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Summary

Present medications for epilepsy have substantial limitations, such as medical intractability in
many patients and lack of antiepileptogenic properties to prevent epilepsy. Drugs with novel
mechanisms of action are needed to overcome these limitations. The mammalian target of
rapamycin (mTOR) signaling pathway has emerged as a possible therapeutic target for epilepsy.
Preliminary clinical trials suggest that mTOR inhibitors reduce seizures in tuberous sclerosis
complex (TSC) patients with intractable epilepsy. Furthermore, mTOR inhibitors have
antiepileptogenic properties in preventing epilepsy in animal models of TSC. Besides TSC,
accumulating preclinical data suggest that mTOR inhibitors may have antiseizure or
antiepileptogenic actions in other types of epilepsy, including infantile spasms, neonatal hypoxic
seizures, absence epilepsy, and acquired temporal lobe epilepsy following brain injury, but these
effects depend on a number of conditions. Future clinical and basic research is needed to establish
whether mTOR inhibitors are an effective treatment for epilepsy.
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Introduction

Epilepsy represents a chronic neurological disorder involving recurrent seizures and caused
by a large variety of genetic and acquired etiologies. While a variety of medical and non-
medical treatments exist, the first line therapy for epilepsy typically is medication. Over
twenty drugs are presently approved for treating epilepsy. Despite a large number of options,
there are a couple significant limitations to available medications. Although many epilepsy
patients are seizure-free with medication, about a third of patients still experience seizures
despite treatment and have medically-intractable epilepsy [1]. In addition, even when
seizures are controlled with medication, currently available drugs are generally believed to
be only symptomatic therapy in suppressing seizures (antiseizure or anticonvulsant). There
is minimal evidence that these medications have disease-modifying properties for preventing
or slowing the development of epilepsy (antiepileptogenic) [2]. Thus, novel treatments need
to be developed to address the problems of medical intractability and the lack of disease-
modifying therapies in epilepsy.
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The successful development of better medications for epilepsy will likely involve targeting
mechanisms of action that are novel and different compared with existing therapies [3,4].
Current medications directly decrease neuronal excitability primarily by modulating ion
channels and neurotransmitter receptors. For example, many established seizure medications
antagonize sodium channels, such as phenytoin and carbamazepine, or potentiate GABAa
receptors, such as phenobarbital and benzodiazepines. The mechanisms that cause medical
intractability are not completely understood, but clearly result in resistance to the
conventional actions of seizure medications on neuronal excitability [1]. Furthermore, it is
not surprising that mechanisms that are involved in the initial development of the epileptic
state, or epileptogenesis, are distinct from mechanisms of increased neuronal excitability
that directly stimulate ongoing seizures.

Rather than targeting the end-stage mechanisms that directly control neuronal excitability, a
rational strategy for addressing the issues of medical intractability and disease modification
is to modulate initial signaling pathways that activate downstream mechanisms involved in
epileptogenesis and seizure generation. The mammalian target of rapamycin (MTOR)
pathway has emerged as a signaling mechanism involved in epileptogenic processes and as a
potential novel target for epilepsy treatments. While there have been other summaries of this
topic [5-9], this Expert Review will critically analyze the most recent evidence from animal
models and initial clinical trials for both potential antiseizure and antiepileptogenic effects
of mTOR inhibitors.

The mTOR Pathway under Physiological Conditions

The mTOR protein is a protein kinase with an interesting history leading up to its initial
discovery. In the 1960’s, a Canadian scientific expedition explored the famous Easter Island,
best known for its hillside Moa statues. Analysis of soil samples taken from Easter island
were subsequently found to contain a bacteria that produced a novel antifungal agent, which
was named rapamycin after the Polynesian name for the island, Rapa Nui. This drug was
also found to have potent immunosuppressive properties and was eventually developed and
approved as an immunosuppressant drug for kidney transplant patients in 1999. While
initially the mechanism of action of rapamycin was not known, rapamycin was found to
inhibit a specific protein kinase, which was aptly named target of rapamycin (TOR). TOR is
strongly conserved across species, including a mammalian form, mTOR.

mTOR represents a common protein kinase implicated in a large variety of key
physiological functions, including regulation of cellular growth, proliferation, apoptosis,
autophagy, metabolism, and cytoskeleton [10,11]. mTOR is part of two main signaling
complexes, mTOR complex 1 (mMTORC1) and mTOR complex 2 (MTORC2). mTORC1 is
made up of the catalytic subunit mTOR itself, as well as the regulatory protein, raptor, and
additional binding proteins, and is inhibited by rapamycin. mMTORC2 consists of mTOR, the
regulatory protein rictor, and accessory binding proteins, and is relatively insensitive to
rapamycin, although it can be inhibited with prolonged exposure to rapamycin [12].
mTORC1 regulates cell growth and metabolism, as well as other physiological functions,
primarily by modulating protein synthesis via activation of a couple of downstream
pathways: S6 kinase and ribosomal S6, involved in ribosomal biosynthesis, and 4EBP1/
elF4E, translation initiating factors. mTORC2 regulates cell survival, metabolism and
structure through modulation of other downstream protein kinases and cytoskeletal
elements.

Many functions of the mTOR pathway involve responding to environmental stimuli or
signals via regulation of mTOR by upstream signaling pathways (Fig. 1). For example, in
anabolic states with growth factor or nutrient surplus, the phosphoinositide-3 kinase (P13K)/

Expert Rev Neurother. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wong

Page 3

Akt pathway activates the mTOR pathway, which stimulates metabolism and cell growth.
By comparison, in catabolic states of nutrient or energy shortage, other pathways, such as
the LKB1/AMPK pathway, may inhibit mTOR activity resulting in reduced metabolism and
cell growth.

Although mTOR is involved in a range of functions throughout the body, several important
brain-specific roles of MTOR have been identified. Given mTOR’s general role in cell
growth and proliferation, mTOR is centrally involved in normal brain development.
Similarly, mTOR is critical for mechanisms of synaptic plasticity and learning [13,14], as
well as dendritic and axonal morphology of neurons [15-17]. mTOR may also regulate
neuronal excitability and signaling via modulation of the expression of ion channels and
neurotransmitter receptors [18, 19]. Overall, the large variety of physiological functions of
mTOR in the brain make the mTOR pathway a logical candidate for mediating
pathophysiological mechanisms of specific neurological diseases, including epilepsy.

The mTOR Pathway under Pathological Conditions

Dysfunction of the mTOR pathway is implicated in the pathophysiology of a number of
neurological and non-neurological disorders, ranging from cancer and diabetes to
neurodegenerative diseases [10,20-22]. The prototypic disorder featuring dysregulated
mTOR signaling is the genetic disease, tuberous sclerosis complex (TSC). TSC is an
autosomal dominant disorder involving the development of tumors or hamartomas in various
organs throughout the body, including cortical malformations, called tubers, and tumors, in
particular subependymal giant cell astrocytomas (SEGAS), in the brain [23,24]. The clinical
manifestations of TSC may vary widely, depending on the organs affected. However,
neurological involvement typically constitutes the most disabling symptoms in TSC,
including refractory epilepsy, autism, and mental retardation. Mutations in two distinct
genes, TSC1 and TSC2, cause TSC. TSC1 and TSC2 produce the proteins hamartin and
tuberin, respectively. Hamartin and tuberin bind together to form a complex, which inhibits
mTOR. Thus, mutation of either TSC1 or TSC2 results in disinhibition of the mTOR
pathway. Abnormal activation of the mTOR pathway can stimulate excessive cell
proliferation and growth, which promotes tumorigenesis in TSC patients. The discovery of
the mechanistic link between mTOR and the TSC genes immediately suggested the potential
of rapamycin as a treatment for TSC. Within the last several years since this discovery,
clinical trials have demonstrated that mTOR inhibitors reduce tumor growth in TSC, and the
mTOR inhibitor, everolimus, has now been approved by the United States Food and Drug
Administration for treating SEGAs and kidney tumors in TSC patients [25-28].

mTOR pathway dysregulation represents a rational mechanistic basis for brain tumors and
possibly cortical tubers in TSC. Other malformations of cortical development share similar
histopathological and molecular features as TSC, including disordered cortical lamination
and cytomegalic immature cells, leading to the hypothesis that abnormal mTOR signaling
could represent a shared pathophysiological mechanism [29-31]. In fact, recent clinical
studies have provided evidence that a group of related developmental structural lesions of
the brain have defects in various upstream or downstream aspects of mTOR signaling (Fig.
1A). Hemimegalencephaly, a severe cortical malformation characterized by overgrowth,
disorganized lamination, and enlarged cells involving much of one cerebral hemisphere, has
been associated with somatic mutations in different elements of the PISK/AKT/mTOR
pathway [32,33]. Polyhydramnios, megalencephaly, and symptomatic epilepsy (PMSE)
syndrome, is caused by mutations in the STRADa gene, which results in dysregulated
mTOR signaling due a decrease in the inhibitory upstream LKB1/AMPK pathway [34].
Finally, although definitive pathogenic mutations have yet not been established, isolated
focal cortical dysplasias or related neoplastic brain lesions, such as gangliogliomas and
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dysembryoplastic neuroepithelial tumors, also exhibit abnormalities in mTOR signaling
elements [35-39]. Thus, this group of related developmental brain malformations and
tumors appear to share an underlying molecular pathogenesis involving the mTOR pathway
and have collectively been referred to as “TORopathies” [29-31]

A common clinical feature of these developmental brain disorders is the frequent occurrence
of intractable epilepsy, suggesting that mTOR could be a central mechanism involved in
epileptogenesis. Many physiological functions of the mTOR pathway, such as regulation of
synaptic plasticity, cellular growth, apoptosis, and expression of ion channels and other
proteins related to neuronal excitability, could promote seizures under pathological
conditions (Fig. 1B). In addition to cortical malformations, the widespread functions of
mTOR in the brain also make it a rationale candidate for influencing mechanisms of
acquired epilepsies, such as due to head trauma, stroke, or other injuries to the brain. The
availability of rapamycin and other mTOR inhibitors represents a powerful tool for testing
the role of the mTOR pathway in models of epilepsy and ultimately may represent novel
antiseizure or antiepileptogenic treatments for different types of epilepsy. In the following
two sections, evidence will be reviewed that mTOR signaling contributes to various
mechanisms of epilepsy and that mTOR inhibitors have either antiseizure (effective in
reducing or eliminating seizures in patients with established epilepsy) (Table 1) or
antiepileptogenic effects (effective in preventing the development of epilepsy in patients at
risk but who have never had a seizure) (Table 2).

Potential Antiseizure Effects of mTOR Inhibitors

Existing seizure medications act primarily by directly inhibiting neuronal excitability
through modulation of neurotransmitter receptors or ion channels, such as GABA, receptors
or voltage-gated sodium channels. These medications predominantly suppress seizures, but
they don’t seem to reverse the underlying mechanisms of epileptogenesis that originally
cause epilepsy. By comparison, mTOR inhibitors seem not to work like conventional seizure
medications. For example, with direct administration to neurons, rapamycin has very limited
or no acute effect on the electrical properties of neurons in vitro [40,41]. There have been no
established reports that mTOR inhibitors directly bind ion channels or neurotransmitter
receptors like many existing seizure medications. On the other hand, modulation of the
mTOR pathway could potentially influence neuronal excitability indirectly by regulating
protein synthesis of specific ion channels or other proteins controlling neuronal signaling.
For instance, the mTOR pathway can modulate the expression of potassium channels and
glutamate receptors [18,19]. Furthermore, mTOR is also involved in mechanisms of
synaptic structure and plasticity [14-16], which could lead to abnormal neuronal signaling
under pathological conditions. Thus, mTOR inhibitors do have the potential to affect
neuronal excitability and exert therapeutic effects against seizures (Table 1).

Acute Anticonvulsant Effects of mTOR Inhibitors

Many current seizure medications were initially discovered via screening for anticonvulsant
properties in standard preclinical rodent models of seizures acutely provoked by electrical
stimulation or convulsant drugs [42]. A few recent studies have similarly assessed the
anticonvulsant efficacy of rapamycin in a battery of these acute seizure models. In electrical
stimulation models in 4 week old mice, rapamycin was found to increase seizure threshold
in the maximal electroshock threshold (MES-T) test within 3-6 hours after a single
rapamycin injection, but not after three consecutive days of rapamycin; also, single or
repetitive rapamycin treatment had no effect in the 6 Hz stimulation test [43]. In chemical
convulsant models, rapamycin had no effect on pentylenetetrazole (PTZ)-induced seizures
and had limited mixed effects on acute kainate-induced seizures in 4 week old mice, causing
a decrease in seizure latency after one dose of rapamycin but decreasing seizure severity
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after 3 consecutive daily doses of rapamycin [43]. A second study compared effects of
rapamycin on immature (postnatal day 15) and adult (~8 week old) rats in several acute
pharmacological seizure models. Rapamycin had limited anticonvulsant effects against
flurothyl-induced seizures in both immature and adult rats, which were dependent on the
timing and number of doses of rapamycin administration [44]. While rapamycin had no
effect in adult rats in the PTZ model, it had an acute anticonvulsant effect against PTZ-
induced tonic-clonic seizures in immature rats, which again was dependent on the duration
of pretreatment [44]. In contrast, another study also found no acute effects of rapamycin on
PTZ, pilocarpine, and kainate-induced seizures in adult rats, but reported a paradoxical
exacerbation of seizure susceptibility or severity in the PTZ and pilocarpine models in
younger (3-4 weeks) rats [45]. Finally, rapamycin has also been tested in a couple
pharmacological models of infantile spasms. In the severe multiple-hit model of
symptomatic infantile spasms, rapamycin inhibited spasms and also decreased cognitive
deficits [46], but in another model, rapamycin had no effect on NMDA-induced flexor
spasms [47].

Thus, overall, rapamycin may have limited, variable effects on acutely-induced seizures,
which are dependent on a number of factors, including the age of the animal, the timing of
the treatment paradigm, and the seizure model. When acute effects of rapamycin have been
observed, they have usually occurred in immature animals. The mechanisms of the
anticonvulsant effects of rapamycin are largely unknown. Based on the differences in effects
with single versus repetitive doses of rapamycin, there does not appear to be a direct
correlation with anticonvulsant properties and the suppression of mTOR activity [43]. One
study has correlated the anticonvulsant effects of rapamycin in immature rats with decreased
neuropeptide Y expression [44]. Again, there is minimal evidence that rapamycin binds to or
directly modulates ion channels or neurotransmitter receptors like many traditional
anticonvulsant drugs, but mTOR inhibitors could indirectly affect neuronal excitability by
regulating mTOR-dependent protein synthesis and expression of molecules that mediate
neuronal signaling.

Antiseizure Effects of mTOR Inhibitors in TSC-Related Epilepsy

While the use of acute seizure models has been successful in identifying many effective
anticonvulsant agents, these models have a number of limitations and do not closely mimic
the epileptic brain, as they acutely induce seizures in non-epileptic animals. Testing the
efficacy of drugs on chronic epilepsy models in animals with spontaneous seizures
secondary to a preexisting genetic defect or acquired brain injury likely represents a more
clinically-relevant approach and may promote discovery of drugs with more diverse
mechanisms of action. In this regard, the potential antiseizure effects of mMTOR inhibitors
have been tested in a variety of animal models of genetic and acquired epilepsy.

Among the wide variety of types and causes of epilepsy and a corresponding range of
animal models of epilepsy, the most rational choice for testing effects of mTOR inhibitors
would be in epilepsies with genetic defects causing abnormally increased mTOR activity.
Multiple animal models of TSC have been generated, involving inactivation of the Tscl or
Tsc2 gene in different subtypes of brain cells, including neurons, glia or progenitor cells.
While much focus has been placed on potential antiepileptogenic actions of early treatment
with mTOR inhibitors for preventing epilepsy in these models (see next section), late
treatment with rapamycin has been found to decrease seizure frequency in mice with
established established epilepsy in at least one of these TSC models [48]. Furthermore, other
animal models involving increased mTOR activity due to deletion of the Pten gene, an
upstream modulator of the mTOR pathway, also have severe epilepsy. mTOR inhibitors
reduce the frequency of epileptiform abnormalities and seizures of Pten knock-out mice
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[49-52]. While the downstream mechanisms responsible for these effects have not been
proven, these preclinical studies demonstrate that mTOR inhibitors can effectively treat
seizures in mice with established epilepsy related to mTOR pathway hyperactivation from a
genetic defect.

The possible clinical applications of mTOR inhibitors for treating seizures in TSC patients
have started to be investigated. Case reports of TSC patients with epilepsy have
demonstrated a reduction in seizures after initiation of an mTOR inhibitor for treating
SEGASs [53,54]. Seizure frequency was also assessed as a secondary outcome measure in
clinical trials of the mTOR inhibitor everolimus for the treatment of SEGAs. Everolimus
significantly reduced seizure frequency in a subset of TSC patients in this study [26]. Since
the effects on seizures in these clinical cases could be indirectly related to an inhibition of
SEGA growth and a corresponding reduction in hydrocephalus, a separate clinical trial was
recently performed examining the effect of everolimus on seizures as the primary outcome
measure in TSC patients without SEGAs. In a preliminary report of this uncontrolled trial,
treatment with everolimus was associated with at least a 50% reduction in seizures in 14 of
20 (70%) TSC patients with intractable epilepsy, including 4 (20%) becoming seizure-free
[55]. A multicenter placebo-controlled trial is now in planning.

Antiseizure Effects of mTOR Inhibitors in Non-TSC-Related Epilepsies

In addition to genetic epilepsies involving intrinsic hyperactivation of mTOR, abnormalities
in the mTOR pathway could also be involved in other types and causes of epilepsy. In a
genetic model of absence epilepsy, WAG/RIj rats, rapamycin treatment causes a rapid
decrease in the number and duration of spike-wave discharges, the EEG correlate of absence
seizures, within 30 minutes [56]. In the pilocarpine model of acquired limbic epilepsy, an
episode of pilocarpine-induced status epilepticus results in brain injury and emergence of
spontaneous seizures. Rapamycin treatment reduced seizure frequency in rats with chronic
epilepsy following pilocarpine [57]. Thus, there is preclinical evidence that mTOR inhibitors
may have efficacy as antiseizure treatment in diverse forms of epilepsy, including acquired
epilepsy due to brain injury (Table 1). Presently, however, there are no clinical studies
specifically testing efficacy of mTOR inhibitors in patients with other types of epilepsy,
besides TSC.

Potential Antiepileptogenic Effects of mTOR Inhibitors

Current antiseizure medications have proven efficacy for treating seizures in patients with
established epilepsy. However, available medications appear to act only as symptomatic
therapies in suppressing seizures, but none have been definitively demonstrated to exert
antiepileptogenic or disease-modifying effects for preventing the development of epilepsy in
high risk patients or for slowing the underlying progression of epilepsy. For instance, while
phenytoin and valproate have been shown to decrease acute symptomatic seizures in the
immediate period following head trauma, treatment with these medications do not improve
the subsequent risk of developing posttraumatic epilepsy [2]. The development of true
antiepileptogenic and disease-modifying drugs has become a top priority for basic epilepsy
research in recent years, but no such treatments have emerged in clinical practice at this time
[3,4]. mTOR inhibitors represent a rational candidate for a potential antiepileptogenic
therapy for a number of reasons, at least in some forms of epilepsy [5-9]. While ictogenesis
or seizure generation most closely entails mechanisms immediately controlling brain
excitability, epileptogenesis is a more complex, diverse process in response to an initial
injury or defect of the brain and may involve more chronic, progressive mechanisms, such
as regulation of gene transcription and protein synthesis, structural changes to neurons,
neuronal death and apoptosis, neurogenesis, synaptic and circuit reorganization, and non-
neuronal processes (e.g., inflammation, gliosis, breakdown of blood-brain barrier). The
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mTOR pathway is implicated in regulating a number of these mechanisms and therefore
mTOR inhibitors could possibly possess antiepileptogenic or disease-modifying properties
for epilepsy (Table 2).

Antiepileptogenic Effects of mTOR Inhibitors in TSC-Related Epilepsy

Rational disorders to test for antiepileptogenic properties of mTOR inhibitors are again
genetic diseases with intrinsic abnormal signaling, such as TSC. Since mTOR inhibitors
have already been demonstrated to treat tumors in TSC, the mTOR-mediated mechanisms
that promote tumorigenesis may overlap or have similarities with mechanisms of
epileptogenesis in TSC [5-8]. A large number of molecular, cellular, and histological
abnormalities have been discovered in animal models and pathological brain samples from
TSC patients, which have been implicated in epileptogenesis, including the presence of
dysmorphic neurons and giant cells, gliosis, inflammatory processes, altered astrocyte
glutamate transporter expression, and tuber formation [58]. Again, given the known role of
the mTOR pathway in regulating a variety of cellular and molecular processes, it is plausible
that mTOR inhibitors may be able to reverse or prevent many of these abnormalities. In fact,
in several animal models of TSC, treatment with rapamycin at an early stage before the
onset of seizures inhibits many pathological and cellular abnormalities in these models and,
in most cases, decreases or completely prevents the development of epilepsy [48,59-63].
However, it is important to note that cessation of treatment usually resulted in the delayed
development of seizures and pathological abnormalities, suggesting that long-term mTOR
inhibitor therapy may be necessary to sustain efficacy. In addition to epilepsy, another
potential therapeutic application of mTOR inhibitors in TSC is for the cognitive
neurological comorbidities of this disease. Remarkably, mTOR inhibitors can prevent or
reverse cognitive deficits in TSC mouse models [63,64]. Overall, these preclinical studies in
animal models of TSC provide convincing evidence of “proof-of-principle” that mTOR
inhibitors may have antiepileptogenic and disease-modifying effects in TSC and support the
initiation of clinical trials in TSC patients for such indications. However, as the design of
antiepileptogenic drug trials face a number of practical, technical, and ethical issues (see 5-
Year View), there are currently no significant clinical data on potential antiepileptogenic or
disease-modifying effects of mTOR inhibitors in TSC patients or other patients at high risk
for epilepsy.

Antiepileptogenic Effects of mTOR Inhibitors in Non-TSC-Related Epilepsy

Beyond TSC, accumulating preclinical data suggest that the mTOR pathway can influence
epileptogenic mechanisms in other types of epilepsy and that mTOR inhibitors might have
more widespread applications as an antiepileptogenic therapy [5-9]. Human temporal lobe
epilepsy related to hippocampal sclerosis represents one of the most clinically-relevant and
medically-intractable types of epilepsy. From a basic science standpoint, animal models of
temporal lobe epilepsy and hippocampal injury due to drug-induced status epilepticus or
electrical stimulation have historically been among the most popular models of epilepsy to
study. Histological analysis of both animal models or human specimens of hippocampal
sclerosis consistently exhibit stereotypical pathological changes, including selective
neuronal death, neurogenesis, and synaptic reorganization, particularly in the form of mossy
fiber sprouting in the dentate gyrus. Although the mechanisms of epileptogenesis in these
cases of temporal lobe epilepsy are still controversy, these pathological abnormalities, as
well as specific molecular changes in neurons and glia that affect excitability, have been
implicated in promoting hyperexcitable, aberrant hippocampal circuitry that leads to
seizures.

A number of recent studies have investigated the potential involvement of the mTOR
pathway in epileptogenesis in rodent models of temporal lobe epilepsy. First of all, selective
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hyperactivation of the mTOR pathway by postnatal deletion of the Pten gene specifically in
dentate gyrus granule neurons is sufficient to cause temporal lobe epilepsy in mice [65]. In
addition, other recent studies of rodent models of temporal lobe epilepsy induced by status
epilepticus indicate that the mTOR pathway is abnormally activated following status
epilepticus and that mTOR inhibition retards mossy fiber sprouting and the associated
increased excitability of hippocampal circuits [57,66—70]. A couple of these studies have
reported that early rapamycin treatment decreases development of spontaneous seizures in
the rat kainate and angular bundle electrical stimulation status epilepticus models [69,70],
but other studies in the mouse pilocarpine and amygdala stimulation models found no effect
of rapamycin on epilepsy development [71,72]. The differing results in these studies may
relate to differences in epilepsy model, animal species/strain, and timing and dose of
rapamycin. Furthermore, similar to TSC, it appears that continued treatment with rapamycin
may be necessary to maintain effectiveness, at least for pathological abnormalities
associated with temporal lobe epilepsy, particularly mossy fiber sprouting [57,73]. Despite
some controversy, there is substantial preclinical evidence from animal models that, at least
under some conditions, mTOR inhibitors may have antiepileptogenic properties in
preventing pathological mechanisms and the development of acquired temporal lobe

epilepsy

The potential role of the mTOR pathway in animal models of other, diverse types of
epilepsy has also been investigated. Brain insults occurring around the neonatal period often
lead to long-term epilepsy and cognitive deficits. In a rodent model of neonatal hypoxia-
induced seizures, rapamycin treatment inhibited early increases in mTOR activation,
glutamatergic synaptic transmission and seizure susceptibility and attenuated the subsequent
development of epilepsy, as well as autistic-like behavior [74]. In the WAG/RIj rat model of
absence epilepsy, early rapamycin treatment starting at 45 days of life and continuing for
about 4 months significantly reduced the subsequent development of absence seizures in
adult rats, including up to 5 months after the rapamycin was stopped, consistent with a
persistent antiepileptogenic effect [56]. Another very clinically relevant disorder is
posttraumatic epilepsy following traumatic brain injury (TBI), which often has a long latent
period allowing the opportunity for antiepileptogenic intervention. In animal models, mTOR
pathway activity is clearly increased following different types of experimental TBI and
mTOR inhibitors have neuroprotective actions against neuronal death and behavioral
deficits following TBI [75-77]. While final studies on the effect of mTOR inhibitors on
posttraumatic epilepsy have not yet been published, preliminary reports suggest that
rapamyecin has antiepileptogenic properties in attenuating pathological abnormalities and the
development of posttraumatic seizures in both in vivo and in vitro models of TBI [78,79]. If
these preliminary studies are confirmed, this could have tremendous clinical impact for
patients with TBI at risk for posttraumatic epilepsy and other neurological deficits.
However, while markers of abnormal mTOR activation have been identified in brain
specimens of patients with non-TSC-related epilepsy [80], presently no clinical studies have
been published on the use of MTOR inhibitors for these other types of epilepsy.

Expert Commentary

Currently-available seizure medications have substantial limitations, including medical
intractability in a significant proportion of epilepsy patients and the lack of antiepileptogenic
or disease-modifying properties to prevent epilepsy or slow its progression. To overcome
these limitations, novel drugs are needed that have completely different mechanisms of
action than current medications. In theory, the mTOR pathway constitutes a rational
therapeutic target for epilepsy, based on its significant role in regulating a range of
physiological and pathological processes that may influence epileptogenesis and seizure
generation. In practice, there is substantial preclinical evidence that mTOR inhibitors exert
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both antiseizure and antiepileptogenic actions, especially in mouse models of TSC, but also
in animal models of a number of other diverse types of epilepsy (Tables 1 & 2). Clinical
studies of MTOR inhibitors tested in epilepsy patients are more limited, primarily involving
uncontrolled data that suggest an antiseizure effect of mMTOR inhibitors in TSC patients with
intractable epilepsy. Randomized, placebo-controlled trials are required to establish more
clearly if mTOR inhibitors reduce seizure frequency of TSC patients. Moreover, there are no
existing clinical studies specifically testing if mTOR inhibitors have efficacy for non-TSC-
related epilepsy or possess antiepileptogenic properties in any type of epilepsy.

Before the potential therapeutic uses of mTOR inhibitors can be realized, several issues need
to be investigated further on both the basic science and clinical levels. The overriding
problem is clearly defining the clinical scenarios in which mTOR inhibitors would be
expected to be most effective for epilepsy. For example, are mTOR inhibitors clinically
useful as standard antiseizure/anticonvulsant drugs in patients that already have epilepsy? Or
are they much better suited as novel antiepileptogenic therapies for preventing epilepsy? Are
mTOR inhibitors effective against many types of epilepsy, irrespective of underlying
etiology, or are they primarily indicated for specific types or etiologies of epilepsy that
intrinsically feature increased mTOR activity? Is there a critical timing or duration of
treatment with mTOR inhibitors necessary for efficacy? Even if mTOR inhibitors are
efficacious, do the benefits outweigh the side effects? Based on the available preclinical
data, the efficacy of mTOR inhibitors in different contexts does appear to vary depending on
the underlying etiology or pathophysiological mechanisms of the epilepsy and the timing of
drug administration. These complex questions and issues will be discussed further below.

Are mTOR inhibitors useful as standard anticonvulsant drugs?

The standard clinical approach to treating epilepsy is, of course, to initiate therapy after a
patient presents with seizures, with the goal of inhibiting future seizures. In most cases, this
traditional approach basically amounts to a relatively non-specific, symptomatic treatment of
the end-stage symptoms of epilepsy. When effective, antiseizure drugs directly decrease
neuronal excitability and simply suppress seizures in a relatively non-specific fashion, often
irrespective of the underlying etiology and pathogenesis of the patient’s epilepsy. With
regard to mTOR inhibitors, the preclinical data are mixed as to whether mTOR inhibitors
have general anticonvulsant properties, independent of underlying etiology. The three recent
studies that assessed rapamycin for anticonvulsant effects in standard batteries of acute
seizure models in normal animals found variable, sometimes contradictory, results [43-45]
(Table 1). When rapamycin was seen to have an anticonvulsant effect in these studies, the
effects were usually mild and dependent on particular parameters, such as the age of the
animal, the seizure model tested, and the timing of drug administration. Ironically, in at least
the MES-T model, there seemed to be a lack of correlation between anticonvulsant efficacy
and the suppression of mTOR activity, as longer rapamycin treatment (which should have
greater mTOR inhibition) was not as effective as a single dose [43]. This suggests that these
mild anticonvulsant effects of rapamycin may be mechanistically non-specific. Although
rapamycin may be able to influence neuronal excitability by regulating protein synthesis of
ion channels or other relevant proteins, there is no convincing evidence that mTOR
inhibitors directly modulate ion channels or neurotransmitter receptors like many
conventional antiseizure drugs. Overall, rapamycin appears to be a relatively weak
anticonvulsant, at best, and only under particular circumstances. Therefore, mTOR
inhibitors may have limited clinical utility as a standard, non-specific antiseizure treatment
for epilepsy in general. However, it is still feasible that mTOR inhibitors could have
stronger antiseizure efficacy in specific disorders, like TSC, that involve intrinsic mTOR
hyperactivation (see below).
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Are mTOR inhibitors useful as antiepileptogenic drugs?

No currently available seizure medications have been definitively demonstrated to possess
antiepileptogenic or disease-modifying properties for epilepsy in people. Thus, identifying
an effective antiepileptogenic drug is a tall order and would be a major advance. Despite
these caveats, there is significant reason to believe that mTOR inhibitors may have true
antiepileptogenic properties, at least under some conditions. Many mechanisms of
epileptogenesis likely are completely different than mechanisms of ictogenesis/seizure
generation, and drugs that are effective anticonvulsants may not have any antiepileptogenic
potential. From a mechanistic standpoint, inhibition of the mTOR pathway is a very
attractive, rational candidate for possessing antiepileptogenic properties. Rather than direct,
acute modulation of ion channels and neurotransmitter receptors, mTOR inhibitors have the
potential to impact more chronic, progressive brain processes that may mediate
epileptogenesis, such as axonal sprouting, neuronal death, inflammation, autophagy, and
expression of a variety of proteins. Evidence for antiepileptogenic effects of mTOR
inhibitors is most convincing in multiple mouse models of TSC, where early treatment prior
to seizure onset can completely prevent the development of epilepsy and, importantly, the
underlying pathological, cellular, and molecular defects that mediate epileptogenesis
[48,59-63]. The caveat is that long-term treatment appears to be necessary to maintain
effectiveness, as discontinuation of rapamycin therapy results in subsequent emergence of
epilepsy and associated pathological changes in TSC mouse models. This is not surprising,
as mTOR inhibitors are not correcting the underlying genetic defect of TSC, and so once the
drug is stopped, the mTOR pathway is free to activate abnormally. Despite the need for
continued treatment in TSC, the prevention of underlying pathological abnormalities causing
epilepsy should qualify as a true antiepileptogenic or disease-modifying effect, completely
different from the symptomatic antiseizure effects of standard anticonvulsant drugs.

In some animal models of non-TSC epilepsy, there is also substantial evidence for
antiepileptogenic properties, but the effects are more variable and dependent on specific
circumstances. Rapamycin treatment reduced the development of epilepsy and mossy fiber
sprouting in the kainate status epilepticus model of temporal lobe epilepsy [69], but only
inhibited mossy fiber sprouting, not epilepsy, in the closely-related pilocarpine model [71].
Similarly, rapamycin appeared to attenuate epileptogenesis following status epilepticus
triggered electrically by angular bundle stimulation [70], but not stimulation of the amydala
[72]. These differences could be related to a number of experimental variables, such as the
epilepsy model, species, or dose and timing of rapamycin. However, this emphasizes the
point that, in contrast to genetic epilepsies with intrinsically abnormal mTOR activation, the
relationship between mTOR and acquired epilepsies following brain injury is not as direct
and consistent, and the utility of mTOR inhibitors is less certain.

Is the efficacy of mTOR inhibitors dependent on the underlying etiology?

About a decade ago, the identification of the mechanistic link between the TSC genes and
the mTOR pathway immediately raised the possibility of utilizing rapamycin as a disease-
specific treatment for TSC [23,24]. More recently, other related malformations of cortical
development have also been found to involve genetic mutations in different components of
the mTOR pathway [32—34]. This group of disorders all feature intractable epilepsy as a
major phenotype and collectively have been referred to as “TORopathies” [29-31]. As
abnormal mTOR signaling appears to be central to the pathophysiology of these genetic
disorders, it makes sense that mTOR inhibitors may have better efficacy for epilepsy from
these etiologies compared with other types of epilepsy. However, it is also possible that
other types of epilepsy may also involve abnormal mTOR signaling as an “acquired
TORopathy”. Evidence from animal models indicates that multiple, diverse pathologic
stimuli that trigger epileptogenesis activate the mTOR pathway [68-70,74,75]. In fact,
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seizures themselves in the absence of other associated pathology increase mTOR activity
[81], raising the possibility that mTOR could participate in a circular process of progressive
epileptogenesis. Thus, while mTOR inhibitors may have only limited efficacy as general
anticonvulsant drugs (see above), mTOR inhibitors may be particularly effective for
epilepsy in disorders involving genetic or acquired hyperactivation of mTOR.

Is there a critical timing or duration of treatment with mTOR inhibitors necessary for

efficacy?

The timing and duration of treatment with mTOR inhibitors may be critical in affecting the
efficacy for epilepsy, especially for potential antiepileptogenic actions. In general, the earlier
the treatment can be initiated in the process of epileptogenesis, the more likely it will have
an effect. For TSC, pathological abnormalities, such as cortical tubers, arise prenatally
during early brain development. Assuming these pathological lesions are necessary for
epileptogenesis, in theory, prenatal treatment would maximize efficacy (but also increase
adverse effects — see next section). In terms of duration of treatment, as mentioned above,
long-term therapy may be necessary to maintain effectiveness in genetic disorders, like TSC,
as mTOR reactivation may trigger epileptogenesis after mTOR inhibitors are stopped. In
contrast, mTOR activation following brain injury appears to be transient [69] and therefore a
self-limited treatment with mTOR inhibitors during a critical part of the latent period
following injury may be sufficient to block epileptogenesis. Interestingly, however, mossy
fiber sprouting following status epilepticus, which was inhibited by rapamycin treatment,
recurred after rapamycin was stopped [73], suggesting that long-term treatment may also be
necessary for acquired epilepsies. On the other hand, the antiepileptogenic effect of
rapamycin in decreasing absence seizures in WAG/RIj rats persisted for at least 5 months
after rapamycin was discontinued [56].

Even if mMTOR inhibitors are efficacious, do the benefits outweigh the side effects?

As rapamycin (sirolimus) was initially approved by the FDA in 1999 as an
immunosuppressant agent for organ transplant patients, the side effects of mTOR inhibitors
are well-documented. While overall mTOR inhibitors are generally well-tolerated,
significant adverse effects may occur, including opportunistic infections, hyperlipidemia,
thrombocytopenia, and apthous ulcers. In addition, mTOR inhibitors may decrease somatic
growth and interrupt critical mechanisms of brain development and learning, such as long-
term potentiation and synaptic plasticity [82]. Thus, the potential benefit of early
antiepileptogenic treatment should be weighed against the increased risk of adverse side
effects, especially at early developmental stages. One option to lessen this concern might
involve using “drug holidays” or treatment protocols in which mTOR inhibitors are
administered intermittently. Preclinical studies in animals indicate that treatment paradigms
involving intermittent administration of mTOR inhibitors remain efficacious, while
decreasing adverse effects, such as immunosuppression [51,83,84].

Five-year View

With the above limitations and unresolved issues in mind, a logical plan can be made to
continue to move the field forward over the next five years. The scientific rationale,
preclinical data, and initial clinical studies of mTOR inhibitors, which support a role of the
mTOR pathway in epilepsy, are strongest for TSC. To follow the encouraging preliminary
results from uncontrolled studies on the effects of everolimus in TSC patients with
intractable epilepsy [26,53-55], a multicenter placebo-controlled trial of everolimus in TSC
patients with refractory partial-onset seizures is currently in planning (EXIST-3,
ClinicalTrials.gov NCT01713946). Since everolimus is already approved for the treatment
of SEGAs and kidney tumors in TSC, encouraging results from a placebo controlled
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epilepsy trial could lead quickly to an additional approval of this mTOR inhibitor for
intractable seizures in TSC patients. If this occurs, the emergence of mTOR inhibitors as a
proven therapy for epilepsy in TSC would represent a novel advance from a mechanistic
standpoint, compared to existing antiseizure medications.

On the other hand, even if mMTOR inhibitors are demonstrated to be an effective therapy for
seizures in TSC patients, the existing preliminary studies suggest that efficacy of mTOR
inhibitors in TSC may not be much different than other standard seizure medications used in
intractable epilepsy patients; i.e., they may help reduce seizure frequency, but most patients
do not become seizure-free, which is the ultimate goal. So, despite the novel mechanism of
action, the ultimate clinical impact of mTOR inhibitors as antiseizure agents in TSC may be
relatively modest. However, mTOR inhibitors might have a more significant impact as a
potential preventative, antiepileptogenic therapy. No preventative, disease-modifying
treatment has been demonstrated to work for any type of epilepsy in people. Furthermore,
compared with standard antiseizure drug trials in intractable epilepsy patients, clinical
studies addressing antiepileptogenesis are very difficult to design and conduct. One major
issue is selecting an appropriate high-risk, but presymptomatic/asymptomatic, patient
population to target with antiepileptogenic therapy. TSC patients may actually represent an
ideal population for antiepileptogenic drug trials, because some patients are diagnosed with
TSC at an early age before the onset of epilepsy [85]. At the same time, since the majority
(up to 90%) of TSC patients will develop epilepsy in the future [86], it may be more
justifiable to expose asymptomatic patients to an experimental therapy that may have
adverse effects.

Despite the positive theoretical rationale, several practical issues must be addressed prior to
initiating an antiepileptogenic clinical trial of mMTOR inhibitors in TSC patients. As
mentioned above, the treatment duration will need to be carefully considered and weighed
against potential long-term side effects, as prolonged therapy may be necessary to maintain
effectiveness. Again the use of drug holidays may decrease the risks of chronic use of
mTOR inhibitors. Further preclinical animal studies could determine the optimal treatment
regimens that minimize side effects but still maintain efficacy. Finally, most TSC patients do
ultimately develop epilepsy, but a subgroup will not, resulting in the unnecessary treatment
of some patients. To minimize unnecessary exposure, biomarkers could be developed that
identify the patients at highest risk for epilepsy and thus the most appropriate candidates for
initiating antiepileptogenic treatment. While this is still an area of active research, EEG,
neuroimaging, and biochemical assays are being investigated as potential biomarkers for
predicting epilepsy in TSC.

Outside of TSC, there are other patient populations that might be appropriate candidates for
treatment with mTOR inhibitors, either as antiseizure or antiepileptogenic therapy. For
example, there is some rationale for hypothesizing that mTOR inhibitors could have
antiepileptogenic properties for preventing epilepsy in patients with traumatic or other types
of acquired brain injury. To be prudent, an extension to non-TSC populations should await
more definitive results from clinical trials in TSC, as well as further preclinical animal
studies that better delineate the particular circumstances and types of non-TSC epilepsy
most responsive to mTOR inhibitors. However, given the growing number of other
neurological and non-neurological diseases in which mTOR has been implicated [87,88], it
seems likely that future research may identify a variety of neurological applications for
mTOR inhibitors.
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Key Issues

Current seizure medications have significant limitations, such as intractability
and lack of antiepileptogenic properties, indicating that new drugs for epilepsy
are needed with novel mechanisms of action.

The mammalian target of rapamycin (mTOR) pathway regulates a number of
important physiological process, such as synaptic plasticity and ion channel
expression, which could influence epileptogenesis under pathological
conditions.

mTOR inhibitors have limited anticonvulsant effects in animal models of
acutely-provoked seizures.

mTOR inhibitors have antiseizure effects in decreasing seizure frequency in
animal models of tuberous sclerosis complex (TSC), temporal lobe epilepsy, and
absence epilepsy.

mTOR inhibitors have antiepileptogenic effects in preventing the development
of epilepsy in animal models of TSC, as well as other types of epilepsy, but the
effects depend on specific conditions, such as model type and timing of
treatment.

Preliminary clinical studies indicate that mTOR inhibitors reduce seizure
frequency in TSC patients with intractable epilepsy.

Future research should identify the specific clinical applications of mMTOR
inhibitors for epilepsy, most likely in TSC, but potentially for other types of
epilepsy as well.
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Epileptogenic Stimuli

Genetic mutations
(TSC, PTEN, AKT3,
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Epileptogenic Mechanisms

The mTOR pathway and epilepsy. A. The mTOR pathway involves two complexes, the
rapamycin-sensitive, mTORC1, and the relatively rapamycin-insensitive, mMTORC2 (not
shown), is regulated by a number of upstream signaling pathways, and activates a series of
downstream effectors. Upstream regulators (PI3K/Akt, LKB1/AMPK) modulate the mTOR
pathway in response to various physiological stimuli involved in energy, nutrient, and
growth regulation. In turn, mTORC1 stimulates downstream signaling mechanisms
primarily involved in ribosomal biogenesis (S6K, S6) and protein translation (4E-BP1,
elF4E). Genetic mutations in different components of the mTOR pathway have been
identified that cause hyperactivation of mMTORCL1 and may lead to various disease
phenotypes, including epilepsy. B. The mTOR pathway may coordinate multiple
mechanisms of epileptogenesis due to diverse causes of epilepsy. mMTORC1 may be
abnormally activated by a variety of genetic defects or acquired injuries. In turn, mMTORC1
hyperactivation may trigger multiple downstream mechanisms of epileptogenesis via
regulation of protein synthesis and other cellular processes, such as expression of ion
channels, axonal sprouting, oxidative stress, autophagy, neuronal death, and neurogenesis.
Inhibition of MTORC1 may represent a rational therapy for multiple types of epilepsy
involving abnormal mTOR pathway activation. AMPK - 5' adenosine monophosphate-
activated protein kinase; elF4E, elongation initiation factor 4E; LKBL1 - liver kinase B1;
mTORC1 - mammalian target of rapamycin complex 1; PI3K - phosphoinositide-3 kinase;
PTEN - phosphatase and tensin homolog on chromosome 10; Rheb - Ras homolog enriched
in brain; STRADa - STE20-related kinase adapter alpha; S6 - ribosomal protein S6; S6K -
ribosomal S6 kinase; TSC1 - tuberous sclerosis complex 1 protein; TSC2 - tuberous
sclerosis complex 2 protein; 4E-BP1 - elongation factor 4E binding protein 1.
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Table 1

Potential Antiseizure Effects of mMTOR Inhibitors in Animal Models and Clinical Studies
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Epilepsy Type/M odel Effect of mTOR Inhibitor on Seizures Proposed References
M echanism(s) of
Action
Animal Models
Acute Anticonvulsant Effects
Maximal electroshock threshold Increase in seizure threshold 3-6 hr after a single dose, ~ Unknown 43
but not 3 daily doses, of rapamycin in 4 wk old mice
6 Hz stimulation test No effect in 4 wk old mice WE 43
Pentylenetetrazole (PTZ) seizures No effect in 4 wk old mice or adult rats n/a 43-45
Increase in seizure latency 4 hr after a single dose, but ~ Decreased neuropeptide 44
not 3 daily doses, of rapamycin in 15 d old rats Y expression
Paradoxical decrease in seizure threshold after 3 daily Reduction in KCC2 45
doses of rapamycin in 3-4 wk old, but not adult, rats expression
Fluorothyl-induced seizures Increase in seizure threshold 4 hr after a single dose of ~ Decreased neuropeptide 44
rapamycin in 15 d old and adult rats Y expression
Kainate-induced acute seizures Reduction in seizure severity after 3 daily doses of Unknown 43
rapamycin and 90 min after kainate in 4 wk old mice
No effect in 15 d old, 3-4 wk old, and adult rats n/a 44,45
Pilocarpine-induced acute seizures Paradoxical increase in seizure severity after 3 daily Reduction in KCC2 45
doses of rapamycin in 3—4 wk old, but not adult, rats expression
Multiple-hit model of infantile spasms Reduction in acutely-induced spasms in rats. Unknown 46
NMDA-induced infantile spasms No effect on acutely-induced spasms in rats. n/a 44,47
TSC-related Epilepsy
Tuberous sclerosis complex knock-out Reduction in chronic seizure frequency in Tscl KO Inhibition of cell 48
mice mice after the onset of epilepsy growth/proliferation,
restored astrocyte
glutamate transport.
Pten knock-out mice Reduction in chronic seizure frequency and duration in  Decreased 49-52
Pten KO mice after the onset of epilepsy megalencephaly, cell
size
Non-TSC-related Epilepsy
WAG/RIij rat model of genetic absence Reduction in frequency of spike-wave discharges Unknown 56
epilepsy within 30 minutes of single dose of rapamycin in adult
WAG/RIj rats.
Temporal lobe epilepsy following Reduction in chronic spontaneous seizure frequency in  Inhibition of mossy fiber 57
pilocarpine status epilepticus rats following status epilepticus sprouting
Clinical Studies
Tuberous sclerosis complex Reduction in seizure frequency in TSC patients with Unknown 26,53-55

intractable epilepsy.

Expert Rev Neurother. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Wong

Table 2

Potential Antiepileptogenic Effects of mTOR Inhibitors in Animal Models
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Epilepsy Type/M odel Effect on Epilepsy Proposed M echanism(s) of References
Action
TSC-related Epilepsy
Tuberous sclerosis complex knock-out Prevention of epilepsy in Tsc KO mice when Inhibition of cell growth/ 48,59-63
mice initiated prior to onset of seizures proliferation, restored astrocyte
glutamate transport, decreased
inflammation/ER stress,
restored myelination.
Temporal Lobe Epilepsy
Kainate status epilepticus model of Reduction in frequency of spontaneous seizures Inhibition of mossy fiber 69
temporal lobe epilepsy in rats following status epilepticus sprouting
Pilocarpine status epilepticus model of Reduction in mossy fiber sprouting, but no Inhibition of mossy fiber 66,71
temporal lobe epilepsy effect on spontaneous seizures in mice sprouting
Angular bundle electrical stimulation Reduction in frequency of spontaneous seizures Inhibition of mossy fiber 70
model of temporal lobe epilepsy in rats following status epilepticus sprouting, reduction in
neuronal death, decreased
blood-brain barrier leakage
Amydala electrical stimulation model of No effect on spontaneous seizures in rats No effect on mossy fiber 72
temporal lobe epilepsy following status epilepticus sprouting
Other Types of Epilepsy
Neonatal hypoxia Reduction in chronic seizures in rats following Inhibition of enhanced 74
hypoxic neonatal seizures. glutamate EPSCs
WAG/RIij rat model of genetic absence Reduction in frequency of spike-wave Unknown 56
epilepsy discharges at 6 and 10 months of age after
treatment with rapamycin from 45 d to 5 mo in
WAG/RIj rats.
Controlled cortical impact injury model Reduction in frequency of spontaneous seizures Inhibition of mossy fiber 78
of posttraumatic epilepsy in mice following controlled cortical impact sprouting, neuronal death
injury
Organotypic slice culture injury model of ~ Reduction in electrographic seizures in Inhibition of axonal sprouting, 79

posttraumatic epilepsy

organotypic slice cultures

neuronal death
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