cells. A 

standardized classification system for focal cortical dysplasia has been proposed, including 

three main tiers (Blumcke et al., 2011; Marin-Valencia et al., 2014). Type I primarily 

involves localized areas of abnormal cortical layering. In addition to cortical dyslamination, 

Type II is characterized by dysmorphic neurons, with the subtype IIb also containing 

stereotypic, undifferentiated balloon cells. Finally, Type III is associated with other dual 

pathologies, such as hippocampal sclerosis, developmental tumors, and vascular 

malformations. Many cases of focal cortical dysplasia Type I and Type III may result from 

late postmigrational cortical defects or injuries. In contrast, focal cortical dysplasia Type II 

represents the prototypical malformation of cortical development presumed to result from 

primary defects in cell proliferation and differentiation and has been strongly linked to 

genetic mutations in pathways controlling these functions, such as the mammalian target of 

rapamycin (mTOR) pathway.

2.1.1 Irradiation Model in Rats—In utero irradiation of rats serves as a model of Type 

Ib human focal cortical dysplasia. Although it has been included in this review article for 

comparison, it is not a genetic model of epilepsy. It is an injury-based model. Exposing fetal 

rats in utero to about 200 cGy of external radiation on embryonic day 17 (E17) results in 

offspring with diffuse (not focal) cortical abnormalities that include microcephaly, thinning 

of the cortical mantle, loss of lamination of the neocortex, and spatial disorientation of the 

neurons within the neocortex (Cowan and Geller, 1960; Roper et al. 1995). In addition, the 

animals show nodular periventricular and subcortical heterotopia. They also show focal 

areas of ectopic neurons in the CA1 region of the hippocampus, something that is not 

commonly seen in human malformations of cortical development. The mechanism of 

creating the dysplasia involves the selective killing of a large number of cells in the fetal 

cerebral hemispheres followed by an attempt by the surviving cells to create the cortex in an 

altered environment. Immature, migrating neuroblasts are particularly sensitive to the 

radiation (Altman et al., 1968). Radial glia in the developing cortex are also severely 

damaged (Roper et al. 1997). Since the radial glia serve as the guidance structures for many 

of the neurons that migrate to the cortical plate, it is not surprising that many of the 

abnormalities seen in this model may reflect disordered neuronal migration. The progenitor 

cells in the ventricular and subventricular zones are relatively spared by the radiation-

induced cell death as are the more mature neurons that already reside in the cortical plate by 

E17. Although the effects of the radiation produce a diffuse cortical dysplasia, there are 
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some gradations in terms of severity of the histological abnormalities. The dysplasia is much 

more pronounced near the midline and gradually diminishes laterally near the rhinal sulcus. 

It is also more pronounced as one goes from anterior to posterior in the cerebral 

hemispheres.

Irradiated rats have spontaneous seizures as documented in both EEG and video EEG 

studies (Kellinghaus et al., 2004; Kondo et al., 2001). However the frequency and severity 

of the seizures in this model appear to be mild relative to many other model of epilepsy; also 

the percentage of animals that demonstrate spontaneous seizures may be lower than in most 

models of epilepsy. Irradiated rats also show increased susceptibility to seizures in response 

to pilocarpine (Setkowicz et al., 2003). Irradiated rats show learning and memory 

impairment relative to both hippocampal and neocortical dysfunction (Zhou et al., 2011) and 

long-term potentiation is impaired in the CA1 region of the hippocampus in irradiated rats 

(Zhou and Roper, 2012). This means that this model recapitulates one of the most common 

and debilitating co-morbidities seen in humans with intractable epilepsy.

Although a number of histological and physiological abnormalities have been found in 

irradiated rats, the biggest change in these animals involves damage to the inhibitory 

interneurons of the neocortex with subsequent loss of inhibition in the cortical circuitry. 

GABAergic, inhibitory interneurons of the neocortex can be classified based on protein 

markers and intrinsic firing patterns (Kawaguchi and Kubota, 1997). Most of the cortical 

interneurons are comprised of 3 types: parvalbumin-immunoreactive (PV-ir), somatostatin-

immunoreactive (SS-ir) and calretinin-immunoreactive (CR-ir). Mature irradiated rats have 

about a 50% loss of PV-ir and SS-ir interneurons based on density (relative to total neuron 

counts) as well as absolute numbers based on stereological cell counting studies (Akakin et 

al., 2013; Deukmedjian et al., 2004). This is seen in physiological recordings as a loss of 

spontaneous and miniature inhibitory postsynaptic current (IPSCs) in the excitatory 

pyramidal cells of the central “layers” of the dysplastic cortex (Zhu and Roper, 2000). This 

loss of inhibition results in an imbalance of excitation and inhibition in the dysplastic cortex 

and likely predisposes to seizures and an increased propensity for epileptiform activity. In 

addition, the surviving PV-ir and SS-ir interneurons in dysplastic cortex have a relative loss 

of excitatory post-synaptic currents (Zhou et al. 2009; Zhou and Roper 2011). This 

correlated with a reduced resting firing rate in those interneurons as well (Zhou and Roper, 

2011). These abnormalities would cause further impairment of inhibition in the dysplastic 

cortex. Finally, at the level of paired whole cell recordings from nearby neurons in the 

neocortex, irradiated rats show decreased strength of inhibitory synaptic connections 

between PV-ir interneurons and pyramidal cells (Zhou and Roper, 2014). Taken together, 

these studies demonstrate that a single in utero insult can produce a permanent injury that 

results in a profound and multifactorial impairment in the inhibitory system of the 

neocortex. We feel that these findings may have direct implications for human Type Ib focal 

cortical dysplasia as well as other malformations of cortical development that may result 

from in utero and perinatal injury.

2.1.2 Pten—In contrast to the irradiation model, other animal models of focal cortical 

dysplasia have been developed that involve specific genetic mutations linked to human focal 

cortical dysplasia. Although there may be a variety of genetic mechanisms associated with 
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focal cortical dysplasia, a recurring theme that has emerged in recent years is a common link 

to the mechanistic/mammalian target of rapamycin (mTOR pathway), a relatively ubiquitous 

cell signaling pathway that controls cell growth and proliferation. Genetic mutations in 

signaling molecules that are upstream modulators of the mTOR pathway leads to abnormal, 

hyperactivation of the mTOR pathway, which then drives increased cell growth and 

proliferation, causing many of the pathological features of focal cortical dysplasia, as well as 

other related malformations of cortical development, such as hemimegalencephaly (Figure 

1). One such gene, DEPDC5, has recently been found to cause autosomal dominant familial 

focal epilepsy with variable foci, including cases of isolated focal cortical dysplasia 

(Scheffer et al., 2014). Another gene that has been particularly well-studied in animal 

models with epilepsy is PTEN, the phosphatase and tensin homolog gene.

PTEN mutations have been linked to several human disorders, some of which involve 

cortical dysplasia and epilepsy, such as Cowden syndrome and isolated focal cortical 

dysplasia (Cheung et al., 2014; O'Rourke et al., 2012). Several Pten knock-out mouse 

models have been developed involving inactivation of Pten in neurons or astrocytes in the 

brain, using cell promoter-targeted Cre-Lox mediated recombination of the Pten gene 

(Backman et al., 2001; Kwon et al., 2003; Ljungberg et al., 2009; Sunnen et al., 2011; Zhou 

et al., 2009). Pathologically, the primary features of these models are megalencephaly, 

hypertrophic neurons, and cellular proliferation, which at least partially mimic cellular 

features of focal cortical dysplasia. However, one significant limitation of these mouse 

models are that the cellular abnormalities are diffuse, leading to megalencephaly of the 

entire brain; these models to not appear to recapitulate the localized cortical lesions of focal 

cortical dysplasia.

The different Pten knock-out mice are consistent in featuring severe epilepsy. The specific 

mechanisms by which Pten gene inactivation and the associated cellular abnormalities in 

growth and proliferation actually cause epileptogenesis are not well-understood. However, 

consistent with the predicted regulation of the mTOR pathway by PTEN, epilepsy in Pten 

mice is dependent on mTOR activation, as seizures can be suppressed by rapamycin, an 

mTOR inhibitor, in these mice (Kwon et al., 2003; Ljungberg et al., 2009; Sunnen et al., 

2011; Zhou et al., 2009). As also seen in other syndromes involving malformations of 

cortical development described below, the mTOR pathway may hold the key to 

understanding the downstream mechanisms of epileptogenesis in focal cortical dysplasia and 

other cortical malformations. Most importantly, from a therapeutic standpoint, mTOR 

inhibitors represent a novel mechanistic class of drugs that may not only be effective for 

treating seizures, but could have anti-epileptogenic properties for preventing epilepsy related 

to malformations of cortical development (Wong, 2013, 2010).

2.2 Tubers/Tuberous Sclerosis Complex

Tuberous sclerosis complex (TSC) is an autosomal dominant genetic disorder characterized 

by hamartoma and tumor formation in multiple organs due to mutation of either the TSC1 or 

TSC2 gene (Crino et al., 2006; Orlova and Crino, 2010). TSC represents one of the most 

common genetic causes of epilepsy, with up to 90% of patients with TSC having epilepsy, 

and two-thirds of those having drug-resistant epilepsy (Chu-Shore et al., 2010). Epilepsy in 

Wong and Roper Page 5

J Neurosci Methods. Author manuscript; available in PMC 2017 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TSC is typically related to cortical tubers, as surgical removal of tubers can sometimes 

eliminate seizures in some TSC patients, although the specific cellular and molecular 

mechanisms of epileptogenesis in TSC are still incompletely understood and are not 

necessarily dependent on tubers in all cases (Wong, 2008). Pathologically, tubers closely 

resemble focal cortical dysplasia Type IIB, including the presence of undifferentiated giant 

cells, analogous to balloon cells of focal cortical dysplasia Type IIB. Similar to focal cortical 

dysplasia Type IIB, tubers are hypothesized to represent a primary defect in neuroglial 

proliferation and differentiation during early cortical development. As the TSC genes are 

negative regulators of mTOR, hyperactivation of the mTOR pathway due to TSC gene 

mutations provides a rational mechanistic basis for abnormal cell growth and proliferation 

causing tumors and other developmental lesions in TSC. mTOR inhibitors are already a 

proven, approved treatment for brain and kidney tumors in TSC (Bissler et al., 2013; Franz 

et al., 2013; Krueger et al., 2010).

Numerous animal models of TSC have been developed involving spontaneous or induced 

inactivation of the Tsc1 or Tsc2 gene, with varying degrees of pathological brain 

abnormalities and evidence of hyperexcitability or seizures (Table 1). The classic Eker rat, 

with a spontaneous heterozygous Tsc2 mutation, has a very mild neurological phenotype, 

with very rare cerebral hamartomas that resemble tubers and slightly increased kindling of 

chemical-induced seizures, but no spontaneous epilepsy (Waltereit et al., 2006). Similarly, 

adult mice with heterozygyous Tsc1 or Tsc2 mutations have not been reported to have 

pathological brain abnormalities or seizures, although they do have learning deficits 

(Ehninger et al., 2008; Goorden et al., 2007). Recently, however, young Tsc1+/− 

heterozygous mice have been reported to have seizures during a restricted developmental 

time period (Lozovaya et al., 2014). While conventional homozygous Tsc KO mice are 

embryonic lethal, viable mice with severe neurological manifestations, including 

pathological abnormalities and epilepsy, have consistently been generated with homozygous 

inactivation of Tsc1 or Tsc2 targeted specifically to subsets of brain cell types, such as 

neurons (Fu et al., 2012; Meikle et al., 2007; Normand et al., 2013), astrocytes (Uhlmann et 

al., 2002; Zeng et al., 2011) or neuroglial progenitor cells (Carson et al., 2012; Goto et al., 

2011; Kassai et al., 2014; Magri et al., 2011; Magri et al., 2013; Way et al., 2009). 

Phenotypically, many of these brain-targeted Cre-mediated knock-out mice feature 

progressive epilepsy, and some have also been documented to have impaired learning and 

potential autistic/social deficits. The more severe phenotypes of homozygous knock-out 

mice compared with heterozygous mutants suggest that a “second hit” or loss of 

heterozygosity may be required for neurological manifestations of TSC. Similar to the Pten 

knock-out mice, many of the TSC models share pathological features of megalencephaly, 

cellular hypertrophy, and proliferation, which can be directly attributed to mTOR pathway 

hyperactivation. Using specific cell-targeting, some models not surprisingly find that Tsc1 

gene inactivation in neurons is sufficient to cause epilepsy, but other models also implicate 

non-neuronal cells, such as astrocytes. In addition, on a molecular level, defects in 

neurotransmitter receptors, transporters, and ion channels are found in some of these models, 

which may directly affect neuronal excitability and seizure susceptibility (Jansen et al., 

2005; Lozovaya et al., 2014; Wong et al., 2003; Zeng et al., 2007).
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While the mechanisms of epileptogenesis in these mouse models of TSC may be 

multifactorial, abnormal mTOR activity may be a central trigger for the range of 

pathological and molecular defects, given mTOR’s involvement in regulating cell growth, 

proliferation, and protein synthesis. mTOR inhibitors can reverse most of these molecular 

and pathological abnormalities, and can also prevent epilepsy, consistent with an 

antiepileptogenic effect (Carson et al., 2012; Goto et al., 2011; Meikle et al., 2008; Way et 

al., 2012; Zeng et al., 2011; Zeng et al., 2008). These preclinical studies have started to be 

translated into TSC patients, as mTOR inhibitors are now being tested in clinical trials for 

epilepsy in TSC (Krueger et al., 2010; Krueger et al., 2013).

Despite the large number and variety of animal models of TSC available, one significant 

limitation to most of these models is the failure to recapitulate focal lesions of tubers and 

related focal cortical dysplasia. This limitation may be related to a couple of factors. First, 

since rodent cortex is normally lissencephalic, the natural lack of gyri and sulci may not 

provide the necessary substrate to allow localized lesions to be generated. More importantly, 

the typical experimental approaches for inducing gene inactivation may not have sufficient 

spatial specificity. Conventional knock-out mice involve gene inactivation typically 

affecting large populations of cells throughout extensive regions of the cortex and brain in 

general. In contrast, more advanced, spatially-targeted methods for localized gene 

inactivation may allow for the development of focal lesions. For example, in utero 

electroporation to inactivate Tsc1 in selected neuronal populations leads to discrete focal 

lesions containing cytomegalic neurons in cortex, which may be a more realistic model of 

tubers in mice (Feliciano et al., 2011). However, although there is evidence of lower seizure 

threshold, spontaneous seizures have not been reported in these mice, indicating that these 

lesions may not be sufficient to cause epilepsy in this model.

On the other hand, another novel animal TSC-related model suggests that gross pathological 

lesions are not necessary to produce seizures. Temporal control of gene inactivation utilizing 

a tamoxifen-estrogen receptor-Cre system allows for knock-out of Tsc1 gene in a normal 

adult brain (Abs et al., 2013). This leads to development of seizures within a few days, in the 

absence of overt pathological changes, indicating that gross pathological lesions are not 

necessary to cause epilepsy and instead implicating non-structural cellular and molecular 

defects in promoting epileptogenesis in TSC.

Overall, the variety of animal models of TSC demonstrate the complexity and diversity of 

mechanisms that may be involved in generating tubers and other pathological abnormalities 

in TSC, as well as in promoting epileptogenesis. There are likely both shared (e.g., cell 

growth and proliferation) and distinct (e.g., cell-specific channels) mechanisms contributing 

to epileptogenesis in different knockout mice targeting different cell types. On the molecular 

level, the mTOR pathway is central to generating a range of pathological, cellular, and 

molecular abnormalities that may contribute to lesion formation and associated epilepsy. 

However, while different animal models have implicated a range of cellular and molecular 

players, an overall mechanistic scheme accounting for tuber formation and epileptogeneisis 

remains elusive.
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2.3 Megalencephaly

While focal cortical dysplasia Type IIb and cortical tubers of TSC are localized, focal 

malformations of cortical development featuring defects in cell proliferation and 

differentiation, a spectrum of more extensive cortical malformations involving 

megalencephaly also share similar pathological features and may involve common 

mechanisms of dysregulated brain growth and proliferation (Crino, 2007; Mirzaa and 

Poduri, 2014). In particular, hemimegalencephaly is characterized by disordered cortical 

lamination and enlarged balloon cells, similar to focal cortical dysplasia Type IIb and tubers. 

The mTOR pathway has again been identified as a common pathogenic mechanism for these 

related malformations of cortical development (Figure 1), as somatic mutations in mTOR or 

upstream regulators of mTOR, such as PI3 kinase or AKT, have been found in brain 

specimens of patients with hemimegalencephaly and intractable epilepsy (Lee et al., 2012; 

Poduri et al., 2012). In addition, a rare, newly-described autosomal recessive disorder, 

polyhydramnios, megalencephaly, and symptomatic epilepsy syndrome (PMSE) or pretzel 

syndrome, also features megalencephaly and other cortical malformations and is caused by 

mutations in the LYK5/STRADA gene, which leads to mTOR hyperactivation (Figure 1) 

(Orlova et al., 2010). Treatment with rapamycin led to a reduction in seizures in several 

patients with PMSE (Parker et al., 2013).

Animal models of hemimegalencephaly involving identified human mutations in the mTOR 

pathway have not been specifically developed. However, both Pten and Tsc1 KO mice 

should have similar molecular effects in causing dysregulated mTOR signaling via 

inactivation of upstream regulators of mTOR. In fact, as mentioned above, most Pten and 

Tsc1 KO mice do not exhibit focal abnormalities resembling focal cortical dysplasia or 

tubers, but rather show diffuse cellular hypertrophy, proliferation, and increased cortical size 

(Goto et al., 2011; Kwon et al., 2003; Ljungberg et al., 2009; Uhlmann et al., 2002; Zeng et 

al., 2011); thus, these models are probably better models of megalencephaly. In addition, an 

animal model of PMSE syndrome has been developed by knocking down STRADA in 

mouse cortex, which results in aberrant cortical lamination (Orlova et al., 2010; Parker et al., 

2013).

2.4 Heterotopias

While abnormalities in cellular proliferation and differentiation during early cortical 

development may underlie a spectrum of focal and more diffuse malformations of cortical 

development, including focal cortical dysplasia Type II, cortical tubers, and 

hemimegalencephaly, heterotopias likely result from defects of cortical migration. During 

cortical development, most neurons are generated in the germinal ventricular zone and 

migrate to their final position in the cortex in an “inside-out” fashion, with the later neurons 

migrating past earlier neurons to form outer layers of cortex. Heterotopias appear to result 

from an abnormal arrest of migration, so that collections of neurons end up in an 

inappropriate location, such as in subcortical white matter. Similar to the spectrum between 

focal cortical dysplasia and megalencephaly, heterotopias range from nodular, with a small 

focal collection of misplaced neurons, to band heterotopias, which may consist of a thin 

zone or layer of dense heterotopic neurons in white matter running parallel to the cortex 

(“double cortex”). Although some genes for nodular heterotopia have been identified, many 
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cases of isolated nodular heterotopia may be related to environmental insults. However, a 

genetic basis for band heterotopia has been strongly established and may overlap with other, 

more extensive malformations of cortical development, such as lissencephaly. In particular, 

doublecortin was one of the first genes implicated in causing malformations of cortical 

development, including both subcortical band heterotopia and lissencephaly (Gleeson et al., 

1998). The doublecortin (DCX) gene is located on the X-chromosome, and mutations cause 

severe X-linked lissencephaly in boys and milder subcortical band heterotopia in girls. 

Consistent with a potential role in cell motility and migration, DCX has been found to 

function as a microtubule-binding and stabilizing protein.

A couple of rodent models of DCX-related heterotopias have been developed. Dcx KO mice 

surprisingly show no obvious lamination defects in cortex, but the hippocampus shows a 

double layer of pyramidal neurons, which in some respects mimic the abnormal migration of 

heterotopic neurons (Nosten-Bertrand et al., 2008). Furthermore, these Dcx and other related 

KO mice have spontaneous seizures arising from hippocampus (Kerjan et al., 2009; Nosten-

Bertrand et al., 2008). Other experimental approaches have attempted to model the cortical 

lesions of heterotopia. In utero electroporation of RNAi against Dcx in rats leads to 

formation of subcortical band heterotopias (Ramos et al., 2006). Although spontaneous 

seizures have not been reported in this model, rats with subcortical band heterotopia do have 

a decreased seizure threshold to pentylenetetrazole (Manent et al., 2009). Besides the 

pathological abnormalities, the specific cellular and molecular mechanisms leading to 

epileptogenesis in these models are not well-defined.

2.5 Lissencephaly

Lissencephaly represents one of the most severe malformations of cortical development and 

is almost uniformly associated with drug-resistant epilepsy and intellectual disability, often 

including infantile spasms. With absent or greatly simplified gyri, lissencephaly is the 

prototypical cortical malformation attributed to defects in neuronal migration and all cases 

are presumed to be genetic. A number of genes have been identified as causing different 

types of lissencephaly. Not surprisingly, the function of many of these genes relates to cell 

motility, in particular microtubule-dependent molecular motors. Several subtypes of 

lissencephaly have been recognized based on pathological features, as distinguished by the 

number of layers of cortex affected and differences in an anterior versus posterior 

predominance. While X-linked lissencephaly due to DCX mutations tend to have anterior 

predominance with four-layered cortex, many other forms of lisscephaly have posterior 

predominance, such as caused by LIS1 or TUBA1A mutations (Lo Nigro et al., 1997; Poirier 

et al., 2007). Another X-linked lissencephaly caused by ARX mutations is characterized by 

three-layered cortex and agenesis of the corpus callosum (Kitamura et al., 2002).

Several animal models of lissencephaly have been created based on genetic mutations 

causing human lissencephaly. As the normal rodent cortex is already lissencephalic, 

development of an accurate gross pathological model of lissencephaly in rodents is 

essentially impossible. However, cellular and molecular abnormalities due to the implicated 

gene mutations can be investigated. For example, insertion of a heterozygous human Lis1 

mutation into mice causes heterotopic hippocampal pyramidal neurons, similar to Dcx KO 
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mice, and increased neuronal excitability and seizures (Fleck et al., 2000; Greenwood et al., 

2009). Several mouse models incorporating Arx mutations have been generated. These 

models show aberrant cortical lamination or defects in interneurons (Kitamura et al., 2009; 

Marsh et al., 2009; Price et al., 2009). Spontaneous seizures occur in some of these models, 

including spasm-like seizures in pups (Price et al., 2009). From a translational standpoint, 

treatment with estrogen during an early developmental time window decreased the 

emergence of spasms and later seizures in adulthood, while restoring the loss of inhibitory 

interneurons thought to be related to impaired migration (Olivetti et al., 2014). Although 

very early, prenatal intervention would be required to prevent lissencephaly in people, these 

animal studies at least provide proof of principle that epileptogenesis related to even the 

most severe malformations of cortical development could potentially be modulated 

therapeutically.

2.6 Polymicrogyria

Polymicrogyria, or excessive small gyri, is perhaps the most heterogeneous and poorly-

delineated among the more common malformations of cortical development (Stutterd and 

Leventer, 2014). Like other types of cortical malformations, there is a range of severity of 

polymicrogyria, from very focal, unilateral forms to extensive bilateral involvement. 

Furthermore, polymicrogyria may occur concurrently with other malformations of cortical 

development, such as schizencephaly and heterotopia. Traditionally, many cases of 

polymicrogyria were thought to result from environmental insults during later stages of 

cortical development, typically during cortical organization following neuronal migration. 

However, some genetic causes have recently been identified. First, there is overlap and 

phenotypic heterogeneity in genes causing lissencephaly, particularly those involving 

tubulin proteins that constitute microtubules (TUBA1A, TUBB2B). While some patients with 

TUBA1A or TUBB2B mutations may have a classic lissencephaly phenotype, others with the 

same mutations may exhibit a polymicrogyria pattern in appearance. Recently, a specific 

syndrome, bilateral frontoparietal polymicrogyria, which features a characteristic 

cobblestone pattern of the cortex, has been attributed to the GPR56 gene, a large G-protein 

coupled receptor (Piao et al., 2004). Only a few mouse models incorporating mutations in 

polymicrogyria-associated genes have been reported. The gross pathological features of 

these models do not necessarily resemble human polymicrogyria. Furthermore, epilepsy has 

not been investigated or reported in these models. Mutations in the Tubb2b gene in mice 

leads to cortical thinning, ventriculomegaly, and perinatal lethality associated with increased 

apoptosis of cortical neurons (Stottmann et al., 2013). GPR56 knock-out mice exhibit 

ectopic cortical neurons due to overmigration of neurons through defective pial membranes 

(Li et al., 2008). But again, the pathophysiological consequences of these abnormalities 

related to epilepsy have not been reported.

3. Discussion/Conclusions

A number of animal models of malformations of cortical development exist that almost 

match the range and diversity of human cortical malformations. With advances in genetic 

technology, an expanding number of genetic etiologies have been identified in causing 

various malformations of cortical development. Transgenic mice incorporating these human 
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genetic mutations represent appropriate models of the genetic basis of these malformations 

of cortical development. Some of these models also recapitulate the pathological, cellular, 

and molecular abnormalities and clinical features (e.g., epilepsy) observed in the 

corresponding human disorders. In a couple instances, this has led to identification of 

potential therapeutic targets for epileptogenesis related to malformations of cortical 

development, such as in the mTOR pathway. However, there are significant limitations to 

most of these animal models in mimicking the full range of pathological and clinical 

features of human MCDs, and there is an obvious need to develop better experimental 

approaches and models of MCDs for the future.

3.1 Limitations of Animal Models of Malformations of Cortical Development

Transgenic mice can accurately reproduce the precise genetic defects causing human 

malformations of cortical development. However, the subsequent phenotypes resulting from 

these genetic manipulations in animals are more variable in their ability to precisely model 

the specific clinical and pathological features of human malformations of cortical 

development. In particular, rodent models of most malformations of cortical development 

are limited in the degree to which the gross pathological lesions of malformations of cortical 

development can be recapitulated. For example, while cellular features of cytomegaly are 

reliably produced in most genetic models of malformations of cortical development related 

to abnormal proliferation and differentiation, most animal models of focal cortical dysplasia 

and TSC-related tubers show diffuse pathological abnormalities and do not exhibit focal 

lesions seen in the human disorders. Similarly rodent models incorporating gene mutations 

implicated in polymicrogyria do not necessarily exhibit the gross pathological features of 

numerous small gyri. Perhaps the most fidelity has been obtained in modeling heterotopias, 

especially the double cortical layers of band heterotopias, but less progress has been made in 

recapitulating nodular heterotopias in animals. The obvious differences in gross structure 

between normal rodent and human cortex, particularly the normally lissencephalic cortex of 

rodents, suggest that the rodent brain may lack the necessary structural substrate to fully 

recapitulate many, if not all, human malformations of cortical development. Attempting to 

model lissencephaly effectively faces the opposite problem – as rodent cortex normally 

lacks gyri at baseline, the effect of genetic mutations in inducing lissencephaly in a brain 

that normally has gyri cannot be fully assessed in rodent models.

Despite these limitations in mimicking some of the gross pathological features of human 

malformations of cortical development, rodent models still offer many advantages in 

investigating cellular and molecular features of human cortical malformations. A prototypic 

example is the establishment of the role of the mTOR pathway in mouse models of TSC, 

Pten, and now several other malformations of cortical development. Although most of the 

relevant animal models do not recapitulate the focal pathological lesions seen in these 

malformations of cortical development, the basic finding of cellular and molecular 

dysregulation of the mTOR pathway in these models has definite clinical relevance to these 

disorders, as well as potential therapeutic applications in the use of mTOR inhibitors.

Even if the pathological lesions of human malformations of cortical development can be 

accurately mimicked in animal models, there are additional limitations in assessing 
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mechanisms of epileptogenesis in these models. Lesional epileptogenesis may involve at 

least two mechanistic components or stages. First are the mechanisms disrupted during 

cortical development that cause the formation of the lesion, and secondly are the 

mechanisms that actually produce neuronal hyperexcitability and seizures. Of course, these 

mechanisms may be overlapping, but they may also be distinct or sequential, especially 

given that all malformations of cortical development are presumably formed by birth, but 

many affected patients do not present with seizures until after the neonatal period. Thus, 

studies of animal models of cortical malformation-related epilepsy should attempt to 

distinguish those mechanisms involved in lesion formation versus hyperexcitability.

Related to this mechanistic distinction, it is often debated in cases of focal malformations of 

cortical development, such as focal cortical dysplasia, tubers, and heterotopias, whether 

seizures start within the lesions themselves or in the perilesional regions (Wong, 2008). If 

the perilesional hypothesis is correct, the specific pathological and cellular features of the 

lesion itself may not be critical. Rather, a more non-specific disruption of normal networks 

adjacent to the lesion may account for seizure generation. Furthermore, alterations in the 

biochemical or molecular properties in the perilesional region may be key. Thus, complete 

studies of epileptogenesis in models of malformations of cortical development should 

include both lesional and non-lesional/peri-lesional mechanisms.

3.2 Future Directions

Given the limitations of rodent models of malformations of cortical development, there are a 

number of future directions to advance the field. Continued efforts to more precisely mimic 

the pathological lesions of human malformations of cortical development are needed in 

different animal models. This will likely involve refinement of temporally and spatially-

controlled gene inactivation techniques, including in utero electroporation and inducible 

gene knockout of specific cell types in selected brain regions during critical periods of brain 

development. Given the intrinsic limitations of lissencephalic cortex in rodents, this might 

also extend to using more advanced vertebrate species. Beyond the pathological lesions, 

careful characterization of perilesional regions and their contribution to epileptogenesis 

should be investigated more thoroughly. In particular, direct comparisons between any 

microscopic cellular, molecular, and electrophysiological abnormalities of the perilesional 

regions with the gross pathological lesions should shed insight on the interactions and 

relative importance of the lesion and perilesional areas in epilepsy. Furthermore, it will be 

important to understand the role of other genetic and environmental modifying factors in 

contributing to phenotypical heterogeneity with different malformations of cortical 

development resulting from mutations in the same gene. Finally, more detailed 

characterization of the behavioral phenotypes of animal models of malformations of cortical 

development, which, in the absence of overt, documented epilepsy, may be relatively subtle 

and require more sensitive behavioral assays.

The ultimate translational application of animal models of disease is to facilitate 

development of novel or improved treatments. Again animal models have already provided 

some insights into potential biochemical targets for treating epilepsy associated with some 

malformations of cortical development, particularly with mTOR inhibitors. The variety of 
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genetic mutations linked to different malformations of cortical development provides 

additional opportunities for animal models to investigate other signaling pathways and 

molecular mechanisms that may have therapeutic applications. Besides identifying other 

potential drug targets, genetic and molecular analysis of animal models may provide insights 

into the mechanisms of drug resistance that commonly occurs with epilepsy due to many 

malformations of cortical development. Finally, even surgical approaches to epilepsy and 

malformations of cortical development can be improved with a better understanding of the 

extent of the true lesion, gross and microscopic, that needs to be resected to maximize 

seizure freedom following epilepsy surgery. The continued development and refinement of 

genetic models of malformations of cortical development should lead to significant advances 

in the treatment of cortical malformation-related epilepsy.
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Highlights

• Genetic animal models mimic the spectrum of human malformations of cortical 

development.

• Advanced genetic methods have engineered increasingly sophisticated animal 

models of cortical malformations.

• Distinct and overlapping mechanisms of epileptogenesis occur across different 

animal models of cortical malformations.

• Animal models have identified novel therapeutic targets for epilepsy, such as the 

mTOR pathway.

Wong and Roper Page 19

J Neurosci Methods. Author manuscript; available in PMC 2017 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
The mTOR pathway as a central signaling pathway causing malformations of cortical 

development and epilepsy. The mTOR pathway involves two complexes, the rapamycin-

sensitive, mTORC1, and the relatively rapamycin-insensitive, mTORC2 (not shown), is 

regulated by a number of upstream signaling pathways, and controls many important 

downstream functions, including cell growth and proliferation. Genetic mutations in 

different components of the mTOR pathway have been identified that cause abnormal 

activation of mTORC1 and may lead to various malformations of cortical development and 

epilepsy syndromes involving increased cell growth and proliferation (blue). Inhibition of 

mTORC1 by rapamycin or other mTORC1 inhibitors may represent a rational therapy for 

epilepsy and malformations of cortical development due to abnormal mTOR pathway 

activation. AMPK - 5' adenosine monophosphate-activated protein kinase; DEPDC5 - 

Dishevelled, Egl-10 and Pleckstrin domain-containing protein 5; FCD - focal cortical 

dysplasia; MCD - malformation of cortical development; FFEVF - familial focal epilepsy 

with variable foci; GATOR1 - GTPase-activating protein activity towards Rags; mTORC1 - 

mammalian target of rapamycin complex 1; NPRL2 - nitrogen permease regulator 2-like 

protein; NPRL3 - nitrogen permease regulator 3-like protein; PI3K - phosphoinositide-3 

kinase; PMSE - polyhydramnios, megalencephaly, symptomatic epilepsy; PTEN - 

phosphatase and tensin homolog on chromosome 10; Rheb - Ras homolog enriched in brain; 
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STRADα - STE20-related kinase adapter alpha; TSC1 - tuberous sclerosis complex 1 

protein; TSC2 - tuberous sclerosis complex 2 protein.
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