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Highlights 

 In vivo models of focal hippocampal and neocortical seizures are presented 

 These are based on electrically stimulating brain regions of anaesthetised rats 

 We optimised the stimulation parameters and anaesthetic to evoke seizures on demand 

 Seizures were stereotypic, electrographically reproducible and reliably induced 

 The models hold promise for neuroimaging studies and screening of antiseizure drugs 

 

Abstract 

 

Background 

Epilepsy is a common neurological disorder affecting over 60 million people globally, approximately a 

third of whom are refractory to pharmacotherapy. Surgical resection of the epileptogenic zone is 

frequently unsuitable or ineffective, particularly for individuals with focal neocortical or mesial 

temporal lobe epilepsy. Therefore, there is a need to develop animal models for elucidating the 

mechanisms of focal epilepsies and evaluating novel treatment strategies. 

New Method 

We present two adapted in vivo seizure models, the neocortical and hippocampal epileptic 

afterdischarge models, that enable stereotyped seizures to be induced on demand by electrical 

stimulation in anaesthetised, neurologically intact rats. The stimulation parameters and anaesthetic were 

optimised to generate electrographically reproducible, self-sustaining seizures with a well-defined focal 

origin. 

Results 

Neocortical or hippocampal seizures were consistently generated under fentanyl-isoflurane anaesthesia 

by stimulating the sensorimotor cortex or perforant path, respectively, with 100 Hz trains of biphasic 
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square-wave pulses. The induced seizures were suppressed by propofol, an established antiseizure 

anaesthetic, thus validating the clinical responsiveness of the developed models.  

Comparison with Existing Methods 

The high degree of reproducibility in seizure presentation, predictable seizure induction and ability to 

operate in anaesthetised animals renders these models overall less laborious and more cost-effective 

than most conventionally used seizure models. 

Conclusions 

The proposed models provide an efficient method for the high-throughput screening of novel antiseizure 

therapies, including closed-loop stimulation paradigms, and are well-suited to in vivo investigations that 

require tight regulation of seizure timing under anaesthetised conditions, particularly neuroimaging 

studies aimed at understanding the development of epileptogenic networks. 

 

Keywords: seizure, epilepsy, animal model, rat, neocortex, hippocampus, anaesthetic, electrical 

stimulation 
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1. Introduction 
 

1.1. Background 

Epilepsy is one of the most prevalent chronic neurological disorders worldwide and affects over 60 

million people globally (Ngugi, et al., 2010). Despite receiving optimal treatment, approximately 30% 

of individuals with epilepsy are refractory to the available anticonvulsant medication (Nair, 2016). 

Surgical resection of the epileptogenic zone is presently suitable for fewer than 5% of patients with 

refractory epilepsy (Lhatoo, et al., 2003). Mesial temporal lobe epilepsy (mTLE), frequently 

characterised by a seizure onset within the hippocampal formation, is the most common of the human 

focal epilepsies and represents the majority of cases of refractory epilepsy managed surgically (Cendes, 

2005; Cross & Cavazos, 2009; Blair, 2012). However, seizure relapse ≥1 year post-surgery, following 

an initial seizure-free period, occurs significantly more in individuals with mTLE compared to other 

epilepsy syndromes (Spencer, 1996; Hennessy, et al., 2000; Spencer, et al., 2003). In focal neocortical 

epilepsy (FNE), on the other hand, surgical intervention is often limited by the high risk of postoperative 

neurological deficits if the epileptogenic zone is localised to eloquent regions of the cortex or the 

surrounding areas (Schuele & Lüders, 2008). There is, therefore, an urgent need to improve our 

understanding of the complex interplay between structural and functional abnormalities underlying 

these conditions and develop alternative treatment options. 

Animal models of seizures and epilepsy are invaluable tools for supporting studies aimed at elucidating 

the mechanisms of epileptogenesis and testing novel antiseizure treatments. The majority of acute 

seizure models used for antiseizure drug testing involve systemic convulsants or generalised electrical 

stimulation (Smith, et al., 2007). The most commonly used rodent models of focal epilepsies involve 

the generation of spontaneous recurrent seizures following initial status epilepticus, and a subsequent 

period of latency, or kindling (Kandratavicius, et al., 2014). These models typically rely on the local or 

systemic administration of chemoconvulsants, such as kainic acid or pilocarpine (Ben-Ari, 1985; Curia, 

et al., 2008), or the repeated electrical stimulation of a specific brain region to evoke a progressive 

enhancement of its susceptibility to chronic spontaneous seizures (Sayin, et al., 2003; Kandratavicius, 

et al., 2014). Although these models can provide clinically realistic representations of several features 

of human epilepsies, they may be unsuitable for use in the initial assessment of novel treatment options 

(Löscher, 2017). This is because the induced spontaneous recurrent seizures are often infrequent and 

therefore challenging to capture. As such, video-EEG monitoring for several weeks is usually required 

to evaluate the potential anticonvulsant effects of a given therapeutic intervention, making the process 

laborious, time-consuming and inefficient (Kowski & Holtkamp, 2015). Thus, there is a need to develop 

animal models of focal seizures, such as those that occur in mTLE and FNE, that enable induction of 

stereotyped neocortical or limbic seizures on demand and are highly predictive of the clinical response 

to novel therapies. 

In vivo epilepsy models also present unique challenges for neuroimaging studies that are aimed at 

improving our understanding of seizure propagation and the development of epileptogenic networks. 

Many neuroimaging methods used for studying these mechanisms, including electrical impedance 

tomography (EIT) and functional MRI (fMRI), typically require: (a) tight regulation of seizure 

induction to ensure adequate data acquisition during imaging protocols; (b) anaesthetisation and 

paralysis of the animal to eliminate movement artefacts during seizures; and (c) a high degree of 

reproducibility in the localisation of seizure foci and electrographic features of seizures within and 

across animals to enable assessment of the accuracy of reconstructions (Blumenfeld, 2007; Airaksinen, 

et al., 2011; Vongerichten, et al., 2016; Hannan, et al., 2018a). 
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The epileptic afterdischarge (AD) model holds potential to fulfil these criteria. In this model, specific 

brain regions of neurologically intact, non-epileptic animals are electrically stimulated to induce focal 

patterns of epileptiform activity without prior kindling or administration of chemoconvulsants 

(Kandratavicius, et al., 2014). The electrographic features of the induced epileptiform events depend 

principally on the area of the brain undergoing repetitive stimulation. For example, stimulating the 

prefrontal cortex of awake rats with a 5-s train of 50 Hz pulses, each 0.5 ms in duration with 600-800 

µA current, induces epileptiform ADs of a spike-and-wave nature which subsequently propagate to the 

hippocampus and nucleus accumbens (Ma & Leung, 2010). Similarly, electrical stimulation of the 

sensorimotor cortex in rats with 15-s trains of biphasic rectangular pulses, each 1 ms in duration at 8 

Hz, is an established method of producing spike-and-wave rhythms as well as clonic seizures restricted 

to facial and forelimb muscles in freely moving rats (Kubová & Mares, 1995; Kubová, et al., 1996; 

Polásek, et al., 1996; Haugvicová, et al., 2002). Such neocortical epileptiform events are characterised 

by synchronous rhythmic spikes and spike-wave complexes immediately after stimulation and typically 

last 5-85 s (Nelson, et al., 2010).  Additionally, several studies have targeted limbic structures for 

electrically-induced ADs, which tends to generate higher frequency, large-amplitude epileptiform 

events (Bragin, et al., 1997; Norwood, et al., 2010). For example, repetitive electrical stimulation of the 

perforant path, the major excitatory input to the hippocampus, elicits epileptiform activity characterised 

by an initial primary AD of oscillations with a range of frequency bands collectively ranging from 2-

400 Hz, followed by a silent postictal refractory period and a subsequent secondary AD consisting of 

fast oscillations of a lower amplitude at 40-80 Hz (Leung, 1987; Buzsàki, et al., 1989; Bragin, et al., 

1997; Kandratavicius, et al., 2014). 

Although epileptic AD models of epilepsy allow for stereotypic epileptiform events to be induced on 

demand, they typically use awake, freely moving animals and thus may be limiting for neuroimaging 

applications, which often require animals to be anaesthetised (Blumenfeld, 2007; Airaksinen, et al., 

2011; Vongerichten, et al., 2016; Hannan, et al., 2018a). This can be problematic as many general 

anaesthetic agents are known to suppress epileptiform activity in the rat brain (van Luijtelaar, et al., 

2002; Sleigh, et al., 2009; Airaksinen, et al., 2011; Kenny, et al., 2014; Hannan, 2019). The present 

study was therefore aimed at adapting and optimising the epileptic AD models to induce epileptiform 

events under general anaesthesia. This was intended primarily to provide a method for evaluating the 

technical accuracy of EIT, an emerging imaging modality, for imaging fast electrical activity during 

epileptiform events in vivo. EIT is able to image fast impedance changes which arise during neural 

activity with high spatiotemporal resolution through the rat cerebral cortex, using non-penetrating 

epicortical electrodes, and therefore represents a novel method for understanding neuronal network 

dynamics in epilepsy (Aristovich, et al., 2016). Prior to proceeding with these investigations, however, 

it was necessary to assess the localisation accuracy, depth resolution and limitations of the technique, 

which required a working model of reproducible and well-characterised neocortical and hippocampal 

epileptiform events that are induced electrically and can operate under anaesthetised conditions. Such 

a model would also be advantageous for use in any other in vivo investigation into seizure propagation 

and screening of novel therapies that require controlled seizure timing in an acute experimental setup.  

1.2. Purpose 

The purpose of this study was to develop the neocortical and hippocampal epileptic AD models to 

induce stereotypic epileptiform events on demand in anaesthetised rats. The requirement was to 

generate ictal events that had a well-defined focal origin within the neocortex or hippocampus and 

exhibited a high degree of reproducibility. We aimed to: (a) establish the optimal electrical stimulation 

parameters and anaesthetic agent needed to achieve this; (b) characterise the electrographic properties 
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of the resulting epileptiform events; and (c) evaluate the potential of the developed models for in vivo 

experimental and pre-clinical research.  

1.3. Experimental design 

For the neocortical epileptic AD model, the stimulated region within the cortex was the primary 

sensorimotor area at the boundary between the primary motor cortex and the hindlimb (HL) 

representation within the primary somatosensory cortex (M1/S1 HL), consistent with previous studies 

which have employed this model (Kubová & Mares, 1995; Kubová, et al., 1996; Polásek, et al., 1996; 

Haugvicová, et al., 2002; Nelson, et al., 2010). In the hippocampal epileptic AD model, stimulation was 

directed to the angular bundle of the perforant path, the major afferent projection into the hippocampus 

(Vicedomini & Nadler, 1987; Bragin, et al., 1997; Walker, et al., 1999; Langberg, et al., 2016). The 

perforant path originates in the entorhinal cortex and terminates on granule cells in the dentate gyrus, 

the input region of the hippocampus, in which epileptiform discharges are expected to occur in this 

model (Shepherd, 2004). Based on the previous studies that have used these models in freely-moving 

rats, the parameters of electrical stimulation to test were: pulse waveform, pulse width, pulse amplitude, 

frequency of stimulation and duration of stimulus train. The time interval between stimulus trains was 

also optimised as ictal events are often followed by an electrically quiescent, refractory state which 

diminishes over time. A minimum inter-train interval of 7 min was used to prevent kindling of neural 

circuits due to repeated stimulation and thus ensure that seizure patterns remained consistent during 

experiments (Nelson, et al., 2010). 

The choice of anaesthetic was an important consideration since the majority of previous studies utilising 

the epileptic AD model had used awake, freely moving rats (Kubová, et al., 1996; Bragin, et al., 1997; 

Krupp & Löscher, 1998; Velísek & Mares, 2004; Nelson, et al., 2010; Fábera & Mares, 2014). In all 

experiments, anaesthesia was induced and maintained with isoflurane until after completion of surgery 

due to its ease of use, relatively short half-life which enables greater control over depth of anaesthesia, 

and uncommon rates of overdose compared to many intraperitoneally administered agents based on 

prior in-house experience. For the subsequent maintenance of anaesthesia during model development, 

α-chloralose and fentanyl were tested, in different animals, to determine which of these agents was most 

permissive to the induction of epileptiform events. α-chloralose is a widely used anaesthetic in 

neuroscientific research due to its presumed minimal depression of autonomic function (Luckl, et al., 

2008; Flecknell, 2015). It is also known to have stimulatory effects on the central nervous system (CNS) 

and has been described as a convulsant, evidenced by the manifestation of myoclonic jerks during its 

use (Rosenbluth & Cannon, 1942; Winters & Spooner, 1966). Furthermore, the enhancement of 

electrically-induced cortical ADs with α-chloralose has been previously demonstrated in rabbits (Rao, 

2000). For these reasons, α-chloralose was considered an appropriate initial choice for developing the 

epileptic AD models. A second agent considered for the maintenance of general anaesthesia, in case 

epileptiform events could not be induced under α-chloralose, was fentanyl. A potent narcotic analgesic, 

fentanyl works primarily by agonising μ-opioid receptors and is known to be permissive to the 

manifestation of epileptiform discharges both clinically and in numerous rat models of epilepsy  

(Schwark, et al., 1986; Tempelhoff, et al., 1992; Manninen, et al., 1999; Sanabria, et al., 2006; Hunfeld, 

et al., 2013). These pro-convulsant properties, together with a short half-life and duration of action due 

to its highly lipophilic nature (Pathan & Williams, 2012), made fentanyl an attractive alternative for use 

in this study. However, fentanyl alone does not provide sufficient anaesthesia and so is often used in 

combination with droperidol (Hunfeld, et al., 2013) or inhalational anaesthetics such as isoflurane 

(Muñoz, et al., 2005). 
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In the neocortical epileptic AD model, a 57-electrode epicortical array was implanted to: (a) enable 

electrical stimulation of the sensorimotor cortex for inducing epileptiform events; and (b) provide 

extensive coverage of the cortical surface to obtain ECoG recordings to confirm the presence of ictal 

discharges and monitor their propagation through the cortex. In the hippocampal model, in addition to 

an epicortical array, intracranial stimulating and recording depth electrodes were required to induce 

epileptiform events in the hippocampus and validate their presence with local field potential (LFP) 

recordings, respectively. The LFP probe contained 16 recording sites spaced 100 µm apart, thus 

allowing for high-resolution monitoring of epileptiform activity and precise determination of the ictal 

focus. In the following sections, the electrically-induced epileptiform events will be referred to as 

‘seizures’. To validate the clinical responsiveness of the developed models, the effect of propofol on 

the ability to induce seizures was assessed. Propofol, a general anaesthetic that acts primarily by 

enhancing gamma-aminobutyric acid type A (GABAA) receptor function, has established antiseizure 

properties and is routinely used for the control of refractory status epilepticus in humans (Wood, et al., 

1988; McBurney, et al., 1993; Stecker, et al., 1998; Shorvon & Ferlisi, 2011). Thus, by determining 

whether the models were predictive of the clinical response to propofol, their potential for use in the 

testing of novel antiseizure therapies could be evaluated.  
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2. Materials and Methods 
 

2.1. Animal preparation 

All animal handling and experimental investigations undertaken in this study were ethically approved 

by the UK Home Office and performed in accordance with its regulations, as outlined in the Animals 

(Scientific Procedures) Act 1986. Ten adult female Sprague-Dawley rats (300-450 g) were used in total. 

The use of female rats in our study, which reduced overall animal usage within the UCL Biological 

Services Unit, complied with the 3Rs principles (Reduction, Refinement and Replacement) of the 

Animal (Scientific Procedures) Act 1986. Prior to experiments, all rats were housed in standard 

Plexiglas cages in groups of up to three with a 12-hour light/dark cycle and given ad libitum access to 

food and water. Anaesthesia was induced with 4% isoflurane (inspired concentration) in 2 Lmin-1 O2 

and an endotracheal intubation was performed to enable mechanical control of ventilation with 1.5-3% 

isoflurane in a 30/70 mixture of oxygen/air using an SAV03 small animal ventilator (Vetronic Services 

Ltd, Abbotskerswell, UK). Cannulation of the right femoral vessels was undertaken to allow for 

monitoring of intra-arterial blood pressure and intravenous access. Exhaled gases, respiratory rate, tidal 

volume, heart rate, invasive arterial blood pressure and SpO2 were monitored regularly using an 

anaesthetic monitor (Lightning; Vetronic Services Ltd., Abbotskerswell, UK) and core body 

temperature was maintained at 36.5 ± 0.5 oC using a homeothermic heating unit (Harvard Apparatus, 

Edenbridge, UK). 

2.2. Surgery and electrode implantation 

Rats were head-fixed in a stereotactic frame (Narishige International Ltd., London, UK) in the prone 

position using blunt-tipped interaural and incisor bars, and the skull was exposed by incising the scalp 

and displacing the skin of the head. The insertion of the temporal muscle was cauterised using a bipolar 

coagulation unit (Codman Malis CMC-II; Codman, Raynham, MA) and incised with a scalpel. 

Throughout the craniotomy, durotomy and electrode implantation procedures, the brain was kept moist 

by frequent irrigation with sterile saline (0.9% NaCl) at 37 oC. 

2.2.1. Neocortical epileptic AD model 

Seven rats were required to develop the acute neocortical epileptic AD model. In each of these, a wide 

trapezoidal craniotomy was performed on one hemisphere using a veterinary bone drill (Ideal Micro-

Drill; Harvard Apparatus, Edenbridge, UK). The paramedial edge of the craniotomy extended from 1 

mm anterior to lambda to 5 mm posterior to bregma, with the lateral boundary at the junction of the 

zygomatic arch and the temporal bone, forming a trapezoidal opening. The dura was then incised to 

enable implantation of a planar 57-contact epicortical electrode array, fabricated from stainless steel 

foil and silicone rubber, on the exposed cortical surface. The array, which measured 15x9 mm at its 

furthest edges and contained 57 circular electrode contacts, each 0.6 mm in diameter, has been used 

previously (Faulkner, et al., 2018a; Faulkner, et al., 2018b; Hannan, et al., 2018a; Hannan, et al., 2018b). 

2.2.2. Hippocampal epileptic AD model 

The hippocampal epileptic AD model was developed using three rats. In two of these rats, two small 

rounded craniotomies (≥2 mm), centred on the positions of the stimulating and recording depth 

electrodes, were made in the left hemisphere. Following dura removal, the two depth electrodes were 

stereotactically positioned to be orthogonal to the exposed cortical surface and implanted into their 

target structures using micromanipulators (SM-15; Narishige International Ltd., London, UK). The 

stimulating electrode consisted of two twisted polydimide-insulated stainless steel wires (bare wire 

diameter: 125 μm; outer diameter: 203 μm) with 0.5 mm vertical tip separation (MS303/3‐ A/SPC; 
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Plastics One Inc., Roanoke, VA, USA) and targeted the left angular bundle to stimulate the perforant 

path projection from Layer II/III of the entorhinal cortex (AP = -8.1, ML = 4.4, DV = 3.5 mm from 

cortical surface; AP and ML given with respect to bregma). The recording depth electrode was a 16-

channel linear silicon probe (A1x16-10mm-100-703; NeuroNexus Technologies Inc., Ann Arbor, MI, 

USA). The 16 iridium electrode contacts, each 30 μm in diameter, had a centre-to-centre spacing of 100 

μm and spanned a total length of 1.5 mm. This depth probe was directed to the granule cell layer of the 

dentate gyrus of the hippocampus (AP = -4.0, ML = 2.5, DV = 2.8-4.0 mm from cortical surface) for 

recording LFPs to determine the presence of hippocampal epileptiform discharges following 

stimulation. 

In the third rat, a wide trapezoidal craniotomy was performed to enable implantation of a modified 

planar epicortical array, containing 54 electrodes and two rectangular apertures centred on the positions 

of the stimulating and recording depth electrodes, described previously (Hannan, et al., 2020). The 

depth electrodes were advanced through the array and stereotactically implanted in the same positions 

as above. As such, ECoG recordings could be obtained simultaneously to depth recordings to confirm 

that the induced epileptiform activity was indeed localised to the hippocampus. 

2.3. Maintenance of anaesthesia 

 

2.3.1. Neocortical epileptic AD model 

Following electrode implantation, either α-chloralose or fentanyl was introduced intravenously for the 

maintenance of anaesthesia. In the first four rats, a 60 mg/kg bolus of 1% w/v α-chloralose (Sigma-

Aldrich, Dorset, UK), in 0.9% w/v NaCl, was administered intravenously over 30 min to prevent 

hypervolemia due to overload of fluid in the venous system. Anaesthesia was subsequently maintained 

by continuous infusion at 20 mg/kg/h. Over the course of the 30-60 min period after introducing α-

chloralose, the rat was gradually weaned off isoflurane. A period of at least 1 hour was allowed after 

discontinuing isoflurane anaesthesia before cortical stimulation was started, in accordance with blood 

oxygen level-dependent functional MRI (BOLD-fMRI) studies which have utilised isoflurane and α-

chloralose in a similar manner to measure haemodynamic responses associated with somatosensory 

evoked potentials (SEPs) (Sommers, et al., 2009; Tsurugizawa, et al., 2010). 

Epileptiform discharges could not be induced in animals under α-chloralose anaesthesia, despite 

extensively varying the stimulation parameters; thus, the remaining three rats used to develop the 

neocortical model received fentanyl. In these rats, anaesthesia was maintained with continuously 

infused intravenous fentanyl at 20 μg/kg/h (Eurovet Animal Health Ltd., Cambridge, UK). After 

introducing fentanyl, the isoflurane concentration was gradually reduced to ~0.5%. 

2.3.2. Hippocampal epileptic AD model 

In all rats used to develop the hippocampal epileptic AD model, anaesthesia was maintained after 

electrode implantation with continuously infused fentanyl at 20 μg/kg/h and ~0.5% isoflurane, as this 

anaesthetic combination had enabled reliable seizure induction in the neocortical epileptic AD model 

which was optimised first.  

2.4. Seizure induction 

 

2.4.1. Neocortical epileptic AD model 

Two electrodes within the 57-electrode epicortical array, each 0.6 mm in diameter, were used to 

stimulate the sensorimotor cortex to induce seizures. The positions of the stimulating electrodes were 
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determined by functionally mapping the forelimb and hindlimb representations in the primary 

somatosensory cortex. To do this, SEPs were elicited by electrically stimulating peripheral nerves 

(medial, ulnar and radial) in the contralateral forelimb and hindlimb with 1 mA monopolar square-wave 

pulses, 0.5 ms in duration, at a frequency of 2 Hz using a Neurolog current stimulus isolator (NL800A; 

Digitimer Ltd, Welwyn Garden City, UK). The resulting SEPs were recorded from the somatosensory 

cortex with the epicortical electrode array and averaged over 30 s (60 averages). The ECoG channels 

exhibiting the highest-amplitude forelimb and hindlimb SEPs were considered to be positioned at the 

centre of the forelimb or hindlimb representation, respectively (Fig. 1). The sensorimotor cortex, 

defined as the boundary between the hindlimb somatosensory and motor cortex (M1/S1 HL), was 

located accordingly. The two electrodes either side of the sensorimotor cortex, with a centre-to-centre 

distance of 2.6 mm, were stimulated with the parameters described below to evoke reproducible seizures 

in the neocortex (Fig. 1). The amplitudes and latencies of recorded SEPs were also assessed to confirm 

that the cerebral cortex was in a functionally normal condition prior to commencing cortical stimulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Functional localisation of stimulation site for neocortical epileptic AD model. Representative 

examples of averaged forelimb (FL) (a) and hindlimb (HL) (b) SEPs induced by delivery of a FL or HL stimulus 

at 0 ms and recorded from the surface of the cerebral cortex. (d) The electrodes on the 57-electrode epicortical 

array from which the five highest-amplitude peaks were recorded for each evoked response are indicated, with 

the channels corresponding to largest SEPs marked with an ‘X’. With reference to a map of the FL and HL 

representations within the rat somatosensory cortex on which the sensorimotor region is indicated, given with 

respect to bregma (BG) (c), this information was used to determine the positions of the two electrodes for 

stimulating the sensorimotor cortex (d). The two stimulating electrodes were positioned either side of the 

sensorimotor cortex and separated by a centre-to-centre distance of 2.6 mm; based on prior in-house modelling, 

this ensured that there would be a sufficiently high current density within the sensorimotor region for inducing 

epileptiform discharges. 

a 

b 

c 

d 

x 

x sensorimotor  

cortex 
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A wide range of electrical stimulation parameters were tested across the seven rats until neocortical 

seizures could be induced reliably (Table 1). Three types of stimulus waveforms, all rectangular in 

shape, were used overall: (a) biphasic symmetric, consisting of a charge- and time-balanced pulse; (b) 

biphasic asymmetric, comprising a charge-balanced pulse with an initial positive component, the 

duration of which was a fifth of the total pulse duration (that is, a short high-amplitude depolarising 

period preceding a prolonged low-amplitude hyperpolarisation period); or (c) monophasic (Fig. 2). 

Pulses were applied at frequencies of 8, 50 or 100 Hz in stimulus trains lasting 0.5-15 s. Pulse widths 

that were used, defined as the duration of the positive component of the waveform, ranged from 0.1-2 

ms. For each combination of these parameters, the amplitude of applied current and time interval 

between stimulus trains were the main variables. Stimulation was commenced at 100 µA and increased 

in increments of 0.1-1 mA to a maximum applied current of 15 mA until ictal discharges, defined as 

sharp spikes <70 ms in duration with a peak-to-peak amplitude of ≥2 mV, could be observed in the 

ECoG traces. Inter-train intervals ranged from 7 to 20 min. The current threshold required to elicit ADs 

is expected to be variable across animals due to age and weight differences (Kubová, et al., 1996; Krupp 

& Löscher, 1998). All stimulus pulses tested were driven by the Keithley 6221 current source (Keithley 

Instruments Ltd, Solon, OH, USA), controlled by custom written software in MATLAB (The 

MathWorks, Inc., Natick, MA, USA). If motor manifestations of seizures were severe enough to 

produce artefacts in ECoG recordings, rats were paralysed by administering pancuronium bromide 

(1 mg/kg i.v.). 

 

  Stimulation parameters 

Model Anaesthetic Pulse  

waveform 

Pulse width  

(ms) 

Frequency 

(Hz) 

Train 

duration 

(s) 

Amplitude 

(mA) 

Inter-train 

interval  

(min) 

 

Neocortical 

epileptic AD 

model 

 

α-chloralose, 

fentanyl-

isoflurane 

 

Biphasic 

symmetric, biphasic 

asymmetric and 

monophasic square-

wave pulses 

 

 

0.1-2 

 

8, 50, 100 

 

0.5-15 

 

0.1-15 

 

7-20 

 

Hippocampal 

epileptic AD 

model 

 

Fentanyl-

isoflurane 

 

Biphasic symmetric 

square-wave pulses 

 

0.1, 1 

 

100 

 

2, 5 

 

0.5-2 

 

7-20 

 

Table 1. Stimulation parameters and anaesthetics tested for the neocortical and hippocampal 

epileptic AD models. A narrower range of parameters of electrical stimulation, and only the fentanyl-isoflurane 

anaesthetic combination, needed to be tested to optimise the hippocampal model because the neocortical model 

was developed first. 
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Figure 2. Pulse waveforms for cortical stimulation. Biphasic symmetric (a), biphasic non-symmetric (b), 

and monophasic (c) stimulus pulses were tested. Pulse width (x) defines the duration of the positive component 

of each waveform. Pulse width and amplitude of applied current (y) were varied over 0.1-2 ms and 0.1-15 mA, 

respectively. 

 

2.4.2. Hippocampal epileptic AD model 

To confirm that the stimulating and recording depth electrodes were positioned correctly, evoked 

activity comprising a granule cell population spike superimposed on a field excitatory postsynaptic 

potential (EPSP) was induced in the dentate gyrus by delivering 1 mA monopolar square-wave pulses, 

150 μs in duration, to the stimulating electrode at a frequency of 0.5 Hz using a Neurolog current 

stimulus isolator (Fig. 3). The resulting evoked responses were recorded from the hippocampus with 

the 16-electrode depth probe and averaged over 2 min. Once the expected activity was observed, the 

depth probe was gradually advanced ventrally, in 0.1 mm intervals, until the highest-amplitude 

population spikes were recorded by the central electrodes within the probe (Fig. 3c,d). After validating 

the correct placement of the depth electrodes using these confirmatory LFP recordings, testing of 

parameters for inducing hippocampal epileptiform activity was commenced. 
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Figure 3. Functional validation of stimulating and recording depth electrode positions for 

hippocampal epileptic AD model. (a) Coronal sections obtained at -8.1 and -4.0 mm anteroposterior (AP) to 

bregma (BG) are provided to show the targeted positions of the stimulating and recording depth electrodes, 

respectively. (b) A twisted wire bipolar stimulating electrode (green) was implanted into the left angular bundle 

to target the perforant path projection from Layer II/III of the entorhinal cortex. (c) A 16-channel neural depth 

probe was directed to the granule cell layer of the dentate gyrus, the input region of the hippocampus, for 

recording. (d) To confirm the correct placement of depth electrodes, evoked activity was induced in the dentate 

gyrus by delivering 1 mA monopolar square-wave pulses to the stimulating electrode at 0.5 Hz. A representative 

example of recordings of this evoked activity, averaged over 60 trials, is displayed, with each trace recorded by 

an individual electrode contact on the depth probe. Negative-going dentate granule cell population spikes (peak 

at ~4 ms) superimposed on positive-going field EPSPs (peak at ~7 ms) can be seen, with respect to the stimulation 

artefact at 0 ms. The recording depth probe was advanced ventrally until the five electrodes corresponding to the 

highest-amplitude population spikes, marked in red, were positioned in the central portion of the probe. Schematic 

illustrations of coronal sections are adapted from Paxinos and Watson’s stereotactic atlas of the rat brain (Paxinos 

& Watson, 2013). 

 

Since the neocortical epileptic AD model was developed first, a narrower range of stimulus parameters 

needed to be tested to obtain a working model of hippocampal seizures in the anaesthetised rat (Table 

1). Two main stimulation protocols were tested, both involving biphasic, symmetric pulses directed to 

the angular bundle of the perforant path. The first (protocol 1) involved delivery of a 5-s train of pulses, 

with a pulse width of 0.1 ms, to the stimulating electrode at a frequency of 100 Hz using a Keithley 

6221 current source. In the second protocol (protocol 2) the pulses had a pulse width of 1 ms and were 

applied at 100 Hz for a total duration of 2 s. For each protocol, the amplitude of applied current was 

varied between 0.5 and 2 mA and the range of inter-train intervals tested was 7-20 min. 
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2.5. Evaluating the effects of propofol on seizure induction  

The clinical responsiveness of the optimised models was validated by assessing their ability to induce 

neocortical and hippocampal seizures following administration of propofol, an established antiseizure 

anaesthetic used for the clinical suppression of seizures (Wood, et al., 1988). After completing 

electrophysiological recordings for  seizure characterisation, propofol was administered intravenously 

at 15 mg/kg (National Veterinary Services Ltd., Stoke-on-Trent, UK) to each of the six animals in which 

seizures were successfully induced. The effect of propofol on seizure induction was then determined by 

electrically stimulating the sensorimotor cortex or perforant path at regular intervals, in accordance with 

the developed neocortical and hippocampal epileptic AD models. Electrophysiological recordings were 

monitored to determine the presence or absence of seizures following each stimulation. Once seizure 

activity returned in the EEG traces and seizures could be induced reliably, a second dose of propofol 

was administered at 15 mg/kg and electrical stimulation with the optimised parameters was repeated to 

confirm the effects of the drug on seizure induction. This process was repeated once more, resulting in 

a total of three intravenous doses of propofol over several hours in each animal. 

2.6. ECoG and LFP data acquisition 

ECoG and LFP recordings were made from all available epicortical and depth electrodes with respect 

to a reference electrode, comprising a Ag-AgCl plate that was 9 mm in diameter, placed beneath the 

nuchal skin. Voltage changes recorded from the cortical surface and hippocampus were digitised at a 

sampling frequency of 25 kHz using the actiCHamp 128-channel EEG amplifier (Brain Products 

GmbH, Gilching, Germany) and data acquisition was controlled using the BrainVision Recorder 

software (Brain Vision LLC, Morrisville, NC, USA). LFP data collected by the 16 depth electrode 

contacts were passed through a unity gain headstage amplifier (HST/32o25-GEN3-36P-G1; Plexon, 

Dallas, TX, USA) prior to reaching the EEG amplifier. At least 30 s of baseline EEG activity was 

recorded prior to each stimulation and a further 60-80 s of activity was recorded after the end of 

stimulation to determine whether epileptic seizures had been successfully elicited. A 50-Hz notch filter 

(second order, IIR) for removal of mains noise, a 1 Hz high-pass filter (first order, Butterworth) and a 

1 kHz low-pass filter (fifth order, Butterworth) were applied to the ECoG/LFP display. 

2.7. Statistical analysis 

The criteria for seizure detection were the sudden appearance of abnormal electrographic activity 

comprising a series of rhythmic and repetitive discharges with high amplitude (>2 times that of the 

baseline activity) and a minimum duration of 10 s (Abend & Wusthoff, 2012; Fisher, et al., 2014). To 

determine whether the success rates of seizure induction in rats anaesthetised with α-chloralose and 

fentanyl in the neocortical epileptic AD model were significantly different, Fisher’s exact test was 

conducted. This statistical test is commonly used for the assessment of statistically significant 

differences between binary variables (in this case, the presence or absence of seizures in the ECoG 

display following cortical stimulation). For the hippocampal epileptic AD model, Fisher’s exact test 

was used to assess whether the seizure induction rates differed significantly between the two stimulation 

protocols tested. In addition, a paired t-test was used to identify statistically significant differences in 

the duration of seizures induced by these two protocols. The order in which the two protocols were 

tested was randomised to eliminate potential carryover effects associated with either protocol, thereby 

confirming that any electrographic activity observed following stimulation was indeed due to the 

parameters used for seizure induction. This was further validated by providing sufficient time between 

the application of stimulus trains (≥7 min) for restoration of the resting brain activity, in accordance 

with the minimum inter-train interval required to prevent kindling of neural circuits due to repeated 

stimulation (Nelson, et al., 2010). For both the neocortical and hippocampal models, a one-way repeated 
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measures analysis of variance (ANOVA) test was conducted to confirm that the duration of seizures 

induced by a given combination of stimulation parameters did not differ significantly across stimulation 

attempts and animals. A significance level of α = 0.05 was used for all statistical analyses. All data are 

presented as mean ± SD. 
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3. Results 
 

3.1. Cortical stimulation in rats anaesthetised with fentanyl-isoflurane, but not α-chloralose, results 

in reliable seizure induction 

Seven rats were required in total to obtain a working model of reproducible neocortical seizures in the 

anaesthetised rat. Under intravenous α-chloralose anaesthesia, electrical stimulation of the sensorimotor 

cortex with parameters in the ranges tested did not induce epileptiform discharges (N = 4 rats); the 

overall success rate for the induction of seizures was 0% of 107 attempts across the four animals (Fig. 

4). In these rats, baseline cortical activity observed in the ECoG recording comprised hypersynchronous 

delta waves, 200-800 µV in amplitude and <250 ms in duration at a frequency of 1-2 Hz (Fig. 5a). 

Stimulation of the sensorimotor cortex consistently induced an abrupt, generalised suppression of this 

resting activity. The duration of this suppression phenomenon increased with escalating stimulus 

intensities; however, no epileptiform discharges could be elicited despite varying the pulse waveform, 

pulse width, amplitude, frequency, duration and inter-train interval of stimulation. 

In contrast, seizures were reliably induced in animals anaesthetised with a combination of intravenously 

administered fentanyl and ~0.5% isoflurane (N = 3 rats). The first protocol tested in these rats, which 

involved stimulation of the sensorimotor cortex with a 10-s train of biphasic symmetric, charge-

balanced square-wave pulses (pulse width: 1 ms; amplitude: 1 mA) delivered at 100 Hz, successfully 

elicited neocortical seizures which had a focus within the facial region of the primary somatosensory 

cortex. The stimulation parameters were further optimised to minimise the current delivered to the brain 

whilst maintaining the stereotypic pattern of epileptiform discharges. The final developed model 

involved stimulating the sensorimotor cortex with a 5-s train of biphasic symmetric, charge-balanced 

square-wave pulses, 1 ms in pulse width, delivered at 100 Hz. As expected, the current threshold for 

induction of ictal discharges was variable across rats and lay in the 1.5-2 mA range (1.7 ± 0.3 mA; N = 

3 rats). 14 stimulation attempts with these optimised parameters were performed in each of the three 

animals. The percentage of attempts that resulted in seizure induction in the three rats were 92.9% 

(13/14), 100% (14/14) and 92.9% (13/14), respectively. The overall success rate for the induction of 

seizures across all animals was 95.2% of a total of 42 attempts (Fig. 4a). 

  

Jo
ur

na
l P

re
-p

ro
of



16 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Development of neocortical epileptic AD model. (a) Bar chart displaying the percentage of 

seizures induced out of total stimulation attempts for the two anaesthetics tested. The overall success rates for 

seizure induction across all animals under α-chloralose and fentanyl-isoflurane anaesthesia were 0% (0/107 

attempts, N = 3 rats) and 95.2% (40/42 attempts, N = 3 rats), respectively, and were thus significantly different (p 

< 0.05, Fisher’s exact test). (b) Histogram of seizure duration for seizures induced by the optimised cortical 

stimulation protocol in the three rats anaesthetised with fentanyl-isoflurane (bin width: 2 s). The seizures for each 

animal are represented in a different colour. 
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Figure 5. Representative ECoG recordings displaying the electrographic effects of electrically 

stimulating the sensorimotor cortex of rats under α-chloralose and fentanyl-isoflurane 
anaesthesia. Stimulation series comprised a 5-s train of biphasic symmetric square-wave pulses (pulse width: 1 

ms; amplitude: 1.5 mA) at 100 Hz. (a) In rats anaesthetised with α-chloralose, a temporary suppression of the 

baseline delta rhythm, which consisted of hypersynchronous high-amplitude delta waves, was observed following 

electrical stimulation; however, epileptiform discharges could not be elicited. (b) Under fentanyl-isoflurane 

anaesthesia, cortical stimulation with the same parameters consistently induced ictal events comprising a series 

of repeatable SWDs at 2-5 Hz. The differences in the resting state of the brain between the two anaesthetics, 

evidenced by sharp (a) versus slow (b) delta waves, may explain these contrasting abilities to present ictal activity 

in response to electrical stimulation. Both ECoG traces were recorded by the same electrode within the 57-eletrode 

epicortical array on the rat brain, which lay above the facial representation within the primary somatosensory 

cortex and corresponded to the ictal focus in (b). 
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3.2. Characterisation of seizures induced by the neocortical epileptic AD model 

Neocortical seizures consisted of a stereotypic pattern of focal, rhythmic spike-and-wave discharges 

(SWDs) at 2-5 Hz, and minimum peak-to-peak amplitude of 2 mV, which occurred immediately after 

the end of stimulation (Fig. 5b), occasionally followed by more variable epileptic discharges including 

sharp waves and polyspike-and-wave complexes. The ictal events induced by the optimised 

combination of stimulus parameters had a mean duration of 17.7 ± 3.8 s across all animals anaesthetised 

with fentanyl-isoflurane (Fig. 4b; n = 40 seizures, N = 3 rats). The mean seizure duration in each rat 

was 18.3 ± 3.7 s, 17.1 ± 4.0 s and 17.6 ± 3.7 s, respectively. The seizure duration did not differ 

significantly across stimulation attempts and between animals (p > 0.05, one-way repeated measures 

ANOVA). Across seizures and animals, the ictal focus was consistently recorded from the same 

electrode on the epicortical array which lay above the facial region of the primary somatosensory cortex. 

An inter-train interval of ≥7 min was necessary to allow the resting baseline ECoG rhythm, which 

comprised slower delta waves (>400 ms in duration) than in α-chloralose-anaesthetised rats, to be 

restored following a post-ictal period of electrical quiescence. This interval ensured that the 

electrographic patterns of epileptiform discharges remained consistent over time. Motor manifestations 

of seizures were also observed: tonic posturing occurred during the cortical stimulation period and the 

ictal events themselves were accompanied by facial and contralateral forelimb clonus at a frequency 

matched to that of the ictal discharges. 

3.3. Perforant path stimulation in rats anaesthetised with fentanyl-isoflurane results in reliable 

seizure induction 

Since the anaesthetic combination and stimulus parameters most permissive for the induction of ictal 

discharges had been established during development of the neocortical epileptic AD model, fewer rats 

were required to develop a model of repeatable hippocampal epileptiform activity in the anaesthetised 

rat. Electrical stimulation of the perforant path projection with both stimulation protocols tested, which 

differed in pulse width and train duration, successfully elicited ictal events in the hippocampus under 

fentanyl-isoflurane anaesthesia (N = 3 rats). In each rat, 15 seizures were induced in total: 6 seizures 

were induced using stimulation protocol 1 and 9 seizures were induced using stimulation protocol 2. 

For protocol 1, the percentage of attempts that resulted in seizure induction in the three animals were 

100% (6/6), 85.7% (6/7) and 85.7% (6/7), respectively. For protocol 2, the percentage of attempts that 

resulted in seizure induction in the three animals were 100% (9/9), 100% (9/9) and 90% (9/10), 

respectively. The overall success rates for the induction of seizures across all animals was 90.0% of a 

total of 20 attempts for protocol 1 and 96.4% of a total of 28 attempts for protocol 2 (Fig. 6a). 
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Figure 6. Development of hippocampal epileptic AD model. (a) Bar chart displaying the percentage of 

seizures induced out of total stimulation attempts with the two stimulation protocols tested under fentanyl-

isoflurane anaesthesia. The overall success rates for seizure induction across all animals for protocols 1 and 2 

were 90% (18/20 attempts, N = 3 rats) and 96.4% (27/28 attempts, N = 3 rats), respectively, and did not differ 

significantly (p > 0.05, Fisher’s exact test). Histograms of seizure duration for seizures induced by protocol 1 (b) 

and protocol 2 (c) in the three rats (bin width: 3 s). The seizures for each animal are represented in a different 

colour. There were no significant differences in seizure duration between the two protocols (p > 0.05, paired t-

test). 

 

3.4. Characterisation of seizures induced by the hippocampal epileptic AD model 

The induced seizures comprised repeatable series of focal high-amplitude (2-15 mV) rhythmic granule 

cell population spikes, 30-50 Hz in frequency, recorded from the dentate granule cell layer (Fig. 7). The 

ictal focus, defined as the position of the recording electrode on the 16-channel LFP probe from which 

the highest-amplitude population spikes were recorded, remained consistent across seizures in each 

animal. No discernible activity that met the requirements for seizure detection could be observed on the 

epicortical electrodes, confirming that the ictal spikes indeed originated in local microcircuits within 

the dentate gyrus. The mean duration of seizures induced by stimulation protocols 1 and 2 across all 

animals were, respectively, 24.4 ± 6.8 (n = 18 seizures, N = 3 rats) and 26.3 ± 6.5 s (n = 27 seizures, N 

= 3 rats) and did not differ significantly between the two protocols (Fig. 6; p > 0.05, paired t-test). For 

protocol 1, the mean seizure duration in each of the three rats was 25.8 ± 6.5 s, 24.9 ± 6.8 s and 22.6 ± 

6.6 s, respectively. For protocol 2, the mean seizure duration in each rat was 24.6 ± 5.7 s, 28.3 ± 6.6 s 

and 25.9 ± 6.5 s, respectively. The duration of seizures induced by both of the stimulation protocols 

tested did not differ significantly across stimulation attempts and between rats (p > 0.05, one-way 

repeated measures ANOVA). The effects of electrical stimulation with a given set of parameters were 

therefore shown to be consistent and reproducible within and across animals. 

Stimulation protocol 2, in which the angular bundle of the perforant path was stimulated with a 2-s train 

of biphasic symmetric, charge-balanced square-wave pulses (pulse width: 1 ms) at 100 Hz, was chosen 

for the final adapted model. This is because the first ictal discharges induced by this protocol 

consistently occurred after the end of the 2-s stimulation period, enabling clear visualisation of the 

seizure onset in the LFP recordings (Fig. 7b), in contrast to the initial ictal discharges generated by 

protocol 1 which occurred during the 5-s stimulus train (Fig. 7a). Additionally, use of protocol 2 

minimised the overall current delivered to the perforant path to induce repeatable seizures. Using the 

chosen combination of stimulus parameters, discrete hippocampal ictal events could be induced 
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consistently at a current amplitude of 1.5 mA. An inter-train interval of ≥12 min was required to ensure 

that seizures remained electrographically reproducible. The stimulation parameters and seizure 

properties for the neocortical and hippocampal epileptic AD model are summarised (Table 2). 
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Figure 7. Representative LFP recordings displaying the electrographic effects of electrically 

stimulating the perforant path of rats under fentanyl-isoflurane anaesthesia with two stimulation 

protocols. Stimulation with: (a) a 5-s train of biphasic symmetric, charge-balanced square-wave pulses with a 

pulse width of 0.1 ms (protocol 1), and (b) a 2-s train of biphasic square-wave pulses with a pulse width of 1 ms 

(protocol 2), both delivered at 100 Hz and 1.5 mA, consistently induced hippocampal ictal events comprising 

bursts of high-amplitude population spikes, sometimes superimposed on field EPSPs. In contrast to protocol 1 

(a), the initial discharges in seizures elicited by protocol 2 (b) occurred after the end of the 2-s stimulation period 

following a brief pre-ictal period of >200 ms and so were not contaminated by electrical stimulation artefacts in 

the LFP recordings. Additionally, the induced seizures comprised ictal paroxysmal discharges which were more 

repeatable than those elicited by protocol 1. For these reasons, protocol 2 was selected for the adapted model. 

Both LFP traces were recorded from the ninth most dorsal electrode on the 16-channel linear depth probe, 

corresponding to the ictal focus within the granule cell layer of the dentate gyrus. 
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Table 2. Summary of optimised stimulation protocols and seizure properties for the neocortical and hippocampal epileptic AD models. For both models, all 

stimulation series were delivered to rats anaesthetised with a combination of isoflurane (~0.5 %) and intravenously administered fentanyl (20 μg/kg/h). The fact that the 

hippocampus consistently generated longer-lasting series of epileptiform discharges, despite receiving a shorter stimulation train (2 s) than the sensorimotor cortex in the 

neocortical model (5 s), illustrates its high susceptibility to neuronal hypersynchrony.

Model Stimulation parameters Seizure properties 

 Site Pulse 

waveform 

Pulse 

width 

(ms) 

Frequency 

(Hz) 

Train 

duration 

(s) 

Amplitude 

(mA) 

Inter-train 

interval  

(min) 

Electrographic  

features 

Duration 

(s) 

 

Neocortical 

epileptic AD 

model 

 

Sensorimotor 

cortex 

 

Biphasic 

symmetric, 

charge-

balanced 

square-wave 

pulses 

 

 

1 

 

100 

 

5 

 

1.5-2 

 

7 

 

Rhythmic series of 

focal SWDs, ≥2 mV in 

amplitude, at 2-5 Hz; 

observed immediately 

after end of stimulating 

period;  occasionally 

followed by sharp 

waves 

 

 

17.7 ± 3.8 

Hippocampal 

epileptic AD 

model 

Angular 

bundle of 

perforant 

path 

Biphasic 

symmetric, 

charge-

balanced 

square-wave 

pulses 

1 100 2 1.5 12 Rhythmic series of 

focal granule cell 

population spikes, 2-15 

mV in amplitude, at 30-

50 Hz; observed 

following >200 ms 

electrically quiescent 

period at the end of 

stimulating period 

 

26.3 ± 6.5 
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3.5. Propofol prevents induction of neocortical and hippocampal seizures with electrical stimulation 

The effect of propofol, which has established antiseizure properties, on the optimised neocortical and 

hippocampal epileptic AD models was assessed to confirm their clinical responsiveness. For both 

models, propofol was administered intravenously and the sensorimotor cortex or perforant path was 

periodically stimulated to determine whether seizures could be induced. Electrical stimulation was 

performed every 7 and 12 minutes for the neocortical and hippocampal epileptic AD models, 

respectively, since these were the minimum inter-train intervals that enable resting baseline EEG 

activity to be restored after stimulation, as determined during model development. After propofol 

administration, neocortical or hippocampal epileptiform discharges could not be induced in any of the 

animals tested by electrical stimulation with the optimised parameters (Fig. 8). For the neocortical 

epileptic AD model, the mean time taken across all animals for seizures with the expected 

electrographic characteristics (see section 3.2) to be observed in the ECoG recordings was 29.0 ± 2.9 

min after administering propofol (Fig. 8a; n = 9 doses, N = 3 rats). The mean recovery time for 

neocortical seizures across the three propofol doses in each rat was 28.0 ± 2.2 min, 28.7 ± 4.0 and 30.3 

± 1.2, respectively. For the hippocampal epileptic AD model, the mean time taken across all animals 

for seizures representative of this model (see section 3.4) to return in the LFP recordings from the 

dentate gyrus was 40.0 ± 3.3 min after the propofol dose (Fig. 8b; n = 9 doses, N = 3 rats). The mean 

recovery time for hippocampal seizures across the three propofol doses in each rat was 38.3 ± 1.2 min, 

42.7 ± 4.5 and 39.0 ± 0.8, respectively. 
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Figure 8. Representative EEG recordings displaying the effects of propofol on the ability to induce 

neocortical and hippocampal seizures with electrical stimulation. (a) ECoG traces, recorded from the 

ictal focus in the facial representation of the primary somatosensory cortex, show that administration of propofol 

(15 mg/kg, i.v.) immediately prevents the induction of seizures using the optimised electrical stimulation 

parameters for the neocortical epileptic AD model. (b) A similar response was seen for the hippocampal epileptic 

AD model; LFP traces recorded from the ictal focus within the dentate granule cell layer displayed an inability to 

induce hippocampal seizures with the optimised stimulation parameters following propofol administration. 

Electrical stimulation was performed at intervals of 7 and 12 min for the neocortical and hippocampal models, 

respectively, in accordance with the optimised minimum inter-train intervals. In these examples, neocortical and 

hippocampal seizures with the expected electrographic characteristics of the developed models could not be 

induced until 29 and 37 min, corresponding to the fifth and fourth stimulation attempts, after administering the 

propofol dose. ECoG recordings (a) were obtained using an electrode on the 57-electrode epicortical array and 

LFP recordings (b) were obtained using the ninth most dorsal electrode on the 16-channel linear depth probe, 

positioned at the respective ictal foci for the induced neocortical and hippocampal seizures. 
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4. Discussion 

In this study, we have developed and characterised two acute in vivo models of focal seizures, the 

neocortical and hippocampal epileptic AD models, for inducing stereotypic ictal epileptiform activity 

respectively in the neocortex and hippocampus of the generally anaesthetised rat. The optimised 

electrical stimulation parameters enabled the induction of reproducible, self-sustaining ictal events, 

localised to a well-defined focal origin in the neocortex or hippocampus, on demand under fentanyl-

isoflurane anaesthesia. The seizures elicited comprised trains of electrographically repeatable ictal 

discharges which occurred immediately after delivery of the stimulus train. As such, the timing of these 

events can be tightly regulated, rendering the adapted models an efficient and well-tolerated means for 

the screening of novel anticonvulsant therapies and suitable for studies investigating the mechanisms 

of epileptogenesis that require complete control of seizure timing in the anaesthetised state. 

4.1. Effects of anaesthetic agents on seizure induction 

The choice of agent for maintaining general anaesthesia during the induction of ictal events was an 

important consideration and was expected to require some method development as the electrical AD 

models of epilepsy are typically used in awake rats  (Kubová, et al., 1996; Bragin, et al., 1997; Krupp 

& Löscher, 1998; Velísek & Mares, 2004; Nelson, et al., 2010; Fábera & Mares, 2014). During 

development of the neocortical epileptic AD model, epileptiform discharges could not be induced by 

electrical stimulation of the sensorimotor cortex in rats anaesthetised with α-chloralose despite 

increasing the current amplitude of the delivered stimulus to 15 mA and testing a range of pulse 

waveforms, pulse widths, frequencies, train durations and inter-train intervals. Limited in vitro studies 

have suggested that α-chloralose induces anaesthesia by increasing the affinity of GABAA receptors for 

the inhibitory neurotransmitter GABA through allosteric modulation of the GABA binding site, which 

thus potentiates GABAA receptor-induced inhibitory currents (Kumamoto & Murata, 1996; Garrett & 

Gan, 1998). It is known to have dose-dependent effects, both excitatory and inhibitory, on the CNS 

(Winters & Spooner, 1966; Segev, et al., 2006). A documented feature of α-chloralose is its ability to 

induce generalised inhibition which leads to synchronisation of cortical activity, giving rise to ECoG 

recordings characterised by intermittent high-amplitude transients (Winters & Spooner, 1966; Peeters, 

et al., 2001). This phenomenon was consistently observed in the present study; sharp hypersynchronous 

delta waves, >200 µV in amplitude and <250 ms in duration, were visible in the baseline ECoG 

recording at a frequency of 1-2 Hz shortly after introducing α-chloralose (Fig. 5a). In contrast, Rao 

demonstrated the presence of a low-voltage, electrically quiescent baseline ECoG prior to stimulus 

application to the rabbit cortex in one of the only acute studies reporting the successful use of this 

epilepsy model under α-chloralose anaesthesia (Rao, 2000). Therefore, the presence of 

hypersynchronous delta waves in the present study, which may be indicative of generalised cortical 

inhibition (Segev, et al., 2006), is the most probable explanation for the failure to elicit epileptiform 

discharges in our initial experiments. This is further supported by the inhibitory effects of propofol, 

which also enhances GABAA receptor-mediated inhibition (Weir, et al., 2017), on our seizure models.  

In order to avoid this generalised inhibition, the intravenously administered dose of α-chloralose would 

have needed to be varied by assessing its effects on resting ECoG activity whilst ensuring maintenance 

of an areflexic state. The optimal dose would, however, be difficult to establish as α-chloralose has a 

relatively long plasma half-life of 8-10 hours in rats (Fish, et al., 2008). For this reason, we decided to 

first test fentanyl (with ~0.5% isoflurane) for its potential in this study. Because epileptiform discharges 

could be induced immediately with this anaesthetic combination, its use was continued for all 

subsequent experiments aimed at optimising stimulation parameters in both the neocortical and 

hippocampal epileptic AD models. 
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4.2. Characteristics of the adapted neocortical and hippocampal epileptic AD models 

The developed neocortical and hippocampal epileptic AD models involve electrical stimulation of the 

sensorimotor cortex or perforant path, respectively, with trains of biphasic symmetric, charge-balanced 

square-wave pulses, 1 ms in pulse width and 1-2 mA in amplitude, at 100 Hz in rats anaesthetised with 

fentanyl-isoflurane. In the neocortical model, a 5-s train is delivered through two electrodes on a 57-

electrode epicortical array either side of the boundary between the primary somatosensory and motor 

cortex (M1/S1 HL). In the hippocampal model, a 2-s train of the same stimulus pulses is applied through 

a twisted bipolar stimulating electrode targeting the perforant path projection from Layer II/III of the 

entorhinal cortex. 

In this study, ictal activity was defined as repetitive epileptiform discharges lasting ≥10 s based on the 

majority of seizures recorded in humans (Jenssen, et al., 2006; Hughes, 2009; Cook, et al., 2016). The 

seizures induced by the optimised stimulation parameters were 17.7 ± 3.8 s and 26.3 ± 6.5 s for the 

neocortical and hippocampal models, respectively. Additionally, they were stereotypic and consistent 

in their electrographic manifestations: focal high-amplitude rhythmic paroxysms, with a frequency of 

2-5 Hz for neocortical ictal discharges and 30-50 Hz for hippocampal ictal discharges, were generated 

immediately after the end of electrical stimulation. These features are in agreement with previous 

studies that have utilised epileptic AD models in freely moving rats (Leung, 1987; Bragin, et al., 1997; 

Haugvicová, et al., 2002; Nelson, et al., 2010; Fábera & Mares, 2014) and are also comparable to the 

electrographic patterns of spontaneous recurrent seizures induced by several chemical models of 

epilepsy, including the kainic acid (Cavalheiro, et al., 1982) and pilocarpine models (Leite, et al., 1990). 

In addition, the electrographic features of the induced epileptiform activity closely resemble those of 

acute seizures induced by administration of the chemoconvulsant 4-aminopyradine into the rat 

hippocampus and neocortex (Peña & Tapia, 2000; Bahar, et al., 2006). The ictal focus, as determined 

by recording electrodes, was consistently localised to the facial somatosensory cortex in the neocortical 

model and the granule cell layer of the dentate gyrus in the hippocampal model; the positions of seizure 

foci also remained extremely stable across seizures and animals. A minimum inter-train interval of 7 

and 12 min is required, respectively, for the neocortical and hippocampal models to enable baseline 

EEG activity to return following electrical stimulation and thus ensure that the electrographic 

presentation of seizures remain stable over time. This stability of the generated seizures and ability to 

control their induction demonstrate the usefulness of these models for testing the efficacy of novel 

anticonvulsant therapies and in vivo investigations that are restricted to an acute experimental setup. 

Further, the administration of propofol, a clinically used anaesthetic agent with antiseizure properties, 

consistently resulted in the inability to induce neocortical or hippocampal seizures following electrical 

stimulation with the optimised parameters. The time taken for seizures to return following intravenous 

propofol administration (29.0 ± 2.9 min in the neocortical model and 40.0 ± 3.3 min in the hippocampal 

model) was in agreement with the relatively short half-life of the drug (Folino & Parks, 2020). This 

complete suppression of epileptiform activity by propofol demonstrates that the developed models are 

highly predictive of the clinical response to an established antiseizure anaesthetic, thus validating their 

use in the preclinical testing of novel treatments for seizures. 

4.3. Potential applications for the adapted neocortical and hippocampal epileptic AD models 

The major advantages of the epileptic AD models adapted for inducing neocortical and hippocampal 

seizures acutely in this study are as follows. First, these models enable ictal epileptiform events to be 

elicited on demand under anaesthetised conditions, immediately after the delivery of a stimulus 

comprising a train of square-wave pulses. This overcomes the technical challenges associated with the 

use of chronic models of spontaneous seizures in freely moving animals such as the need for prolonged 
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training of animals to habituate them to recording procedures and offline video EEG-monitoring to 

establish the efficacy of potential antiseizure treatments, which are laborious and time-consuming, and 

therefore largely simplifies the screening of novel therapeutic interventions for epilepsy (Blumenfeld, 

2007). As such, the implementation of these models can provide an efficient method with which to test 

antiseizure drugs in early pre-clinical phases and evaluate potential stimulation paradigms for focal 

electrical stimulation, a promising therapeutic alternative for refractory epilepsies, with high throughput 

and reproducibility. 

The ability of the neocortical and hippocampal epileptic AD models to induce seizures acutely with 

controlled and predictable timing is also a valuable feature for neuroimaging studies. Several functional 

imaging modalities including EIT, BOLD-fMRI and diffusion MRI require long-lasting sessions of 

recording in head-fixed animals, which are typically anaesthetised and paralysed to eliminate movement 

artefacts associated with extreme muscle activity during seizures, for the acquisition of adequate high-

quality data and accurate image reconstruction (Nersesyan, et al., 2004; Blumenfeld, 2007; Airaksinen, 

et al., 2011; Tsurugizawa, et al., 2013; Hannan, et al., 2018a). For such applications, therefore, it is vital 

to be able to induce seizures reliably and reproducibly under anaesthetised and paralysed conditions to 

maximise data acquisition, which can be achieved by the presented models. By simplifying the 

experimental setup required for imaging functional changes during epileptiform events, implementation 

of the adapted epileptic AD models may also open the door to proof-of-concept studies of novel 

neuroimaging approaches and ultimately improve understanding of the altered functional connectivity 

in epileptogenic networks. 

Secondly, the developed models represent focal models of neocortical and hippocampal epilepsy which 

can be used to test focal treatments. For example, they may be employed for assessing the efficacy of 

different stimulation parameters in closed-loop neuromodulation systems, which are competing 

alternatives to pharmaceutical anticonvulsants, for the treatment of refractory focal epilepsies (Fountas 

& Smith, 2007; Bigelow & Kouzani, 2019). The presence of a precisely defined ictal focus in the 

neocortical and hippocampal AD models is particularly advantageous for imaging studies in which 

reconstructions often need to be compared across animals to determine reproducibility and thus evaluate 

the technical accuracy of a given imaging modality. In addition, the sites of electrical stimulation are 

remote from the expected location of maximal activity due to strong functional connectivity between 

both (a) the sensorimotor and facial somatosensory cortical regions and (b) the entorhinal cortex and 

the dentate gyrus via the perforant path. This is beneficial for neuroimaging experiments where the 

presence of stimulating electrodes or microdialysis probes in close proximity to the ictal focus can result 

in reconstruction artefacts within the target region for imaging epileptiform activity. In particular, for 

EIT protocols, the presence of an implanted object near the ictal focus which has contrasting 

conductivity to the surrounding cerebral tissue can affect the current distribution during impedance 

measurements which would, in turn, influence the spatial sensitivity profile of the imaging protocol and 

therefore reduce the quality and localisation accuracy of reconstructions (Hannan, et al., 2020). The 

presented models thus avoid such effects on the resulting images and provide a method that enables 

inter-subject comparisons of reconstructed functional changes during epileptiform events. 

Moreover, the injection of chemoconvulsants into the neocortex or hippocampus in chemical models of 

epilepsy may itself affect the measured signal during imaging protocols with BOLD-fMRI or EIT, for 

example, and thus lead to difficulties in establishing the true source of any imaged activity (Renvall, et 

al., 2014; Hannan, 2019). Inducing seizures with the presented neocortical and hippocampal epileptic 

AD models, on the other hand, avoids such fluid-related alterations in the BOLD or tissue impedance 

response, thereby validating that the images are truly reflective of neural activity during epileptiform 

events. 
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A limitation of this study was that only female rats were used to develop the neocortical and 

hippocampal epileptic AD models. However, our goal was to establish simple, practical and highly 

accessible models of seizures with stereotypic and reproducible electrographic features to use in acute 

setups under anaesthetised conditions. As such, investigating any potential effects of sex differences on 

these models lay outside the scope of the present work. Moreover, detailed protocols for localising the 

target brain regions for electrical stimulation, namely the sensorimotor cortex and the angular bundle 

of the perforant path for the neocortical and hippocampal models respectively, with high precision using 

functional mapping based on ECoG and LFP recordings are provided in our methods. This approach 

enables the precise stimulation location to be determined in each individual rat. Similarly, the current 

threshold required to elicit epileptiform discharges, which is expected to vary slightly across animals 

due to age and weight differences (Kubová, et al., 1996; Krupp & Löscher, 1998), is also determined 

per animal. Therefore, if these described protocols are followed to account for any inter-individual 

variabilities, it is expected that the optimised stimulation parameters will enable the generation of 

epileptiform events with similarly reproducible electrographic characteristics, despite any potential 

neuroanatomical or size differences across sexes. This is further supported by the fact that no sex 

differences in seizure properties were observed in previous studies that have used the electrical AD 

models of epilepsy in awake, freely moving rats (Bragin, et al., 1997; Langberg, et al., 2016). 

Nonetheless, future work can be done to explicitly investigate whether any differences exist between 

male and female animals when using the optimised models. 

The neocortical and hippocampal epileptic AD models developed in the present study are also limited 

in their lack of cell-type specificity and thus inability to influence the firing characteristics of specific 

neuronal populations to induce seizures. The contribution of specific cell types to epileptiform activity 

may be determined by employing optogenetic approaches for seizure induction (Cela & Sjöström, 

2019). Osawa et al. (2013) demonstrated that repetitive photostimulation of the rat hippocampus, in 

which channelrhodopsin-2 (ChR2) was expressed, reproducibly results in seizure-like afterdischarges. 

Similarly, a mouse model of optogenetic seizure induction in the neocortex, in combination with 

calcium imaging, was used to delineate the roles of different populations of interneurons in seizure 

initiation and maintaining ictal activity (Khoshkoo, et al., 2017). In addition, an optogenetic variant of 

the classical kindling model of epilepsy was developed in awake, freely moving mice by applying brief 

stimuli every two days to activate neocortical pyramidal cells (Cela, et al., 2019). This resulted in a 

progressive increase in the number and severity of seizures and elevated seizure susceptibility in the 

absence of additional stimulation (Cela, et al., 2019). Other studies have also combined kindling with 

optogenetics in this manner to give rise to a gradual intensification of stimulus-induced seizures in mice 

over time (Wang, et al., 2017; Berglind, et al., 2018). Although such approaches can circumvent the 

limitation of electrical stimulation in identifying the specific neuronal networks responsible for focal 

epileptogenicity, establishing transgenic lines that express functionally relevant levels of optical 

actuators of neuronal activity through genetic manipulation can be laborious, costly and time-

consuming (Zeng & Madisen, 2012). Moreover, rats offer several advantages over mice as a disease 

model for use in EIT experiments and other imaging studies aimed at investigating neural network 

dynamics in epilepsy due, for example, to their larger body size and thus ability to accommodate a 

greater number of electrodes (Anikeeva, et al., 2011). However, the limited number of established 

transgenic rat strains has hindered the application of optogenetics in rats (Igarashi, et al., 2018). Since 

we aimed to develop a simple and practical rat model of seizure induction for use in acute in vivo 

experimental setups, primarily for imaging neural activity during epileptiform events at the mesoscopic 

scale, utilising optogenetic tools to elucidate specific cell populations implicated in epileptogenesis was 

outside the scope of this study. 
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The main limitation of the adapted neocortical and hippocampal epileptic AD models relates to the fact 

that they are merely an approximation of a complex system that constitutes the human disease and the 

results should therefore be interpreted with caution, an inherent quality of all animal seizure models. 

There may also be specific differences between the mechanisms underlying such induced seizures 

compared to the spontaneous recurrent seizures that occur in human epilepsies (Gu & Daltone, 2017). 

Nevertheless, models of acute seizures have been shown to provide valuable information regarding the 

pharmacological profile of anticonvulsant drugs and can be especially useful for optimising efficiency 

during the initial ‘identification’ phase of the preclinical Epilepsy Therapy Screening Program (ETSP) 

(Kehne, et al., 2017; Löscher, 2017). Chronic models of epilepsy that mirror the spontaneous nature of 

human seizures, and therefore offer a more ‘realistic’ clinical representation of the condition, can 

subsequently be implemented at the later ‘differentiation’ phase of the ETSP (Löscher, 2017). Overall, 

a fit-for-purpose paradigm should be employed, in which the animal model used in a given study is 

selected on the basis of the characteristics required to answer the specific research questions under 

investigation (Löscher, 2016). 

4.4. Conclusion 

In summary, two optimised experimental models of focal neocortical and hippocampal seizures are 

presented, for use in generally anaesthetised rats, which provide an efficient method for investigating 

the mechanisms of human epilepsies and evaluating novel therapeutic strategies. The described models 

enable the reliable on-demand generation of focal ictal events localised to a known position within the 

neocortex or dentate gyrus by electrical stimulation with a set of specified parameters. As such, they 

hold promise for any in vivo investigations that necessitate tight regulation of seizure timing, for 

example, in acute neuroimaging studies aimed at elucidating changes in functional connectivity during 

epileptogenesis, or in which recovery of animals from anaesthesia is not possible or practical. 

Furthermore, the high reproducibility in the electrographic presentation of induced neocortical and 

hippocampal seizures in these models has potential to increase the power of comparisons of novel 

treatments during preclinical screening and consequently reduce the total number of animals needed. 

Implementation of the presented models can, therefore, provide a cost-effective acute experimental 

setup with which to test anticonvulsant drugs and evaluate closed-loop stimulation paradigms for the 

treatment of refractory focal epilepsies, such as FNE and mTLE, with rapid throughput and a high 

degree of repeatability. 
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