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Abstract

Prevention of epilepsy is a great unmet need. Acute central nervous system (CNS) insults such as 

traumatic brain injury (TBI), cerebrovascular accidents (CVA), and CNS infections account for 

15%−20% of all epilepsy. Following TBI and CVA, there is a latency of days to years before 

epilepsy develops. This allows treatment to prevent or modify postinjury epilepsy. No such 

treatment exists. In animal models of acquired epilepsy, a number of medications in clinical use 

for diverse indications have been shown to have antiepileptogenic or disease-modifying effects, 

including medications with excellent side effect profiles. These include atorvastatin, ceftriaxone, 

losartan, isoflurane, N-acetylcysteine, and the antiseizure medications levetiracetam, brivaracetam, 

topiramate, gabapentin, pregabalin, vigabatrin, and eslicarbazepine acetate. In addition, there are 

preclinical antiepileptogenic data for anakinra, rapamycin, fingolimod, and erythropoietin, 

although these medications have potential for more serious side effects. However, except for 
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vigabatrin, there have been almost no translation studies to prevent or modify epilepsy using these 

potentially “repurposable” medications. We may be missing an opportunity to develop preventive 

treatment for epilepsy by not evaluating these medications clinically. One reason for the lack of 

translation studies is that the preclinical data for most of these medications are disparate in terms 

of types of injury, models within different injury type, dosing, injury–treatment initiation latencies, 

treatment duration, and epilepsy outcome evaluation mode and duration. This makes it difficult to 

compare the relative strength of antiepileptogenic evidence across the molecules, and difficult to 

determine which drug(s) would be the best to evaluate clinically. Furthermore, most preclinical 

antiepileptogenic studies lack information needed for translation, such as dose–blood level 

relationship, brain target engagement, and dose-response, and many use treatment parameters that 

cannot be applied clinically, for example, treatment initiation before or at the time of injury and 

dosing higher than tolerated human equivalent dosing. Here, we review animal and human 

antiepileptogenic evidence for these medications. We highlight the gaps in our knowledge for each 

molecule that need to be filled in order to consider clinical translation, and we suggest a platform 

of preclinical antiepileptogenesis evaluation of potentially repurposable molecules or their 

combinations going forward.

1 | INTRODUCTION

Prevention of epilepsy is a great unmet need. Acute central nervous system (CNS) insults 

such as traumatic brain injury (TBI), cerebrovascular accidents (CVA), and CNS infections 

account for approximately 15%−20% of all epilepsy in the developed world.1–3 Following 

TBI and CVA, there is a latency of days to years before epilepsy develops. This may allow 

intervention to prevent or modify postinjury epilepsy. However, no such treatment exists for 

patients at risk.1,4–6 In animal models of acquired epilepsy, a number of medications 

approved by the US Food and Drug Administration (FDA) and European Medicines Agency 

in clinical use for diverse indications have been reported to have an antiepileptogenic or 

disease-modifying effect, including medications with excellent side effect profiles.1,4,5 

These include atorvastatin, ceftriaxone, losartan, isoflurane, N-acetylcysteine, and the 

antiseizure medications levetiracetam (LEV), brivaracetam (BRV), topiramate (TPM), 

gabapentin (GBP), pregabalin (PGB), vigabatrin, and eslicarbazepine acetate (ESL). In 

addition, there are preclinical antiepileptogenic data for anakinra, rapamycin, fingolimod, 

and erythropoietin,5 although these medications have potential for more serious side effects. 

These numerous drugs act on targets that are thought to be critically involved in 

epileptogenesis (Figure 1). However, there have been no new phase 3 preventive studies and 

only two phase 2 studies using such medications in the past 18 years.4,7 It is possible that we 

may be missing an opportunity to develop preventive treatment for epilepsy by not 

evaluating these “repurposable” medications clinically.

There are several reasons why preclinical studies of these medications have not been 

translated into clinical trials. The preclinical data concerning most of these medications are 

disparate in terms of types of injury, models within different injury types (eg, different 

models of status epilepticus [SE] and of TBI, with uncertain equivalency between models), 

dosing, injury to intervention initiation latencies, treatment duration, and outcome evaluation 

mode and duration. This makes it difficult to compare the relative strength of 
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antiepileptogenic evidence across molecules, and difficult to determine which are the best to 

evaluate clinically. Furthermore, most studies lack information needed to design good 

clinical studies (eg, dose–blood level targets, dose-response, CNS levels) and use treatment 

parameters that cannot be applied clinically (treatment before or at the time of injury, dosing 

higher than tolerated human equivalent dosing). With the exception of LEV, none of these 

medications has been studied systematically with the view of translation into clinical studies. 

This has contributed to the fact that almost none of the preclinical projects have led to 

clinical translation.

The purpose of the present paper is to (1) review systematically animal and human 

antiepileptogenic evidence for approved, safe medications that have shown an 

antiepileptogenic or disease-modifying effect; (2) show where the gaps in our knowledge for 

each molecule are, to stimulate research to fill those gaps and allow better evaluation of 

which molecules should be taken into clinical studies; and (3) suggest a platform of 

preclinical antiepileptogenesis evaluation of potentially repurposable molecules going 

forward. In the context of this review, the term “antiepileptogenic” indicates a significant 

reduction in the incidence of epilepsy developing after brain injury, whereas “disease-

modifying” indicates a reduction in the frequency, severity, or duration of spontaneous 

seizures, or a favorable effect on behavioral or cognitive comorbidities of acquired epilepsy.

2 | LEVETIRACETAM

LEV, a synaptic vesicle 2A (SV2A) modulator, has a broad spectrum of antiepileptogenic or 

disease-modifying effects in kindling, genetic, and posttraumatic epilepsy (PTE) models, 

and has been suggested to have potential antiepileptogenic effects in two clinical studies, 

including one TBI/PTE phase 2 study.7 The antiepileptogenic/disease-modifying effects in 

animals occur generally in clinically applicable doses with clinically applicable plasma 

levels.

LEV dose-dependently protects against amygdala kindling, delaying8 or completely 

preventing9 full kindling and ameliorating severity of seizures in clinically applicable doses 

(13–54 mg/kg). It permanently suppresses kindling-induced afterdischarge, an indication of 

synchronized neuronal firing, which is a critical element of epileptogenesis.8,9 It has similar 

effects with similar doses in other kindling models, including corneal, audiogenic, and 

pentylenetetrazol (PTZ)-induced kindling.10–12

LEV also has strong antiepileptogenic effects in two genetic models of epilepsy. LEV 

treatment with 80 mg/kg/d for 3–6 weeks before the natural seizure onset prevents epilepsy 

in the “spontaneously epileptic rat,” and reduces incidence of epilepsy in the WAG/Rij 

model of absence epilepsy,13,14 the latter with the mean clinically relevant blood level of 

39.9 μg/mL.

LEV does not prevent epilepsy after SE.15 However, it reduces its severity in several SE 

models and reduces neuronal excitability and synchronization of neuronal firing, two key 

electrophysiological features of epileptogenesis after a CNS insult. In the rat pilocarpine-

induced SE (pilo-SE) model of temporal lobe epilepsy (TLE), this occurred dose-
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dependently with a bolus of 54 mg/kg after termination of SE followed by infusion of 50, 

150, or 300 mg/kg/d for 21 days. The 300-mg/kg/d dose completely prevented these 

changes.16 Associated plasma LEV levels of 12.7 μg/mL (50 mg/kg/d) and 55.2 μg/mL (300 

mg/kg/d) approximate trough and peak human plasma levels seen in a human phase 2 study 

of PTE prevention with LEV 55 mg/kg/d.17 In the mouse pilo-SE model, a single LEV dose 

of 500 mg/kg administered 30 minutes after SE cessation reduced frequency and severity of 

seizures 4 weeks later. This was associated with block of both cytotoxic and vasogenic 

edema, reduced blood-brain barrier (BBB) leakage at 3 hours-2 days after SE,18 and 

inhibition of increase in the expression of angiogenic factors, neovascularization, activation 

of microglia, and upregulation of proinflammatory cytokines.19 Chronic treatment (21 days 

after pilo-SE in rats) with LEV at clinically relevant exposures counteracted the increased 

amplitude of population spikes recorded in vivo in the dentate gyrus and reduced paired-

pulse inhibition in the CA1, when compared to vehicle-treated rats. These effects were 

observed 3 days after cessation of LEV treatment and complete clearance of the drug from 

plasma, suggesting a longer-lasting neuronal plasticity and potential disease-modifying or 

antiepileptogenic effects.20

In a rat fluid percussion injury (FPI) TBI model of PTE in which seizures induced by FPI 

are exacerbated by subsequent administration of kainic acid 1–3 weeks after FPI, LEV 

(approximately 100 mg/kg/d) treatment for 1 week, started after FPI, reduced seizure 

severity and duration and neuronal degeneration in the hippocampal CA1 region.21,22 In the 

rat controlled cortical impact injury (CCI) PTE model, LEV (single dose, 150 mg/kg 

intraperitoneal [ip]) administered immediately after CCI inhibited the development of 

spontaneous epileptiform activity and stimulation-elicited hyperexcitability in neocortical 

slices from the injured area 2 weeks after injury; 14% of LEV-treated animals had 

spontaneous epileptiform activity compared with 75% of controls.23 In the undercut model 

of PTE, a cut through a cortical slice to remove cortical layers 1–3 and isolate slice layers 

III-VI and deep white matter induces hyperexcitability of the slices and epileptiform burst 

firing in response to external stimulation. Treatment of the slices with LEV (400 μmol/L) at 

30–60 minutes after injury reduced the percentage of hyperexcitable slices from 50% to 

25%, and increased seizure threshold almost twofold.24 In the iron-injection model, epilepsy 

develops after amygdalar/hippocampal injection of FeCl3, due to TBI-induced 

downregulation of glutamate transporters, which contributes to glutamatergic toxicity.25 

Treatment with LEV 54 mg/kg/d for 14 days increased hippocampal levels of the glutamate 

transporters L-glutamate/L-aspartate transporter (GLAST), excitatory amino acid 

transporter-1, and γ-aminobutyric acid (GABA) transporter type 3.25

In addition, LEV positively impacts functional outcomes after TBI. In an Operation Brain 

Trauma Therapy (OBTT) project, a single intravenous LEV dose of 54 or 170 mg/kg 15 

minutes after TBI in FPI and CCI models improved histological neuroprotection and 

cognitive function in both models, and motor function in the CCI model.26 The authors of 

the OBTT project described LEV as “the most promising drug tested thus far by OBTT, and 

the only drug to improve cognitive outcome in any model.” Similar improvement in motor 

and spatial learning occurred with LEV 50 mg/kg/d treatment for 10 days after penetrating 

ballistic brain injury.27
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Thus, there is broad evidence of LEV’s antiepileptogenic and disease-modifying effects and 

some neuroprotective effect. The effects occur in the majority of the models with clinically 

relevant doses, and, in some models, with associated clinically applicable blood levels. This 

set of data is the most comprehensive of any of the drugs evaluated to date. However, there 

are no data on efficacy in in vivo PTE models with spontaneous seizures, and no systematic 

evaluation of response related to clinically applicable injury-treatment latencies.

Two human studies suggest antiepileptogenic effect of LEV. In one open-label phase 2 study, 

1-month-long treatment of adults with TBI with high PTE risk with LEV 55 mg/kg/d 

starting ≤8 hours after injury showed a signal of PTE reduction 2 years after injury (10.9% 

[5/46] treated, compared with 20% [8/40], untreated, relative risk = 0.47, P = .18).7 In a 

Cleveland Clinic study of patients with refractory TLE treated surgically, patients treated 

with LEV peri-/postoperatively had greater seizure freedom at 5 years postsurgery than 

patients treated with any other antiseizure drug (ASD; 40% vs 57% seizure recurrence, risk 

ratio = 0.57, P = .003), even though they had more severe epilepsy preoperatively. The 

authors attributed this to an antiepileptogenic effect of LEV after surgery.28

Several lines of evidence indicate that SV2A is the primary site of antiepileptic (antiseizure) 

action for LEV.29 LEV’s antiepileptogenic effects are also likely to be mediated by this 

target, although other targets of LEV may contribute to the overall effect. Epileptogenesis is 

accelerated in kindling experiments with SV2A-deficient mice.30 Heterozygous SV2A mice, 

lacking approximately 50% of the protein, require much lower number of stimulations to 

reach fully kindled state in both corneal and amygdala kindling models.30 SV2A-targeted 

missense mutation also facilitates PTZ kindling in rats.31,32

Furthermore, SV2A expression is reduced in a rat post-SE model of epilepsy during both the 

latent period and chronic phase with spontaneous recurrent seizures (SRS)33 and is also 

reduced in the spontaneously epileptic rat.29,34 SV2A knockout animals develop severe 

epilepsy early in their ontogeny.29 The question arises how SV2A deficit leads to 

epileptogenesis, as the protein is present in both excitatory and inhibitory neurons under 

physiological conditions. Single-cell recordings in primary neuronal cultures from SV2A 

knockout animals indicate decreases in both excitatory and inhibitory postsynaptic currents.
35 However, hippocampal slice recordings from SV2A knockout animals showed a more 

pronounced effect on inhibitory postsynaptic currents.35 Furthermore, SV2A missense 

mutation showed a preferential disruption of action potential-induced GABA, but not 

glutamate, release.31,32,36 Similarly, treatment of epileptic animals (lithium-pilocarpine 

model) with clinically relevant doses of LEV also had a differential effect on 

neurotransmitter levels measured by microdialysis in the hippocampus.37 LEV-treated 

epileptic rats had higher GABA levels in response to potassium-induced depolarization than 

vehicle-treated epileptic rats. There were no differences in glutamate levels.37 Collectively, 

these studies provide a converging body of evidence implicating SV2A in epileptogenesis 

through its effects on inhibitory GABAergic transmission. LEV treatment during 

epileptogenesis may be able to reverse these GABAergic deficits, which could manifest as 

an antiepileptogenic effect of the compound.
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Other potential antiepileptogenic mechanisms of LEV include the antioxidative stress effect 

of free radical quenching,38,39 the anti-inflammatory effect of reduced production of 

interleukin (IL)-1β,18,19 and antiexcitotoxic effect with reduced release of intracellular 

calcium40 and upregulation of astrocytic glutamate transporters GLAST and glutamate 

transporter 1 (GLT-1).25

3 | BRIVARACETAM

As outlined above, LEV has a unique anticonvulsant profile in animal models of seizures 

and epilepsy, due to its binding to SV2A.41 Testing of LEV analogs showed a striking 

correlation between their in vitro SV2A binding affinity and anticonvulsant activity in vivo.
42 These observations indicated that SV2A is mediating the unique pharmacology of LEV 

and provided a screening tool, enabling the search for selective, high-affinity ligands for this 

novel mechanism. This led to the discovery of BRV,41 which is more selective for SV2A 

than LEV.

The potential involvement of SV2A in the epileptogenic process and BRV’s impact on it was 

further supported by a pharmacological study.43 The purpose was to explore whether BRV, a 

compound with better selectivity and 15- to 30-fold higher SV2A affinity than LEV and 

distinct SV2A interaction,44 would possess a superior activity against kindling acquisition.43 

Corneal kindling of mice was conducted following 30-minute pretreatment with 10 times 

lower doses of BRV (0.21/6.8 mg/kg) than LEV (1.7–54 mg/kg), to generate comparable and 

therapeutically relevant plasma and brain levels with both compounds. Pretreatment with 

either BRV or LEV showed a similar, significant reduction in the incidence of generalized 

seizures. However, following cessation of drug treatment and a washout period, continued 

corneal stimulations revealed a persistent ~50% reduction in the incidence of generalized 

seizures in mice previously treated with the highest BRV dose of 6.8 mg/kg, with 0%−20% 

reduction with lower doses of 0.21–2.1 mg/kg. In contrast, all mice previously treated with 

LEV showed kindling development and returned to fully kindled state, similar to placebo-

treated animals.43 Strong effects of BRV on kindling epileptogenesis were corroborated by 

another study using a rapid hippocampal kindling model in developing rats.45 Pretreatment 

with BRV 10 and 100 mg/kg of adult rats increased the number of stimulations required to 

engender generalized seizures by approximately 100% and 150%, respectively, and reduced 

the number of seizures by >50% for the 100-mg/g dose, although not for the 10-mg/kg dose. 

This was associated with a dose-dependent increase of ~40%−60% in the afterdischarge 

threshold at the 10- and 100-mg/kg doses. Corresponding blood levels for the 10- and 100-

mg doses 30 minutes after BRV administration were approximately 7 and 100 μg/mL, 

respectively, and brain levels were approximately 2 and 60 μg/g of brain tissue, respectively. 

The effect was age-dependent, with less predictable effects for immature animals (Tables 1 

and 2).

Taken together, the rational design of BRV as a selective and optimized SV2A agent seems 

to confer it promising antiepileptogenic properties in the kindling models. This has triggered 

a significant interest in further determining BRV’s antiepileptogenic properties in other 

models of acquired epilepsy, including the FPI TBI model. Such studies are currently being 

performed.
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4 | LOSARTAN

Losartan is an FDA-approved angiotensin-type 1 receptor (AT1) antagonist used to treat 

hypertension. It has both neuroprotective and antiepileptogenic effects. The rationale for 

testing losartan as an antiepileptogenic drug stems from studies on the role of BBB in 

epileptogenesis46,47 which is mediated by albumin-induced transforming growth factor beta 

(TGFβ) signaling.48,49 The TGFβ family of proteins is a group of cytokines that play a role 

in intercellular communication and regulate cellular processes, including cell growth, 

migration, differentiation, apoptosis, inflammation, and expression of extracellular matrix 

proteins.50–52 There are seven known variants of TGFβ membrane receptor types 

(activinlike kinase [ALK] 1–7), of which two are expressed in the brain: ALK1 and ALK5. 

On ligand binding, ALK1 phosphorylates intracellular mediators Smad 1, 5, and 8, and 

ALK5 phosphorylates Smad 2 and 3. The downstream signaling involves interaction with 

other Smad proteins to form complexes that accumulate in the nucleus and promote 

transcriptional activity.50,51,53 Following injury and increase in BBB permeability, albumin 

diffuses into the brain and binds to ALK5 TGFβ receptors in astrocytes, leading to their 

activation and release of proinflammatory cytokines.49,54 Activated astrocytes further 

downregulate inward-rectifier potassium channel and glutamate transporter, resulting in 

reduced potassium and glutamate buffering, leading to neuronal hyperexcitability.55 In 

addition, astrocytic-mediated alterations in the extracellular matrix,56 excitatory 

synaptogenesis,57 and pathological plasticity contribute to the ongoing process of 

epileptogenesis.58

Losartan inhibits TGFβ signaling by preventing the phosphorylation of intracellular Smad 

proteins in animal models of chronic renal insufficiency, cardiomyopathy, and connective 

tissue disorders.59–61 Losartan prevents insult-related epilepsies by blocking the increase in 

phosphorphorylated Smad 2/3 levels following BBB disruption or direct exposure of the 

cerebral cortex to albumin.62 Perfusion of albumin over the cortex for 40 minutes, a model 

of BBB breakdown such as may occur after TBI or CVA, induces electrographic seizures 

that start on day 2 after perfusion and continue indefinitely. Coperfusion with a single dose 

of losartan 10 μmol/L reduced the incidence of epilepsy from 85% to 25%, and decreased 

epilepsy severity, reducing seizure frequency in epileptic animals from 6.1/wk to 0.2/wk, 

and average seizure duration from 13.7 to 5.4 seconds.62 In another experiment, losartan 

bolus of 100 mg/kg was administered systemically 40 minutes after albumin extravasation to 

mimic TBI, followed by 21-day-long treatment at therapeutic levels administered as 2 g/L 

drinking water/d. Electrocorticographic recording was started 7 days after the end of losartan 

treatment and lasted for 2 weeks. Losartan reduced incidence of epilepsy from 100% to 40% 

and reduced average seizure frequency in epileptic animals from 8 to 2.3/wk, without 

affecting seizure duration.62

Antiepileptogenic and disease-modifying effects of losartan have also been shown in other 

models. When administered to rats undergoing amygdala kindling, losartan (50 mg/kg ip 1 

hour prior to each kindling stimulation over a period of 3 weeks of daily kindling) increased 

the threshold for stimuli-induced discharges and delayed the onset of seizures63 In another 

group, rats treated intracerebroventricularly with losartan at doses of 1 and 3 mg/kg/d 

required significantly more kindling stimulations to reach the fully kindled state than 
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controls, and few animals did not reach the fully kindled state during the 21 days of daily 

kindling.63 In the post-SE kainate model of TLE, losartan (10 mg/kg/d) started 2 hours after 

SE onset and continued for 4 weeks delayed the development of epilepsy from 12 to 23 

days, and reduced seizure frequency and duration, but not epilepsy incidence. In addition, 

losartan exerted neuroprotection selectively in the hippocampal CA1 region and positively 

affected epilepsy-provoked behavioral changes, including impulsivity, anxiety, and 

depression.64 Although treatment started during SE and may have reduced SE severity, this 

was not the case in other models in which SE was induced pharmacologically (Swissa and 

Friedman, personal communication). In the paraoxon model of SE-induced epileptogenesis, 

losartan (60 mg/kg ip daily for 3 days followed by 2 g/L treatment in the drinking water for 

an additional 18 days) reduced BBB breakdown 48 hours after SE and the incidence of 

delayed seizures from 59.1% to 5.56%.65 As angiotensin receptor expression is also 

upregulated in models of epilepsy, specifically in hypertensive rats,66 and facilitates 

neuroinflammation,67 it is still uncertain whether the protective effect of losartan is due to 

inhibition of angiotensin signaling, TGFβ signaling, or both.

Finally, losartan and other AT1 antagonists diminish neuroinflammation68–70 and were 

proposed as neuroprotective drugs in numerous in vitro studies,71,72 and in rodent models of 

stroke73,74 TBI,75–77 and neurodegeneration, including Alzheimer disease.78–80 Although 

there are no controlled clinical trials with AT1 antagonists as neuroprotective or 

antiepileptogenic agents, retrospective studies support the notion that AT1 antagonists 

provide relative neuroprotection compared to other antihypertensive drugs.81–86

These data suggest a significant antiepileptogenic and possibly neuroprotective potential for 

losartan and other AT1 receptor antagonists. At present, it is uncertain whether dosing 

humans with the equivalent doses used in animals is feasible, and there is no 

antiepileptogenic animal data on losartan blood levels to compare with clinically acceptable 

human levels. It is important to determine that effective antiepileptogenic doses/levels do not 

have the potential to cause hypotension, which could aggravate injury in patients with TBI 

or CVA. There are no dose-response antiepileptogenic data, and no injury–treatment latency 

data that would allow human study design, for example, of treatment initiation several hours 

after injury. These studies are needed to determine whether human studies are feasible.

5 | ISOFLURANE

Isoflurane is a well-established anaesthetic. Its exact mechanism of anesthetic action has not 

been clearly delineated, but it likely binds to GABA, glutamate, and glycine receptors, with 

different effects on each receptor. Furthermore, isoflurane induces an epigenetic 

downregulation of brain-derived neurotrophic factor receptors and tyrosine receptor kinase 

B,87 the activation of which plays a role in epileptogenesis.88 The potentiating effect of 

isoflurane on GABAergic Cl− currents,89,90 inhibition of N-methyl-D-asparate (NMDA)-

gated91 and voltage-dependent calcium currents,92 reduction of synaptic glutamate release,93 

and its neuroprotective94 and anti-inflammatory95 properties make isoflurane an attractive 

antiepileptogenic drug. Short-duration treatments with isoflurane during or shortly after SE 

in the kainate or paraoxon models of epileptogenesis attenuated BBB breakdown, glial 

activation, and neuroinflammation, reduced neuronal damage, abolished epileptiform 
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activity, and reduced the incidence of late epilepsy.96 The vasoprotective effect of isoflurane 

has also been shown in rodent models of stroke97–99 and in subarachnoid hemorrhage.100 

Thus, preclinical data suggest isoflurane as a promising antiepileptogenic, vasoprotective, 

and neuroprotective agent in specific patient populations, including SE and severe traumatic 

or ischemic brain injuries that require general anesthesia. Timing and dose of isoflurane 

anaesthesia vary largely between studies, and the depth of isoflurane anaesthesia is not 

reported. Additional controlled preclinical studies are required with monitoring of the depth 

of anesthesia and using clinically relevant biomarkers before clinical studies can be 

designed.

6 | ANAKINRA

IL-1 is a master cytokine driving both brain and systemic inflammation. It is encoded by 

IL1A and IL1B genes, generating two cytokines, IL-1α and IL-1β. These activate a 

ubiquitous cell surface receptor, IL-1 receptor type 1 (IL-1R1), which transduces the cellular 

signal upon agonist activation. Activation of the IL-1–IL-1R1 axis triggers a cascade of 

inflammatory molecules, including other cytokines and chemokines. IL-1 receptor 

antagonist (IL-1Ra) is the endogenous competitive antagonist of IL-1R1, which blocks the 

activity of both cytokines. More than 100-fold molar excess of IL-1Ra is needed to inhibit 

IL-1 activity.101 Anakinra (Kineret) is the human recombinant form of IL-1Ra, the first IL-1 

targeting agent, introduced in 1993. Since then, anakinra has dominated therapies targeting 

IL-1 in autoinflammatory and autoimmune diseases with pathological cytokine involvement.
101 Additional IL-1R1 blocking agents approved for medical use include the soluble decoy 

receptor (rilonacept) and canakinumab (Ilaris), the anti–IL-1β neutralizing monoclonal 

antibody. Other neutralizing or blocking antibodies, vaccine, and chimeric IL-1Ra–IL-1β 
combination are under clinical investigation.101 In the CNS, two randomized phase 2 studies 

in acute stroke102 and neurotrauma103 demonstrated that anakinra is safe, and improved 

neurological sequelae in stroke patients.

IL-1β drives the pathologic role of brain inflammation in epilepsy.104–112 Studies on 

surgically resected epileptogenic foci from drug-resistant forms of epilepsy with structural 

or infectious etiologies showed that the IL-1α–IL-1R1 axis is activated in neurons, glia, and 

endothelial cells of the BBB.104,107,113–115 Similar findings were reported in animal models 

of acute symptomatic seizures, febrile and nonfebrile SE, and models of acquired epilepsies,
107,114 absence epilepsy, and progressive myoclonic epilepsy.116–118 Activation of this 

inflammatory signaling in animals is involved in epileptogenesis119–121 and contributes to 

seizure generation and recurrence,122 and to neurological comorbidities.123

Only three studies have addressed the role of anakinra in epileptogenesis. In one, anakinra 

(100 mg/kg ip, ie, total daily dose = 5 mg/rat, equivalent to human adult dose of 16 mg/

kg)124 was coadministered with an investigational cyclooxygenase-2 (COX-2) antagonist 

(CAY 10404)125 at the time of Li+ pilocarpine–induced SE in 21-day-old rats, then daily for 

an additional 10 days. When compared with vehicle-treated rats, the drug combination 

reduced spontaneous seizures threefold over 3 weeks of video-electroencephalographic 

(EEG) recording, assessed 4 months post-SE. Single drugs alone were not tested in this 

model, and 1-day treatment with drug combination was not effective. In another study, 
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anakinra was infused subcutaneously with osmotic minipumps for 7 days in adult rats (24 

mg/rat/d; 70 mg/kg daily; equivalent to human adult dose of 11 mg/kg), starting 3 hours 

after SE induced by hippocampal electrical stimulation (male rats) or following Li+ 

pilocarpine (female rats).126 This was combined with daily ip injection of VX-765, which 

inhibits IL-1β biosynthesis by blocking caspase-1. The treatment resulted in pronounced 

(50%−90%) anti-inflammatory activity in the forebrain of electrical SE rats associated with 

neuroprotection, resulting in a rescue of the 25%−50% neuronal cell reduction induced by 

SE in the hippocampus and the cortex. A much less pronounced anti-inflammatory effect 

(20%−50%) and no neuroprotection were reported in Li+ pilocarpine rats. The frequency of 

spontaneous seizures was not modified during 2 weeks of EEG recordings 3 months post-

SE. However, subsequent experiments in this SE model showed a progression in seizure 

frequency between 3 and 5 months after SE, and this was the outcome measure mostly 

affected by anti-inflammatory treatments that blocked such progression.120,121,127 VX-765 

coadministered with Toll-like receptor 4 (TLR4) blocker cyanobacterial lipopolysaccharide 

(LPS)121 to mice with intra-amygdalar kainate-induced SE for 10 days starting at the time of 

spontaneous seizure onset reduced seizures by 90% and prevented their threefold 

progression, at 3 months post-SE. In the third study, anakinra (25 mg/kg ip, single bolus; 

human child equivalent dose is 6 mg/kg) injected 2 hours before rapid electrical 

hippocampal kindling in postnatal day 14 (P14) rats prevented the twofold increase in the 

number of stage 4 seizures and the threefold increase in their average duration induced by 

rat’s pre-exposure to systemic LPS.128

Experimental and clinical observations that anakinra reduces seizures support the utility of 

this drug for interrupting the vicious cycle of brain inflammation and sustained epileptic 

activity.104 Multicenter clinical studies are needed to establish efficacy, and to refine doses 

and treatment schedule as well as tolerance of anakinra in severe conditions such as febrile 

infection-related epilepsy109,112,129 and more broadly in pharmacoresistant epilepsies.110,111 

For epilepsy prevention, animal studies are needed to test the effect of anakinra alone (doses 

and therapeutic window) on the onset, frequency, and progression of spontaneous seizures in 

adult and developmental models of acquired epilepsies.

7 | N-ACETYLCYSTEINE

N-acetylcysteine (NAC), a clinically used antioxidant, is a precursor of reduced glutathione 

(GSH). Its tissue supplementation prevents GSH depletion during oxidative stress. NAC also 

provides sulfhydryl groups for direct scavenging of reactive oxygen free radicals (ROS). 

Epileptogenic injuries commonly lead to mitochondrial dysfunction and increased 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and xanthine oxidase 

activities, resulting in excessive generation of ROS (ie, oxidative stress) in brain tissue. 

Central and peripheral markers of oxidative stress are increased in drug-resistant epilepsy. 

There are critical points of intersection between oxidative stress and neuroinflammation that 

may be relevant for epilepsy and its comorbidities. In particular, ROS displace the binding of 

thioredoxin-interacting protein (TXNIP) to the antioxidant cytoplasmic protein thioredoxin.
130 The free TXNIP, in turn, promotes NLRP3 inflammasome assembly and the consequent 

release of the ictogenic inflammatory molecules IL-1β and high-mobility group box 1 

(HMGB1).130–132 ROS also induce a disulfide bond between C23 and C45 of HMGB1, 
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generating the disulfide isoform, which has proinflammatory, neuromodulatory, and 

ictogenic activities by activating TLR4. Moreover, ROS modulate nuclear factor-κB 

(NFκB)-mediated transcriptional activation of various inflammatory genes133 and may 

provoke oxidative damage to proteins, lipids, and DNA. The available data support a vicious 

cycle that links ROS production and neuroinflammation to neuronal and glial dysfunction, 

thus representing a potential mechanism of epileptogenesis.120,127,134–137

Reduction of oxidative stress in animal models of epilepsy with small molecules reduces 

SE-induced neuronal damage and cognitive deficits. A recent hippocampal electrical SE 

study in rats used a combination of NAC and sulforaphane to increase both the acute 

endogenous antioxidant response and the longer-term antioxidant system through the 

transcriptional factor Nrf2, which induces the major antioxidant enzymes. These drugs when 

administered to rats during epileptogenesis (NAC 500 mg/kg twice daily for 1 week and 

sulforaphane 5 mg/kg once daily for 2 weeks ip, starting 1 hour post-SE) afforded 

neuroprotection by preventing the 40% drop in hilar interneurons and CA1 pyramidal cells. 

The treatment delayed the time of onset of epilepsy by 30%, achieved a 70% reduction in 

seizure frequency compared to controls, and resolved cognitive deficits.127 A similar 

therapeutic response occurred in kainate-induced SE models with the small molecule RTA 

408, which removes the inhibitory control of the chaperon protein Keap1 on Nrf2, given 

alone137 or in combination with 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride, a 

NADPH oxidase inhibitor,138 and with 1400W, a highly selective inhibitor of inducible 

nitric oxide synthase.136 These therapeutic effects outlasted the end of treatment by several 

weeks, suggesting disease-modifying effects. There is limited information on antioxidant 

drug effects in models of epilepsy induced by acute injuries other than SE. One notable 

study reported that chronic NAC treatment (100 mg/kg/d by intragastric gavage for 5 weeks 

postinjury), starting immediately after FPI in rats, normalized the FPI-induced reduction of 

seizure threshold to systemic PTZ (latency to myoclonus and time spent in tonic-clonic 

seizures) measured 5 weeks after the acute brain injury.139

Considering the evidence for oxidative stress in the brain of patients who died in SE or with 

chronic drug-resistant seizures,127 interventions with antioxidant drugs might improve the 

neurological sequelae after epileptogenic injuries or in progressive epilepsy. NAC is widely 

used clinically as a mucolytic agent and as an antidote to acetaminophen overdose. It has 

been used in clinical trials in cancer, cardiovascular disease, and a variety of neurological 

disorders. In human studies, NAC has been used at doses comparable with those effective in 

animal models of epileptogenesis. Extrapolating the human equivalent dose, effective NAC 

doses in rats correspond to 10 g/d for a 60-kg person. Intravenous infusion of 150 mg/kg 

NAC (9 g for a 60-kg person) in healthy individuals or Parkinson and Gaucher disease 

patients was well tolerated and increased brain GSH assessed by magnetic resonance 

spectroscopy. NAC up to 3.6 g/d for several weeks has been used in neurological and 

psychiatric disorders. Impaired redox homeostasis and oxidative damage were reported in a 

cystatin B deficiency mouse model of progressive myoclonus epilepsy (Unverricht–

Lundborg disease).140 NAC treatment up to 6 g/d for several months in patients with 

Unverricht–Lundborg disease resulted in significant seizure improvement and was well 

tolerated.
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8 | ATORVASTATIN AND OTHER STATINS

Three clinical studies suggest possible antiepileptogenic/disease-modifying effect of statins. 

Statin treatment after CVA reduced the risk of poststroke early onset seizures, and reduced 

the risk of poststroke epilepsy in CVA patients with early poststroke seizures (odds ratio 

[OR] = 0.34) in a cohort of 1832 patients followed for a mean of 2.5 years.141 Treatment 

included atorvastatin ≥20 mg/d in 96% of cases, started within 3 days after stroke and 

continued for at least 3 days. It did not affect risk of poststroke epilepsy (PSE) overall, but 

the risk of PSE was low among patients without early poststroke seizures (4%), whereas it 

was high (31.7%) among patients with early poststroke seizures. In a cohort study of 150 

555 older adults with cardiovascular disease treated with revascularization, there was a dose-

dependent reduced risk for hospital admission with the diagnosis of epilepsy for current 

statin users (OR = 0.65) and for past statin users (OR = 0.72), with no benefit with non–

statin cholesterol lowering drugs, beta blockers, and angiotensin-converting enzyme 

inhibitors. This suggests that statin use reduced either the risk of epilepsy or the risk of 

epilepsy severe enough to result in hospitalization.142 A retrospective cross-sectional study 

of risk factors for new onset geriatric epilepsy of veterans >66 years old including 1843 

individuals with epilepsy and 1 023 376 individuals without epilepsy showed that statin 

prescription was associated with a lower likelihood of epilepsy (OR = 0.64).143

The preclinical evidence of the antiepileptogenic potential of atorvastatin or other statins is 

sparse. Studies have been done in PTZ,144 audiogenic,145 and other acute seizure models, 

with variable results, and with some suggestion that statins may impact the antiseizure 

efficacy of medications such as carbamazepine and valproate via either a pharmacodynamic 

or a pharmacokinetic effect,146 which could be one reason for the finding that statin use was 

associated with reduced risk of hospitalization for epilepsy. Statins have anti-inflammatory 

effects, reducing brain penetration by monocytes and lymphocytes, reducing production of 

IL-1β, tumor necrosis factor (TNF), interferon-γ, and IL-6, and increasing production of 

IL-10,147 have a free radical quenching effect,148 and impact neurosteroid synthesis, all 

mechanisms relevant to epileptogenesis. However, only a small number of preclinical studies 

have evaluated antiepileptogenesis of statins, with mixed results. Mice with pilocarpine-

induced SE (Pi-SE) have increased susceptibility to PTZ-induced seizures. Treatment with 

atorvastatin after Pi-SE (10 or 100 mg/kg/d) for 14 days had no protective effect on PTZ 

seizure susceptibility at the end of the treatment, and no neuroprotective effect.149 The same 

treatment in a different group of animals improved depression and object recognition testing, 

dose-dependently decreased basal and SE-induced levels of IL-1β, IL-6, TNF, and INF-γ, 

and increased IL-10 levels in the hippocampus and cerebral cortex, indicating anti-

inflammatory effects after an epileptogenic insult.150 Atorvastatin 20, 40, and 80 mg/kg/d 

administered during PTZ kindling for 7 weeks 1 hour before PTZ administration reduced 

severity of PTZ-kindled seizures, which outlasted atorvastatin treatment, suggesting a 

disease-modifying effect. It also reduced brain lipid peroxidation, increased glutathione 

levels, and prevented PTZ kindling-associated reduction in hippocampal GABA and 

dopamine and increase in glutamate levels.151

In the WAG/rij absence rats, atorvastatin treatment started at 45 days of age and continued 

for 17 weeks was ineffective at 5 mg/kg/d, whereas 10 mg/kg/d reduced the number of 
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seizure discharges by 55% and cumulative duration of spike/wave discharges by 65% at 6 

months, 1 month after treatment discontinuation, without affecting individual absence 

seizure duration. The effect was reduced to 44% and 41% reduction of the number and 

duration of discharges, respectively, at 10 mg/kg/d, 5 months after treatment discontinuation. 

Simvastatin 10 mg/kg/d and pravastatin 10 and 30 mg/kg/d had similar effects.152

In the rat electrically induced SE model, treatment with atorvastatin 10 mg/kg/d starting 7 

days prior to SE and continued for 7 days after SE, with video-EEG monitoring for 6 weeks 

after SE, did not protect against SE, epileptogenesis, or BBB disruption in limbic brain 

regions (hippocampus, entorhinal cortex, piriform cortex) and did not reduce inflammation, 

neuronal death, or synaptic reorganization.153 In a rat kainate-SE model, simvastatin 1 

mg/kg/d starting 0.5 hours after kainate-induced SE and lasting for 14 days resulted in 

reduction of EEG spikes at 6 months from 61.4/min to 31/min and reduced Racine score of 

spontaneous seizures from 3 to 2. This was associated with reduced lesion-induced 

expression of IL-1β and TNF at 3 days after kainate lesion, suppression of kainate-induced 

reactive astrocytosis 4–6 months after kainate lesion, and attenuation of loss of CA3 

pyramidal neurons and dentate hilar interneurons, and reduced mossy fiber sprouting at 4–6 

months.154 Finally, lovastatin 20-mg/kg/d treatment for 15 days starting 2 hours after pilo-

induced SE onset decreased the levels of increased IL-1β, TNF, and IL-6 during the latent 

phase and of IL-1β and TNF during the chronic phase, and increased expression of the anti-

inflammatory cytokine IL-10.155

No antiepileptogenic animal studies of statins done to date have shown disease prevention, 

only disease modification. There are no preclinical studies of antiepileptogenic effects of 

statins when administered at clinically relevant latency after injury, nor any studies after TBI 

or stroke. Given the promising clinical studies on statins, a back-translation to animal 

models would be important and could provide validation of preclinical models used in the 

search for epilepsy-preventing therapies.

9 | CEFTRIAXONE

Glutamate is synthesized from glutamine in glutamatergic neurons, is released into the 

synaptic cleft, is actively removed from the synapse by membrane transporters primarily 

present on astrocytes,156,157 and is converted to glutamine by glutamine synthase and 

shuttled back to neurons.158 Increased posttraumatic neuronal glutamate exposure due to 

leakage from injured cells and deranged clearance mechanisms plays a major role in the 

pathophysiology of posttraumatic epileptogenesis.

Extracellular mechanisms for the enzymatic deactivation of glutamate have not been 

identified, and so the astrocytic glutamate transporters provide the only known endogenous 

mechanism for rapid glutamate clearance.159 GLT-1, the rodent analog of human excitatory 

amino acid transporter 2 (EAAT2), is responsible for almost all the glutamate clearance 

capacity in the rodent brain.160 Its absence contributes to reduced seizure threshold, 

increased lethal seizures, hippocampal neuronal degeneration, and vasogenic edema 

following trauma.161 Mutations involving genes coding for these transporters have been 

linked to the development of PTE following TBI in humans.162
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Glutamate transport thus constitutes a powerful antiexcitotoxic mechanism in the brain. Rat 

TBI models show a large, transient posttraumatic decline in GLT-1 mRNA and protein levels 

and transporter function that starts within 24 hours of injury and normalizes by 6 weeks after 

injury.163–166 Possible explanations for these changes include increased endocytosis due to 

glutamate-induced clustering,167 caspase-3–mediated proteolysis of existing protein,168 and 

diminished de novo gene transcription.169,170

Excessive glutamate leakage from injured neurons together with transiently deranged 

synaptic glutamate clearance results in increased extracellular glutamate, which persists for 

days after trauma in humans as well as rodents.171,172 In addition to causing continuing 

excitotoxic injury, elevated extracellular glutamate also inhibits the gradient-driven system 

xc
− antiporter, which takes up extracellular cysteine in exchange for glutamate.173,174 This 

exchange is the rate-limiting step in the synthesis of cysteine for eventual generation of the 

antioxidant GSH, and cells are thus rendered incapable of neutralizing ROS that are 

continuously generated by mitochondrial and cellular processes, eventually leading to cell 

death by oxidative stress.175,176

Post-TBI excitotoxicity and oxidative stress create an especially unfavorable milieu for the 

small cortical GABAergic inhibitory interneurons177,178 that restrain cortical circuits from 

excessive excitation despite their small numbers.179,180 Their high baseline energy makes 

them highly susceptible to metabolic stress after injury. Progressively worsening oxidative 

stress, coupled with the breakdown of the protective perineuronal net surrounding these 

cells, leads to their gradual loss, whereas excitatory neurons remain largely unaffected.181 

Preferential loss of these inhibitory interneurons results in a progressive loss of GABAergic 

intracortical inhibition and may contribute to epileptogenesis.166,181

Ceftriaxone is a safe and commonly used β-lactam antibiotic approved by the FDA, with 

good BBB permeability and documented neuroprotective potential.182–186 It is also a potent 

stimulator of GLT-1 expression at CNS concentrations that are achievable in humans at 

doses used to treat bacterial meningitis (100 mg/kg/d, maximum dose = 4 g/d).187–189 

Ceftriaxone increases EAAT2 expression via the NFκB signaling pathway.189 Marked 

upregulation of GLT-1 appears as early as 48 hours after the start of ceftriaxone treatment in 

both P9 rat spinal cord slice cultures and human fetal astrocytes, and persists for at least 1 

week in vitro. In vivo ceftriaxone results in a threefold increase in GLT-1 protein expression 

in healthy rodent brains 5–7 days after start of treatment.187 The GLT-1 normalization after 

TBI may result from increase by ceftriaxone of the glutamate transporter gene SLC1A2 
expression, which is reduced after TBI.166

In the only preclinical test of ceftriaxone’s antiepileptogenic capacity, treatment with 200 

mg/kg/d (human equivalent dose for which is approximately 1.9 g/d for a 60-kg individual) 

for 1 week starting 30 minutes after TBI in rats restored GLT-1 expression in the lesioned 

cortex to near normal levels, reduced posttraumatic astroglial activation 7 days after TBI by 

43%, and reduced seizure frequency 12 weeks after injury from 151 seizures/24 hours to 47, 

and seizure duration by 19%.164
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Although GLT-1 upregulation does not seem to last long after cessation of treatment, 

ceftriaxone’s stabilization of GLT-1 levels in the acute and subacute posttraumatic period 

partially protects against delayed excitotoxic damage to the vulnerable GABAergic 

inhibitory interneuron system and preserves both intracortical inhibition (as measured by 

transcranial magnetic stimulation) and cortical Parvalbumin expression up to 6 weeks after 

TBI.166

Ceftriaxone-mediated restoration of GLT-1 expression and extracellular glutamate clearance 

also increases the activity of the system xc
− antiporter, and ceftriaxone upregulates the 

expression of the antiporter directly via increased nuclear Nrf2 levels. These actions increase 

intracellular GSH and decrease oxidative stress.189

In addition to ceftriaxone, atypical β lactam compounds have increased GLT-1 expression 

and have protected against glutamate-mediated damage in preclinical studies. Sulbactam, a β 
lactam compound with little antimicrobial activity, prevented GLT-1 downregulation and 

delayed hippocampal neuronal death following global cerebral ischemia.190 Amoxicillin and 

amoxicillin/clavulanate both reverse ethanol-induced reductions in GLT-1 expression in the 

brains of alcohol-preferring rats, and decrease ethanol intake.191 Maslinic acid, a compound 

derived from a byproduct of olive oil extraction, increases GLT-1 expression, enhances 

glutamate clearance, prevents glutamate toxicity, and reduces infarct volumes.192,193

In conclusion, ceftriaxone restores posttraumatic downregulation of glutamate transport and 

enhances glutamate clearance in the acute and subacute periods after trauma, when 

glutamate toxicity is likely first to occur. The transient reduction of posttraumatic glutamate 

transport (weeks in rats) suggests the possibility of short treatment, which could be timed to 

target this transient mechanism. This would be clinically attractive. The PTE-protective 

effect shown so far has been mild and disease-modifying rather than antiepileptogenic. 

Studies with longer injury–treatment initiation latency, pharmacokinetics, and validation in 

other TBI and non-TBI models are needed to determine whether the effect is clinically 

translatable.

10 | GABAPENTINOIDS AS REPURPOSED ANTIEPILEPTOGENIC DRUGS

GBP and PGB (gabapentinoids) were developed as drugs whose chemical backbones were 

derived from the structure of GABA; however, both are inactive at GABA receptors. Rather, 

both drugs bind with high affinity to subtypes of α2δ Ca++ channel subunits (α2δ
−1>>α2δ2) encoded by CACNA2D1 and CACNA2D2.194–197 Gabapentinoids have 

antiepileptic effects, with a good safety profile.198 Rodent studies suggest antiepileptogenic 

or disease-modifying effects. Following injury or prolonged epileptiform activity, activated 

astrocytes release synaptogenic thrombospondins (TSPs) that bind to α2δ−1 receptors, 

contributing to excitatory synaptogenesis.199 Genetically induced increases200 and 

decreases201 in α2δ−1 expression are associated with enhanced or decreased 

epileptogenesis. Gabapentinoids interfere with binding of TSPs to α2δ−1 during 

development and after injury, resulting in a reduction of excitatory synaptogenesis.194,199,202 

GBP also reduces glutamatergic signaling through effects on α2δ−1–NMDA receptor 
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interactions203 and excitatory transmission that may, in part, account for antiepileptic and 

antiallodynic effects.

Early evidence that GBP might have antiepileptogenic effects was obtained in experiments 

on juvenile (P35) rats treated with GBP beginning 24 hours after kainic acid–induced SE.204 

Mean plasma levels in rats 30 minutes after GBP 200 mg/kg were 90–187 μg/mL. Because 

of the short half-life of GBP in rodents, multiple doses per day were given in these204 and 

most other preclinical experiments. GBP at doses ranging from 200 mg/kg ip 2×/d for 30 

days to 100 mg/kg 2×/d reduced hippocampal cell loss and the increases in glial fibrillary 

acidic protein that follow seizures. The incidence of spontaneous seizures was reduced in 

rats monitored for 5 days during continuous 60-day GBP treatment after kainate-induced SE, 

and there were positive behavioral effects. With these protocols, seizure reduction may have 

been due to anticonvulsant or antiepileptogenic mechanisms, or both. Similar protective 

effects and increased latency to seizures resulted from prolonged PGB treatment in the pilo-

SE model.205 Brief (4–8 days) GBP treatment (400 mg/kg/d) beginning 1 day after SE 

reduced gliosis, inflammation, and hippocampal neuronal loss,206 increased seizure 

threshold, and reduced evoked seizure severity.207 GBP also has similar protective effects in 

brain ischemic injury,208 following direct cortical trauma,199,209 and with cortical freeze 

lesions.201,202,210 Progressive increases in excitatory connectivity and epileptogenesis, 

shown using laser scanning photostimulation of caged glutamate 2 weeks following 

neocortical trauma in the “undercut” model, are markedly reduced by even a brief 3-day 

GBP treatment after injury (100 mg/kg ip 3×/d).209 Recent results show long-lasting dose-

dependent antiepileptogenic effects of PGB (50 or 100 mg/kg ip beginning at P7 ×3 weeks) 

in juvenile α2δ−1–overexpressing mice that persist for at least 3 months after the end of 

treatment (W. Zhang and D.A. Prince, unpublished data).

Additional behavioral experiments should be done to assess effects of gabapentinoids given 

early after injury on evolution of spontaneous seizures. Chronic recordings from 

hippocampus as well as neocortex should be done in such experiments to assess 

“subclinical” seizures that are not detectable with EEG and video monitoring alone. 

Furthermore, although increased threshold for parameters of evoked seizures or reduction of 

seizure frequency during treatment with gabapentinoids has been reported, data regarding 

antiepileptogenic effects on frequency of spontaneous, unprovoked seizures in a chronic 

model are lacking.

11 | TOPIRAMATE

TPM, an ASD with multiple mechanisms of action, is widely used for the treatment of 

epilepsies. It is a broad-spectrum agent useful in both partial onset and generalized onset 

seizures.211 It has a combination of pharmacologic properties that include modulatory 

effects on Na+ channels, GABAA receptors, and glutamate receptors of the α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate type.212 Because of this 

combination of mechanism of action, TPM appeared to be an ideal candidate for 

antiepileptogenesis. Various studies have been performed in this respect.6 One of the first 

studies reported that administration of TPM after a pilocarpine-induced SE was effective in 

reducing the number of rats that developed epilepsy by >60% in comparison to controls.213 
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TPM was administered ip in different doses after 1 hour of SE and once daily for 4 

additional days; intensive video-EEG monitoring was performed at 3–6 months after SE. 

The most promising antiepileptogenic effect was obtained at a dose of 30 mg/kg of TPM. 

Pharmacokinetic experiments with this dose in rodents resulted in an area under the plasma 

concentration-time curve (AUC) that is similar to the AUC obtained with 200 mg TPM in 

patients.214 A similar promising effect of TPM in the rat pilocarpine model was reported by 

Suchomelova et al215 for a dose of 10 mg/kg ip, although the effects of TPM in this study 

were at least in part due to disease modification rather than antiepileptogenesis, because 

TPM was given at 20, 40, or 70 minutes after SE onset. Interestingly, when using the same 

TPM dosing protocol with a higher dose (50 mg/kg), TPM did not prevent development of 

epilepsy at any time point tested,215 indicating that the use of adequate doses is important 

for any antiepileptogenic effect of this drug. However, several other studies with post-SE 

models of TLE did not confirm the antiepileptogenic effect of TPM reported by DeLorenzo 

et al,213 although a neuroprotective effect was determined in most studies.6 In some studies, 

TPM partially prevented the impairment of cognitive functions following SE, indicating a 

disease-modifying effect.216,217 Interestingly, similar to the findings of Suchomelova et al, 

this effect was dosedependent, with positive effects observed after 20 but not 100 mg/kg 

TPM.217 In the amygdala kindling model, TPM (100 or 200 mg/kg once daily) retarded 

kindling acquisition, indicating a disease-modifying effect.218–220 To our knowledge, there 

have been no antiepileptogenesis studies in TBI models. However, in a rat TBI model in 

which rats received TPM or vehicle at 30 minutes (30 mg/kg ip), and 8, 20, and 32 hours 

postinjury (30 mg/kg by mouth), TPM significantly improved composite neuroscores at 4 

weeks postinjury and rotating pole performance at 1 and 4 weeks postinjury, suggesting a 

potentially beneficial effect on motor function following TBI.221 Plasma levels of TPM were 

not determined in any of the preclinical studies reviewed here. Overall, TPM might not be 

capable of preventing or modifying epilepsy when administered alone (but see the data in 

DeLorenzo et al213), but may add to the disease-modifying effects of other drugs reviewed 

here.

12 | RAPAMYCIN, EVEROLIMUS, AND OTHER MAMMALIAN TARGET OF 

RAPAMYCIN INHIBITORS

The mammalian target of rapamycin (mTOR) is a ubiquitous protein kinase with multiple 

physiological functions, including regulation of cell growth, proliferation, and survival.222 In 

the brain, mTOR is also involved in numerous functions under physiological conditions that 

can affect neuronal signaling and excitability, such as shaping axonal and dendritic 

morphology, neurotransmitter receptor expression, and synaptic plasticity, and could thus 

potentially contribute to epileptogenesis under pathological conditions.222–225 In the disease 

tuberous sclerosis complex (TSC), an important genetic cause of epilepsy, hyperactivation of 

the mTOR pathway triggered by TSC gene mutations has been strongly implicated in 

promoting tumor growth, as well as contributing to epilepsy and other neurological 

symptoms.226 In mouse models of TSC, early treatment with rapamycin (3 mg/kg ip once 

daily until death) was suggested to have antiepileptogenic effects in preventing the 

development of epilepsy and the underlying molecular and histopathological mechanisms of 

epileptogenesis in presymptomatic mice.226,227 However, it is not clear whether this effect 
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was due to an antiepileptogenic or disease-suppressing effect, because treatment with 

rapamycin continued until death, that is, there was no treatmentfree period to evaluate the 

effect after discontinuation of treatment. In a subsequent study, Rensing et al reported that 

intermittent dosing of rapamycin, with drug holidays of >3 weeks, maintains significant 

antiepileptogenic properties in mouse models of TSC.228

Although the therapeutic effects of mTOR inhibition may not come as a surprise in genetic 

disorders caused by mTOR hyperactivation, the widespread functions of mTOR suggest that 

mTOR pathway dysregulation could also be involved in epileptogenesis in other, more 

common types of epilepsy.229 Antiepileptogenic effects of rapamycin have been reported for 

different post-SE models of TLE.5,230 However, in most studies the effect of rapamycin on 

development of SRS was determined either during the period of rapamycin treatment or 

following relatively short periods of rapamycin withdrawal. Because rapamycin has been 

reported to exert an antiseizure effect on SRS231 and is eliminated extremely slowly from 

the brain following prolonged administration (with half-lives of ~300 hours in 

rodents232,233), most if not all of the reported effects of rapamycin on SRS development may 

be due to antiseizure rather than antiepileptogenic effects. When sufficiently long periods of 

withdrawal from rapamycin treatment were used, no effect on development of SRS was 

observed.234,235 However, in a PTE mouse model, in which rapamycin (6 mg/kg/d, ip) or 

vehicle solution was injected 1 hour after CCI and continued once daily for up to 4 weeks, a 

decrease in spontaneous seizure frequency and rate of developing PTE was observed during 

the entire 16-week continuous video-EEG monitoring session,236 indicating a true 

antiepileptogenic effect.

Overall, rapamycin and other mTOR inhibitors, including everolimus, might be interesting 

candidates for preventing epilepsy in genetic disorders of the mTOR pathway, and the TBI 

study of Guo et al236 suggests an antiepileptogenic effect in TBI-induced PTE, although 

these data need to be confirmed. One disadvantage of rapalogs such as rapamycin and 

everolimus is their poor brain penetration.233 Thus, novel mTOR inhibitors with improved 

brain penetration might be more suitable to evaluate whether mTOR inhibition in the brain 

has antiepileptogenic potential.233

13 | VIGABATRIN

Vigabatrin is an inhibitor of GABA transaminase. It elevates GABA levels in brain, leading 

to seizure inhibition. It has been used as an ASD in Europe since 1980s, and in the USA 

since 2009. Vigabatrin has antiseizure effects in animal models such as the PTZ and 

maximal electroshock seizure tests.237,238 Preclinical evidence for an antiepileptogenic 

action of vigabatrin is more limited. Vigabatrin inhibits electrical kindling of the amygdala 

in rats, suggesting the possibility of an antiepileptogenic effect.239,240 However, it has no 

antiepileptogenic or neuroprotective effect following self-sustained SE induced by electrical 

stimulation of amygdala.241 In the rat kainate-induced SE model, vigabatrin reduces 

hippocampal neuronal death,242 but the neuroprotective effect is mild and limited to a subset 

of interneurons, with no effect on mossy fiber sprouting,243 and no known effect on SRS. It 

has similar hippocampal neuroprotective effects in the rat pilo-SE model, but again does not 

reduce the incidence of epilepsy.244 However vigabatrin, administered at 100 mg/kg/d daily 
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between 1–5 months of age, decreased the frequency and cumulative duration of absence 

seizures assessed at 6 months in a genetically prone rat model of absence epilepsy.245

One specific etiology of epilepsy that deserves special attention for a potential disease-

modifying effect of vigabatrin is TSC. TSC is a relatively common genetic cause of epilepsy 

associated with focal cortical malformations (cortical tubers) and mTOR pathway activation 

due to TSC1 or TSC2 gene mutations. Vigabatrin has strong, relatively selective efficacy for 

infantile spasms in TSC, eliminating spasms in about 95% of TSC patients,246 a much better 

efficacy than other treatments for spasms (eg, adrenocorticotropic hormone) or for other 

seizure types. Clinical observations suggest that vigabatrin may also improve cognitive 

status and developmental outcome in TSC, suggesting a potential for antiepileptogenic or 

disease-modifying properties in TSC. Vigabatrin reduces seizures in a TSC mouse model, 

although a preventative, antiepileptogenic effect was not tested. In addition to increasing 

brain GABA levels as expected, vigabatrin also decreased mTOR activity.247 As mTOR 

inhibitors, such as rapamycin, have potential disease-modifying effects in TSC, including 

preventive effects against epilepsy in TSC mouse models,227 modulation of the mTOR 

pathway could represent a mechanistic basis for a potential antiepileptogenic effect of 

vigabatrin in TSC.

Vigabatrin has been evaluated in several clinical studies of epilepsy prevention in TSC. 

Recent developments in early or even prenatal diagnosis of TSC have led to treatment of an 

increasing number of young infants with TSC before clinical seizures.248 In the study of 

Jóźwiak et al, 14 infants diagnosed with TSC by the end of the second month of age were 

followed with video-EEG until 24 months of age and treated with vigabatrin (100–150 

mg/kg) if paroxysmal EEG activity appeared.249 Ten of 14 developed paroxysmal activity 

and were treated with vigabatrin before clinical seizure onset. Six of 10 eventually 

developed seizures, which were usually treatable with one drug. This outcome was 

compared with a control group of 31 young infants with TSC who were also followed 

prospectively until the end of the second year. Twenty-two of 31 (71%) developed epilepsy.
249 Although there was no significant difference in the prevalence of epilepsy between the 

preventive and control groups, the percentage of seizure-free patients at 24 months was 

significantly higher in the preventively treated group: 13 of 14 (92.9%) versus 11 of 31 

(35.4%; P = .004), or five of six (83.3%) vs two of 22 (9.1%; P = .0003) when considering 

only those who developed epilepsy.249 There was also a significant difference in the number 

of patients whose EEG normalized at 24 months on vigabatrin preventive versus standard 

treatment, eight of 10 (80%) versus two of 22 (9.1%; P = .0001). On longer follow-up at a 

median age of 8.8 years, it was possible to withdraw all ASDs in 55% of children in the 

preventive group, compared to 17% in the control group (P < .03).250

Currently, two major prospective, randomized trials are evaluating preventive use of 

vigabatrin in TSC: the EPISTOP project (ClinicalTrials.gov identifier NCT02098759),251 a 

large collaborative study funded by European Union within the Seventh Frame Program; and 

the PREVeNT trial (Preventing Epilepsy Using Vigabatrin in Infants With Tuberous 

Sclerosis Complex (ClinicalTrials.gov identifier NCT02849457).252 Both studies screen 

prospectively asymptomatic TSC patients with EEG and randomize patients with abnormal 

interictal EEGs to treatment with vigabatrin before versus after onset of seizures. In the 

Klein et al. Page 19

Epilepsia. Author manuscript; available in PMC 2021 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT02098759
https://clinicaltrials.gov/ct2/show/ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT02849457


EPISTOP study, infants treated preventively had lower risk of developing epilepsy. In those 

in whom epilepsy did develop, it did so significantly later than in the traditionally treated 

(after seizures) children (K. Kotulska, unpublished data). Results of the PREVeNT trial are 

not yet available.

In summary, results of preventative preclinical studies are mixed, but suggest that vigabatrin 

may have not only antiseizure but also antiepileptogenic properties, especially in some 

genetic epilepsies, such as TSC. Clinical studies are ongoing, but preliminary results seem to 

confirm a preventative effect of vigabatrin against epilepsy in TSC patients.

14 | ESLICARBAZEPINE

ESL is approved as therapy for the treatment of partial onset seizures. ESL is a voltage-gated 

sodium channel (VGSC) blocker that competitively interacts with site 2 of the inactivated 

state of VGSC.253 It is chemically related to carbamazepine and oxcarbazepine, but has been 

specifically designed to reduce the production of toxic metabolites (such as epoxides), to 

avoid enantiomeric impurity, and to avoid the unnecessary production of enantiomers or 

diastereoisomers of metabolites and conjugates, without loss of pharmacological activity.253 

In humans, ESL is a prodrug of eslicarbazepine, its major active metabolite, and the entity 

responsible for the pharmacological effect.

In an experimental pilocarpine mouse model of chronic epilepsy, EEG monitoring revealed 

that transient ESL treatment within the epileptogenic period (150–300 mg/kg for 6 weeks) 

resulted in a significant decrease in both the frequency and duration of epileptiform 

discharges at the chronic stage, that is, 8 weeks after the end of the treatment, indicating 

disease modification.254 Additionally, ESL treatment caused a significant decrease in mossy 

fiber sprouting into the inner molecular layer, attenuation of neuronal loss, and significantly 

less coordination impairment. Thus, transient ESL treatment attenuates the functional and 

morphological sequelae of SE and has a possible antiepileptogenic effect. The 

antiepileptogenic properties of ESL might be explained by the inhibition of the neuronal T-

type Ca2+ channel Cav3.2, which plays a major role in epileptogenesis.255,256

The antiepileptogenic or disease-modifying effect of ESL treatment is currently being 

investigated in stroke patients at high risk for unprovoked seizures. Early prophylactic 

antiepileptogenic therapy with ESL in patients at high risk of developing poststroke seizures 

will be performed for 30 days. Although convincing data supporting this therapy duration 

are lacking, one previous trial in patients with nontraumatic, nonaneurysmatic spontaneous 

intracerebral hemorrhage (SICH) with another ASD had used the same time span. The early 

treatment may have had some neuroprotective effect on patients with SICH, and reduced 

early seizures.257,258

15 | FINGOLIMOD

Fingolimod is a structural analog of sphingosine, a sphingolipid signaling molecule, which 

upon conversion to sphingosine 1-phosphate (S1P), can activate five G-protein–coupled 

receptors, termed S1P1–5. Similarly to sphingosine, fingolimod is phosphorylated to 

fingolimod-phosphate by sphingosine kinases, and acts as functional antagonist of S1P1 and 
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S1P3–5 receptors. Fingolimod activation of S1P1 receptor results in receptor internalization 

and degradation. This mechanism underlies the inhibitory effect of fingolimod on 

lymphocyte egress from the thymus and peripheral lymphoid organs due to impaired S1P1 

receptor sensing of S1P gradient. Based on this action, fingolimod (Gilenya, 0.5 mg daily 

orally) was approved in 2010 for treatment of relapsing-remitting multiple sclerosis (MS). 

The drug is well tolerated but may uncommonly cause liver problems (jaundice), infection, 

bradycardia, and rarely, leukoencephalopathy.259

Neuroprotective effects seen in animal models of MS were also reported in animal models of 

stroke and chronic neurodegenerative diseases.260 These effects, in analogy with MS, may 

also depend on fingolimod’s direct CNS actions mediated by S1P1 and S1P3 receptors 

expressed by astrocytes, thereby reducing neuroinflammation.

Fingolimod has therapeutic effects in models of epileptogenesis. Gao et al reported that 

fingolimod (1 mg/kg ip daily for 2 weeks starting 24 hours post-SE; corresponding to the 

human equivalent dose of 0.16 mg/kg) reduced by twofold the incidence and number of 

spontaneous seizures and their duration and generalization during 14 days of video 

monitoring in Li+ pilo-SE rats that developed epilepsy.261 This effect was associated with an 

average twofold reduction of activation of both microglia and astrocytes and expression of 

the ictogenic cytokines IL-1β and TNF-αtwofoldlesser extent in CA3 and hilus, and 

decreased by 25% mossy fiber sprouting. Fingolimod similarly reduced chronic seizures in 

mice exposed to suprahippocampal kainate-induced SE either when injected during 

epileptogenesis or in mice with established epilepsy.262 Fingolimod (6 mg/kg ip, 

corresponding to the human equivalent dose of 0.48 mg/kg) was administered in this model 

starting 1 hour after SE onset and for 14 days. Video-EEG monitoring was done during drug 

administration and after treatment for the following 2 weeks. In both time frames, the 

animals displayed a threefold decrease in seizure frequency. There was also a slight but 

significant reduction in stage 5 seizure duration. Additional therapeutic effects included 

neuroprotection in CA3 (threefold increase in neuronal density vs SE vehicles), two- to 

threefold reduced astrogliosis, and fourfold fewer T lymphocytes in the hippocampus, 

although these adaptive immunity cells were scarcely present in diseased tissue.262 Notably, 

Pitsch et al reported the upregulation of S1P1 and S1P3 receptors in the hippocampus of 

patients with pharmacoresistant TLE, providing evidence of drug target availability in 

human epilepsy. Supporting this, each dose of fingolimod at either 2 or 6 mg/kg 

administered sequentially for 1 week reduced spontaneous seizures in mice with established 

epilepsy by 50% and 90%, respectively.262

Fingolimod (1 mg/kg/d for 17 weeks in drinking water, followed by 1 or 5 months of drug 

washout) was also found to have antiepileptogenic and disease-modifying effects in 

WAG/Rij rats when treatment was started before absence seizures developed (P30 rats; 50% 

decrease in spike-and-wave discharge [SWD] number but no effect on average single SWD 

duration after 1 month of drug withdrawal). Antidepressantlike effects were also reported. 

However, these effects were transient and faded 5 months after drug washout. The drug 

showed a longer-lasting (up to 6 months) improvement of cognitive decline in this model.263 

Finally, fingolimod reduced by half the 2.5-fold increase in seizure-induced P-glycoprotein 

expression measured 2 days after Li+ pilo-SE in the rat hippocampus (1 mg/kg ip at the time 
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of SE induction, then daily for 2 days). This effect was associated with prevention of the 

threefold increase in hippocampal COX-2 and TNF and resulted in a twofold increased brain 

delivery of phenytoin, suggesting a potential value of fingolimod as adjuvant therapy for 

drug resistance to some ASDs.264

The anti-inflammatory and antioxidant effects of fingolimod (1 mg/kg ip) were associated 

with reduction of social deficits, cognitive impairments, neuronal loss, and 

neuroinflammation in a rat model of autism.265 Moreover, fingolimod (1 mg/kg ip, first 

injection at the time of injury) at 1, 24, and 48 hours postinjury improved neurological 

deficits (modified neurological severity score in vehicle: 5–8 vs fingolimod: 0.5–1 during 14 

days postinjury) in mice exposed to neurotrauma by controlled cortical impact (velocity of 6 

m/s and deformation depth of 1.5 mm). These effects were associated with twofold 

reduction in axonal damage, brain edema and microglia activation, normalization in the 

cortical levels of several inflammatory molecules, and prevention of T-cell brain 

extravasation assessed in the injured cortex. Anti-inflammatory Treg T cells and M2-type 

microglia and IL-10 were increased by more than twofold by fingolimod.266

These results support the antiepileptogenic and disease-modifying effects of fingolimod in 

animal models of SE. Investigations in additional models of acute brain injury (ie, TBI/PTE, 

CNS infection, stroke) are needed, as are studies of the best therapeutic window for drug 

intervention to maximize the drug’s therapeutic effects. Gender and postnatal development 

should also be considered, as all the available evidence relies upon the use of adult male 

rodents.

16 | COMBINATION TREATMENT

Development and clinical manifestations of epilepsy are the consequence of pathologies of 

brain network dynamics and functional connectivity that may involve abnormal network 

pathways.1,267–270 The epileptic network is characterized by pathologic, seizure-generating 

“foci” embedded in a web of structural and functional connections, resulting in a complex 

relationship between foci and the surrounding network that drives seizure dynamics.268 

Based on this concept, which also applies to other brain diseases, developing new therapies 

that act on individual drug targets may be less effective than multitargeted drugs or drug 

combinations, that is, “network pharmacology”.271–274

We recently proposed network pharmacology as a novel strategy for antiepileptogenesis, that 

is, drug administration during the latent period following an epileptogenic brain insult with 

the aim of preventing or modifying development of epilepsy.273,275 Rather than creating new 

multitargeted drugs, we suggested repurposing clinically established drugs to form rationally 

chosen drug cocktails for antiepileptogenesis. Surprisingly, only few previous studies have 

evaluated combination treatment for antiepileptogenesis.

More than 20 years ago, we reported that the anticonvulsant effect of 2,3-dihydroxy-6-

nitro-7-sulfamoylbenzo(F)quinoxaline (NBQX), which acts on the AMPA receptor subtype 

of glutamate receptors, can be potentiated by extremely low doses (0.0001–0.1 mg/kg) of the 

NMDA receptor antagonist MK-801 (dizocilpine) in the amygdala kindling model. Similar 
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supra-additive effects were seen when NBQX was combined with the competitive NMDA 

antagonist CGP39551 or the low-affinity, rapidly channel-blocking NMDA receptor 

antagonist memantine.276,277 Adverse effects were not potentiated by combining low doses 

of NMDA antagonists with NBQX. Based on these promising data, we recently combined 

NBQX with the clinically available NMDA receptor antagonist ifenprodil in the 

intrahippocampal kainate model of TLE, with the goal of preventing or modifying the 

development of epilepsy.278 When administered during the latent period following the 

kainate-induced SE, the combination did not prevent epilepsy but retarded granule cell 

dispersion, indicating a disease-modifying effect. Recently, the first AMPA antagonist, 

perampanel, was approved for treatment of epilepsy.279 Perampanel was shown to exert 

antiepileptogenic effects in different epilepsy models, including kindling and pilocarpine.
45,280 In view of the finding that both glutamate receptor subtypes are critically involved in 

epileptogenesis,281 combinations of clinically available NMDA and AMPA antagonists are 

interesting candidates for antiepileptogenesis.

Another interesting example for combination treatment for antiepileptogenesis is the 

combination of phenobarbital with the diuretic bumetanide.282 Bumetanide inhibits the 

neuronal chloride cotransporter NKCC1 that acts as a chloride importer. A shift from 

hyperpolarizing to depolarizing GABA responses, which may lead to neuronal 

hyperexcitability, has been observed when expression of NKCC1 is higher than expression 

of the chloride exporter KCC2, as may occur in asphyxiated neonates with seizures and in 

the hippocampus of adults with TLE.283 Based on the hypothesis that increased expression 

of NKCC1 may be involved in the development of neuronal hyperexcitability during 

epileptogenesis in adults, we evaluated whether treatment with bumetanide (alone or in 

combination with phenobarbital) after pilo-SE alters the long-term consequences of the brain 

insult.282 None of the treatments prevented development of SRS, but the combined treatment 

counteracted the development of behavioral alterations associated with epilepsy, indicating a 

disease-modifying effect.282

Increasing evidence suggests an important role for inflammatory processes in 

epileptogenesis.1 Different inflammatory pathways, including IL-1 receptor/Toll-like 

receptor, COX-2, and TGF-β signaling, provide interesting targets for antiepileptogenic 

intervention. However, targeting each of these pathways alone may not be sufficient. Kwon 

et al combined an antagonist of IL-1 receptors (IL-1ra; anakinra), a COX-2 inhibitor (CAY 

10404), and an antagonist of microglia activation of caspase-1 (minocycline) and tested 

them for neuroprotective and antiepileptogenic effects in an SE model in 2- to 3-week-old 

rats.125 None of these drugs was effective in attenuating neuronal damage or in limiting the 

development of spontaneous seizures when administered individually. When empiric binary 

combinations of these drugs were tried, the combined targeting of IL-1ra and COX-2 

resulted in attenuation of acute brain injury, reduced the development of SRS, and limited 

the extent of mossy fiber sprouting. The authors concluded that “deployment of an 

empirically designed ‘drug cocktail’ targeting multiple inflammatory signaling pathways for 

a limited duration after an initial insult like SE may provide a practical approach to 

neuroprotection and antiepileptogenic therapy.” However, a subsequent study of combined 

anakinra and VX-765, a specific nonpeptide inhibitor of IL-1β cleavage and release, in two 
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adult rat models of SE-induced epilepsy did not show any robust effect on epilepsy 

development but only neuroprotective effects.126

François et al examined whether the combination of two ASDs, TPM and diazepam, acting 

by different mechanisms, interferes with epileptogenesis in the lithium-pilocarpine model in 

rats.284 Although the treatment had partial neuroprotective effect in two areas critical for 

epileptogenesis, the hippocampus and ventral entorhinal cortex, it did not prevent 

epileptogenesis. The neuroprotective effect of combined treatment was more marked than 

the effect of treatment with TPM alone.284,285 Overall, it has yet to be demonstrated that 

epilepsy prevention is possible by rationally chosen combinations of repurposed drugs. 

However, the recent finding that the multitargeted anesthetic isoflurane prevents epilepsy in 

two rat models of acquired epilepsy96 indicates that drugs combining several relevant 

mechanisms may be another promising option for antiepileptogenesis.

Successful repurposing can be challenging, but it can provide unique and commercially 

viable business opportunities even in the limited time window of product protection. Smaller 

and larger companies look at opportunities for drug repurposing with different strategic and 

financial objectives, but in any case, the target profile and commercial objectives, clinical 

and regulatory submission plans, and business case must be well thought out to best ensure 

development and financial success.

17 | INTELLECTUAL PROPERTY, EXCLUSIVITY, AND PRODUCT 

PROTECTION

Successful drug development for new chemical entities is very challenging and costly, and it 

takes many years to obtain a marketing license for commercialization.286 For the rather 

challenging CNS drug category, success rates have been in the low single-digit percentages. 

To successfully achieve a return on investment in the limited protected time window for 

commercialization, companies often pursue initially high drug pricing and an intense sales 

and marketing campaign that also has associated costs. Competition by generic drug entries 

ultimately brings prices down but also provides consumer value hurdles that new products 

must overcome. Drug repurposing offers a potentially attractive mechanism to lower the 

risks of drug development by marketing new indications for existing drugs. It has been 

suggested that repurposed drugs are more than twice as likely across all disease indications 

to make it to market compared to new drug compounds and at a substantially shorter 

development time and lower cost. However, major challenges for profiting from repurposed 

drugs include pricing and an adequate level and window of protection when a generic is 

available.

Optimally for a commercial developer, pharmaceutical products will have adequate 

protection for return on investment in the time following regulatory approval and obtaining a 

license for marketing authorization. It often takes several years after the product’s 

commercial launch to achieve “positive” return on the investment made to discover and 

develop the drug. Furthermore, when considering the capitalized investment across a 

pharmaceutical portfolio, it takes several more years to recover costs for programs that have 

failed.
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Pharmaceutical product protection is principally obtained via patents granted by patent and 

trademark offices or via exclusivity granted through statutory provisions. Patents expire 20 

years after filing and are a property right encompassing claims for innovative discoveries.287 

For pharmaceutical products, the composition of matter (CoM) patent for a new chemical 

entity is claimed by chemical name or structure or both and provides the strongest 

intellectual property protection. Because these patent assignments are now recognized in 

most commercially important countries around the world, none but the patent holder or 

licensee can make, sell, or import the chemical for any use without infringement.

Pharmaceutical companies frequently explore new indications for repositioning or other 

mechanisms of product protection as “life cycle opportunities,” especially if CoM protection 

is lost. Protective life cycle strategies can also be considered for repurposing and include 

new formulations, new routes of administration, enantiomers, crystal polymorphs, 

combination products, and new uses.288 Other principal types of patents include a novel 

process (manufacturing), a unique and unanticipated formulation, or those that teach a new 

usage. Method of use (MoU) patents are commonly sought for new indications and can be a 

reasonable mechanism for product protection of repurposed drugs. Use infringement can 

result in litigation; however, in practice, legal action to identify and demonstrate 

infringement can be tedious, time-consuming, and costly.

Statutory data exclusivity is an attractive mechanism for product protection and can be very 

appropriate for repurposed drugs. There are different types of data exclusivity (“data 

protection”) and different durations of exclusivity, and the statutory provisions for 

exclusivity vary by country or region. Exclusivity blocks subsequent sponsors or competing 

drug developers from referencing their preclinical and clinical trial data, so that they may not 

be referenced in the regulatory filings to obtain marketing authorization for the same drug 

substance.

Periods of exclusivity begin at the time of data filing approval, and in the USA there are 

several types of data exclusivity relevant to epilepsy289: Orphan Drug Exclusivity (7 years) 

for diseases affecting <200 000 people; New Chemical Entity Exclusivity (5 years) and New 

Clinical Investigation Exclusivity (3 years, if the drug has previously been approved in 

another form), both requiring clinical data for the 505(b) (2) regulatory pathway; and 

Pediatric Exclusivity (6 months added to existing patents/exclusivity) for pediatric-related 

data. There are two 6-month periods of exclusivity that are relevant to generic Abbreviated 

New Drug Applications only: Patent Challenge and Competitive Generic Therapy. 

Antiepileptogenesis therapies might focus on specific, rare populations such as genetic 

epilepsies, which can fall into the orphan drug category. Although revenue returns might be 

limited in rare diseases, smaller companies can find orphan indications as an attractive 

business opportunity, especially for repurposed drugs, where investment, time for 

development, and competition might be considerably less.

Data exclusivity also exists for pharmaceuticals in Europe, and market exclusivity is a 

related form of additional protection.290 Based on the 2005 European Union Data 

Exclusivity Directive, this has been termed the “8 + 2 + 1” regime; it can include 8 years of 
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data exclusivity, 2 years of marketing exclusivity, and a potential 1-year extension. A further 

6-month exclusivity can be obtained for conducting pediatric studies.

There are recent examples of pharmaceutical companies employing a drug repurposing 

strategy in the CNS. Tecfidera (dimethyl fumarate), FDA approved for relapsing-remitting 

MS in 2013, was one of the most successful blockbuster drug launches in US history. 

Mixtures of fumarates have been used for decades for psoriasis and even as a consumer 

product to treat mold on furniture. Biogen successfully employed a strategy defining clinical 

efficacy and safety, dosing, and competitive pricing and commercialization. The company 

also pursued patent claims to pharmaceutical formulations and useful doses for treating MS 

that could provide a period of protection beyond data exclusivity. While resolving European 

patent challenges to secure additional levels of protection, Biogen delayed launch in Europe 

until the Committee for Medicinal Products for Human Use agreed that the active ingredient 

in Tecfidera should be classified as a New Active Substance, which provided a 10-year 

period of data and market exclusivity.

Another example is the case of ketamine for treatment-resistant depression. Ketamine, an 

NMDA receptor blocker, is approved for use as an anesthetic in the USA and has found 

numerous additional uses in clinical practice, particularly as an analgesic to reduce opiate 

use in the hospital setting, but also has been found to act effectively in the treatment of 

depression. Janssen Pharmaceutica repurposed ketamine’s more potent S-enantiomer, which 

has been approved as an intranasally delivered product for outpatient treatment-resistant 

depression. Product protection is likely to be achieved through data exclusivity and 

potentially through MoU patents. Use of the product in the outpatient clinic setting can 

substantially improve market access and uptake to improve successful commercialization in 

a limited time window of protection.

Successful repurposing can be challenging, but it can provide unique and commercially 

viable business opportunities even in the limited time window of product protection. Smaller 

and larger companies look at opportunities for drug repurposing with different strategic and 

financial objectives, but in any case, the target profile and commercial objectives, clinical 

and regulatory submission plans, and business case must be well thought out to best ensure 

development and financial success.

18 | SUMMARY/CONCLUSION

This review shows that there is substantial evidence for antiepileptogenic and disease-

modifying effects in animals of a number of approved drugs in models of acquired epilepsy, 

including several with excellent safety profiles. These drugs include diverse 

antiepileptogenic mechanisms of action, including reduction of glutamatergic toxicity (LEV, 

ceftriaxone), free radical scavenging (LEV, N-acetylcysteine, sulforaphane), blunting of the 

effect of BBB disruption (losartan), anti-inflammatory effects (LEV, losartan, anakinra, 

fingolimod, atorvastatin), modulation of neurogenesis, axonal and dendritic regeneration 

(rapamycin), modulation of excitatory synaptogenesis (gabapentinoids, rapamycin), 

modulation of postsynaptic excitatory transmission (TPM, perampanel), and modulation of 

presynaptic transmitter release (LEV, BRV)—a rich palette. However, with the exception of 
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LEV and gabapentinoids, critical information is lacking on dose-response, human equivalent 

dosing, blood levels, and other pharmacokinetic parameters and on the effect of injury to 

treatment initiation latency on efficacy that would allow extrapolation from animal studies to 

human study design. Furthermore, most of the animal data pertain to SE or unorthodox TBI 

models such as cortical albumin exposure or undercut models. There are few data in 

standard in vivo PTE models such as FPI or CCI, and no data validating that 

antiepileptogenic effects in SE models also pertain to PTE models. These gaps limit 

translatability of the current animal data to human antiepileptogenic studies. The gaps can be 

filled with a systematic approach to animal studies of dose-response, pharmacokinetic, 

injury-treatment latency, and SE/PTE model comparisons. Fortunately, this approach has 

begun, for instance in recent work on combinatorial treatment of epilepsy prevention after 

SE.291 Furthermore, there is active effort to discover biomarkers of disease development 

(epileptogenesis) and surrogate efficacy biomarkers. Availability of such biomarkers would 

facilitate comparison of results across different models and translation to clinical preventive 

studies.292 Let us hope that the next few years will yield results that will lead to human 

epilepsy prevention studies—before the authors retire. It is interesting to note that some 

pharmaceutical companies currently plan epilepsy prevention trials based on promising 

preclinical data on clinically approved drugs, for instance with eslicarbazepine acetate for 

poststroke epilepsy.45,280 Furthermore, several startup companies (eg, OB Pharmaceuticals, 

Expesicor, LVM Biosciences) are currently developing novel innovative antiepileptogenic 

therapeutics. This renewed interest of both academia and industry in antiepileptogenesis 

suggests that the long hoped-for breakthrough may perhaps be on the horizon.
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Key Points

• Epilepsy prevention is an unmet need, with prevention opportunity 

particularly after CNS injury; several approved drugs have antiepileptogenic 

effects in animals

• These include atorvastatin, ceftriaxone, losartan, isoflurane, LEV, BRV, TPM, 

GBP, PGB, vigabatrin and others; we review their antiepileptogenic data

• We highlight gaps in the data that have prevented clinical evaluation of these 

drugs, and that need to be filled for clinical translation

• Except for LEV and GBP/PGB, critical information is lacking on dose-

response, human dosing, pharmacokinetic parameters, and time-to-treatment 

impact

• Most data are in SE or in rare TBI models, with few data in standard PTE 

models (FPI, CCI), and no data validating SE results in PTE models
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FIGURE 1. 
Targets for antiepileptogenic and disease-modifying drug effects. Acute brain insults such as 

traumatic brain injury, stroke, status epilepticus, and encephalitis may induce a cascade of 

epileptogenic brain alterations. Some of these alterations may form targets for intervention 

as illustrated. GABAergic, γ-aminobutyric acidergic; SV2A, synaptic vesicle 2A
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