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Abstract

Posttraumatic epilepsy (PTE) is one of the most common and devastating complications of 

traumatic brain injury (TBI). Currently, the etiopathology and mechanisms of PTE are poorly 

understood and as a result, there is no effective treatment or means to prevent it. Antiepileptic 

drugs remain common preventive strategies in the management of TBI to control acute 

posttraumatic seizures and to prevent the development of PTE, although their efficacy in the latter 

case is disputed. Different strategies of PTE prophylaxis have been showing promise in preclinical 

models, but their translation to the clinic still remains elusive due in part to the variability of these 

models and the fact they do not recapitulate all complex pathologies associated with human TBI. 

TBI is a multifaceted disorder reflected in several potentially epileptogenic alterations in the brain, 

including mechanical neuronal and vascular damage, parenchymal and subarachnoid hemorrhage, 

subsequent toxicity caused by iron-rich hemoglobin breakdown products, and energy disruption 

resulting in secondary injuries, including excitotoxicity, gliosis, and neuroinflammation, often 

coexisting to a different degree. Several in vivo models have been developed to reproduce the 

acute TBI cascade of events, to reflect its anatomical pathologies, and to replicate neurological 

deficits. Although acute and chronic recurrent posttraumatic seizures are well-recognized 

phenomena in these models, there is only a limited number of studies focused on PTE. The most 

used mechanical TBI models with documented electroencephalographic and behavioral seizures 

with remote epileptogenesis include fluid percussion, controlled cortical impact, and weight-drop. 

This chapter describes the most popular models of PTE-induced TBI models, focusing on the 

controlled cortical impact and the fluid percussion injury models, the methods of behavioral and 

electroencephalogram seizure assessments, and other approaches to detect epileptogenic 

properties, and discusses their potential application for translational research.
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1 Introduction

1.1 Development of Posttraumatic Epilepsy (PTE) Following Brain Injuries

Traumatic brain injury (TBI) afflicts over ten million people worldwide and around 1.7 

million in the United States alone annually, and is also a hallmark injury of the wars in Iraq 

and Afghanistan [1]. TBI often results in the development of devastating chronic 

consequences that significantly affect the quality of life of survivors. PTE is one such 

common consequence of brain injury [2–5] and TBI is among the major causes of acquired 

epilepsy [6], accounting for about 5 % of the over three million all of epilepsy cases in the 

US. One remarkable feature of PTE is the variable, often very prolonged, latency from 

injury to epilepsy, which can range from weeks to years [2, 3, 7]. In general, according to 

the International League Against Epilepsy (ILAE), epilepsy is defined as a brain disorder 

that is characterized by either of the following conditions: (a) Operational (practical) clinical 

definition of epilepsy at least two unprovoked (or reflex) seizures occurring >24 h apart; (b) 

One unprovoked (or reflex) seizure and a probability of further seizures similar to the 

general recurrence risk (at least 60 %) after two unprovoked seizures occurring within the 

next 10 years, or (c) Diagnosis of an epilepsy syndrome [8]. The development of acute 

posttraumatic seizure (PTS) occurring within weeks after TBI is a common complication of 

TBI and is often thought to be associated with the progression of PTE further along in life. 

The reoccurrence of epileptic seizures within the next 2 years in TBI patients with a single 

acute PTS might be as high as 86 % and the remission rates with longer terms are 25–40 % 

[9]. The PTS resulting from brain injury or surgery often are categorized as “early” or “late” 

PTS, occurring within a week or after a week following injury, respectively. “Late” PTS may 

even occur months or years after initial injury; PTE is a disorder that is characterized by 

reoccurring “late” seizures.

The etiology of PTE, as well as other types of epilepsy in general, is currently poorly 

understood and there is little known about the pathophysiological processes involved in the 

generation of individual seizures or the progression of PTE. The need for better 

understanding of the detailed molecular mechanisms underlying these processes is among 

the major translational challenges for those who are developing treatment and prophylactic 

strategies [1, 10]. Treatment with antiepileptic drugs (AEDs) aimed at controlling seizures 

remains the principal option for most epilepsy patients, although almost 30 % of those who 

suffer from epilepsy are resistant to such medications [11–13].

1.1.1 Risk Factors for the Devel-opment of PTE—Understanding of the risk factors 

for the development of PTE after TBI is important so that preclinical research can allow for 

reliable modeling of the clinical features as well as better control of the conditions to assure 

the reproducibility of the results and decrease the variability of the outcome measures in 

animal models. Intensive studies performed over the past century documented that 

penetrating TBI is a well-established risk factor for PTE with significantly higher incidence 

compared to closed head injuries, including contusions and concussions, although these 

studies were focused mostly on severe brain injuries from wounds garnered in war, with up 

to 53 % of patients having penetrating wounds [3, 7], reviewed in [9]. Historically, 
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anatomical brain injuries from a blast have not been commonly detected. However, in recent 

conflicts, blast exposure has been the most common mechanism of injury, accounting for 

over 80 % of TBI cases in veterans of the Iraq and Afghanistan wars. The risk factors and 

prevalence of PTE in blast-induced TBI is currently poorly understood, in part because the 

occurrence of PTE is normally observed over several years after initial injury and the latency 

may be even more prolonged with mild injuries. Blast-induced TBI is often associated with 

persistent post-concussive syndrome, posttraumatic stress disorder (PTSD), and chronic 

pain, and may pose a significant risk of PTE [14]. Limited clinical data suggest that the 

prevalence of psychogenic nonepileptic seizures is more characteristic in blast-induced TBI 

[15]. A small study including veterans who were assigned an outpatient diagnosis of both 

epilepsy and TBI has shown that the diagnosis of PTE was clinically confirmed in 18 % of 

the sample, whereas a diagnosis of nonepileptic, or psychogenic, seizures was suspected in 

44 % of the patients [15]. Similar tendencies are observed in TBI patients from the civilian 

population [16]. In children, PTS following TBI affects 12–35 % of children after TBI and 

the occurrence of PTS is associated with worse cognitive and functional outcome after 

adjustment for injury severity [17].

Significant risk factors for the development of both “early” (within 1 week following TBI) 

and “late” (after 1 week following TBI) PTS include acute intracerebral and subdural 

hematomas, surgery for an intracerebral hematoma, increased injury severity (Glasgow 

Coma Scale in the severe range of 3–8), depressed skull fractures, and dural penetration [9, 

16]. Younger age is a risk factor for the development of “early” PTS, whereas older age at 

the time of injury (over 65 years) is a risk factor for “late” PTS [9]. In addition, the risk 

factors include preexisting conditions such as chronic alcoholism. The age-related 

occurrence of the seizures and acquired epilepsies are also observed in other brain injuries. 

For example, post-stroke seizures and post-stroke epilepsy are widely recognized 

neurological consequences of stroke, especially in the elderly population [18].

1.1.2 Clinical Management of TBI and PTE—Despite extensive research and limited 

success with preclinical trials with numerous neuroprotective strategies, the translational 

viability of such approaches is still elusive [19]. To date, the reduction in elevated 

intracranial pressure using decompressive craniectomy remains one of the common 

symptomatic treatments with proven efficacy for reducing mortality following TBI. 

However, such lifesaving treatment is associated with acute post-craniectomy seizures with a 

high risk (76.2 %) of development of epilepsy [20]. Due to the increased risk of seizures 

after TBI and the possible association of acute seizures with the development of PTE, 

several common antiepileptic drugs (AEDs) are routinely used in clinical practice, although 

their efficacy in the prophylaxis of PTE is disputed [21–28]. Phenytoin and, most recently, 

levetiracetam are commonly used in the clinic to control PTS and as prophylaxis for PTE 

[21–23]. These AEDs have different mechanisms of action and, accordingly, differentially 

affect seizure outcomes in preclinical models. For example, a recent study showed that none 

of the drugs studied (phenytoin, phenobarbital, carbamazepine, valproate, or some 

combination therein) gave reliable evidence that it prevented, or even suppressed, epileptic 

seizures after TBI [25].
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Phenytoin is considered a classic anticonvulsant, exhibiting an immediate effect on 

electrically or chemically induced seizures, whereas levetiracetam is not effective in such 

acute models but demonstrates antiepileptic properties in chronic seizure models. In 

addition, limited preclinical data suggest that chronic treatment with levetiracetam may also 

have neuroprotective properties [29], whereas chronic treatment with phenytoin is 

deleterious [30], although these studies neither assessed seizures nor other PTE outcomes. 

Interestingly, certain AEDs are commonly used in the clinic for treatment and prophylaxis of 

chronic headaches and migraine, suggesting the presence of common mechanisms involved 

in the progression of these disorders. In general, a relationship between epilepsy and 

migraine has long been recognized, but the nature of this interaction is still debated [31]. 

Chronic posttraumatic headaches or migraine occurs in up to 90 % of TBI patients [32], 

whereas PTE occurs in approximately 10 % of TBI patients with closed head trauma and in 

over 50 % in patients with penetrating TBI [2–5].

In addition, a significant proportion of TBI patients suffer “silent” non-convulsive seizures, 

including many without evident behavioral manifestations that can only be conclusively 

diagnosed by electroencephalogram (EEG) [33, 34]. The incidence of non-convulsive 

seizures has been reported to be from 18 to 38 % in neurointensive care patients [35–40], 

with the incidence in patients with brain lesions even higher (up to 55 %) [41].

1.2 Putative Mechanisms Underlying the Development of PTE

TBI causes potentially epileptogenic brain damage through several coexisting mechanisms, 

including mechanical damage, and primary and secondary excitotoxicity associated with 

ischemia, intra-cerebral and subdural hemorrhage, and neuroinflammation [12]. In addition, 

it is widely recognized that different acute brain injuries involving many common injury 

mechanisms such as ischemic and hemorrhage strokes are associated with increased 

prevalence of acute seizures and acquired epilepsy [18]. The anatomical brain pathologies 

resulting from these brain injuries often resemble brain pathologies observed in epilepsy 

patients, suggesting the existence of common mechanisms in these neurological disorders.

The clinical and pathophysiological features of PTE closely resemble many features of 

temporal lobe epilepsy. Well-recognized hallmarks of PTE that could be reproduced in 

animal TBI/PTE models include: (a) chronic seizure susceptibility; (b) persistent 

hyperexcitability in the dentate gyrus; (c) hippocampal sclerosis selective cell loss in the 

hilus of the dentate gyrus and CA3 area of the hippocampus, and (d) synaptic reorganization 

of mossy fiber.

1.2.1 Cortical and Hippocampal Damage After TBI Associated with 
Epileptogenesis—It is believed that one of the most important factors associated with 

acute seizures and the development of PTE is the level of mechanical brain damage and 

brain lesions resulting from secondary neurodegenerative processes. It is well recognized 

that seizure susceptibility is associated with the severity of TBI and that total brain volume 

loss predicts seizure frequency [2]. In addition, experimental and clinical data suggest that 

hippocampal damage resulting from TBI is also associated with recurrent seizure activity 

and might be involved in the etiology of PTE [42, 43]. In human TBI patients, reduction of 
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hippocampal volume and alterations in cortico-subcortical connectivity are well-recognized 

phenomena following TBI and the levels of anatomical pathology associated with cognitive 

and neurological outcomes [44–47]. Importantly, hippocampal atrophy after TBI reported in 

humans resembles the hippocampal sclerosis often associated with temporal lobe epilepsy 

[44], and the presence of such hippocampal sclerosis is associated with poor prognosis and a 

significantly higher rate of AED resistance [48]. Selective hippocampal cell death has been 

reported in several common preclinical TBI models, including fluid percussion injury (FPI) 

controlled cortical impact (CCI; mouse) [49], and weight-drop impact acceleration injury 

[43]. Further, the data suggest that an early and selective cell loss in the hilus of the dentate 

gyrus and CA3 areas of the hippocampus is associated with enhanced susceptibility to 

pentylenetetrazole (PTZ)-induced seizures up to 15 weeks following experimental TBI [43].

1.2.2 Ischemia and Hypoxia Following TBI—Brain ischemia and hypoxia associated 

with primary vascular damage and secondary injuries are common features of TBI, affecting 

overall neurological outcomes and mortality [50]. It is well recognized that brain ischemia is 

associated with glutamate-induced excitotoxicity, and thus, the lowering of the seizure 

threshold resulting from depolarization is believed to be one of the major contributory 

factors to seizure. Although ischemia following TBI is commonly associated with severe 

head injury, there is also evidence of its association with moderate or mild head injuries 

[51]. Clinical and preclinical studies suggest that the persistent micro-vascular damage that 

occurs at chronic stages following TBI resembles microvascular pathologies associated with 

Alzheimer disease and might be involved in chronic neurodegenerative processes associated 

with these disorders [52]. On the other hand, the evidence indicates that different ischemic 

brain injuries are associated with the increased risk of the development of acute seizures and 

epilepsies. Acute seizures and the increased prevalence of epilepsy are widely recognized 

neurological consequences of cerebral ischemia. The stroke is also the primary cause of 

symptomatic epilepsy in the elderly population [18]. In hospital settings, up to 40 % of 

stroke patients experience seizures manifested as clinical motor convulsions [53, 54]. 

However, similar to TBI patients, a significant proportion of stroke patients suffer seizures 

that may or may not have evident behavioral manifestations and that could be conclusively 

diagnosed only by EEG [33, 34, 53, 54]. Convulsive and non-convulsive seizures are 

associated with poor outcome and increased mortality [33, 55]. In addition, non-convulsive 

seizures are also connected with a decline in patient outcome after ischemic brain injury, and 

are significantly more refractory to AED therapy as compared to convulsive seizures [28, 37, 

56].

1.2.3 Hemorrhage and Hemoglobin Breakdown Products—In the hospital setting, 

the proportion of stroke patients experiencing seizures varies from 1 to 40 %, which may be 

due to differences in study design and diagnostic criteria [53, 54]. ICH and sub-arachnoid 

hemorrhage (SAH) are associated with increased risk for early offset seizures, as defined as 

1–15 days after the hemorrhagic stroke [53, 55, 57]. Most seizures associated with ICH 

occur at onset or within the first 24 h [57, 58]. In about 18 % of patients with SAH, seizures 

occur before admission and in 4–10 % of patients after admission to hospital; in aneurysmal 

SAH, the percentage is higher (10–26 %) [59, 60]. The hemorrhagic component associated 
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with acute stroke is associated with increased risk of development of epilepsy and poor 

quality of life [53, 54, 61, 62].

Although the detailed mechanisms involving in seizure initiation and epileptogenesis 

associated with ICH are not currently established, the data obtained in animal models 

suggest that hemolysis, the formation of reactive hemoglobin breakdown products, and 

accumulation of free iron and iron-rich compounds such as hemosiderin may play significant 

role [63–65]. Interestingly, recent preclinical data demonstrate chronic progressive punctate 

deposition of hemosiderin in the traumatic brain [66]. The experimental data suggest that in 

an iron-induced epilepsy model, which is often referred to as a PTE model, the main 

mechanisms underlying seizure activity involve N-methyl-d-aspartate (NMDA)-receptor-

mediated glutamate excitotoxicity, formation of reactive oxygen species, and subsequent 

membrane lipid peroxidation, and neuronal cell death [64, 65, 67, 68].

1.2.4 Blood–Brain Barrier (BBB) Disruption in PTS and PTE—The role of BBB 

dysfunction has long been suggested as a factor of epileptogenesis [69, 70]. A concern for 

the possible role of the BBB in the various epilepsies has been based on ultrastructural 

studies that demonstrated increased micropinocytosis in cerebral capillaries during seizures. 

Preclinical results indicate that evolving white matter degeneration following experimental 

TBI is associated with significantly delayed microvascular damage and focal microbleeds 

that are temporally and regionally associated with the development of punctate BBB 

breakdown and progressive inflammatory responses [66]. Experimental and clinical 

evidence suggest that BBB pathologies are associated with several potentially epileptogenic 

abnormalities connected to brain injuries such as infiltration of erythrocytes and other blood 

cells and blood components resulting in hemoglobin-related products which collectively are 

associated with inflammatory mechanisms with augmented neuronal activity [70, 71]. 

Interestingly, acute and chronic BBB pathologies and neurodegeneration in TBI models are 

associated with biomarker responses similar to those observed in one of a most common 

seizure model induced by kainic acid neurotoxicity [66, 72, 73].

1.2.5 Neuroinflammation—Neuroinflammation is characterized by the activation of 

several neuronal and glial pathways in response to insult or injury, primarily involving 

microglia that are considered to be the resident innate immune cells in the brain, resulting in 

the release of proinflammatory cytokines and other mediators. Infiltrating macrophages 

could also trigger a parallel inflammatory cascade. A growing body of experimental and 

clinical evidence suggests that neuroinflammation involving the increased production of 

various proinfammatory molecules. Among them, the so-called proinflammatory 

prostaglandins results from the upregulation of cyclooxygenase (COX) and prostaglandin E 

synthase (PGES) enzymes in the head and the spinal cord after trauma [30, 32, 74–76] and 

these prostaglandins consequently affect related neurological disorders such as stroke, 

seizure disorders, and epilepsy [77, 78]. Several preclinical studies using different animal 

models demonstrated COX-2 upregulation during the seizures, mainly in hippocampal 

neurons and glia [79, 80], and this upregulation was associated with increased neuronal 

activity. There are two major isotypes of COX enzymes expressed in the brain: COX-1 and 

COX-2, often called constitutive and inducible, respectively, that are encoded by different 
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genes and differently respond to traumatic insults or toxic stimuli. Although both COX-1 

and COX-2 are constitutively expressed in the brain, the levels of their expression may 

change during pathological conditions [81]. Data suggest that the COX-2 expression is 

primarily increased in the brain in response to a variety of brain injuries and diseases 

involving excitotoxic brain damage, ischemic and hypoxic insults, and ICH, and increased 

COX-2 immunoreactivity has been demonstrated in both microglia and neurons [82–84]. A 

number of studies in rats and mice subjected to TBI demonstrated that COX-2 expression is 

increased mainly in ipsilateral cortex and hippocampus [74–76, 85, 86]. However, the level 

of COX-2 expression is more profound in the hippocampus, with significant increases 

starting within hours after injury and persisting up to 2 weeks [30, 32, 87]. The increased 

COX-2 mRNA immunoreactivity was localized through neuronal and astrocytic markers: 

MAP2 and GFAP, respectively [87]. Additionally, some preclinical data suggest that both the 

selective and non-selective COX-2 inhibitors currently in use clinically might also be used 

for the treatment of neurological disorders, notably ischemic stroke [88–92] and TBI [30, 

32, 74, 75], though studies have also shown that COX-2 induction following TBI may play a 

protective role [75, 76].

However, one has to be consistently careful of well-documented adverse side effects of 

COX-2 inhibitors [93]. Similarly, targeting downstream COX-2 pathways such as selective 

prostaglandin receptors PGE 2 EP1 and PGF 2α FP receptors have been suggested as an 

alternative to COX-2 inhibitors affecting total prostaglandin production. Pharmacological 

blockade or genetic deletion of FP receptor improves some outcomes in mouse TBI model 

[94]. However, the role of the EP1 receptor is complex and its blockade differentially affects 

outcomes in different neurological conditions such as ischemia [88–92], hemorrhagic stroke 

[85, 95], excitotoxicity [88, 89, 91], epilepsy [96, 97], surgical brain injury [98], and TBI 

[49, 99]. Interestingly, blockade of the EP1 receptor was tested as a strategy in the treatment 

of epilepsy [96, 97], but to reach a desired effect, it required up to a 1000-fold higher dose of 

one of the commonly used antagonists (i.e., SC-51089) [97] than that used in models of 

stroke and NMDA-induced excitotoxicity [100].

Increased prostaglandin levels has been described in a wide range of animal models of 

epilepsy, including with both chemically (e.g., kainic acid [80, 101–103], NMDA [104], 

PTZ [105–110], picrotoxin [106], and pilocarpine [111]) or electrically induced seizures, as 

well as during seizures in epileptic and convulsion-susceptible strains [112, 113]. One 

difference between these models is PGF 2α, one of the major prostanoids increased during 

seizures, and the data indicate that this increase is due to augmented neuronal activity [106, 

108, 113]. On the other hand, there is experimental evidence that in rodent PTZ and kainic 

acid mouse models, the increased levels of PGF 2α preceded epileptic activity [114], which 

might be considered a factor modulating seizure susceptibility. Although PGF 2α is elevated 

during seizures, its role has long been disputed. Interestingly, recent data suggested the 

differential roles of the PGF 2α cognate FP receptor in TBI and seizure models. The 

pharmacological blockade of the FP receptor after TBI with a selective antagonist (i.e., 

AL-8010) improves neurological outcomes and hippocampal swelling [94]. In contrast, the 

data obtained in immature and adult models of kainic acid-induced seizures demonstrated 

that the decrease in PGF 2α levels or blockade of FP receptors worsened seizure outcomes 

[115, 116].
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1.3 Animal Models of PTE

Several animal models have been developed to reproduce the mechanics of TBI, reflect its 

anatomical pathologies, and replicate its neurological deficits. Historically, the development 

of preclinical models was focused on using larger animals, which were further adapted to 

rodent species. Although larger animals with gyrencephalic brains are likely more closely 

reflect neurophysiological and biomechanical aspects of human TBI, recent rodent models 

have become standard in TBI and epilepsy research because of their modest cost, small size, 

and accelerated development compared to larger animals, in addition to some of their well-

characterized outcome measures. Currently, the most widely used preclinical models in TBI 

research include FPI [117], CCI injury [118, 119], weight-drop impact acceleration injury 

[120], and blast injury [121].

Acute and chronic recurrent PTS is a well-recognized and commonly observed phenomena 

observed in most of these models using different species except with blast injuries. However, 

there is only a limited number of studies using these models that are specifically focused on 

PTE, probably because of its chronic nature and complicated outcome assessment. The most 

commonly used mechanical TBI models with documented electroencephalographic and 

behavioral seizures and remote epileptogenesis include FPI, CCI, and weight-drop.

Recent clinical data suggest the utility of modern neuroimaging techniques for the prognosis 

of long-term TBI outcomes; that would likely also be useful for revealing the mechanisms 

underlying PTE. Nonetheless, prospective clinical studies employing advanced brain 

imaging and EEG monitoring, as well as preclinical research and development of improved 

animal models closely reflecting all features and aspects of human disease, are still 

warranted to better understand the phenotypes and etiopathology of PTE [122].

Preclinical models of brain contusion and concussion are among the most widely used 

models of PTE, as they represent the biomechanics, brain pathology, and neurological 

deficits characteristic of human TBI. In contrast, even some clinical and experimental data 

suggest epileptogenic alterations following blast injury preclinical studies focusing on PTS 

or PTE are still warranted.

1.3.1 PTS in Animal Models of Blast Injury—In blast animal models, the occurrence 

of PTS or EEG epileptiform is not generally assessed for reported outcomes [123]. There are 

several models of blast exposure-induced TBI often referred to as overpressure injury (OBI) 

that produce different severities of TBI. A lack of seizure data in blast models might be due 

to fewer blast studies compared to other models; it is also possible that the impact 

magnitudes used in most of these studies was insufficient to produce injury with obvious 

seizure outcomes.

Only a few studies employed EEG in the blast models and the data suggest that blast affects 

electrophysiological properties associated with brain injury at acute time points similar to 

those observed in contusive or concussive models of TBI, but provided no evidence of 

epileptiform activity observed in other models of TBI and stroke. For example, the exposure 

of goats to a biphasic blast waveform comprising incident and reflection peaks caused 

alterations in EEG waveforms including an increase in amplitude and a decrease in 
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frequency reflecting brain depression that was associated with substantial changes in gross 

brain pathology assessed microscopically, including SAH and parenchymal hemorrhage, 

enlarged perivascular space, vascular dilatation, and congestion accompanied by elevated 

serum concentrations of S-100β and specific enolase at acute time points [124]. In rabbits, 

blast exposure caused characteristic systemic responses (e.g., mean arterial pressure, 

bradycardia, fast and shallow respiration) and significant increases in both frequency and 

amplitude of EEG activity, but there were no anatomical changes such as hemorrhage or 

brain lesions [125]. Acute PTSs were reported following severe blast and, based on our best 

knowledge, there are no published studies to date reporting the occurrence of chronic 

seizures or epileptogenic changes.

1.3.2 PTS and PTE in FPI Models—The FPI model is one of the most commonly used 

models of TBI and is one of the most commonly used models of PTS and PTE. The main 

advantages of this model are a relatively simple setup and a possibility for inducing 

pathophysiological features of human brain trauma (with the intrinsic caveats of the given 

species brain anatomy), including intracranial hemorrhage, brain swelling (edema), changes 

in intracranial pressure, and progressive grey matter lesions [126, 127]. It is also often 

considered as model of diffuse TBI. However, one of the disadvantages of this model is a 

requirement for precise surgical procedures and control of the injury parameters in the 

commonly used devices where even minor deviations may result in significant variability of 

the outcomes and relatively high mortality compared to other models. However, recently a 

pneumatic instrument with microprocessor-controlled pressure and dwell time has been 

developed to address operational concerns and reproducibility issues presented in standard 

FPI devices [128]. Initially, the FPI model was developed for use in cats and rabbits [129–

131] and was soon adapted for use in rats [132, 133] and mice [134]. The FPI model 

produces a rapid controlled fluid pressure pulse applied directly to the dura mater through a 

craniotomy window, causing a brief deformation of brain tissue. The change in pressure is 

produced by moving a pendulum striking the plunger of a cylinder filled with a fluid (e.g., 

physiological solution, PBS, ACSF).

There are three major variations of this model based on the position of craniotomy: midline, 

parasagittal, and lateral. Of these three variations, the lateral FPI in rodents is currently the 

most commonly used for small animals [133, 134]. FPI model has been used in many 

different species, including cats [135], rabbits [130], dogs and sheep [136], rats [137], mice 

[134, 138], and pigs [137, 139].

The pressure is a variable that allows for control of injury severity in the FPI model, 

affecting overall neurological and anatomical outcomes. In rats, lateral FPI produces a 

combination of focal cortical contusion and diffuse subcortical neuronal injury extended to 

the hippocampus and thalamus, but the progression of delayed neuronal cell death following 

FPI brain injury is slower than in the CCI model and the tissue loss and the glial scarring 

progress within a year after initial impact [140, 141]. Similarly, cognitive dysfunction and 

neurological impairment persist for more than a year following severe FPI [132].

In midline FPI models, at acute tine points, hemorrhage is present in the corpus callosum, 

fimbria hippocampi, and thalamus, and to a lesser extent, in the brain stem [117]. The mossy 
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fiber sprouting in the dentate gyrus revealed by Timm’s sulfide silver staining can be 

observed at both acute and chronic time points [142]. The anatomical pathology in the FPI 

model is associated with neurological locomotor deficits persistent within the first week of 

injury, even at moderate magnitudes [117].

An investigation of acute EEG changes after FPI with different pressure magnitudes 

reflecting injury severity has shown significant decreases in EEG amplitude immediately 

after initial impact injury, and decreases in delta frequency band (1–4 Hz) activity with more 

profound changes at higher injury severity [137]. In addition, the changes in waveform 

dynamics are important for acute outcomes. A study of the effects of peak pressure on 

neurological outcomes performed in juvenile rats using a programmable FPI device has 

shown that FPI with the parameter of fast-rising pressure, which could be translated as a 

primary concussive injury, caused less profound acute neurological outcomes (including 

fewer incidences of seizure) and decreased acute neurodegeneration of hilar neurons within 

hours after injury compared to a standard rise in injury pressure parameters [143]. However, 

one week after injury, the differences in hilar cell loss and dentate hyperexcitability between 

fast and standard peak pressure rates were no longer significant.

Alteration of Gene Expression After FPI Associated with Epilepsy and 
Seizures: Excitotoxic neurodegeneration in the hippocampus is evident within the first hours 

following FPI neuronal hilar cell loss and neuronal cell death has progressed within the first 

week or weeks after FPI; the pattern of cell death resembles, to a certain extent, the pattern 

of neuronal death observed in some patients with temporal lobe epilepsy [143, 144]. Lateral 

FPI injury leads to enhanced expression of the selected immediate early gene markers 

associated with neuronal hyperactivation within 24 h after injury, including brain-derived 

neurotrophic factor (BDNF) and c-fos in the ipsilateral hippocampus and Bax in both 

ipsilateral and contralateral hippocampi, and these changes in the immediate early gene 

responses are associated with overactivation of NMDA receptors [145]. The overactivation 

of the glutamate receptors seems to play a major role in the hyperexcitability characteristic 

of FPI, resulting in excitotoxic cell death. One week after FPI injury, there is neuronal hilar 

cell loss assessed by silver staining and increased dentate field excitability in response to 

stimulation of the perforant path [142, 143]. The electrophysiological changes recorded in 

vitro demonstrate a long-lasting increase in the frequency of spontaneous inhibitory 

postsynaptic currents (IPSCs) that were associated with the augmented activity of inotropic 

glutamate receptors [142].

Electrophysiological recordings from slices obtained from FPI-injured rats has demonstrated 

that the injury caused a persistent decrease in the threshold to induction of seizure-like 

electrical activity in response to high-frequency tetanic stimulation in the ipsilateral 

hippocampus [142]. In vitro studies have shown electro-physiological changes resulting in 

neuronal hyperexcitability and associated with reactive gliosis such as abnormalities in 

potassium conductance and local field potential recordings, suppressed paired-pulse 

facilitation, enhanced evoked and miniature glutamatergic excitatory postsynaptic potential, 

and decreased in the frequency of miniature inhibitory postsynaptic currents (IPSCs) [146–

149]. When in vitro electrophysiological recordings from rat slices that underwent FPI were 

compared to the data obtained from the animals with chronic pilocarpine-induced epilepsy, 
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the results revealed that the changes within the limbic system resulting from TBI are 

qualitatively similar but quantitatively less severe than changes in rats with chronic temporal 

lobe epilepsy [150].

Acute PTS and the Development of Epilepsy After FPI: In a midline FPI model, tonic–

clonic seizure-like convulsions were noted in early studies, although the convulsions were 

evident only in animals injured at higher levels of pressure, and the occurrence of PTS was 

associated with increased mortality [117]. The seizures were observed in only in 11–15 % of 

surviving rats who underwent FPI, whereas the incidence of seizures was much greater in 

nonsurviving rats (33–80 %); the occurrence of convulsions was not related to the magnitude 

of injury [117]. Another study has shown that PTSs were observed in about 50 % of rats 

within 15 min after FPI [151].

In rats, single severe lateral FPI in rats is sufficient to induce spontaneous chronic seizures 

evident on intracortical EEG recordings associated with behavioral manifestations [146, 

152]. Interestingly, experimental PTE outcomes in lateral FPI strongly depend on the 

location of injury [153]. Epileptiform activity without behavioral seizure manifestation 

occurs 5 weeks after lateral FPI and this activity progresses with time; by 33 weeks after 

impact, nearly all rats who underwent FPI exhibited spontaneous convulsive and non-

convulsive seizures. In addition, the latter study reported the occurrence of non-convulsive 

seizures of lesser severity and duration in some control animals and in over 50 % of rats who 

underwent sham procedures [154].

PTZ Challenge Test as a Measure of Epileptogenesis After FPI: The occurrence of acute 

and chronic spontaneous behavioral seizures is strongly associated with injury severity. The 

seizure could be only observed following FPI with the pressure magnitudes corresponding to 

severe TBI, whereas in the models with moderate injuries, behavioral seizures are not 

evident [43, 142, 155]. In addition, chronic spontaneous seizures generally develop within 

several weeks after induction of FPI.

Thus, to study epileptogenic changes in mild or moderate FPI models or at subacute time 

points, surrogate tests of epileptogenesis employing induction of seizures with ether bolus 

injection of infusion of PTZ to assess seizure severity using the Racine’s scale or measure 

seizure threshold. The data using a bolus injection of PTZ at a dose below the seizure 

threshold in non-injured animals have shown that FPI causes an increase in seizure 

susceptibility [156]. Persistently enhanced susceptibility to PTZ-induced seizures was 

observed for at least 6 months after FPI, even in animals that had no spontaneous seizures 

[43]. However, seizure susceptibility in injured rats was comparable to that in control 

animals with the lowest number of neurons immunoreactive for parvalbumin, a calcium-

binding albumin protein, in the reticular nucleus of the thalamus [157].

The dependence of seizure susceptibility on the magnitude of injury suggests that 

epileptogenesis is associated with anatomical damage and neuroprotective strategy following 

TBI and will be also beneficial against the development of PTE. Neuroprotective treatment 

with hypothermia for 4 h immediately after FPI significantly decreased PTZ-induced seizure 

susceptibility and attenuated mossy fiber sprouting, a hallmark of the epileptic brain 
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compared with normothermic controls 12 weeks after recovery following experimental TBI 

[158]. In addition, increased seizure susceptibility in FPI-injured rats determined using the 

PTZ challenge was associated with enhanced neuronal activity detected on BOLD-fMRI, but 

not EEG abnormalities assessed 1 week before the PTZ test [159]. On the other hand, 

induction of seizures with PTZ in rats who underwent FPI resulted in worsened anatomical 

outcomes such as lesion size and neuronal cell death in the CA3 region of the hippocampus 

and mossy fiber sprouting [156].

Pharmacological Interventions Affecting TBI and PTE Outcomes in FPI Model: A 

limited number of studies have shown that some pharmacological interventions may 

ameliorate PTS and attempts were made to test whether AEDs used clinically could protect 

from experimental TBI. Interestingly, rats administered tacrolimus, a calcineurin inhibitor, 

acutely after TBI showed significantly fewer non-convulsive seizures than untreated rats 

months after FPI, but a similar degree of cortical atrophy [154]. In addition, attempts were 

made to use common AEDs for neuroprotection following FPI. A study performed with the 

slices from rats receiving treatment with felbamate after FPI exhibited long-term 

potentiation in the CA1 region of the hippocampus, which is suppressed in untreated 

animals, suggesting that the neuroprotective property of felbamate is neuroprotective against 

traumatic neuronal injury [160]. Another study has shown no significant effects of 

lacosamide on anatomical damage or functional recovery [161].

1.3.3 PTS and PTE in CCI Injury Model—CCI is one of the most commonly used TBI 

models, primarily due to the tight control of injury parameters and the resemblance of 

several anatomical and neurological outcomes with those observed in man following head 

trauma [119, 162–165]. Applying different CCI parameters allows for the production of 

experimental TBI with different magnitudes affecting a pattern of excitotoxic, ischemic, and 

hemorrhagic injury components that can differently affect epileptogenic cascades in the 

brain following TBI.

Thus, the CCI model allows for the reproduction, in an experimental animal, of several of 

the characteristics of human TBI, and anatomical and neurological deficits, to a certain 

degree in a controlled fashion [119, 162–165]. The CCI model study was initially developed 

as a TBI model in ferrets to reflect features of closed head trauma commonly observed in 

human TBI with distinctive characteristics of axonal injury caused by deformation of brain 

tissue that results in delayed axonal degeneration due to secondary injury that spreads over 

time via the white matter tract [162, 166]. Further CCI models were extended to rodent 

species and currently there is one of the most characterized and commonly used preclinical 

models for studying various secondary consequences of TBI such as gliosis and activation of 

neuroinflammatory cascades [119, 163–165]. To date, the CCI model has been adopted for 

many different species, including ferrets [118], rats [119, 167], mice [164], pigs [168, 169], 

and monkeys [170].

In the CCI model, the injury to the brain is induced by compression of brain tissues with a 

rigid impactor directly positioned to the cortical surface with intact dura through the 

craniectomy window using a specific pneumatically or electromagnetically driven impact 

device, allowing for the tight control of the velocity of impact, the dwelling distance, and the 
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time of compression [119, 171]. However, there are studies suggesting some advantages of 

the electromagnetic versus pneumatic devices [171].

Furthermore, using impactor tips with different diameters allows researchers to add another 

variable to change the injury severity as well as to scale the magnitudes to animal size. Both 

types of device are widely used in TBI research and are commercially available. The shape 

of the impactor (flat of rounded) may also affect biomechanical features as well as outcomes 

of experimental TBI. The craniotomy (or craniectomy) procedure is crucial for the 

reproducibility of the injury as even minor damage to the dura mater or bleeding during the 

surgery may dramatically affect anatomical behavioral outcomes and increase the variability 

of quantitative measures. Two types of craniotomy surgeries are commonly performed in the 

CCI model: without closing the craniotomy window or covering the opening with the bone 

flap secured with bone wax. However, replacing the bone flap after craniotomy surgery even 

without induction of CCI can produce considerable brain lesions [172]. In contrast, the 

craniotomy in sham animals without bone flap replacement causes no detectable brain 

lesions [69, 168]. Furthermore, based on our unpublished observations in both rats and mice, 

a craniotomy site without bone flap replacement in sham animals starts to heel within 48 h 

after surgery and is completely healed with longer time points; the bone looks normal with 

no macroscopic changes within 1–3 months, whereas in animals who underwent CCI, the 

craniotomy site could be easily detected by lesser bone thickness.

The levels of anatomical alterations in the brain after CCI depends on the injury magnitude 

from no obvious or significant macroscopic or microscopic changes at low levels to 

significant cortical contusion and subdural and intraparenchymal hemorrhages that progress 

with time and complete loss of brain tissue within the injury site, often referred as to 

cavitation, due to delayed necrosis at higher injury levels [119, 164].

Distinctive anatomical hallmarks that mimic human TBI observed in rodents include 

concussion [119], diffuse axonal injury, acute subdural and intraparenchymal hematomas 

[119], loss of cortical tissue [164], delayed hippocampal atrophy, neuronal degeneration in 

the cortex, hippocampus, and thalamus [164, 173], vascular damage [174], disruption of the 

BBB and extravasation of blood content [164], and gliosis [66, 164]. However, diffuse 

axonal injury in rodent CCI is less distinctive than that described in ferrets [162]. The 

severity of histopathological alterations show correlation with incising in velocity and depth 

of cortical deformation [171, 172, 175].

The functional changes observed in CCI injury in rodents include both cognitive and motor 

deficits [171, 176–179]. The motor deficits are transient and most resolve within months 

after CCI induction, whereas cognitive deficits are persistent and could be observed even at 

1 year after injury [176–179]. Cognitive deficits are commonly observed at chronic to 

subchronic time points and are commonly associated with anatomical changes in the brain 

such as cortical and hippocampal atrophy, progressive decrease in cerebral circulation [180], 

Aβ and Tau pathologies, and the level of impairment strictly dependents on the magnitude of 

the adjustable CCI parameters. In addition, recent behavioral studies suggest changes 

associated with emotional deficits [178, 180], which are also characteristic for human TBI; 
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although changes in emotional behavior are less dependent on the CCI magnitude compared 

with cognitive outcomes [178].

Strain- and Gender-Dependent Differences in Outcomes in CCI Models: Strain-

dependent differences in the rodent species have been extensively reported in many animal 

models of brain injuries, including models of TBI and seizures/epilepsy [176]. The mouse 

strain should be considered especially carefully as the mice from different strains have 

different sensitivities to excitotoxic injuries, reflecting the differences in seizure 

susceptibility in both chemically induced and reflex seizures models. However, in a mouse 

CCI model, the animals from different strains subjected to either to sham or experimental 

injury show significant differences in functional rather than anatomical outcomes. The 

differences are most evident in behavioral responses for performing cognitive tasks (e.g., 

learning in the Morris water maze and Barnes circular maze) [175, 181], whereas the 

differences in the performance of motor tasks are generally not significant among strains 

[175].

A study performed in three mouse strains commonly used as background in genetically 

altered mice (i.e., C57BL/6, FVB/N, and 129/SvEMS) showed that there was no significant 

difference in body weight between mice subjected to sham surgery or CCI injury or lesion 

volume induced by CCI within any of the three different strains [175], and these data are 

consistent with the results of several other studies. Importantly, the posttraumatic mossy 

fiber sprouting, an outcome implicated in epileptogenic alterations in the brain, was 

qualitatively similar among CD-1, C57BL/6, and FVB/N mouse strains [181].

Several studies performed using the CCI model suggest that gender does not critically affect 

several important CCI outcomes such as lesion severity, which is quantified using cresyl 

violet staining [168] and silver staining volume [168, 171, 177]. However, some gender 

differences were observed in temporal changes with silver staining following CCI, while the 

rate of resolution of staining between 48 h and 4 weeks was similar [177]. Interestingly, 

some outcomes following CCI showing no gender difference are in contrast to that seen in 

the weight-drop injury paradigm [177]. In addition, some gender-specific differences were 

observed in PTS activity after CCI where 33 % of male and 25 % of female wild type mice 

exhibited seizure activity within 2 h after CCI; also, some difference in seizure incidence 

was observed in A1 adenosine receptor knockout male and female mice [182].

Acute and Chronic PTS Assessment After CCI: The studies performed in rodent CCI 

models revealed the manifestation of acute and chronic behavioral seizures and EEG 

abnormalities associated with epileptiform activity and hyperexcitability in the brain [173]. 

The occurrence of acute and chronic PTS after CCI is an important outcome that represents 

clinical features of human TBI. In addition to behavioral seizures and EEG epileptiform 

discharges, CCI-induced injury results in several chronic alterations in the brain such as 

mossy fiber sprouting and delayed hippocampal lesions that are often considered hallmarks 

of temporal lobe epilepsy.

In wild type control mice following CCI injury, seizures are generally observed within the 

first hours, and these seizures are characterized by mild-to-moderate severity and short 
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duration (generally within a few seconds), whereas in genetically modified mice lacking the 

A1 adenosine receptor, the severity of seizures was significantly higher, including the 

occurrence of tonic–clonic seizures and the development of lethal status epilepsy [182]. 

Interestingly, the study also showed that A1 adenosine receptor knockout mice exhibited 

enhanced microglial responses compared to wild type mice, especially in the ipsilateral and 

contralateral cortices and thalami, and in the ipsilateral CA3 and contralateral CA1 regions 

of the hippocampus, whereas lesion and cortical volumes were not different between 

knockout and wild-type mice and Fluoro-Jade staining revealed no neuronal death in CA1 or 

CA3 regions, suggesting a critical role for microglia in epileptogenic changes after TBI 

[183]. A study performed in rats has shown that following CCI, 67 % exhibit transient 

epileptiform discharges that were significantly altered by treatment with lisuride, an agonist 

of dopamine and a partial agonist of serotonin receptors, including total duration of 

epileptiform discharges, spectral characteristics such as reduction in delta power; it also 

resulted in an increase in the mean EEG frequency representing anticonvulsive effects [184]. 

Although lisuride has significant anticonvulsive effects, it did not have significant effects on 

secondary brain damage [184].

In the mouse CCI model, spontaneous behavioral seizures occur after several weeks 

following induction of the injury and the seizure incidence depends on the severity of CCI 

parameters such as dwell distance [185]. When using 0.5 and 1 mm injury depths, seizures 

were observed in 20 and 36 % of mice, respectively, and both parameters induced mossy 

fiber sprouting [185]. A later chronic study performed in mice employing video-EEG 

monitoring for 16 weeks following CCI has shown that most PTS occur after 10 weeks 

following TBI [186]. This study was focused on the mammalian target of rapamycin 

complex 1 (mTORC1) pathway in posttraumatic epileptogenesis and the results showed that 

inhibition of this pathway with the specific inhibitor (i.e., rapamycin) for 30 days after CCI 

decreased neuronal degeneration and mossy fiber sprouting, and decreased the frequency of 

seizures and the rate of PTE [186]. Another study demonstrated that although rats did not 

develop spontaneous behavioral seizures for up to 8 weeks after CCI, they have increased 

susceptibility to bicuculline-induced seizures 1 week after injury, suggesting an increased 

hyperexcitability [187]. A chronic 9-month study performed in C57BL/6S adult male mice 

that included three 2-week continuous video-EEG monitoring showed that after CCI, 9 % of 

mice exhibited electro-graphic seizures and 82 % of mice exhibited epileptiform spiking on 

EEG and increased susceptibility to the PTZ-induced seizure threshold test [188]. These 

changes developed within 6 months after CCI and did not further progress for up to 9 

months [188].

Of interest is a PTE model induced by CCI in the immature rat, which is often called a 

pediatric PTE model. In this model, CCI is applied to 2- to 3-week-old-rats and 

epileptogenic changes occurred during maturation [17, 189]. CCI performed in 16- to 18-

week-old rats resulted in a sustained reduction of the minimal clonic seizure threshold at 2 

months of age [17]. A study using chronic video-EEG monitoring within 4–11 months after 

CCI showed the occurrence of EEG spiking in 87.5 % of rats who underwent CC and in rare 

cases even spontaneous recurrent seizures [189].
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Electrophysiological In Vitro Assessment of Epileptogenic Changes Induced by 
CCI: These investigations usually employ patch-clamp, intracellular, or extracellular 

recording techniques, allowing registration of evoked and spontaneous events at different 

time points following experimental TBI. The progressive development of neocortical 

hyperexcitability underlying spontaneous epileptiform firing could be detected 2 weeks 

following CCI [173]. The mechanisms underlying this hyperexcitability are complex and 

poorly understood. For example, CCI produces a transient decrease in the expression of the 

Kv4.2 subunit of the IK(A) channel and a reduction in IK(A) currents in the ipsilateral CA1 

pyramidal neurons 1 week after CCI but these changes were no longer significant 8 weeks 

after injury [187].

Intracellular and extracellular recordings obtained from layer V in neocortical slices from 

rats who underwent CCI revealed that characteristically evoked epileptiform discharges are 

evident even in the first week after injury, whereas spontaneous epileptiform discharges are 

evident after 2 weeks [173]. The data suggest that the hyperexcitability observed following 

CCI is associated with augmentation of excitatory reduction of inhibitory synaptic activities. 

Whole-cell patch-clamp recordings in granule cells revealed a reduction in spontaneous and 

miniature IPSC frequency in GABAergic hilar interneurons after 8–13 weeks of CCI injury, 

whereas the action potential and EPSC frequencies were increased [190]. The abnormalities 

in GABAergic transmission in hippocampal dentate granule cells resulted from CCI injury 

includes differential alterations in the function of synaptic and extrasynaptic GABA A 

receptors [126]. In addition, CCI results in the altered expression of both GABA A and 

glutamate receptor subunits, and, remarkably, an increase in NR2B protein and decrease in 

GluR1 protein expression [191].

2 Materials

2.1 Equipment and Instruments for General Surgical Procedures in Rodents

1. Stereotaxic apparatus (e.g., David Kopf Instruments, Tujunga, CA, USA) 

equipped with anesthesia nose cone (if gas anesthesia is used).

2. Anesthesia machine for gas anesthesia (e.g., tabletop non-rebreathing anesthesia 

machine, Harvard Apparatus, Holliston, MA, USA or similar).

3. High speed dental drill or surgical micro drill (e.g., Complete Bone Micro Drill 

System, Harvard Apparatus; OmniDrill25, World Precision Instruments, 

Sarasota, FL USA) and 0.5 mm diameter bit for craniotomy procedure (World 

Precision Instruments).

4. Closed loop temperature control system for small rodents Homeothermic 

Monitoring System, Harvard Apparatus). Alternatively, animal’s body 

temperature could be monitored during surgery using a low-cost electronic 

thermometer (MicroTherma 2T Hand Held Thermometer, Braintree Scientific 

Inc., Braintree, MA, USA) equipped with a rodent rectal probe (Braintree 

Scientific Inc.) and temperature-controlled heating pad (e.g., Fine Science Tools, 

Vancouver, BC, Canada).

Glushakov et al. Page 16

Methods Mol Biol. Author manuscript; available in PMC 2018 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Recovery temperature/humidity-controlled chamber (e.g., Small Animal 

Recovery Chamber/Warming Cabinet, Harvard Apparatus).

6. Surgical instruments: forceps, scissors, scalpel.

7. Surgical retractor (optional) (e.g., small animal retractor system Harvard 

Apparatus).

8. Reflex 7 or Reflex 9 wound closure system (CellPoint Scientific, Inc., 

Gaithersburg, MD, USA) for mice or rats, respectively. Alternatively, surgical 

sutures can be used.

9. Isoflurane (or other desired anesthesia gas).

10. Supplies for aseptic surgical preparation. Although the aseptic technique is 

critical for the animal surgical studies, specific aseptic techniques might be 

selected based on the internal guidelines or recommendation of institutional 

committee (e.g., Betadine, 2 % chlorhexidine, 70 % isopropyl alcohol).

11. Sterile gauze sponges, cotton tips, sterile surgical spears (e.g., BIO CEL™ and 

BIO SPEARS™, Biotech Visioncare, India).

12. Eye ointment.

13. Triple antibiotic ointment (optional).

14. Dental cement and/or veterinary acrylic adhesive (e.g., LiquiVet).

2.2 Equipment for Induction of Experimental TBI (Depending on the Experimental Model 
Used in the Study)

1. Cortical impactor device [e.g., electromagnetically driven impactor devices: 

PCI3000 PinPoint Precision Cortical Impactor (Hatteras Instruments, Cary, NC, 

USA) or Leica Impact One™ Stereotaxic Impactor (Leica), pneumatically driven 

impactor devices: Pneumatic (Cortical) Impact Device AMS 201 (AmScien 

Instruments LLC,, Richmond, VA, USA), TBI-0310 Impactor (Precision 

Systems and Instrumentation, LLC, Fairfax Station, VA].

2. Fluid Percussion Injury device (Custom Design & Fabrication, Virginia 

Commonwealth University Medical Center, Richmond, Virginia, USA). FPI 

assembly includes the base, pendulum mast, graduated protractor, ball bearing-

enhanced impact hammer assembly, acrylic fluid cylinder and bracketry, 

transducer housing, transfer tube, and a digital transducer. The device is 

completed with a self-calibrating Trauma Inducer Pressure Inducer Amplifier.

2.3 Materials for EEG Monitoring and Seizure/Epilepsy Assessment

2.3.1 Setup for EEG/Video Seizure Monitoring and Analysis

1. Biopotential amplifier (type and number of channels depend on needs) (e.g., Bio 

Potential Amplifier or Electroencephalogram Amplifier Modules, Harvard 

Apparatus).
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2. Analog-to-digital converter for digitizing of EEG (e.g., Model#: PCI-6221, 16-

Bit, 250 kS/s, 16 Analog Inputs or Model#: USB-6008, 12-Bit, 10 kS/s Low-

Cost Multifunction DAQ with required accessories, National Instruments Corp., 

Austin, TX, USA).

3. Tether and commutator to connect the biopotential amplifier to the digitizer (e.g., 

Cat#: 8204 3-channel mouse commutator/swivel, Pinnacle Technology Inc.).

4. Preamplifier Mouse Preamplifier for 3-Channel System (optional, depending on 

the equipment used, e.g., 8202, Pinnacle Technology Inc.).

5. 8-Pin Surface Mount Connector for Mice (8415-SM, Pinnacle Technology Inc.).

6. EEG headmounts (#8201-EEG headmounts, Pinnacle Technology Inc., 

Lawrence, KS).

7. Two-component epoxy for ensuring solid connections at the electrodes (e.g., 

8226 Silver Epoxy for use with mouse #8201 or #8201-EEG headmounts).

8. Mouse or rat stainless EEG screws (e.g., 8209: 0.10″ or 8212: 0.12″, Pinnacle 

Technology Inc.).

9. EEG signal acquisition software (e.g., AcqKnowledge BioPac Systems Inc., 

Santa Barbara, California). Alternatively, a custom specific for the study 

acquisition/analysis program can be written using Matlab software (Mathworks 

Co., Natick, MA).

10. Digital video surveillance system with infrared camera to enable night recording 

(e.g., Automated Video Systems).

2.3.2 Materials and Equipment: PTZ Challenge Seizure Tests

1. Pentylenetetrazole (CAS Number 54-95-5) (e.g., Cat#: P6500, Sigma-Aldrich, 

St. Louis, MO, USA).

2. ~10″ diameter circular mouse cage for performing PTZ challenge test (e.g., 

Pinnacle Technology Inc., Lawrence, KA, USA) (see Note 1).

3. Syringe infusion pump for PTZ-induced seizure threshold test (e.g., Standard 

Infusion Only PHD Ultra Syringe Pump, Harvard Apparatus) (see Note 2).

4. Syringe (depend on the syringe pump used).

5. 30 G Needles.

6. Polyethylene tubing (e.g., Cat#: PE10, Braintree Scientific Inc.; Cat#: 51150, 

Stoelting Co., Wood Dale, IL 60191 USA).

7. Medical tape to fix a needle to animal’s tail (optional) (e.g., 3M Transpore 

Transparent Tape).
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3 Methods

This section describes common protocols for induction and detection of acute PTS and/or 

chronic PTE based on the common TBI models: CCI and FPI. The main differences between 

these experimental models are reflected in the method of TBI induction, whereas most of the 

general surgical procedures such as craniotomy and electrode implantation, and EEG and 

behavioral seizure/epilepsy assessments are the same for both these models.

3.1 Animal Selection

Prior experiments, animals should be examined for their general appearance and health 

condition. The animals showing any unexpected diseases or pathology such as skin lesions, 

wound from fighting, ophthalmic pathologies should not be used. In addition, the animals 

should be excluded from the experiments if any phenotypic alternations from group 

characteristic are present including size and weight, fur condition and/or color, skull and 

body shape, and behavioral baseline tests (see Note 3). Each animal should be assigned a 

unique identification and the animals should be randomized into the study groups. It is the 

best approach to use littermates if available.

3.2 Surgical Procedures

3.2.1 Surgery Preparation

1. Prior to all procedures, anesthesia has been induced with 4 % isoflurane in a 

25 % oxygen-in-air mixture in the anesthesia induction chamber. Exposure to 

isoflurane for about 1 min is normally enough induce deep anesthesia that allows 

for removing animal’s hair within surgery site and transferring to the stereotactic 

apparatus equipped with nose cone for maintaining anesthesia and heating pad.

2. Animal’s hair is removed using any of the three methods that are currently 

commonly used: clipping with an electrical rodent hair clipper, using a chemical 

depilatory agent, or shaving with a razor.

3. Animal is transferred to the stereotaxic apparatus and connected to nose cone. 

During all surgical procedures, mice are maintained on 2 % isoflurane anesthesia 

via nose cone.

4. Eye ointment is applied on animal’s eyes to prevent drying of cornea.

5. A lubricated rectal probe is placed in the rectum to monitor animal’s body 

temperature. The body temperature is maintained with a controlled heating pad.

6. Surgery site is prepared by appropriate aseptic techniques, e.g., washing with 

2 % chlorhexidine and sterile saline for three times, starting from center and 

moving to edge.

3.3 Electrode Implantation for PTS Detection

For acute recording of acute PTS the electrodes are implanted before TBI induction, whereas 

for recording of spontaneous seizures for characterization of the experimental PTE, the 

electrodes are implanted weeks or months after experimental TBI.
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3.3.1 General Consideration for Selection of Method of EEG Monitoring and 
Type of Electrodes—Human PTE is heterogeneous in terms of seizure durations and 

semiologies and may represent simple or complex partial seizures and secondarily 

generalized seizures. Generally, PTE may represent simple or complex partial seizures and 

secondarily generalized seizures. Although initial seizures in PTE most commonly have a 

focal neocortical origin, both partial neocortical epilepsy and TLE might be developed [2]. 

For selection of the method for EEG monitoring it is important to take into consideration the 

characteristic brain pathologies characterized by significant loss of brain tissue and 

hippocampal degeneration especially at chronic stages (Fig. 1). Both single-channel and 

multiple-channel array EEG recording systems have been described for the assessment 

spontaneous seizures following TBI. The methods of EEG acquisition include unipolar, 

bipolar and average reference, and, in general, the same basic information could be obtained 

by any of these methods [192]. The choice of a method of EEG acquisition depends to a 

large extent on the specific problem addressed in the study and on the personal preference of 

the investigator. The epidural electrodes (e.g., stainless steel, Ag/AgCl) are used for both 

bipolar and unipolar recordings. Commercially available stainless steel screw electrodes 

(e.g., Plastics One, Pinnacle Technology) are an example of electrodes suitable for chronic 

EEG monitoring. However, using unipolar recording techniques allows to determine only 

overall changes in EEG activity. The EEG waveform parameters strongly depend on the 

location of the electrodes. Reference electrodes could be pleased on the distal part of skull or 

other animal’s body part (e.g., tail, cheek). The placing of electrodes at the margins of TBI 

injury on the ipsilateral side and the corresponding electrodes in the contralateral side allow 

to measure changes in EEG activity measured as a difference between the two hemispheres 

versus one reference electrode [193].

3.3.2 Selection of Position of EEG Electrode Placement—EEG electrode positions 

depend on the method of acquisition and available equipment:

1. Position of the single-channel epidural EEG electrode implantation is at the 

caudal edge of the TBI lesion.

2. For the bipolar recording, two stainless steel screws are positioned fronto-lateral 

and occipito-parasagittal to injury site, respectively.

3. For multichannel recording, the electrodes are positioned ipsilateral and 

contralateral to injury hemispheres [194]. In the ipsilateral hemisphere, one 

frontal and one parietal electrode are positioned rostral and caudal to craniotomy, 

respectively. In the ipsilateral hemisphere, one frontal and one parietal electrode 

are inserted in the corresponding positions. An additional ground electrode is 

positioned into the occipital bone caudal to lambda. The schematic of default 

EEG multiple electrode placements in rodents is shown in Fig. 2.

3.3.3 Procedures of EEG Electrode Implantation

1. Epidural stainless still screw electrodes are inserted prior to CCI induction 

proximally from the craniotomy boundary and at the same position 

contralaterally. Alternatively, scalp electrodes could be used [182].
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2. Metal parts are insulated with dental cement.

3. Baseline EEG recordings are performed for at least 10–30 min under anesthesia 

downtitrated to about 1 % of isoflurane when animal still has negative pinch toe 

reflex.

4. The EEG recording to detect acute PTS will be resumed after induction of 

experimental TBI CCI (see below).

3.3.4 Craniotomy Procedures

1. Under 2 % isoflurane anesthesia, central skin incision is made and connecting 

tissues covering skull are removed with cotton tips. Normally, spreading skin to 

sides allows for performing all further surgical procedures and other 

manipulations when gently holding the skin with a cotton tip. Using a surgical 

restrainer might be helpful.

2. Craniotomy site according to desired coordinates is marked using appropriate 

marking tool. Generally in PTE models, circular craniotomy with appropriate 

diameter to allow freely access for rigid impactor for CCI model or attach 

connector to FPI is positioned in the center of temporal bone.

3. After the skull is exposed with a central skin incision and soft tissue is removed 

with a cotton tip, circular craniotomy, ~4 mm in diameter, is made in the middle 

of the right parietal bone, about 0.5 mm from sagittal, coronal, and lambdoid 

sutures.

4. Circular craniotomy is made using an electric high-speed drill with 0.5 mm 

diameter bit periodically applying sterile saline to prevent drying of skull bone 

and overheating. Visual control using a low-power microscope during the whole 

procedure is highly preferred. It is critical to continue drilling removing a small 

amount of bone tissue around the edge until the bone cracks. Generally, the 

craniotomy procedure using electric drill takes less than 5 min. Alternatively, 

trephine device (preferably manual) might be used. However, when using 

trephine, it is more difficult to control depth to prevent damage of dura mater.

5. Bone flap is gently removed with forceps. If craniotomy is performed properly, 

the bone flap moves freely. If bone flap is still attached to the skull bone at some 

points, there is a high risk for damaging dura mater (see Note 4).

6. The exposed brain is washed with warm sterile saline to remove bone dust. Brain 

tissue should be moist all the time.

3.3.5 CCI Procedures

1. Excess of saline should be gently removed with cotton tip before position of 

impactor.

2. The impactor is positioned on the site of injury under visual control and or using 

a sound sensor if equipped (see Note 5). Visual control under magnification 

allows establishing a starting position more precisely.
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3. The impact with desired parameters is executed and the impactor is retracted.

4. Occasional minor bleeding is stopped with cotton tips from edge of craniotomy 

not touching brain surface and washed with warm saline.

The example CCI parameters for mice are as follows: impact tip diameter 3–4 mm, velocity 

3 m/s, compression time 100–200 ms, and a compression distance of 1–1.5 mm; using these 

parameters nearly 100 % of WT C57BL/6 mice exhibit behavioral PTS within 1 h after CCI. 

Characteristic subacute and chronic brain pathologies following CCI with aforementioned 

parameters are shown in Fig. 1b.

3.3.6 Lateral FPI Procedures—The general craniotomy procedures are the same as 

those described above.

1. After performing craniotomy, Luer lock hub fitting is attached to animal’s scull 

with acrylic adhesive to provide tight seal and filled with sterile saline. Brain 

tissue should be kept moist with sterile saline.

2. Animal is removed from the stereotaxic apparatus and allowed to recover for ~1 

h in a temperature controlled recovery chamber.

3. Before induction of injury, the high-pressure tubing of FPI device is connected 

and filled with sterile water and ensure that it is free of air bubbles and FPI 

device is settled up to deliver injury pulse free of noise as monitored using 

oscilloscope.

4. Prior to TBI procedures, deep anesthesia is induced with 4 % isoflurane in a 

25 % oxygen-in-air mixture in the anesthesia induction chamber.

5. Animal is placed on the platform on its side close to FPI device and connected to 

the high-pressure tubing of the FPI device.

6. Experimental TBI is delivered by releasing pendulum to produce a single inquiry 

pulse. The exact pressure is measured and recorded (the transducer amplifier is 

calibrated at 10 mV per 1 PSI pressure).

7. After completion of the experimental TBI, animal is returned to surgery setup 

and maintained under isoflurane anesthesia to complete surgery.

8. Luer lock fitting used for connection of the animal to the FPI device is removed 

from the skull and the incision is closed.

3.3.7 Completion of Surgery

1. For animals intended for chronic PTS/PTE assessments after surgical procedures, 

the incision is closed using wound clips (or sutures).

2. Each animal receives an intraperitoneal injection of warm saline to prevent 

dehydration and transferred to a temperature-controlled recovery chamber for at 

least 1 h.
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3.3.8 Procedures in Sham Animals—The animals assigned into the sham groups 

undergo craniotomy procedures only. In animal TBI models, craniotomies with replacing 

bone flap result in considerable morphological, inflammatory, and behavioral alternations 

[172], and may cause an increase in allodynia [195]. In the latter case, an increase in 

allodynia following above-described sham procedures was observed in mice but not in rats 

[195].

3.4 Acute and Chronic Spontaneous PTS Assessment

3.4.1 General Consideration for EEG/Video Monitoring—The EEG recording to 

detect acute PTS will be resumed immediately after induction of CCI when animal still 

under anesthesia of or after waking up after anesthesia using an EEG/video recording setup 

for recordings in freely moving animals.

For chronic EEG/behavioral seizure activity the EEG and video recordings are continuously 

performed to assess remote spontaneous seizure activity, which is expected to occur within 2 

months after CCI. The approaches for EEG and video monitoring of PTE development 

require continuous recordings in epoch with duration from weeks-to-months and 

computerized analysis for EEG episode detection [196–198]. Alternatively, the animals 

could be monitored for the spontaneous PTS using random 1–2 h intervals within the same 

time frame [185]. The EEG episodes are confirmed with synchronized video recording for 

behavioral seizure manifestation which are scored using the Racine’s scale.

3.4.2 EEG Data Analysis—Computer-assisted EEG spectral analysis is performed on 

selected epochs of fixed duration (e.g., 60 s) of cortical to evaluate changes in EEG power 

[199]. Compressed spectral arrays, spectral trend graphs, and spectrographic analyses are 

also used to evaluate EEG changes. The respective power scores across each frequency band 

are valuated at fixed time points following and compared with baseline and the 

corresponding controls (e.g., sham-operated animals or vehicle injection). Changes in power 

are assessed across four following frequency bands:

1. Delta (0–4 Hz).

2. Theta (4–8 Hz).

3. Alpha (8–12 Hz).

4. Beta (12–30 Hz).

An EEG seizure episode is defined as repetitive spikes or spike-and- wave discharges 

recurring at frequencies of >1 Hz with amplitude greater than spontaneous activity and 

duration greater than 2–10 s. The requiring EEG seizures with a short interval between two 

episodes (e.g., less than 10 s) could be considered as a single event.

Chronic epilepsy is defined as appearance of recurring paroxysmal events detected by EEG 

and/or behavioral manifestations. Based on these criteria, the following behavioral/EEG 

seizure parameters are included in the statistical analyses:

1. Incidence of the chronic PTS is determined as a percentage of animals that have 

at least one unprovoked seizure.
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2. Incidence of the PTE is determined as a percentage of animals that have at least 

two unprovoked seizure.

3. Onset latency of the PTS/PTE is determined as the time between the induction of 

experimental TBI and the first episode or recurrent EEG seizures.

4. PTS frequency is determined as the number of EEG episodes observed in 

individual animals for a fixed period time.

5. PTS episode duration is determined as an average duration between the onset and 

offset of each EEG seizure episode.

6. Total PTS duration is determined as the sum of episode durations.

7. Time course of PTS frequency, defined as the hourly EEG seizure frequency up 

to 2 months.

3.4.3 Assessment of Behavioral Seizure Severity—Behavioral acute or chronic 

seizures are confirmed and scored based on the revised Racine’s seizures severity scale. This 

scaling system has been adapted to different seizure models including, electrically and 

chemically induced seizure models [200–203]. The same scaling system is also used for 

seizure severity assessment for PTZ challenge test. The system is based on the behavioral 

manifestation with the following hallmarks reflecting the discrete seizure scores: 0, normal 

response; 1, ear and facial twitching; 2, myoclonic twitches or waves of the whole body; 3, 

myoclonic jerks and/or rearing; 4, clonic–tonic seizures; 5, generalized clonic–tonic 

seizures, loss of postural control; 6, death (see Note 6).

In addition, the behavioral seizure parameters such as incidence frequency, seizure episode 

duration, total duration, onset latency, and time course will be defined and assessed similarly 

to corresponding parameters of EEG seizures.

3.4.4 PTZ Challenge Seizure Tests—There are two types of PTZ seizures induced by 

bolus injection or determination of seizure threshold using slow PTZ infusion.

PTZ Challenge with Bolus Injection

1. Animal is allowed to acclimatize in 10″ d circular mouse cage (Pinnacle 

Technology Inc., Lawrence, KA) and 10–30 min baseline EEG is recorded.

2. Animal are removed from the chamber injected intraperitoneally with PTZ (50 

mg/kg for rat or 80 mg/kg for mouse).

3. The seizures are graded using Racine’s scale during 30–60 min with a constant 

bin intervals selected from 30 s for up to 5 min.

PTZ-Induced Seizure Threshold Test: A PTZ-induced clonic seizure threshold test is 

widely used as surrogate test for seizure susceptibility [204]. The PTZ-threshold test is 

performed in all animal groups before terminal time point as a quantitative test of 

epileptogenesis in PTE [43, 188]. The value is expressed as an amount of PTZ infused via 

tail vein required to induce clonic seizure in a freely moving animal. However, because of 
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the possible day-to-day variability in the PTZ threshold, appropriate control groups should 

be included for each testing.

PTZ solution (0.5 % in saline) will be infused into the lateral tail vein at a constant rate of 

0.5 mL/min using a and an infusion pump, which is connected by polyethylene tubing to the 

30-G dental needle secured to the tail with a narrow piece of adhesive tape (optional).

Infusion is halted when forelimb clonus followed by full clonus of the body is observed. The 

minimum dose of PTZ (mg/kg) needed to induce a clonic seizure will be measured as an 

index of clonic seizure threshold.

In addition, the PTZ test allows analysis of different convulsive end points including the 

following observed seizure phases: general excitation with myoclonic twitches of the whole 

body, generalized clonic seizures with loss of righting reflex and tonic hind limb extension.

3.4.5 Exclusion Criteria in TBI/PTE Animal Models—The experimental results could 

be influences by several factors that are not related to the experimental model or treatment 

such as those results from accidents, human error (e.g., incorrect procedures or treatment) or 

animal’s health condition resulted from sickness (e.g., infection diseases or wound resulted 

from fighting). Importantly, because the number of animal experimental groups based on 

power analysis for each particular study, the presence even a single animal with erroneous 

outcome measure may lead to marked increase of the standard deviation and loss of 

statistical significance resulting in wrong experiment interpretation and conclusions. Thus, 

recognizing and exclusion of the animals with deficiencies or alterations that are not related 

to the study is critical to ensure quality of the experimental results and reproducibility (see 
also Subheading 3.1 and Note 7).

Exclusion Criteria Related to Surgical Procedures

1. Damaged dura mater, meninges, and/or brain tissue during craniotomy.

2. Subdural hemorrhage after craniotomy

3. Excessive bleeding during or after craniotomy

4. Accidental incorrect position of impactor causing brain deformation (e.g., 

exceeding ~50 μm).

5. Prolonged surgery or anesthetic exposure (e.g., more than 30 min due to any 

reasons).

6. The following applies for wild type animals, whereas for genetically modified 

animals they should not be considered as outcomes unless the study confirms 

that any of these reflects outlier characteristics:

a. Excessive bleeding after CCI impact.

b. Any alteration in anesthesia response reflected in animal behavior (e.g., 

waking-up, abnormal breathing pattern) or response to test (e.g., toe 

pinch reflex) when animal maintained at 2 % isoflurane. In this case, 
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anesthesia should be adjusted to the proper level and the same 

anesthesia settings should be maintained in all experimental groups.

Exclusion Criteria Post-surgery

1. Humane end point criteria defined by the animal use protocol or institutional 

committee.

2. Removing clips (extremely rare event with proper wound closure technique).

3. Removing EEG electrode headset.

4. Any unexpected diseases or pathology in WT mice w/o treatment.

5. Fighting, cage flooding, mishandling (e.g., accidental falling), etc.

Exclusion Criteria Based on Anatomical Assessment of Brain Pathology

1. Broken skull or bone pieces (or foreign articles) in brain tissue.

2. Incorrect implantation of EEG electrodes.

3. Brain pathology that is not associated with experimental TBI, excessive 

hematoma and/or cavitation statistically distinct from the same group and injury 

parameters, excessive brain pathology in sham animals.

4 Notes

1. Circular chamber is used for grading of the seizures induced with bolus PTZ 

injection to prevent potential injuries of animal during progression of violent 

seizures. In contrast, PTZ threshold test is normally performed on the table top.

2. Low-cost infusion pumps are generally not suitable for the PTZ threshold test 

because of low precision of the delivery of small volumes of solution.

3. In genetically modified animals, phenotypic or baseline behavioral 

characteristics might be different from those observed in their wild type controls.

4. Damaged dura mater, excessive bleeding, or subdural hemorrhage after 

craniotomy procedure should be considered as exclusion criteria.

5. If using sound sensor it is critical to verify if impactor tip is positioned properly 

and touches the brain surface. Excessive amount of saline may result in a false 

sound signal.

6. Generally, seizures with a Racine score of 2 or lower are considered as “non-

convulsive” and those with a Racine score of 3 and above are identified as 

“convulsive.”

7. The number of animals that are excluded from analyses and condition needs to 

be reported to determine success rate and reproducibility of the technique used in 

the study.
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Fig. 1. 
Chronic brain pathology following CCI. Representative photograph of paraformaldehyde-

perfused rat brain spacemen collected at 3 months after induction of CCI and corresponding 

hematoxylin–eosin (H&E)-stained coronal 8-μm paraffin section. The photographs 

demonstrate marked brain degradation at chronic stages resulted in loss of cortical tissue 

(cavitation) and significant reduction in hippocampal size ipsilateral to the injury at chronic 

time points (a). Representative photographs of H&E-stained coronal 8-μm paraffin mouse 

brain sections demonstrating progression of hippocampal pathology at subacute and chronic 

time points after CCI. At subacute time point (10 days after CCI) the ipsilateral 

hippocampus is enlarged due to focal edema that is still evident at this time point, whereas at 

chronic time point after CCI, the ipsilateral hippocampus is reduced in size due to 

neurodegenerative processes resulting in neuronal death and loss of brain tissue. Cortical 

cavitations in CCI-injured mice are presented at both time points. In contrast, no obvious 

brain pathology is observed in animals at 3 months after sham injury (b)
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Fig. 2. 
Schematic of the EEG electrode placement in rodents. Position of the EEG leads in rat and 

mouse TBI models for detection of the PTS and PTE. Scattered line represents positions of 

craniotomy and red filled areas represent the sites of injury. Ground electrode if required 

could be positioned over cerebellum
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