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Objective: Epilepsy a�ects ∼50 million people worldwide causing significant

medical, financial, and sociologic concerns for a�ected patients and their families.

To date, treatment of epilepsy is primarily symptomatic management because few

e�ective preventative or disease-modifying interventions exist. However, recent

research has identified neurobiological mechanisms of epileptogenesis, providing

new pharmacologic targets to investigate. The current scientific evidence

remains scattered across multiple studies using di�erent model and experimental

designs. The review compiles di�erent models of anti-epileptogenic investigation

and highlights specific compounds with potential epileptogenesis-modifying

experimental drugs. It provides a platform for standardization of future epilepsy

research to allow a more robust compound analysis of compounds with potential

for epilepsy prevention.

Methods: PubMed, Ovid MEDLINE, and Web of Science were searched from 2007

to 2021. Studies with murine models of epileptogenesis and explicitly detailed

experimental procedures were included in the scoping review. In total, 51 articles

were selected from 14,983 and then grouped by five core variables: (1) seizure

frequency, (2) seizure severity, (3) spontaneous recurrent seizures (SRS), (4) seizure

duration, and (5) mossy fiber sprouting (MFS). The variables were di�erentiated

based on experimental models including methods of seizure induction, treatment

schedule and timeline of data collection. Data was categorized by the five core

variables and analyzed by converting original treatment values to units of percent

of its respective control.

Results: Discrepancies in current epileptogenesis models significantly complicate

inter-study comparison of potential anti-epileptogenic interventions. With

our analysis, many compounds showed a potential to reduce epileptogenic

characteristics defined by the five core variables. WIN55,212-2, aspirin, rapamycin,

1400W, and LEV + BQ788 were identified compounds with the potential of

e�ective anti-epileptic properties.

Significance: Our review highlights the need for consistent methodology in

epilepsy research and provides a novel approach for future research. Inconsistent

experimental designs hinder study comparison, slowing the progression of

treatments for epilepsy. If the research community can optimize and standardize

parameters such as methods of seizure induction, administration schedule,

sampling time, and aniMal models, more robust meta-analysis and collaborative

research would follow. Additionally, some compounds such as rapamycin,
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WIN 55,212-2, aspirin, 1400W, and LEV + BQ788 showed anti-epileptogenic

modulation across multiple variables. We believe they warrant further study both

individually and synergistically.

KEYWORDS

seizure, epilepsy, epileptogenesis, anti-seizure medication, neuroprotection,

neuroinflammation

Highlights

- Lack of standardization between studies made true

comparison difficult, so all compounds were compared

as percent difference from the control within its own study.

- This article compares 51 recent studies on experimental

pharmacological interventions to prevent epilepsy by

comparing their effects on seizure frequency, severity,

duration, spontaneous recurrent seizures (SRS), and mossy

fiber sprouting (MFS).

- WIN 55,212-2, aspirin, rapamycin, 1400W, and LEV+ BQ788

showed promise of effective anti-epileptogenic activity.

Introduction

Epilepsy, a non-communicable neurological disease

characterized by the occurrence of spontaneous recurrent

seizures (SRS), affects more than fifty million people worldwide

(1). Although generally well-controlled by current antiseizure

medications (ASMs), there can be considerable costs, side-effects,

and social stigma that accompany the disease.

Although the pathophysiology remains unclear, the changes

that turn a normal brain epileptic after a transient insult

has been defined as epileptogenesis (2, 3). Over the past

decade, investigators have made unprecedented progress in

deciphering the intricate cellular and molecular mechanisms of

epileptogenesis and epilepsy, targeting therapy based on seizure

subtype, and addressing the risks and benefits of mono- and

poly-therapy (4, 5). Despite this progress, there is an unmet

need of ASMs, more specifically as they relate to treatment

resistant epilepsy or prophylactic treatment in individuals with

heightened susceptibility to epilepsy (6). Patients with increased

susceptibility develop “acquired epilepsy,” which is defined as a

symptomatic epilepsy without a genetic or developmental cause

(7). An estimated 22.5% of people with epilepsy suffer from

pharmacoresistent seizures, which frequently develops after brain

trauma (1, 3).

While epileptogenesis has not been fully delineated, it

clearly contains ample targets for therapeutic intervention to

alter or even prevent its development. However, inconsistent

study designs have made it difficult to compare promising

interventions that have been discovered. Therefore, to consolidate

the most recent data on the topic, this review provides a novel

descriptive analysis of published pharmacologic interventions

against epileptogenesis. We describe their efficacy as measured by

each intervention’s effect on seizure frequency, severity, duration,

recurrence, and mossy fiber sprouting. These five variables were

chosen as they have been identified as hallmarks of epilepsy

(see methods) (8–15). Our data showed that, among others,

WIN55,212-2, aspirin, rapamycin, 1400W, and LEV+ BQ788 show

promise for preventative management of epilepsy with potentially

synergistic effects.

Methods

A broad search strategy was developed by a medical

research librarian to search three separate databases which

included PubMed, Ovid Medline, and Web of Science

(Supplementary material). The search was conducted between the

years 2007 and 2021, concluding with 14,983 articles total. Articles

were selected for review based on strict inclusion and exclusion

criteria (Figure 1). The article must have been written in English

and freely accessible to the public in full-text format. Treatments

must have featured a murine model of epileptogenesis (i.e., using

rats or mice). It must have reported on at least one of the following

variables: seizure frequency; seizure severity; development of SRS

(defined as the number of animals that experienced SRS out of the

total number that were subjected to attempted epilepsy induction);

seizure duration; or aberrant neuronal plasticity [defined as

detected MFS (15, 16)]. Data must have been reported in numbers

with sample sizes, means, and standard deviations including time

points of data collection and p-values. Administration of the

intervention must have occurred during the latent period. Due

to the variability in study design, we define the latent period as

the time after the termination of the status epilepticus (SE) and

onset of recurrent seizures (17). Additionally, the article must have

provided detailed information regarding the compound, dose, and

route and frequency of administration. Using knockout animals or

other genetic modifications prior to the onset of epileptogenesis

or providing insufficient details of procedures (i.e., experimental

intervention or time of data collection, etc.) were criteria for

elimination from the study. As a result, a total of 51 articles were

selected for final review and analysis.

Data from those articles were grouped by seizure frequency,

seizure severity, SRS, seizure duration, and MFS. Seizure frequency

is a common variable measured in placebo controlled ASM trials

(8). Additionally, seizure severity has been identified as a valuable

measurement to assess epilepsy management due to perceived

symptomatic improvement (9, 10). The development of SRS was

chosen as a measurement to address the progressive nature of

acquired epileptogenesis (11, 12). Seizure duration is a contributing

factor to epileptogenesis due to its potential to propagate systemic

Frontiers inNeurology 02 frontiersin.org

https://doi.org/10.3389/fneur.2023.1097473
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Ots et al. 10.3389/fneur.2023.1097473

FIGURE 1

Shows the screening process for article selection. The inclusion and exclusion resulted in 51 articles appropriate for review.

inflammation, leading to dysregulation of the blood-brain-barrier

(13). Lastly, due to the cellular pathways that regulate MFS and

their potential effects on epileptogenesis, it was selected as a focus

variable in our study (14, 15).

True meta-analysis or systematic review could not be

performed because the methods of each study varied too greatly.

Therefore, to create a different quantitative analysis, the effect of

each treatment with respect to its own control was analyzed and

plotted for comparison. Only interventions that were identified

as statistically significant in the original study were analyzed.

Therefore, the source of the p-values is from the reported results

from the original research. Data analysis compared the percent

difference of treatment vs. control using recorded data from each

study as described in Figure 2. Briefly, if the average seizure

duration was 20 s in the treatment group and 100 s in the control

group (vehicle), we reported this as a decrease in seizure duration

to 20% of the control group with use of the therapeutic compound

(Figure 2A). The combination of data was analyzed if two studies

examined the same compound and dose. In these cases, the number

of animals in each group (N) was divided by the sum of both sample

sizes to determine each study’s overall percent contribution. The

percent contribution was then multiplied by the percent difference

of treatment vs. control to ensure that greater weight was given

to studies with larger sample sizes (Figure 2B). In some articles

for seizure frequency, a conversion was made to seizures per

day to facilitate comparison between interventions. The percent

difference from each study was then inserted into a table and

plotted together in a bar graph displaying the percent change in

ascending order.

Results

From the 14,983 articles that resulted from our initial search, a

total of 51 articles were eligible for analysis which included a total

of 46 compounds (Figure 1). Despite our strict criteria, there was

still considerable variability in murine model, methods of seizure

induction, timeline of intervention, method of administration and

timeline of data collection. Of these articles, 63% used rats and

37% used mice in the experimental protocols. These animal models

used induced-SE, kindling, traumatic brain injury (TBI), hypoxia-

induced seizures, and febrile seizures models (Figure 3). The time

of intervention after the start of the latent period was <24-h

in 57%, at 24-h in 27% and >24-h in 16%. Sixty-six percent of

compounds were administered via intraperitoneal (ip) injection,

10% subcutaneous (sc) injection, 10% intracerebroventricular (icv)

injection, 8% oral administration, 4% intragastric administration

and 2% intra-amygdala injection. Data was collected both during

and after the compound administration in 47%, at the end of

compound administration in 49% and simultaneously with the

administration of the compound in 4%.

The primary outcomes of our analysis are summarized in

Table 1. The data was categorized by the five core variables and

compared within each category as follows.
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FIGURE 2

(A) Simple example calculation of the quantitative analysis comparing the e�ect of each pharmacologic compound with respect to its own control.

(B) Example calculation of two di�erent studies, examining the same compound and dose, that combines the data and weights percentages based

on the di�erent sample size (N) of each study. These percentages were then plotted for comparison between di�erent pharmacologic interventions

grouped by the variable of interest.

FIGURE 3

Our review highlights the variety of methods used to study epileptogenesis. This represents the variability of experimental models used in the 51

studies selected and emphasizes how di�cult it is to complete a true compound comparison. Of all models, pilocarpine was used in most

experimental models and included all five variables in our review. This suggests an experimental model with pilocarpine-induced epilepsy could be

used as a standardized approach to the study epileptogenesis.

Seizure frequency

Seizure frequency is highly associated with pharmacological

resistance and a decreased quality of life in patients with epilepsy

(18). Seizure frequency data was collected from 27 compounds

across 30 different studies. One article studied Lacosamide at 10

and 30 mg/kg (19). The average duration of the administration of

these compounds was 15 days.

The compounds shown to reduce seizure frequency relative

to their respective control group, listed from most effective to

least effective, are as follows (Table 2): NBQX (4.33%, p = 0.0004)

(20), HSP990 (7.14%, p < 0.001) (21), phenobarbital (13.33%, p <

0.01) (22), aspirin (14.29%, p < 0.05) (23), rapamycin at 6 mg/kg

(15%, p < 0.05) (24–26), levetiracetam (LEV) + BQ788 (15.22%,

p < 0.05) (27), TPPU (17.42%, p = 0.0008) (28), WIN 55,212-2

(17.61%, p< 0.0001) (29), losartan (19.29, p< 0.05) (30), shGAP43

Frontiers inNeurology 04 frontiersin.org

https://doi.org/10.3389/fneur.2023.1097473
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Ots et al. 10.3389/fneur.2023.1097473

TABLE 1 Displays the percent change from control for each intervention and dose for seizure frequency, severity, spontaneous recurrent seizures (SRS),

duration, and mossy fiber sprouting (MFS).

Drug name Dose Seizure
frequency

Seizure
severity

Recurrent
seizures

Seizure
duration

Mossy fiber
sprouting

Adenosine 50,000 H239 cells 50.00∗∗ X X 54.00∗∗ X

Anakinra 100 mg/kg X X X 26.67∗ X

Anti-VGKC 0.24 mg/kg 23.33∗ 18.18∗ X 28.57∗ X

Aspirin 20 mg/kg 14.29∗ X X 28.62∗ 43.59∗

Biperiden 8 mg/kg 33.33∗ X 40.27∗ X X

Citalopram 15 mg/kg X X 68.75∗ X X

Citalopram 20 mg/kg X X 56.03∗ X X

Dapagliflozin 75 mg/kg X 42.36∗∗ X 26.72∗∗ X

Dapagliflozin 150 mg/kg X 38.18∗∗ X 17.62∗∗ X

FK506 2 mg/kg 76.43∗∗ X X 80.04∗∗ X

FGF2+ BDNF 1.6× 106 pfu 30.77∗ 62.50∗ X 114.55∗ X

Glatiramer acetate 150 µg/kg X X 42.86∗ 12.73∗ 80.00∗

GYKI 52466 10 mg/kg 43.69∗∗ 51.35∗∗ X 55.37∗∗ X

GYKI 52466 50 mg/kg X X X 11.82∗ X

HSP990 0.5 mg/kg 7.14∗∗ X X X X

JZL184 20 mg/kg 73.08∗ X 100.00∗ 90.32∗ X

Lacosamide 10 mg/kg 142.6∗ X 90.00∗ 111.37∗ X

Lacosamide 30 mg/kg 127.6∗ X 90.00∗ 106.39∗ X

Leptin 4 mg/kg X X X X 75.00∗

LEV+ BQ788 500 mg/ml+ 10 mg/ml 15.22∗ X X 0.927∗ X

LEV+ SB202190 500 mg/ml+ 0.3 mg/ml X X X 24.33∗ X

LEV+ TPM 200 mg/kg+ 30 mg/kg 22.00∗∗ X 70.00∗ X X

Losartan 10 mg/kg 19.29∗ X X X X

Lovastatin 20 mg/kg X X X X 46.56∗

LSP2-9166 10 mg/kg 41.67∗∗ X X 80.00∗ X

MDL-28170 50 mg/kg X X 50.00∗ X X

Melatonin 2.5 mg/kg 50.59∗ X X X X

Melatonin 8 mg/kg X X X 40.00∗∗ X

Melatonin 10 mg/kg 23.96∗ X X X X

MK-801 0.5 mg/kg X X X X 54.96∗

Minocycline 45 mg/kg X 54.72∗ X X X

Myoinositol 30 mg/kg 43.75∗∗ X X 42.86∗∗ X

NBQX 20 mg/kg 4.33∗∗ 73.68∗∗ X X 79.76∗

norBNI 5 mg/kg X 65.00∗ X 40.00∗ X

NPD1 570 µg/kg X 37.97∗ X 37.90∗ X

Parecoxib 10 mg/kg X 86.44∗∗ X X X

Perampanel 8 mg/kg 53.95∗∗ 56.76∗∗ X 54.02∗∗ X

Pergularia daemia 12.3 mg/kg X X X 35.46∗∗ X

PD1n-3 DPA 200 ng/µl 50.00∗ X X 55.00∗∗ X

Phenobarbitol 15 mg/kg 13.33∗ X X X X

(Continued)
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TABLE 1 (Continued)

Drug name Dose Seizure
frequency

Seizure
severity

Recurrent
seizures

Seizure
duration

Mossy fiber
sprouting

Rapamycin 1.5 mg/kg X X X X 56.52∗

Rapamycin 3 mg/kg 40.99∗ X X X 43.48∗

Rapamycin 6 mg/kg 15.00∗ X 46.00∗ X X

Rapamycin 10 mg/kg X X X X 22.27∗

Reboxetine 30 mg/kg 61.02∗ X X X X

Recombinant EPO 5,000 IU/kg/day X X X 53.96∗ X

Resveratrol 15 mg/kg X X 19.07∗ X X

RHC80267 1.3µM 90.00∗ X 82.51∗ 55.17∗ X

shGAP43 2 µl 20.00∗∗ X X X X

Sodium butyrate 600 mg/kg X X X X 37.50∗

TPPU 0.1 mg/kg/day 17.42∗∗ X X X X

U50488 5 mg/kg X 105.00∗∗ X 60.00∗∗ X

WIN 55,212-2 2 mg/kg 17.61∗∗ 17.33∗∗ X 17.22∗∗ X

5-ITU 1.6 mg/kg 61.75∗ X X 57.17∗ X

1400W 20 mg/kg X X 7.39∗∗ X X

All values reported as the ratio of the mean experimental value to the mean control value as calculated as: average experimental effect/average control effect.
∗Indicates a statistically significant value with a p-value of 0.05 or less.
∗∗Indicates a highly statistically significant value with a p-value of 0.001 or less.

(20%, p = 0.001) (31), LEV + topiramate (TPM; 22%, p < 0.01)

(32), anti-VGKC (23.33%, p < 0.01) (33), melatonin at 10 mg/kg

(23.96%, p < 0.05) (34, 35), reboxetine (30.5%, p < 0.01) (36),

fibroblast growth factor 2 (FGF2) + brain-derived neurotrophic

factor (BDNF; 30.77%, p < 0.01) (37), biperiden (33.33%, p= 0.03)

(38), rapamycin at 3 mg/kg (40.99%, p < 0.05) (39), LSP2-9166

(41.67%, p < 0.001) (40), GYKI 52466 at 10 mg/kg (43.69%, p =

0.001) (41), myoinositol (43.75%, p < 0.001) (42), adenosine (50%,

p < 0.001) (43), PD1n-3DPA (50%, p < 0.05) (44), melatonin at 2.5

mg/kg (50.59%, p < 0.05) (45), perampanel (53.95%, p = 0.001)

(36), 5-iodotubercidin (5-ITU; 61.75%, p = 0.04) (46), JZL184

(73.08%, p < 0.05) (47), tacrolimus (FK506; 76.43%, p < 0.001)

(48), and RHC80267 (90%, p< 0.05) (47). Interestingly, lacosamide

at 30 mg/kg (127.6%, p < 0.05) (19) and lacosamide at 10 mg/kg

(142.6%, p < 0.05) (19) caused an increased seizure frequency

compared with control groups.

Seizure severity

Seizure severity is positively correlated with the extent

of brain damage and comorbidities including psychological,

cognitive, and social dysfunction (49). Twelve compounds across

10 different studies were examined for their effect on seizure

severity; dapagliflozin was measured at 75 and 150 mg/kg

(50). The duration of treatment ranged from 1 to 60 days

after compound administration and occurred for an average of

16 days.

The compounds shown to reduce seizure severity relative to

their respective control group, reported from most effective to

least effective, are as follows (Table 3): WIN 55,212-2 (17.33%, p <

0.0001) (29), anti-VGKC (18.18%, p < 0.01) (31), neuroprotectin

D1 (NPD1; 37.97%, p < 0.05) (51), dapagliflozin at 150 mg/kg

(38.18%, p < 0.001) (50), dapagliflozin at 75 mg/kg (42.36%, p <

0.001) (50), GYKI 52466 (51.35%, p = 0.001) (41), minocycline

(54.72%, p< 0.05) (52), perampanel (56.76%, p= 0.002) (41), FGF2

+ BDNF (62.50%, p < 0.05) (37), norBNI (65%, p = 0.027) (53),

NBQX (73.68%, p= 0.001) (54) and parecoxib (86.44%, p < 0.001)

(55). Finally, U50488, a kappa opioid receptor agonist, was shown

to slightly increase seizure severity compared to the control animals

(105%, P < 0.001) (53).

Spontaneous recurrent seizures

The development of SRS are a hallmark of epilepsy and a

key factor in determining the success of anti-epileptogenic or

disease-modifying effects (12). Eleven articles evaluated a total of

11 compounds, some with multiple doses, with respect to SRS. The

duration of therapy ranged from 1 to 60 days, with an average of 15

days among all studies examined.

The compounds shown to reduce SRS relative to their

respective control group, reported from most effective to least

effective, are as follows (Table 4): 1400W (7.39%, p < 0.0001) (56),

resveratrol (19.07%, p < 0.05) (57), biperiden (40.27%, p = 0.02)

(38), glatiramer acetate (42.86%, p < 0.05) (58), rapamycin at 6

mg/kg [46%, p < 0.05 (24), p = 0.027 (25)], MDL28170 (50%,

p < 0.05) (59), citalopram at 20 mg/kg (56.03%, p < 0.01) (36),

citalopram at 15 mg/kg (68.75%, p < 0.05) (36), LEV+ TPM (70%,

p ≤ 0.05) (32), RHC80267 (82.51%, p < 0.05) (48), lacosamide
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TABLE 2 Seizure frequency.

Drug name Dose % from control P-value

Adenosine 50,000 H239 cells <0.001

Anti-VGKC 0.24 mg/kg <0.01

Aspirin 20 mg/kg <0.05

Biperiden 8 mg/kg 0.03

FK506 2 mg/kg <0.001

FGF2+ BDNF 1.6× 106 pfu <0.01

GYKI 52466 10 mg/kg 0.001

HSP990 0.5 mg/kg <0.001

JZL184 20 mg/kg <0.05

Lacosamide 10 mg/kg <0.05

Lacosamide 30 mg/kg <0.05

LEV+ BQ788 500 mg/ml+ 10 mg/ml <0.05

LEV+ TPM 200 mg/kg+ 30 mg/kg <0.01

Losartan 10 mg/kg <0.05

LSP2-9166 10 mg/kg <0.001

Melatonin 2.5 mg/kg <0.05

Melatonin 10 mg/kg <0.05

Myoinositol 30 mg/kg <0.001

NBQX 20 mg/kg 0.0004

Perampanel 8 mg/kg 0.001

PD1n−3DPA 200 ng/µl <0.05

Phenobarbital 15 mg/kg <0.01

Rapamycin 3 mg/kg <0.05

Rapamycin 6 mg/kg <0.05

Reboxetine 30 mg/kg <0.01

RHC80267 1.3µM <0.05

shGAP43 2 µl 0.001

TPPU 0.1 mg/kg/day 0.0008

WIN55, 212-2 2 mg/kg <0.0001

5-ITU 1.6 mg/kg 0.04

Percent change from controls for each treatment (horizontal bars) for each intervention and dose as calculated by: (mean experimental value)/(mean control value) and the associated p-value.

at 10 mg/kg (90%, p < 0.05) (19) and lacosamide at 30 mg/kg

(90%, p < 0.05) (19). JZL184, an irreversible enzyme inhibitor

responsible for degrading 2-arachidonoylglycerol, appeared to

produce the equivalent SRS compared to its control (100%,

p < 0.05) (47).

Seizure duration

Seizure duration is associated with increased risk of

neurotoxicity and cell death (60). Twenty-three articles

studying 27 compounds were plotted in our analysis of

the effect on seizure duration. On average compounds

were administered for 14 days, ranging from 1 to

30 days.

The compounds shown to reduce seizure duration relative to

their respective control group, reported from most effective to

least effective, are as follows (Table 5): LEV + BQ788 (0.927%,

p < 0.05) (27), GYKI 52466 at 50 mg/kg (11.82%, p < 0.01)

(61), glatiramer acetate (12.73%, p <0.01) (58), WIN55,212-2

(17.22%, p < 0.0001) (29), dapagliflozin at 150mg (17.62%, p <

0.001) (50), LEV + SB202190 (24.33%, p < 0.05) (27), anakinra

(26.67%, p = 0.031) (62), dapagliflozin at 75 mg/kg (26.72%,

p < 0.001) (50), anti-VGKC (28.57%, p < 0.01) (33), aspirin

(28.62%, p < 0.01) (23), Pergularia daemia (P. daemia; 35.46%,
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TABLE 3 Seizure severity.

Drug name Dose % from control P-value

Anti-VGKC 0.24 mg/kg <0.01

Dapagliflozin 75 mg/kg <0.001

Dapagliflozin 150 mg/kg <0.001

FGF2+ BDNF 1.6× 106 pfu <0.05

GYKI 52466 10 mg/kg 0.001

Minocycline 45 mg/kg <0.05

NBQX 20 mg/kg 0.001

norBNI 5 mg/kg 0.027

NPD1 570 µg/kg <0.05

Parecoxib 10 mg/kg <0.001

Perampanel 8 mg/kg 0.002

U50488 5 mg/kg <0.001

WIN 55,212-2 2 mg/kg <0.0001

Percent change from controls for each treatment (horizontal bars) for each intervention and dose as calculated by: (mean experimental value)/(mean control value) and the associated p-value.

TABLE 4 Spontaneous recurrent seizures.

Drug name Dose % from control P-value

Biperiden 8 mg/kg 0.02

Citalopram 15 mg/kg <0.05

Citalopram 20 mg/kg <0.01

Glatiramer Acetate 150 µg/kg <0.05

JZL184 20 mg/kg <0.05

Lacosamide 10 mg/kg <0.05

Lacosamide 30 mg/kg <0.05

LEV+ TPM 200 mg/kg+ 30 mg/kg ≤0.05

MDL-28170 50 mg/kg <0.05

Rapamycin 6 mg/kg <0.05, 0.027

Resveratrol 15 mg/kg <0.05

RHC80267 1.3µM <0.05

1400W 20 mg/kg <0.0001

Percent change from controls for each treatment (horizontal bars) for each intervention and dose as calculated by: (mean experimental value)/(mean control value) and the associated p-value.

p < 0.01) (63), NPD1 (37.90%, p = 0.014) (51), melatonin at 8

mg/kg (40%, p < 0.0001) (64), norBNI (40%, p < 0.001) (53),

myoinositol (42.86%, p = 0.001) (42), recombinant erythropoietin

(EPO; 53.96%, p < 0.05) (65), adenosine (54%, p < 0.001) (43),

perampanel (54.02%, p = 0.001) (41), PD1n-3DPA (55%, p <

0.001) (42), RHC80267 (55.17%, p < 0.05) (48), GYKI 52466 at

10 mg/kg (55.37%, p = 0.002) (41), 5-ITU (57.17%, p = 0.0049)

(47), U50488 (60%, p < 0.001) (53), LSP2-9166 (80%, p < 0.05)

(40), FK506 (80.04%, p < 0.001) (49), and JZL184 (90.32%, p <

0.05) (48). The compounds that increased seizure duration were

lacosamide at 30 mg/kg (106.39%, p < 0.05) (19), lacosamide at 10

mg/kg (111.37%, p < 0.05) (19) and FGF2 + BDNF (114.55%, p <

0.01) (37).

Mossy fiber sprouting

Mossy fiber growth from the dentate gyrus implies

aberrant neuronal plasticity and may serve as a marker of

structural alteration of neural circuits that may contribute

to epilepsy (15). Nine articles evaluated the effect of eight

compounds on the development of these mossy fibers in

experimental models of epilepsy. Rapamycin was studied

at 1.5, 3 (66), and 10 mg/kg (67, 68). The average duration

of treatment was 22 days with ranges from 1 to 56 days of

compound administration.

The results were recorded based on the Timm’s staining score

(TS) from the hippocampal tissue of the treated groups. Timm’s
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TABLE 5 Seizure duration.

Drug name Dose % from control P-value

Adenosine 50,000 H239 cells <0.001

Anakinra 100 mg/kg 0.031

Anti-VGKC 0.24 mg/kg <0.01

Aspirin 20 mg/kg <0.01

Dapagliflozin 75 mg/kg <0.001

Dapagliflozin 150 mg/kg <0.001

FK506 2 mg/kg <0.001

FGF2+ BDNF 1.6× 106 pfu <0.01

Glatiramer Acetate 150 µg/kg <0.01

GYKI 52466 10 mg/kg 0.002

GYKI 52466 50 mg/kg <0.01

JZL184 20 mg/kg <0.05

Lacosamide 10 mg/kg <0.05

Lacosamide 30 mg/kg <0.05

LEV+ BQ788 500 mg/ml+ 10 mg/ml <0.05

LEV+ SB202190 500 mg/ml+ 0.3 mg/ml <0.05

LSP2-9166 10 mg/kg <0.05

Melatonin 8 mg/kg <0.0001

Myoinositol 30 mg/kg 0.001

norBNI 5 mg/kg <0.001

NPD1 570 µg/kg 0.014

Perampanel 8 mg/kg 0.001

P. daemia 12.3 mg/kg <0.01

PD1n-3 DPA 200 ng/µl <0.001

Recombinant EPO 5,000 IU/kg/day <0.05

RHC80267 1.3µM <0.05

U50488 5 mg/kg <0.001

WIN 55,212-2 2 mg/kg <0.0001

5-ITU 1.6 mg/kg 0.0049

Percent change from controls for each treatment (horizontal bars) for each intervention and dose as calculated by: (mean experimental value)/(mean control value) and the associated p-value.

stain is a histochemical technique that specifically labels synaptic

terminals of mossy fibers through their high zinc content. The

extent of mossy fiber sprouting is a measure of aberrant neuronal

plasticity and is represented using TS ranging from 1 to 5 according

to established criteria (16). The compounds shown to reduce mossy

fiber sprouting relative to their respective control group, reported

from most effective to least effective, are as follows (Table 6):

rapamycin at 10 mg/kg (22.27%, p = 0.02, p < 0.05) (67, 68),

sodium butyrate (37.50%, p < 0.05) (69), rapamycin at 3 mg/kg

(43.48%, p < 0.05) (66), aspirin (43.59%, p < 0.01) (23), lovastatin

(46.56%, p< 0.01) (70), MK801 (54.96%, p< 0.01) (70), rapamycin

at 1.5 mg/kg (56.52%, p < 0.05) (66), leptin (75%, p < 0.05) (71),

NBQX (79.76%, p = 0.036) (20) and glatiramer acetate (80%, p <

0.05) (58).

Discussion

Out of the 51 articles on epileptogenesis selected for analysis,

five compounds were highlighted as potential candidates to

target the epileptogenic process: LEV + BQ788, WIN55212-2,

aspirin, 1400W and rapamycin. This was based on their significant

modification (limit or reduction) of the five core variables in this

study. Individually, they modulate different pathways leading

toward epileptogenesis. Other effective drugs studied in this

project showed reductions in isolated variables. For example,

recent research has highlighted that adenosine augmentation can

significantly reduce mossy fiber sprouting and thus epileptogenesis

(72). To help standardize data specific to epileptogenesis, our

analysis was limited by excluding models containing knockout
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TABLE 6 Mossy fiber sprouting.

Drug name Dose % from control P-value

Aspirin 20 mg/kg <0.01

Glatiramer Acetate 150 µg/kg <0.05

Leptin 4 mg/kg <0.05

Lovastatin 20 mg/kg <0.01

MK-801 0.5 mg/kg <0.01

NBQX 20 mg/kg 0.036

Rapamycin 1.5 mg/kg <0.05

Rapamycin 3 mg/kg <0.05

Rapamycin 10 mg/kg 0.02, <0.05

Sodium butyrate 600 mg/kg <0.05

Percent change from controls for each treatment (horizontal bars) for each intervention and dose as calculated by: (mean experimental value)/(mean control value) and the associated p-value.

animals or genetic modifications that may have highlighted

potential antiepileptogenic therapies. For example, genetically

altered mice with restrictive deletion of the mechanistic target

of rapamycin (mTOR) in microglia (mTORCx3cr1−creCKO),

have recently been found to play an important role in the

neuroexcitatory pathway of epileptogenesis (73). There have been

clinical studies that evaluate the potential antiepileptogenic effects

of promising compounds such as phenobarbitol (74). However,

the focus of our review is to summarize pre-clinical research and

analyze it based on our selection criteria. Notably, of the five

selected compounds, the effects of rapamycin were studied at

four different doses [1.5 (66), 3 (39, 66), 6 (24–26), and 10 mg/kg

(67, 68)] and data was compiled from seven different studies that

were independently replicated by four different research groups.

Our review was also limited due to focused data from murine

models of epilepsy, which did not account for the model- or

species-specific findings that may have impacted individual results.

Our review revealed the combination of LEV with BQ788,

an endothelin receptor antagonist, reduces seizure frequency and

duration in chronic epileptic rats that showed no response to LEV

alone (27). Despite its anti-inflammatory properties, LEV has not

yet proven itself to prevent epilepsy (75, 76). However, by blocking

glutamate release and attenuating the inflammatory response, there

is potential to reduce neuroexcitability and neuroinflammation

(Figure 4A). Interestingly, a recent clinical trial showed LEV has

potential protective properties against posttraumatic epilepsy in the

pediatric population (77). Discrepancies between results may be

due to pre-clinical vs. clinical application.

WIN 55,212-2 had the most consistent decrease across seizure

frequency, seizure severity, and seizure duration based on the

analyzed studies. It works as a cannabinoid agonist that acts mainly

at the CB1 receptor expressed highly in the hippocampus and

cerebellum (78). CB1 receptor activation also reduces spontaneous

firing of hippocampal neurons in glutamatergic, GABAergic,

and cholinergic signaling (79). Most cannabinoids primarily

increase glutamate levels in the prefrontal cortex, dorsal striatum,

nucleus accumbens, and hippocampus; WIN 55,212-2 additionally

decreases glutamate levels in the amygdala and hypothalamus (80).

Through downstream activation of CB1 receptors or attenuating

hyperexcitability by suppressing glutamate levels, WIN 55,212-2

has the potential to impair epileptogenesis by modulating both

excitatory and inflammatory pathways that contribute to seizure

susceptibility (Figure 4B). Cannabidiols have shown promise as

ASMs in recent clinical trials (81). Most recently, the University

of Colorado has a clinical trial related to the use of medicinal

cannabinoids as an alternative treatment option for refractory

epilepsy (82).

Chronic glial activation by proinflammatory cytokines and

reactive oxygen/nitrogen species (ROS/RNS) can lead to a cycle

of neurodegeneration and hyperexcitability, resulting in a lower

threshold for seizures (83, 84) (Figure 4C). 1400W, a highly

selective pharmacological inhibitor of inducible nitric oxide

synthase (iNOS), was found to significantly reduce the number

of SRS and attenuate blood-brain-barrier (BBB) impairment (56).

By attenuating the inflammatory response caused by glial cells

in the early post-SE period, the anti-neuroinflammatory and

neuroprotectant effects of 1400W have the potential to alter the

disease progression in acquired epilepsy (85). Clinical trials with

1400W are related to its cardiovascular effects, not its relationship

to seizures or the nervous system.

Aspirin is a non-selective cyclooxygenase (COX) inhibitor

that impairs the metabolic pathway converting arachidonic acid

(AA) to prostaglandins, which are important mediators of

neuroinflammation. Physiologic upregulation of this inflammatory

pathway increases neuronal excitability and decreased seizure

threshold, which suggests that limiting neuroinflammation could

slow epileptogenesis (Figure 4D). Our review showed that aspirin

was able to decrease seizure frequency, seizure duration, and

aberrant neuronal plasticity. Aspirin, similar to 1400W, has

also been found to inhibit iNOS (86). It decreases delta-

opioid receptor (DOR) expression in the cortex, but not in

the hippocampus, which contributes to synaptic homeostasis

and may limit seziure propagation in epileptogenesis (53).

Aspirin also modulates the expression of inflammatory pathways

through the downregulation of nuclear factor kappa B (NF-KB),

interleukin 6 (IL-6), janus kinase 2 (JAK2), signal transducer

and activator of transcription 2 (STAT3) (87). Aspirin limits

neuroinflammation via the COX1 and COX2 pathways as well

as reduces prostaglandin E2 (PGE2) which allows gamma-

aminobutyric acid (GABA) signaling to evoke robust neuronal
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FIGURE 4

Molecular signaling mediated by LEV + BQ788, WIN 55,212-2, 1400W, aspirin and rapamycin that represents possible targets to mitigate

epileptogenesis through multiple pathways. (A) The combination of LEV with BQ788 has the potential to attenuate neuroexcitability and

neuroinflammation by inhibiting glutamate transmission. (B) WIN 55,212-2 acts on the CB1 receptor that leads to the activation of the

mitogen-activated protein kinase (MAPK) and retrograde inhibition of neurotransmitter release [e.g., inhibition of nitric oxide synthase (NOS)]. (C)

1400W is an inhibitor of iNOS. (D) Aspirin also inhibits iNOS, as well as reduces expression of DOR, IL6/JAK2/STAT3, and NFKB. Neuroinflammation

can be limited through aspirin’s inhibition of COX1/COX2 and the endocannabinoid system [e.g., 2-arachidonoylglycerol (2-AG),

arachidonoylethanolamine (AEA)]. Neuroprotective e�ects are instigated through activation of NR2A or PKA with subsequent CNTF release. (E)

Through its e�ects on mTOR signaling, rapamycin has the potential to regulate axonal fiber regeneration via NogoA. It also reduces expression of

NMDA and AMPA receptor subunits and down-regulates expression of PSD-95 and KCC2.

activity under inflammatory conditions (88). Additionally, aspirin’s

metabolite, salicylate, reduces neuronal inhibition through GABA-

A and glycine receptors and inhibits high-conductance calcium-

activated and voltage-dependent potassium channels (89, 90).

Of note, inhibition of COX-2 increases endocannabinoid tone

and facilitates endocannabinoid-dependent inhibition of synaptic

transmission, which limits neuroinflammation indirectly by

reducing glutamate release (91, 92). This allows for a beneficial

interaction between aspirin and WIN55,212-2 for impairing

epileptogenesis. Aspirin also increases N-methyl-D-aspartate

receptor (NMDAR) subunit 2A (NR2A) expression in the

hippocampus and enhances currents by increasing AA levels

(93). It also acts as a neuroprotective factor via aspirin-triggered

neuroprotectin D1 (AT-NPD1) and astroglial ciliary neurotrophic

factor (CNTF) (94, 95). Although the excitatory verse inhibitory

drive is unbalanced, excitatory effects of aspirin treatment could

compensate for the lack of neuronal activity that arises because of

SE- induced neuron damage. Aspirin and salicylate may mitigate

neuronal damage by inhibition of acid-sensing ion channels that

would otherwise be activated in acidosis-induced injury (96). Prior

studies examining COX inhibitors found varying degrees of success

in limiting neuroinflammation in SE (97). The conflicting results

regarding aspirin’s effect on neuronal excitability may be due to

variance in experimental conditions. However, it is possible that

aspirin may cause hyperexcitability itself in certain circumstances

if there is an imbalance in its excitatory and inhibitory effects, and

the balance is tilted toward excitation. Further studies are needed

to clarify the effect of aspirin in epileptogenesis. Clinical trials of

aspirin’s anti-epileptogenic effects are currently focused on patients

with refractory seizures in the context of tuberous sclerosis complex

(TSC) (98).

Rapamycin, an allosteric mTOR inhibitor, showed its ability

to decrease seizure frequency, development of SRS, and aberrant

MFS. Though some experiments with rapamycin have found
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low statistical significance (66, 67), our overall analysis showed

rapamycin to have a relatively consistent benefit across multiple

doses and variables. The mTOR pathway is important in epilepsy

pathophysiology (Figure 4E). Hyperactivation of mTOR is

correlated with a high occurrence of epileptic seizures and

the promotion of activity-dependent mRNA translation near

synapses that play a critical role in neuronal circuit formation

(26). NogoA, a myelin-associated protein, is associated with

axonal fiber regeneration following injury and regulated through

the mTOR signaling pathway (99). One of two heteromeric

mTOR complexes, mTORC2, regulates the actin cytoskeleton and

F-actin nerve fibers (100). Modification of these nerve fibers and

dendritic spines (DS) is associated with cognitive impairment in

temporal lobe epilepsy (TLE). DS could be the first subcellular

site of aberrant neuronal networks in limbic epileptogenesis (LE)

because they represent the morphological signature of postsynaptic

sites and excitatory synaptic transmission and the sub-cellular

neural component for neuronal network assemblies (101).

Overexpression of the N-methyl-D-aspartate (NMDA) receptor

in DS could trigger neuronal hyper-excitability and induce LE

(102). Rapamycin reduces expression of NMDA and AMPA

receptor subunits and dendritic postsynaptic density protein 95

(PSD-95) and decreases synapse density in the dentate gyrus

following epileptogenesis (26, 103). This functionality suggests the

role of aberrant post-synaptic modification in the development

of epilepsy and a potential anti-epileptogenic mechanism

for rapamycin. Additionally, rapamycin modulates neuronal

excitability by down-regulating the expression of potassium-

chloride cotransporter 2 (KCC2) in the thalamic-hippocampal

network (104). Rapamycin offers added neuroprotective benefit as

systemic administration protects perforant pathway projections

from tau-mediated neurodegeneration, axonal and synapse loss,

and neuroinflammatory gliosis (105). Similar to aspirin, clinical

trials studying rapamycin and epilepsy are focused on its use in

pharmacoresistent epilepsy associated with TSC (106, 107).

These compounds participate in different cellular and

molecular mechanisms that are postulated in the pathogenesis

of epilepsy (108). However, our results allow us to examine

the molecular signaling pathways that have the potential for

anti-epileptogenic effects as we demonstrate in Figure 4.

Overall, our review highlights the need for a standardized

methodological approach to epileptogenesis research and

variability between research articles makes compound

analysis/comparison, and essentially true meta-analysis,

impossible. For example, some of the early rapamycin work

was experimentally flawed, because seizure recordings were done

during the presence of rapamycin without considering a drug-

washout periods, which is needed to validate antiepileptogenic

effects (109). If researchers adopted techniques and examined

variables that are consistent with other experiments, it would

allow for better comparison between studies and expansion

upon prior results. As a starting point, we recommend that

compound administration occur during the latent period following

the SE or initial seizure induction because this most accurately

parallels clinical use. Following any given event known to increase

seizure susceptibility, patients could be administered one of

the compounds studied for its antiepileptogenic mechanism to

decrease the likelihood of downstream epilepsy development.

Compound administration during the latent period was used as an

inclusion criterion for this paper and more reliable evidence and

more compounds could have been compared if more studies used

this timeline. Additionally, for consistency, we propose studying

these compounds on rats andmice, using one as the standardmodel

of epilepsy and the other to validate interventions. Finally, we

recommend timing drug-administration appropriately so that data

recording can begin immediately after administration. Without a

standardized approach to administration and data collection, there

is not a methodologically or statistically sound way to compare any

experimental compound against another, and it is difficult to make

applications and inferences as to future clinical implementation

and effect. Ideally more thought will go into comparison of data

collection schedules and methodology, and a discussion will arise

to determine how best to study epileptogenesis. Without these

changes, collaboration, and comparison of data on this subject will

continue to hinder the pursuit of treatments.
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