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Abstract

Post-traumatic epilepsy (PTE) is diagnosed in 20% of individuals with acquired epilepsy, and can 

impact significantly the quality of life due to the seizures and other functional or cognitive and 

behavioral outcomes of the traumatic brain injury (TBI) and PTE. There is no available 

antiepileptogenic or disease modifying treatment for PTE. Animal models of TBI and PTE have 

been developed, offering useful insights on the value of inflammatory, neurodegenerative 

pathways, hemorrhages and iron accumulation, calcium channels and other target pathways that 

could be used for treatment development. Most of the existing preclinical studies test efficacy 

towards pathologies of functional recovery after TBI, while a few studies are emerging testing the 

effects towards induced or spontaneous seizures. Here we review the existing preclinical trials 

testing new candidate treatments for TBI sequelae and PTE, and discuss future directions for 

efforts aiming at developing antiepileptogenic and disease-modifying treatments.
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1. Introduction

Post-traumatic epilepsy (PTE) is diagnosed in 20% of individuals with acquired epilepsy 

(Piccenna et al., 2017) and may occur in 2–50% of individuals who have experienced 

traumatic brain injury (TBI), depending on the severity (Ding et al., 2016; Englander et al., 

2009). PTE may negatively affect the quality of life of affected individuals due to direct and 

indirect impact of epileptic seizures (e.g., seizure-induced injuries or medical issues) and 

epilepsy-related comorbidities (e.g., behavioral, cognitive or other medical) or consequences 

(e.g., medication adverse effects, impact on quality of life, mortality) (Piccenna et al., 2017). 

PTE may further exacerbate or add to the effects of TBI on memory and cognition (Luo et 

al., 2014; Muccigrosso et al., 2016; Ogier et al., 2017), cerebral vasculature or blood brain 

barrier injury (Golding et al., 1999), sleep disorders (Castriotta et al., 2007), depression and 

post-traumatic stress disorder (Vos et al., 2018).

The risk of developing PTE depends on the severity of TBI. The most important risk factors 

to development of PTE are brain contusions, skull fracture, loss of consciousness for more 

than 30 minutes at initial TBI, subdural hemorrhage, acute symptomatic seizure, prolonged 

post-traumatic amnesia and the person’s age when the trauma occurred (Agrawal et al., 

2006; D’Ambrosio and Perucca, 2004; Xu et al., 2017).

There is currently no treatment that prevents the development of PTE. The current clinical 

practice is to administer antiseizure drugs, such as phenytoin or levetiracetam, to prevent 

acute seizures after TBI, although these have limited or no effect on the development of PTE 

(Hung and Chen, 2012). Several promising drugs have been tested in preclinical and clinical 

trials, yet there is still a lack of anti-epileptogenic or disease-modifying therapies that could 

prevent epilepsy and the consequences of TBI and PTE (Marklund and Hillered, 2011). Here 

we will review the literature on preclinical studies investigating targets and candidate 

treatments in animal models of TBI and PTE, focusing on treatments targeting 

neuroinflammatory and antioxidant pathways, mechanistic target of rapamycin (mTOR), 

iron accumulation and hemorrhages, calcium channels and, to a lesser extent, 

neurodegenerative pathways, which will be reviewed in a separate manuscript in this special 

issue.

2. Animal models of PTE

2.1. Immature rodent models

Nearly half a million children under 14 years of age are treated for a TBI annually in US 

Emergency Departments (Langlois et al., 2005). Both acute and chronic seizures are not 

uncommon after TBI in this pediatric population, with several cohort studies identifying a 

higher incidence of PTE particularly in those under 3 years of age (Ates et al., 2006; 

Kieslich et al., 2001). The biological mechanisms underlying epileptogenesis and 

susceptibility to seizures after injury at a young age remain to be fully elucidated. Models 

used to study moderate to severe TBI in immature rodents include the controlled cortical 

impact (CCI) and lateral fluid percussion injury (LFPI) in postnatal day (PN) 17–21 rodents 

(Gurkoff et al., 2006; Nichols et al., 2015; Semple et al., 2017; Statler et al., 2008). Both 

models are characterized by considerable structural damage to the impacted cortex (left 
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parietal or right frontoparietal) and underlying sub-cortical structures. Gross deformation of 

the ipsilateral hippocampus was visualized by magnetic resonance imaging (MRI) at 2–6 

months post-injury in CCI-injured mice (Semple et al., 2017).

CCI injury in the right frontoparietal cortex in PN17 Sprague Dawley rats followed by a 2 

week long video electroencephalography (vEEG) study immediately post-TBI, showed acute 

epileptiform discharges in 87.5% of the rats 24 h post-TBI, a quiescent period between day 

3–7, while 44% (7/16) of the CCI rats manifested spontaneous seizures during the second 

week post-TBI (Nichols et al., 2015). Controls had no epileptiform activities. CCI to PN17 

male Sprague-Dawley rats results in abnormal electroencephgraphy (EEG) epileptiform 

discharges between 4–11 months post-injury in the majority of animals (Statler et al., 2009). 

This model also results in a reduction in minimal clonic electroconvulsive seizure thresholds 

by adulthood (PN60–63), suggestive of a persistent increase in neuronal excitability (Statler 

et al., 2008). Only 1 in 8 rats were observed to exhibit spontaneous, recurrent convulsive 

seizures during the monitoring period (initiated 4–8 months post-TBI, average of 49 days, 

range 19–90 days per animal) while most of the CCI rats had epileptiform discharges. Sham 

animals had no epileptiform discharges or seizures. While such findings implicate a low 

seizure frequency and/or low incidence of PTE in this model, the observations may 

underestimate the true incidence due to the small sample size (Statler et al., 2009). More 

recently, PND21 mice were similarly exposed to CCI, and shown to display 

neuropathological characteristics consistent with PTE, such as mossy fiber sprouting and 

hippocampal sclerosis (Semple et al., 2017). CCI-injured mice exhibited a robust increase in 

susceptibility to provoked seizures in response to intraperitoneal (i.p.) pentylenetetrazole 

(PTZ) administration, as early as 2 weeks post-TBI and persisting until at least 6 months. In 

addition, video-EEG (vEEG) monitoring revealed at least one spontaneous convulsive 

seizure in the majority of CCI-injured mice (> 87% of CCI mice compared to < 10% of 

sham mice) during a 7 day recording period at 4–5 months post-injury, detected as abnormal 

epileptiform activity accompanied by behavioral manifestations.

Cognitive and histopathological injury has also been reported in the LFPI model, but no 

long-term vEEG studies have been reported yet (Gurkoff et al., 2006). Additional studies in 

immature animals are needed to validate and extend these findings, using rigorous methods 

for detection of both convulsive and non-convulsive seizures, as a function of TBI injury 

severities or impact locations.

2.2. Adult rodent models

As in immature animals, the LFPI and CCI models have most accurately recapitulated the 

epileptogenic mechanisms and changes that lead to the development of PTE after TBI in 

adult rodents (Bolkvadze and Pitkänen, 2012; Bragin et al., 2016; Liu et al., 2016; 

Thompson et al., 2005). For extensive review of the adult rodent models of TBI and PTE, we 

refer the reader to the relevant review in this special issue by (Brady et al., 2018).

Both CCI and LFPI models have shown to reproduce several aspects of human TBI, 

molecular, biochemical and pathology findings, including focal contusion, petechial, 

intraparenchymal and subarachnoid haemorrhages, tissue tears, and traumatic axonal injury 

(Bolkvadze and Pitkänen, 2012; Bragin et al., 2016; Golarai et al., 2001; Guo et al., 2013; 
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Kharatishvili et al., 2006; Liu et al., 2016; Thompson et al., 2005). Moreover, MRI detected 

abnormalities such as enlarged ventricles, hippocampal atrophy, reduced fractional 

anisotropy in the corpus callosum, decreased N-acetyl aspartate/creatine ratio, and increased 

myoinositol/creatine ratio are seen both in this model and in patients (Liu et al., 2016; Shultz 

et al., 2015). The molecular and cellular changes can continue for weeks and months, and 

they associate with behavioural impairments and cognitive comorbidities (Guo et al., 2013; 

Kharatishvili et al., 2006; Liu et al., 2016; Shultz et al., 2015). Overall, a robust body of 

evidence supports the utility of these models in the identification and validation of 

biomarkers of PTE and the formulation of reasonable hypotheses regarding candidate 

mechanisms underlying epileptogenesis after TBI that would eventually result in the 

development of disease-modifying therapies for PTE.

A substantial proportion of animals had lowered seizure thresholds and increased seizure 

susceptibility to the chemoconvulsants PTZ, kainic acid or flurothyl (Bolkvadze and 

Pitkänen, 2012; Hunt et al., 2010; Kharatishvili et al., 2006; Thompson et al., 2005). Similar 

results have been shown in the weight drop (Chrzaszcz et al., 2010; Golarai et al., 2001) 

central fluid percussion injury (FPI) (Hamm et al., 1995) and blast injury models (Agoston, 

2017; Williams et al., 2005), however further research is needed to fully characterize the 

occurrence of spontaneous recurrent seizures in these models.

2.3. Candidate target pathways and treatment in TBI animal models

TBI may cause molecular and structural alterations in the brain, some of which may lead to 

the emergence of PTE in susceptible individuals. TBI triggers local damage in the trauma 

adjacent region and mossy fiber sprouting in the dentate gyrus (Guo et al., 2013; Hunt et al., 

2012). Diffuse axonal injury may cause a loss of organization in white matter tracts (Smith 

et al., 2013). Diffuse multifocal injury can rupture blood vessels (Sharp et al., 2014), which 

leads to blood-brain barrier (BBB) disruption, hemorrhage, and consequently neuronal death 

(Garton et al., 2016). Increase in extracellular glutamate in tissue adjacent to the trauma has 

also been reported (Faden et al., 1989). Neurodegeneration, e.g., hyperphosphorylated tau 

(p-tau) and neurofibrillary tangles, can be observed after TBI and has been linked to late 

TBI-consequences, such as cognitive decline, dementia, and possibly epilepsy (Sharp et al., 

2014). In this section, we will review some of the treatment studies in TBI models that 

targeted these pathways and discuss their relevance to functional outcomes and PTE.

2.4. Hyperphosphorylation of tau

2.4.1. Relevance to epilepsy and TBI—Tau is a microtubule-associated protein that 

under normal physiological conditions maintains neuronal health, axonal transport, and 

microtubule stabilization by mediating a balance between binding and non-binding states to 

the microtubules, which in turn is regulated by partially phosphorylated tau (Morris et al., 

2011). The aggregates of the insoluble p-tau are commonly associated with the pathology of 

neurodegenerative conditions including Alzheimer’s disease, frontotemporal dementia, and 

traumatic encephalopathy (Rostgaard et al., 2015). These neurological diseases have 

increased risk to also manifest epilepsy (Abou-Khalil, 2010; Friedman et al., 2012; Nicastro 

et al., 2016). In addition, there is evidence in both clinical and preclinical studies for the 

involvement of p-tau based neurofibrillary tangles in epilepsy (Thom et al., 2011), focal 
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cortical dysplasia and drug resistant epilepsy (Sen et al., 2007) and post-TBI. Surgically 

resected epileptogenic brain regions from drug-resistant temporal lobe epilepsy (TLE) 

patients (Liu et al., 2017b; Puvenna et al., 2016) and animal models of epilepsy after 

chemoconvulsant-induced status epilepticus (SE) or kindling-induced seizures show 

increased p-tau based on Western blots (Liang et al., 2009; Liu et al., 2016; Tian et al., 

2010). Likewise, genetic rodent models of tauopathies have reported alterations in the 

susceptibility to epileptic seizures (Liu et al., 2017a; Yan et al., 2012). Also, p-tau oligomers 

and increased p-tau by Western blots have been reported in experimental models (Hawkins 

et al., 2013; Shultz et al., 2015) and also in brain tissues from human patients acutely after 

TBI (Albayram et al., 2017; Seo et al., 2017).

2.4.2. Targeting p-tau in animal models of seizures and PTE—Studies using 

genetic modifications to reduce p-tau provided evidence that it reduces susceptibility to 

induced seizures (Holth et al., 2013; Li et al., 2014; Roberson et al., 2007). Sodium selenate 

is an oxidized, less toxic form of selenium that specifically activates protein phosphatase 2A 

(PP2A) containing the PR55 regulatory subunit and to decrease the level of p-tau (Corcoran 

et al., 2010b; van Eersel et al., 2010). PP2A dephosphorylates tau at several sites and 

particularly at Thr205, Thr212, Ser214 and Ser262 (Qian et al., 2010). Pharmacological 

interventions using sodium selenate to reduce p-tau showed reduced network 

hyperexcitability and susceptibility to seizure induction in the 6Hz corneal stimulation, PTZ 

and amygdala kindling models of seizures (Jones et al., 2012) as well as in a malin-

deficiency mouse model of Lafora disease (Sanchez-Elexpuru et al., 2017). Moreover, 

sodium selenate treatment in the post-SE and TBI rat models administered acutely after the 

brain injury ameliorated MRI-detected abnormalities indicative of brain damage, reduced 

cognitive and motor deficits and retarded epileptogenesis (Liu et al., 2016; Shultz et al., 

2015). Importantly, the effect on PTE was noted with a treatment protocol initiated after TBI 

and its effect lasted for at least 2 weeks after drug withdrawal. We refer the reader to the 

review on targeting neurodegeneration pathways in this special issue (Ali et al., 2018) for 

further details.

2.4.3. Relevance for PTE—Despite the promise of these findings, the underlying 

molecular mechanisms relating to changes in PP2A/PR55 following TBI and during post-

TBI epileptogenesis are not entirely clear and are increasingly being investigated (Liu et al., 

2016; Liu et al., 2017b). Similarly, a causative mechanism for the antiepileptogenesis or 

neuroprotective effect of inhibiting p-tau using sodium selenate is not established and off 

target effects are not ruled out. Such findings though provide insights on a common 

neurological link between the neurodegenerative diseases such as Alzheimer’s, brain trauma 

and acquired epilepsies (Wilson et al., 2017). Future studies identifying the mechanisms and 

validation of finding of protective effects of inhibiting p-tau in large multicenter preclinical 

trial will assist in translating the findings to human antiepileptogenesis trials. This possibility 

is further supported by the fact that sodium selenate treatment regimen has been 

demonstrated to be safe in phase I and phase II clinical trials in prostate cancer and 

Alzheimer’s disease patients (Corcoran et al., 2010a; Malpas et al., 2016).
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2.5. Hemorrhages/Brain iron accumulation

2.5.1. Relevance to epilepsy and PTE—Severe TBI can cause subarachnoid, 

intracerebral, subdural or epidural hemorrhages. Beyond the direct structural lesions caused 

by intracranial bleeds, iron toxicity and/or accumulation from hemolysis or release of 

intracellular iron sources due to cell injury may further contribute to the TBI sequelae, 

including the increased risk for PTE. Excess iron can be toxic because it leads to generation 

of free radicals, mitochondrial fragmentation, may induce cell autophagy due to oxidative 

stress resulting in neuronal loss and peri-hematomal edema (Garton et al., 2016). Cell death 

may also occur as a result of heme induced apoptosis or iron-dependent cell death 

(ferroptosis) (Garton et al., 2016).

In an LFPI rat model, TBI causes BBB disruption, iron deposition in the ipsilateral 

hemisphere and upregulated heme oxygenase-1 (HO-1; catabolizes heme to biliverdin, 

carbon monoxide and Fe2+) (Okubo et al., 2013). Metals have been shown to contribute to 

epileptogenesis (Kendirli et al., 2014). Injection of ferric chloride into the sensorimotor 

cortex begets recurrent focal paroxysmal EEG discharges (Willmore et al., 1978). In the 

iron-induced PTE rat model, brains from rats with epilepsy had higher extracellular interictal 

levels of aspartate and glutamate than those that did not develop seizures, while serine levels 

were elevated in the cortex ipsilateral to iron deposits (Engstrom et al., 2001).

Intracellular iron accumulation increases amyloid precursor protein (APP), by inhibiting iron 

regulatory proteins (IRPs) that transcriptionally downregulate APP. APP has been proposed 

to have neuroprotective effects by preserving ferroportin in the plasma membrane and 

stabilizing iron export from cells. In support, APP knockout mice show less brain injury and 

iron accumulation after CCI (Ayton et al., 2014). However, iron may increase amyloid beta 

(Aβ) toxicity (Wang et al., 2012) and long-term HO-1 overexpression may increase iron 

accumulation and tau hyper-phosphorylation (Hui et al., 2011), suggesting that additional 

investigation is needed to further explore the interactions of APP signaling and iron-

mediated brain injury in TBI.

2.5.2. Targeting iron accumulation in animal models of TBI and humans—In 

animal studies, deferoxamine (100 mg/kg intramuscular at 2 and 14 h post-TBI) reduced the 

TBI-induced lipocalin-2 (mediates transferrin-independent iron transport) increase and the 

ventricular enlargement and HO-1 upregulation in LFPI-injured adult male Sprague Dawley 

rats (Zhao et al., 2014; Zhao et al., 2016). In the weight drop model in adult male Sprague 

Dawley rats, deferoxamine treatment (100 mg/kg twice daily, starting 2 h post-TBI till day 

28) reduced the volume of the lesion as well as iron load, ferritin, transferrin and transient 

receptor potential canonical channel 6 (TRPC6; involved in iron uptake) levels and improved 

performance in the Morris water maze test (Zhang et al., 2013). In rabbits subjected to TBI, 

deferoxamine (50 mg/kg) prevented the decrease in superoxide dismutase and partially of 

the glutathione peroxidase in the injured brain (Erkan Ustun et al., 2001). Deferoxamine pre-

treatment (0.51 μmol/g i.p., 15 min prior to CCI) improved performance in Morris water 

maze, without affecting the size of the injury (Long et al., 1996).

Deferoxamine has been used in clinical studies for its potential to ameliorate hemorrhagic 

load and associated edema. The HI-DEF (high dose deferoxamine in intracerebral 
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hemorrhage) phase I trial showed good tolerability of the intravenous (i.v.) infusions of 62 

mg/kg/day deferoxamine mesylate dose (Yeatts et al., 2013). Due to concerns of possible 

association with acute respiratory distress a prospective multicenter double-blinded 

randomized, placebo-controlled phase II clinical trial of deferoxamine (32 mg/kg/day for 3 

consecutive days) is ongoing (iDEF; NCT02175225). In a randomized blinded placebo 

controlled study of 94 patients with TBI, 5 day treatment with deferoxamine mesylate 20 

mg/kg/day i.v., starting on the day of the TBI, accelerated hematoma absorption and reduced 

edema after traumatic intracerebral hemorrhage (Yu et al., 2017).

Minocycline, a drug with anti-inflammatory effects (see also below) can also act as an iron 

chelator. It has shown beneficial effects in models of iron toxicity, improving iron load, 

induced edema and blood brain disruption [reviewed in (Garton et al., 2016)]. In a small 

clinical trial with 15 patients with moderate or severe TBI, minocycline (100 mg orally, 

twice daily for 12 weeks vs vehicle) reduced microglial activation but increased 

neurofilament light levels, a finding that was also associated with faster rates of brain 

atrophy (Scott et al., 2018). These suggest that perhaps more targeted and selective treatment 

approaches could be beneficial to avoid disruption of pathways that would be important for 

regenerative processes. Further preclinical and clinical studies are needed to further 

characterize the effect of interventions that prevent iron accumulation and toxicity on disease 

modification and antiepileptogenesis. There is currently no study assessing the role of iron 

chelators in the development of PTE.

2.6. Inflammatory processes

2.6.1. Relevance to epilepsy and TBI—Neuroinflammation is a hallmark not only of 

neurotrauma but also of various epileptic disorders and their etiologies (Barker-Haliski et al., 

2017; Galanopoulou et al., 2012b; Shandra et al., 2017; Terrone et al., 2017; Vezzani and 

Viviani, 2015; Webster et al., 2017). In response to epileptogenic insults, including TBI, 

there is a robust cellular response involving the activation of resident astrocytes and 

microglia, vascular changes including disruption of the BBB, and release of a plethora of 

soluble inflammatory mediators with neuromodulatory capacities. Inflammatory mediators 

including cytokines and chemokines are increasingly understood to both directly and 

indirectly influence neuronal excitability and survival, thus contributing to the epileptogenic 

process by promoting seizure initiation and propagation or epileptogenesis. Several key 

mediators implicated in epileptogenesis after TBI are summarized in Fig. 1.

Leakage of the BBB and subsequent activation of neuroin-flammatory processes has been 

implicated in the establishment and progression of epilepsy (Bar-Klein et al., 2014; 

Friedman et al., 2009; Oby and Janigro, 2006; Seiffert et al., 2004; van Vliet et al., 2007). 

Seizures themselves or their etiologies can increase permeability of the BBB, therefore 

promoting extravasation of peripheral leukocytes into the brain parenchyma which then 

release more inflammatory cytokines (Alyu and Dikmen, 2017; Gorter et al., 2015). BBB 

leakage also exposes the brain to serum albumin, which binds to transforming growth factor 

beta (TGFβ) receptors to activate downstream signaling cascades (Bar Klein et al., 2014; 

Webster et al., 2017). Albumin uptake by astrocytes reduces their capacity to buffer 

extracellular potassium levels, increasing neuronal excitability and epileptiform activity. The 
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prevention of experimental BBB dysfunction by blocking of albumin binding to TGFβ 
receptors provides strong evidence of a central role for this pathway in PTE (Bar-Klein et 

al., 2014; Friedman et al., 2009; Ivens et al., 2007).

Interleukin-1 (IL-1) is a prototypical pro-inflammatory cytokine, and one of the earliest 

responders to a traumatic insult (Rothwell, 2003). IL-1 beta (IL-1β) binds to its widely-

expressed receptor IL-1 receptor 1 (IL-1R1), to initiate nuclear factor-kB (Nf-kB) dependent 

transcription of many other pro-inflammatory genes to amplify the subsequent 

neuroinflammatory response (Webster et al., 2017). Upregulation of IL-1β signaling has 

been observed in epilepsy patients and experimental models, with activation detected even 

prior to the diagnosis of epilepsy, thereby implicating it in epileptogenesis (Shandra et al., 

2017; Vezzani et al., 2008). IL-1R1 activation may augment neuronal calcium influx by Src-

mediated hyperphosphorylation of the N-methyl-D-aspartate (NMDA) receptor 2B (NR2B) 

subunit of NMDA receptor channels (Viviani et al., 2003) and reduces voltage sensitive K+ 

channels (Vezzani and Viviani, 2015). Cell type and receptor-specific effects of IL-1β have 

been reported on the gamma-aminobutyric acid A receptor (GABAAR) signaling. IL-1β 
enhances tonic GABAAergic inhibitory signaling, while it reduces synaptic GABAAR-

mediated inhibition in the CA3 pyramidal neurons or in vitro but increases synaptic 

GABAAR inhibition in the CA1 pyramidal neurons (Roseti et al., 2015; Vezzani and Viviani, 

2015). These pro-epileptogenic properties are largely shared by the activation of toll-like 

receptor 4 (TLR4), upon binding by the endogenous damage-associated molecule, high 

mobility group box protein 1 (HMGB1) (Roseti et al., 2015). HMGB1 is released both 

passively, during necrosis, as well as actively from immune cells following post-translational 

oxidation and acetylation in response to cytokine stimulation (Webster et al., 2017). Various 

rodent models have demonstrated a pro-ictogenic role for HMGB1 in experimental seizures 

(Balosso et al., 2014; Maroso et al., 2010; Ravizza et al., 2017).

TBI may also induce tumor necrosis factor alpha (TNFα), more commonly known for its 

role in the activation, proliferation and recruitment of immune cells during systemic 

inflammation (Croft et al., 2012). Interestingly, TNFα can have two distinct roles in the 

pathophysiology of seizures and epilepsy, dependent upon the receptor it binds; TNF 

receptor 1 (TNFR1, also known as p55) mediates pro-convulsive effects, while TNFR2 

(a.k.a. p75) has predominantly anti-convulsive consequences (Balosso et al., 2013). A 

number of other cytokines or chemokines, which recruit and activate immune cells in the 

injured brain, have also been implicated in both seizures and epilepsy, as reviewed 

extensively elsewhere (Vezzani et al., 2008; Vezzani and Viviani, 2015). One chemokine in 

particular, fractalkine (CX3CL1), is robustly elevated after TBI in both patients and 

experimental models (Rancan et al., 2004), and has recently been shown to regulate synaptic 

transmission and neuronal excitability via CX3CR1-mediated activation of microglia (Ali et 

al., 2015; Roseti et al., 2013; Xu et al., 2012).

Cyclooxygenase (COX) is the rate-limiting enzyme required for the synthesis of prostanoids 

including prostaglandin E2 (PGE2). The COX-2 isoform is strongly upregulated in the 

human brain after seizures in experimental models of epilepsy (Desjardins et al., 2003; 

Serrano et al., 2011) COX-2 expression and activity is also enhanced for several days after 

TBI, increasing the levels of prostaglandins associated with neurodegeneration and 
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neuroinflammation (Cernak et al., 2001; Dash et al., 2000; Figueiredo-Pereira et al., 2014). 

In a cortical stab injury adult rat model, COX-1+ microglia and macrophages increased by 

day 5–7 post-TBI and remained elevated till at least day 21, suggesting a potential role in 

secondary injury (Schwab et al., 2001). In experimental models of seizures and epilepsy, 

manipulation of COX-2 has been shown to suppress or enhance excitatory glutamatergic 

synaptic function, implicating a more direct role in neurotransmission (Takemiya et al., 

2003; Yang and Chen, 2008).

2.6.2. Targeting neuroinflammatory pathways in models of TBI and PTE—The 

role of COX-1 or COX-2 has been tested in TBI models, using either inhibitors or knockout 

mice, with inconsistent results. In the adult rat CCI model, the COX-2 inhibitor celecoxib 

worsened the motor but not the cognitive outcomes, suggesting a COX-2 role in recovery 

(Dash et al., 2000). In the impact accelerator model of TBI, the COX-2 inhibitor nimesulide 

given after TBI (30 min and daily till 10 days post-TBI) improved motor and cognitive 

deficits (Cernak et al., 2001). The COX-2 inhibitor meloxicam, given 30 min after weight 

drop TBI, reduced BBB disruption and brain edema at 48 h (Hakan et al., 2010). However, 

neither meloxicam nor nimesulide improved functional outcomes or brain edema 6 and 24 h 

after percussion injury in 5–6 week old male Swiss mice, while indomethacin improved 

functional outcome only (Girgis et al., 2013). In contrast, carprofen, given for 7 days after 

CCI to adult male Sabra mice, reduced lesion, inflammation and edema, increased cellular 

proliferation, and improved neurological functional outcomes 3 months post-CCI (Thau-

Zuchman et al., 2012). In PN17 rats subjected to CCI, the COX2 inhibitor SC58125 (15 min 

and 24 h post-CCI) prevented PGE2 increase without ameliorating lesion volume or 

performance in the Morris water maze (Hickey et al., 2007). In the rat CCI model, a less 

specific anti-inflammatory and anti-oxidant drug, alantolactone, given daily after CCI for 2 

days, reduced neuroin-flammation markers (IL-1β, IL-6, PGE2), brain edema and improved 

neurological outcome at 48 h (Wang et al., 2018).

Cox-1 and/or Cox-2 null mice had no differences in brain injury or Morris water maze 

performance after CCI injury (Ahmad et al., 2008; Kelso et al., 2009). There are no 

antiepileptogenesis studies of COX inhibitors reported in TBI models. In another approach, 

pharmacological suppression of cytokine production by Minozac reduced susceptibility to 

electroconvulsive shock seizures 7 days post CCI (Chrzaszcz et al., 2010).

It is worth noting that the above-mentioned mechanisms are not mutually exclusive. In fact, 

there is considerable cross-talk between soluble mediators, their receptors, and downstream 

signaling cascades. For example, HMGB1 can enhance expression of IL-1β, while IL-1β 
can promote HMGB1 translocation from the nucleus to the cytoplasm in preparation for its 

release (Vitaliti et al., 2014). By activating NF-kB, IL-1β can initiate the transcription of 

many pro-inflammatory genes including TNFβ and COX-2. These interactions result in a 

very complex cellular environment post-TBI, with the net result being an increase in 

neuronal excitability and susceptibility to the development of chronic epilepsy.

A key disadvantage to broad-spectrum compounds with anti-inflammatory properties is that 

treatment will likely influence a broad range of pathways, both pathological and restorative, 

with a risk of off-target effects on normal brain function. As such, a more targeted approach 
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focused on key inflammatory mediators or pathways implicated in the development of 

epilepsy, as described above, may hold greater promise for therapeutic potential. 

Specifically, in the context of PTE, the commercially-available IL-1R1 antagonist Kineret® 

(Anakinra) was recently shown to modulate the astrocytic response and influence long-term 

seizure susceptibility in an experimental model of pediatric TBI (Semple et al., 2017). 

Another approach, to target the signaling cascade downstream of albumin-TGFβ activation, 

was effective at preventing the development of epilepsy in a model of focal neocortical BBB 

disruption (Weissberg et al., 2015). Other targeted strategies, such as antagonism of HMGB1 

with the BoxA pseudo-peptide, have demonstrated anti-ictogenic activity in experimental 

models and been proposed to have anti-epileptogenic potential in acquired epilepsy such as 

after a brain insult (Iori et al., 2016; Vezzani et al., 2011). Largely, however, targeted anti-

inflammatory compounds have not yet been explored in preclinical models of PTE for 

antiepileptogenic potential, nor evaluated for anti-epileptogenic efficacy in patient 

populations. Further work is required to develop a better understanding of how 

neuroinflammation contributes to the onset and progression of acquired epilepsy, and to 

define the optimal therapeutic window for intervention with anti-inflammatory treatments.

2.7. Calcium channels

2.7.1. Relevance to epilepsy and TBI—Voltage-gated calcium (Ca2+) channels are 

classified as low-(LVA) or high-voltage-activated (HVA) channels. The monomeric LVA (T-

type) Ca2+ channels are present in three different isoforms the CaV3.1 - CaV3.3 (Zamponi et 

al., 2010). HVA channels include CaV1 (L-type), CaV2.1 (P/Q-type) Cav2.2 (N-type) and 

Cav2.3 (R-type) channels which are composed of α2δ, β and γ subunits. HVA channels have 

higher depolarization threshold and are involved with neurotransmitter release in presynaptic 

terminals, whereas LVA channels are expressed mainly in neuron bodies and dendrites and 

have been linked to the pathogenesis of absence epilepsy and to a lesser extent to TLE 

(Zamponi et al., 2010). Mutations of the CACNA1A gene that codes for the HVA 

CaV2.1channel and in the CACNA1H gene that codes for CaV3.2 in humans and mice have 

been linked to absence epilepsy (Heron 2007, Chen 2003, Liang 2006–2007). Changes in 

intracellular Ca2+ levels and Ca2+ homeostatic mechanisms have been associated to seizures 

and acquired epileptogenesis (Raza et al., 2004). Evidence has shown that after an acute 

epileptogenic brain injury there are irreversible Ca2+ increases that lead to neuronal death, 

that is followed by sub-lethal, prolonged, but reversible, elevations in Ca2+ levels that trigger 

pathological changes which could ultimately lead to the development of epilepsy (Delorenzo 

et al., 2005; Nagarkatti et al., 2009). Low-threshold Ca2+−dependent burst firing in CA1 

pyramidal cells seems to be important to epileptogenesis in TLE models (Casillas-Espinosa 

et al., 2015; Sanabria et al., 2001; Yaari et al., 2007). Moreover, T-type Ca2+ currents shifted 

from the normal steady-state inactivation to a more hyperpolarized membrane potential 

during the latent period, to a more depolarized membrane potential during the chronic period 

of epileptogenesis (Graef et al., 2009). CaV3.2 knockout mice are resistant to pilocarpine-

induced SE and the development of chronic spontaneous occurring seizures. In addition, the 

development of hippocampal sclerosis and mossy fiber sprouting histopathological 

hallmarks of TLE were absent in these knockout mice (Becker et al., 2008). Moreover, T-

type Ca2+ channels have a role in glutamate release (Casillas-Espinosa et al., 2012; Huang et 

al., 2011) and changes in T-type Ca2+ expression have been shown to affect regulation of 
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expression of both glutamate and GABA receptors in limbic regions (Nagarkatti et al., 

2009).

In TBI, intracellular Ca2+ accumulation contributes to neuronal death due to activation of 

apoptosis pathways (Gurkoff et al., 2017). Excessive absorption of Ca2+ by the 

mitochondrial membrane may trigger mitochondrial dysfunction (Lifshitz et al., 2004; 

Verweij et al., 1997) in both ipsilateral and contralateral to injury hemispheres (Verweij et 

al., 1997). Ca2+ dependent phosphorylation of Ca2+/calmodulin-dependent protein kinase II 

(CaMKII) may alter gene transcription, including of glutamate, GABA and cholinergic 

receptors that control neuronal excitability (Gurkoff et al., 2017). The abnormalities of Ca2+ 

homeostasis can be observed for up to 30 days post-TBI (Deshpande et al., 2008).

2.7.2. Targeting calcium channels in models of epilepsies and TBI—Blockers 

of T-type channels may modify epileptogenesis in other models of epilepsies. For example, 

early ethosuximide treatment has shown antiepileptogenic effects in absence epilepsy 

models (Blumenfeld et al., 2008; Dezsi et al., 2013; Russo et al., 2010). Z944, a selective 

pan-T-type channel blocker, delayed seizure progression in the amygdala kindling model 

(Casillas-Espinosa et al., 2015) and suppressed absence seizures via a mechanism distinct 

from ethosuximide (Tringham et al., 2012).

Investigation of these treatments in PTE models for their anti-epileptogenic potency is still 

lacking. However, studies with Ca2+ channel antagonists in TBI models help in 

understanding the role of Ca2+ channels in neurotrauma pathophysiology and their potential 

to alleviate the behavioral, structural, molecular sequelae of TBI (Casillas-Espinosa et al., 

2015; Lee et al., 2004; Verweij et al., 2000). Combination of N-type calcium channel 

blocker (SNX-111, ziconotide) and anti-oxidant (U-101033E) improved TBI-induced 

mitochondrial dysfunction (Xiong et al., 1998). The optimal treatment window to restore 

mitochondrial function with ziconotide was found to be between 2–6 h post-CCI (Verweij et 

al., 2000). Ziconotide, given at 3, 5, and 24 h after TBI, improved motor and cognitive 

function in the acceleration-deceleration model of TBI in rats (Berman et al., 2000). 

Improved learning and neurological function was also reported with the N-type CaV2 in 

hibitor SNX-185 injected 5 min after LFPI injury in the CA2 pyramidal region (Lee et al., 

2004). In an in vitro model of mechanical strain on mixed cortical and astroglial cultures, 

SNX-185 reduced calcium accumulation intracellularly and improved neuronal viability 

(Shahlaie et al., 2013).

2.8. Mechanistic target of rapamycin (mTOR)

2.8.1. Relevance to epilepsy and TBI—The mTOR signaling pathway controls cell 

growth and survival, proliferation and cellular metabolism (Laplante and Sabatini, 2012), 

cortical development, synaptic plasticity and learning (Tang et al., 2002), as well as neuronal 

morphology (Jaworski et al., 2005). Neuronal mTOR promotes axonal regeneration in 

response to CNS injury (Liu et al., 2010; Park et al., 2008) while it limits the ability of glial-

mediated functional recovery in the injured brain and spinal cord (Codeluppi et al., 2009). 

Dysfunction of mTOR signaling is also implicated in a plethora of pathophysiological 
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processes including cancer, diabetes, obesity, neurodegeneration but also seizures, epilepsy 

and a variety of etiologies causing them (Galanopoulou et al., 2012b; Zeng et al., 2009).

Overactivation of the mTOR pathway has been reported in a right parietal FPI rat model of 

TBI ipsilateral to the injury. This included phosphorylation of mTOR and downstream 

targets, like eukaryotic initiation factor 4E binding protein-1 (4E-BP1), p70 ribosomal S6 

kinase (p70S6K), and ribosomal protein S6 (rpS6) within 30 min after the injury in the 

ipsilateral parietal cortex and hippocampus, lasting up to one day after the injury (Chen et 

al., 2007). This acute mTOR-mediated effect might represent a mechanistic strategy of 

affected neurons to respond and/or recover from injury. Activation of mTOR has been linked 

to reduced glutamate-induced excitoxicity after TBI due to the expression of the glutamate 

transporter in the glia (Wu et al., 2010).

2.8.2. Targeting mTOR in TBI models—The mTOR pathway may be critical for 

epileptogenesis in a variety of epilepsy models and may modify certain pathologies 

associated with epilepsy, such as mossy fiber sprouting in the dentate gyrus, neuronal 

morphology and connectivity. The effect however of mTOR inhibitors in suppressing 

epilepsy and associated pathologies can be time, species, dose or model dependent and may 

be reversed after withdrawal of the inhibitors, prompting the term “epileptostatic” rather 

than anti-epileptogenic [reviewed in (Galanopoulou et al., 2012b)].

In the closed head weight drop injury model, mTOR inhibition via rapamycin administration 

improved functional recovery and improvement of the ensuing behavioral impairment and 

inflammatory response (Erlich et al., 2007). Rapamycin administration increased neuronal 

survival in the injury site, reduced microglial activation and prevented p70S6K 

phosphorylation, serving as a candidate mechanism of neuro-protection following TBI. In a 

different study, inhibition of mTORC1 activity within hours after moderate CCI injury in 

mice, led to cognitive amelioration and significant reduction in neuronal apoptosis and 

gliosis, suggesting that acute intervention can enhance the recovery potential of the injured 

brain (Nikolaeva et al., 2016). In the CCI mouse model, overactivation of mTOR was found 

in the cortex and hippo-campus during the first post-CCI week (Guo et al., 2013). A four 

week course with rapamycin (6 mg/kg/day i.p.), starting 1 hour post-CCI, reduced neuronal 

degeneration in the hippocampus, transiently reduced mossy fiber sprouting during the 

treatment period, and reduced the percentage of mice that developed epilepsy at 4 months 

post-CCI (13% vs 50% in vehicle treated), suggesting antiepileptogenic effect, at least 

within the time frame of this study (Guo et al., 2013). In a different study using the CCI 

model, rapamycin (3 or 10 mg/kg i.p. starting the day of CCI and given till sacrifice) treated 

mice had reduced mossy fiber sprouting and neurogenesis but did not show significant 

reduction in neuronal loss or the observed behavioral seizures (i.e., tail stiffness and freezing 

for more than 30 s) compared to vehicle treated mice (Butler et al., 2015). However, vEEG 

monitoring was not performed. The difference in seizure outcomes between the two studies, 

could be due in model effects (i.e., severity of models), types of seizures recorded and 

methods of seizure monitoring.

Taken together, acute mTOR pathway activation after injury may be important for 

neuroprotection or regeneration but mTOR dysregulation resulting in overactivation may 
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predispose to epilepsy. Most importantly, in a post-TBI brain, one needs to consider that 

mTOR modulators may have different effects upon the injured and the uninjured brain 

regions. Definition of the optimal treatment window and regimen that corrects mTOR 

dysregulation without impairing the mTOR signaling dependent processes that are necessary 

for normal brain function might be critical in shaping the recovery potential of the injured 

brain and possibly its vulnerability to epilepsy.

2.9. Central cholinergic pathways

2.9.1. Relevance to epilepsy and TBI—Most TBI patients are suffering from 

cognitive deficits reporting lasting problems in learning and memory (Hoofien et al., 2001). 

Acetylcholine is a neurotransmitter implicated in cognitive function and its release is found 

elevated in physiological processes such as fear and stress (Imperato et al., 1991) as well as 

during seizures (Gardner and Webster, 1977). Interestingly, TBI induces a profound 

cholinergic response, resulting in a massive release of acetylcholine immediately after the 

injury which seems to be transient reaching baseline levels within minutes or hours after the 

injury (Saija et al., 1988). Cholinergic stimulation results in seizure activity and significant 

neuronal damage in the hippocampus (Olney et al., 1983; Turski et al., 1983) suggesting that 

a TBI-induced cholinergic activation could have similar effects that might be relevant to 

post-traumatic epilepsy progression.

2.9.2. Targeting cholinergic system in TBI—Blockade of the muscarinic 

acetylcholine receptor (mAChR) acutely after moderate TBI showed neuroprotective effects 

enhancing the behavioral recovery after injury (Lyeth et al., 1993). Early suppression of 

muscarinic receptor activity and cessation of abnormally-elevated acetylcholine levels might 

prevent a TBI- and cholinergic-mediated acceleration of epileptogenic processes. Therefore, 

blockade of central cholinergic pathways might conceivably serve as a twofold therapeutic 

target for the prevention of post-traumatic cognitive deficits and the progression to post-

traumatic epilepsy. However, there are no studies directly testing these effects in a PTE 

model.

2.10. Other pathways

Several therapeutic approaches have been tested in TBI models for their ability to modify the 

TBI-induced pathologies and functional recovery, although effects on PTE are lacking. 

Some of these studies are mentioned below. The cholesterol-lowering drug simvastatin (Wu 

et al., 2012) was administered in a 14 day treatment protocol following CCI injury, reduced 

axonal injury, decreased APP immunoreactivity, enhanced neurite outgrowth, and improved 

neurological functional recovery in adult Wistar rats. Melatonin activated mitophagy 

(elimination of damaged mitochondria) through the mTOR signaling and reduced 

inflammation in the CCI model (Lin et al., 2016). Subanesthetic doses of ketamine, an 

NMDA receptor inhibitor, reduced inflammation and autophagy and improved memory and 

behavior (Wang et al., 2017a). Another interesting target is the microRNAs (miRNAs). In a 

repetitive model of TBI, miR-124–3p increased following injury, which was proposed to be 

important in inhibiting inflammation and improving neurite outgrowth through mTOR 

inhibition (Huang et al., 2018). NaHS is a donor of hydrogen sulfide, which may preserve 

BBB integrity, exerts anti-inflammatory and anti-oxidant effects but also may inhibit 

Saletti et al. Page 13

Neurobiol Dis. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



autophagy by activating mTOR pathway. NaHS restored mitochondrial function and 

improved functional recovery in the CCI model (Xu et al., 2018). Most of these compounds 

interact with the pathways described above, making it therefore important to discern which 

effects could be a result of selected common pathways and which would require 

combination therapies to achieve maximal effect. Guanosine is an endogenous nucleoside 

with neuroprotection effects. A single injection of guanosine (7.5 mg/kg i.p.) administered 

40 min after LFPI in adult Wistar rats improved the motor impairment 8hours after injury as 

well as reduced the ipsilateral cortical injury, glutamate uptake, Na+/K+-ATPase, glutamine 

synthetase activity, alterations in mitochondrial function, neuronal death, inflammation and 

brain edema (Gerbatin et al., 2017). This study did not assess the antiepileptogenic potential 

of guanosine.

Other treatments have also been tested for effects on post-TBI seizures (Table 1). 

Ceftriaxone is an antibiotic which is commonly used in the clinics but also in the 

perioperative prophylactic antibiotic treatment in survival surgeries in rodents. Ceftriaxone 

(200 mg/kg daily i.p. for 7 days, starting after TBI surgery) prevented the reduction in 

glutamate trasporter-1 (GLT-1) expression in the ipsilateral cortex after LFPI in rats, 

decreased GFAP expression in the lesioned cortex and reduced the cumulative seizure 

duration observed in EEG recording 12 weeks after TBI (Goodrich et al., 2013). Seizures in 

this study included spike runs that exceeded 10sec in duration although it is not clear what 

was their behavioral correlate. Of note, this dose and treatment duration is significantly 

higher and longer than the prophylactic treatment with ceftriaxone used prior to survival 

surgeries and there is no evidence that prophylactic antibiotic protocols may also alter PTE. 

Atipamezole selectively inhibits α2-adrenergic receptors and increases noradrenaline release 

in the brain. Chronic administration of atipamezole, starting at either 30 min or 7 days post-

LFPI in adult rats and continuing for 9 weeks, improved functional motor outcome and 

beam-walking performance but not spatial learning and memory (Nissinen et al., 2017). 

Atipamezole did not affect the development of epilepsy but reduced seizure susceptibility in 

the PTZ testing at 14 weeks post-TBI. Ketogenic diet has also been tested in the LFPI model 

in its ability to modify flurothyl seizure threshold. The flurothyl seizure threshold was 

increased only during the time the animals were on the ketogenic diet but not after its 

discontinuation (Schwartzkroin et al., 2010). Hypothermia in LFPI rats may reduce 

subsequent PTZ seizure susceptibility (Atkins et al., 2010). Focal cortical cooling reduced 

the frequency of freeze-like arrest events associated with runs of spike-waves in the LFPI rat 

model compared to controls (Atkins et al., 2010; D’Ambrosio et al., 2013). In the undercut 

model, whereby partial isolation of sensorimotor cortex is done with trans-sections, 

gabapentin reduced the excitability, excitatory synapses, and GFAP expression; the authors 

proposed that these effects could be due to the reduction in thrombospondin, an astrocyte-

released protein that participates in excitatory synapse formation (Li et al., 2012).

2.11. Considerations for future antiepileptogenic preclinical studies for PTE

Despite the large number of antiseizure medications used in patients or in animal models, 

medical treatments that prevent epilepsy is still lacking (Loscher and Schmidt, 2011). When 

designing an anti-epileptogenic drug trial it is important to plan on collecting adequate 

preclinical evidence that will guide future preclinical and clinical trials. From preclinical 
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studies, we anticipate information that includes treatment indication and target population, 

dosing and route of administration, potential drug interactions, timing and duration of 

treatment and tolerability of the drug as well as tolerability (Galanopoulou et al., 2012a; 

Galanopoulou et al., 2013a; Schmidt, 2012). A number of proposals have been put forward 

to improve rigor (e.g., blinded, randomized design guided by power analysis) and 

transparency (e.g., detailed report of experimental conditions and variables that could affect 

results and their interpretation) in study design and reporting as well as to alleviate and 

remediate concerns that many promising preclinical therapies have not succeeded in 

transitioning to clinical practice (Brooks-Kayal et al., 2013; Galanopoulou et al., 2012a; 

Galanopoulou et al., 2013a; Lidster et al., 2016; O’Brien et al., 2013; Pitkanen et al., 2013). 

Recent efforts in harmonizing methodological approaches in preclinical research and 

generating preclinical common data elements attempt to provide helpful recommendations 

and improve comparisons among studies done in different laboratories (Galanopoulou et al., 

2017a; Hernan et al., 2017; Kadam et al., 2017; Raimondo et al., 2017). We refer the reader 

to these reports which aim to improve the practices followed in biomedical animal research.

The development of antiepileptogenic and disease modifying treatments has been proposed 

as a priority for future epilepsy research (Galanopoulou et al., 2013b) (https://

www.ninds.nih.gov/About-NINDS/Strategic-Plans-Evaluations/Strategic-Plans/2014-

NINDS-Benchmarks-Epilepsy-Research). Overall, the existing TBI preclinical studies have 

mostly tested target modification against functional motor and behavioral recovery, 

pathological sequelae of TBI and to a lesser extent against the seizure susceptibility or 

epileptogenesis (listed in Table 1). Such seizure testing often examines the susceptibility to 

induced seizures, since it provides higher throughput testing compared to long-term 

monitoring for spontaneous seizures. However, clearer and more direct evidence for 

antiepileptogenic effect is obtained from studies utilizing long-term vEEG monitoring for 

spontaneous seizures. We will briefly list here some selected issues that may be considered 

in the design on future studies.

2.11.1. Target population—Most of the available studies are done in male rodents and 

usually at adult ages, with few exceptions on immature animals (Table 1). Age and sex 

differences exist not only in the neurobiological pathways that may affect drug effects but 

also on the consequences of seizures, their comorbidities and possibly pathways involved in 

epileptogenesis (Akman et al., 2014, 2015; Giorgi et al., 2014; Jones et al., 2014; Kight and 

McCarthy, 2014; Pitkanen et al., 2014). Studies that are powered to determine possible age 

and sex differences in treatment efficacy or tolerability in PTE models are needed. Although 

inclusion of such biological variables is currently strongly encouraged by funding agencies, 

meaningful conclusions on the potential age and sex differences may only be derived if 

studies are appropriately powered [see Table I in (Galanopoulou and Mowrey, 2016)], yet 

this is likely to severely affect the sample sizes and budget needed. The EpiBioS4Rx 

(Epilepsy bioinformatics study for antiepileptogenic therapy) Center Without Walls, which 

is designed to test new therapies for their potential to prevent PTE in the rat LFPI model, 

specifically adopted the multicenter pre-clinical trial design to address the issue of requiring 

large numbers of animals to rigorously test the effect of a candidate antiepileptogenic drug 

in PTE.
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Another critical issue is the interpretation of data across various models of TBI and PTE. 

Ideally, findings confirmed across models are expected to confirm the validity of the results, 

yet in many situations conflicting results may be difficult to interpret due to the many 

species, model and experimental study design differences across studies (Galanopoulou et 

al., 2017b). Knowledge of the target mechanisms and interpretation of the treatment effects 

based on evidence for target relevance and modification in each model and study design may 

help distinguish between true and false negative studies. However, there have been 

exceptions when drugs that entered clinical practice in the absence of a clear target 

mechanism.

2.11.2. Study design—Most of the available trials take advantage of the identifiable 

time of the insult to initiate treatment soon after TBI (Table 1). More accurate definition of 

the therapeutic window, preferably guided by clinical surrogates or biomarkers, would 

greatly help guide treatment implementation in future clinical trials. Treatments may not 

have the same effect if given at different timepoints and it will ultimately be important to 

investigate whether subjects with established PTE will also respond to these treatments with 

cessation of seizures. Defining the minimal necessary duration of the candidate 

antiepileptogenic treatment based on its biological effects, will be important, both to allow 

testing for antiepileptogenic effects (i.e., persisting after treatment discontinuation) but also 

to minimize unnecessary exposure to drugs that can be potentially costly or harmful. 

Furthermore, one needs to eventually consider the cost and tolerability profiles of new 

therapies, which would be best served by delivering them only for the period that these are 

truly needed, based on the target relevance profile. Preclinical trials have the advantage that 

they allow collection of data from terminal procedures, that are needed to test target 

relevance and modification based on pathology findings, explore the BBB permeability of a 

drug, yet currently these cannot be easily applied in the clinics.

2.11.3. Biomarkers—While these are very useful to rationalize treatments, decide on 

best doses and protocols and interpret positive or negative results, exploration of the value of 

plasma, cerebrospinal fluid (CSF), imaging, and electrophysiological biomarkers or other 

clinical surrogates in de-fining treatment window and informing on target engagement or 

modification would greatly enhance efforts to translate current treatments to the clinics 

[(Engel Jr., 2018)(Pitkanen et al., 2018) and this supplement]. Plasma, urine and, in certain 

clinical situations, CSF are feasible to obtain and could potentially be used to either stratify 

patients by their risk for PTE or likelihood to respond to candidate treatments, once valid 

biomarkers become available. It is known that cytokines, such as TNF-α, IL-6, IL-8, IL-10, 

TGF-β, are elevated in CSF minutes after TBI (Sharma and Laskowitz, 2012). A study 

showed that IL-1β was elevated in the CSF, but not in the serum, in TBI patients compared 

to control (Diamond et al., 2014). Additionally, serum IL-1β levels were lower in patients 

that developed PTE compared to those who did not; no difference was found in CSF IL-1β 
levels (Diamond et al., 2014). In the same study, patients with high CSF/serum IL-1β ratios 

in the first week post-TBI had higher risk to develop PTE (Diamond et al., 2014). 

Apparently, IL-1β single-nucleotide polymorphism has an important role in PTE 

development, considering that individuals with TT genotype seem to be protected from PTE, 

however more studies are needed to better conclusions (Cotter et al., 2017). Various studies 
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have also been assessing the value of miRNAs (small non coding RNAs), based on their 

implication in other models of epileptogenesis (Henshall et al., 2016).

Despite of the fact that there are no valid biomarkers available for post-TBI epileptogenesis, 

neuroimaging has been a widely applied technique to evaluate effectiveness of interventions 

against TBI-induced pathological changes including lesion volume or brain atrophy (Karve 

et al., 2016; Shultz et al., 2014; Sun et al., 2017; Yousuf et al., 2016), white matter integrity 

(Kim et al., 2015; Yousuf et al., 2016), metabolic changes (Brabazon et al., 2017; Kim et al., 

2015; Vaquero et al., 2017), functional connectivity (McAllister et al., 2011; Roy et al., 

2010) as well as neuroinflammation and BBB disruption (Corser-Jensen et al., 2014; Fukuda 

et al., 2013; Wang et al., 2017b) following brain injury. On the contrary, only few studies 

evaluating potential antiepileptogenic treatments have utilized neuroimaging brain outcomes 

and showed ablation or reduction in volumetric measurements on T2-weighted MRI (Semple 

et al., 2017; Shultz et al., 2015) as well as white matter integrity using diffusion weighted 

imaging (Liu et al., 2016; Shultz et al., 2015). It is evident that imaging modalities have not 

been evaluated to their full potential perhaps due to the logistic issues and related costs. 

Considering the potential advantages mainly of providing substantial insights into brain 

pathology and functioning in vivo at longitudinal time points and being of high translational 

value as they are already being used in the clinical management of TBI patients (Xu et al., 

2017), applying these modalities will be of high value to the antiepileptogenic preclinical 

studies.

EEG is routinely used in the clinical practice and more invasive electrocorticography 

methods may be in use in certain neurointensive care unit centers that admit individuals with 

TBI, offering a promising tool for biomarker development. In the LFPI model, early 

predictors of PTE development are thought to be the emergence of pathological high-

frequency oscillations (HFOs) (100–600 Hz) and repetitive HFOs with spikes (rHFOSs) 

(Bragin et al., 2016). TBI animals that present with early rHFOSs are more likely to 

manifest PTE at later time points suggesting that rHFOSs could be a candidate biomarker 

for epileptogenesis and therefore possible early selection and treatment of patients at high 

risk for PTE. For example, in the pilocarpine model of SE, levetiracetam suppressed both 

hippocampal HFOs and interictal spiking and led to a reduced seizure burden in the treated 

animals (Levesque et al., 2015). Furthermore, evidence from human patients suggests that 

HFOs become more pronounced after antiseizure medication reduction (Zijlmans et al., 

2009). We refer the readers to the other reviews in this special issue that extensively cover 

the progress on such biomarkers (Engel Jr., 2018; Pitkanen et al., 2018).

2.11.4. Seizure outcome measures—Adoption of outcome measures that could be 

relevant to or in forming the clinical practice or trials would also be important 

(Galanopoulou and Mowrey, 2016). For antiepileptogenesis studies, seizure outcome 

assessment during and after treatment washout, guided by pharmacokinetic studies, is 

critical to determine true anti-epileptogenic from antiseizure effects. Common relevant 

efficacy outcomes include seizure freedom, measures of seizure severity and seizure 

duration, distinction of responders from nonresponders, and changes in seizure frequency.
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Seizure scoring is an important element of the antiepileptogenesis studies. Seizures after TBI 

are usually categorized as early (≤7 days post-TBI, usually during the first 24 h) or late (> 1 

week). PTE diagnosis lies in the occurrence of the first unprovoked (late) seizure which 

might become evident after several years following the initial brain insult. The existing 

preclinical studies have used either behavioral monitoring or vEEG monitoring to score 

seizures. Use of vEEG monitoring with appropriate cumulative durations of the monitoring 

sessions and at time points justified by the natural history of PTE in the selected model is 

paramount to enabling the study to detect meaningful differences in seizure outcomes. Use 

of vEEG recordings to identify seizures is more sensitive than behavioral monitoring, as 

demonstrated in (Cook et al., 2013; Goldenholz et al., 2017) and may allow the use of 

smaller sample sizes to detect differences. The behavioral correlate of the observed seizures 

is also important to consider and frame it in the context of the experimental group. It is well 

known that many studies have reported spike-wave bursts associated with behavioral arrest, 

sometimes associated with sudden movement at the end of the event in in rats or mice used 

as experimental controls, and these increase in frequency and duration with age [reviewed in 

(Kadam et al., 2017)]. Some investigators interpret these as absence-like seizures, 

responding to drugs usually treating absence seizures, and others as physiological oscillatory 

patterns associated with aging and not necessarily epileptic. Clear definitions of seizure 

types and criteria for seizure scoring are important since these various events may have 

different pharmacosensitivity profiles and prevalence in the various models, confounding the 

end effect of the treatments. Furthermore, their implications for assigning therapeutic 

indications of the tested drugs may differ. Preferably, distinction of treatment effects among 

these various event types may clarify the treatment indications. Importantly, it is critical that 

the duration and timing of the vEEG monitoring of controls (vehicle TBI or sham animals) 

is equivalent to the monitoring of experimental animals to determine whether the observed 

seizure effects are truly relevant to the TBI-induced seizures rather than to seizures or 

seizure-like events seen in shams or controls.

2.11.5. Measures of tolerability and functional outcome—Obtaining evidence of 

tolerability in an animal model of a disease is most helpful since drug tolerability may differ 

from control populations (Galanopoulou et al., 2013a). Tolerability or toxicity in an animal 

model may miss toxicities observed in humans, but it still offers valuable information if 

early toxicity is observed (Bracken, 2009; Galanopoulou et al., 2013a). Use of 

pharmacokinetic pharmacodynamics measures to correlate with efficacy and tolerability may 

enable better design of treatment protocols to be tested in humans. In TBI models, several 

measures of physical, motor, behavioral tests have been utilized to monitor tolerability, 

including but not limited to weight measurements and body conditioning scale, neuroscore, 

mortality (Galanopoulou et al., 2013a; Kharatishvili et al., 2006). For more specific 

functional outcomes, specialized behavioral tests can be utilized to evaluate effects on 

learning or memory, affective disorders, attention and these are reviewed in a different 

review in this special issue (Semple et al., 2018).
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3. Conclusions

Animal models of TBI have provided useful information on target mechanisms and proof of 

concept studies for new candidate treatments of TBI sequelae and PTE. Several treatments 

have been tested against early pathology or functional outcomes. Very few have shown 

promise for their potential to reduce susceptibility to induced seizures and even fewer have 

shown evidence of antiepileptogenesis potential. In response to a call for development of 

antiepileptogenic or disease modifying treatments using rigorous methods, the EpiBioS4Rx 

(Epilepsy bioinformatics study for antiepileptogenic therapy) Center Without Walls has 

organized the first preclinical multicenter consortium to create a systematic platform for 

testing for new treatments to prevent PTE while collecting evidence for target and biomarker 

modification to guide future clinical trials. It is hoped that these efforts may deliver better 

future therapies to improve the life of those affected by PTE.
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Abbreviations:

Aβ amyloid beta (Aβ)

APP amyloid precursor protein

BBB blood brain barrier

Ca2+ calcium

C5ar1 complement component 5a receptor 1

CCI controlled impact

COX cyclooxygenase

CSF cerebrospinal fluid

CX3CR1 CX3C chemokine receptor 1
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EEG electroencephalography

FPI fluid percussion injury

GABAAR gamma-aminobutyric acid A receptor

GLT-1 glutamate transporter 1

HVA high voltage activated

HFOs high-frequency oscillations

HI-DEF high dose deferoxamine in intracerebral hemorrhage

HMGB1 high mobility group box protein-1

HO-1 heme oxygenase-1

IL interleukin

IL-1β interleukin-1 beta

IL-1R1 interleukin-1 receptor 1

IRP iron regulatory protein

i.v. intravenous

LFPI lateral FPI

LVA low-voltage-activated

miRNA micro RNA

MRI magnetic resonance imaging

mTOR mechanistic target of rapamycin

mAchR muscarinic ylcholine receptor

NFκB nuclear factor kappa-B

NMDA N-methyl-D-aspartate

PGE2 prostaglandin E2

PN postnatal day

PP2A protein phosphatase 2A

p-tau hyperphosphorylated tau

PTE post-traumatic epilepsy

PTZ pentylenetetrazole

rHFOSs repetitive HFOs with spikes
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SC58125 COX2 inhibitor

SE status epilepticus

TBI traumatic brain injury

TGFβ transforming growth factor beta

TLE temporal lobe epilepsy

TLR4 toll-like receptor 4

TNFα tumor necrosis factor alpha

TNFR tumor necrosis factor receptor

TRPC6 receptor potential canonical channel 6

vEEG video EEG
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Fig. 1. 
A TBI triggers the upregulation of a wide range of pro-inflammatory mediators and their 

signaling pathways. Many of these, including those noted here, have been implicated in the 

development of epilepsy based on observations in patient samples as well as experimental 

manipulations in small animal models. See text for further details and source citations. 

Abbreviations: COX-2 = cyclooxygenase-2, CX3CR1 = CX3C chemokine receptor 1, C5ar1 

= complement component 5a receptor 1, HMGB1 = high mobility group box protein-1, 

IL-1β = interleukin-1 beta, IL-1R1 = interleukin-1 receptor 1, NFκB = nuclear factor kappa-

B; PGE2 = prostaglandin E2, MAPK = p38 mitogen activated protein kinase, TGFβ = 

transforming growth factor beta, TLR4 = toll-like receptor 4, TNFα = tumor necrosis factor 

alpha, TNFR1 = tumor necrosis factor receptor 1.
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