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THE SCHOOL OF PHARMACY:  University of London

Epilepsy:  Understanding convulsive disorders

Animal models of epilepsy

Since epilepsy and its various manifestations is such a complex neurological disorder, it is not too surprising that the nature of the underlying neuronal abnormality is rather poorly understood.  Also, detailed studies on epileptic patients are difficult or impossible to carry out.  For this reason, many different animal models of epilepsy (both in vivo and in vitro) that reproduce epileptic seizures, have been developed over the years. 

Essentially, seizures and convulsions are induced in experimental animals to model epilepsy in humans – or in the case of in vitro brain slice models – epileptiform activity is induced in recorded normal neurones by manipulation of the external bathing environment (e.g. alteration in ionic concentrations or addition of various convulsant agents) or by application of triggering electrical stimuli.  As will be mentioned below, a variety of induced or spontaneous genetic strains of mice (or rats) are also now available that show epilepsy-like characteristics as part of their phenotype.  Such studies have provided some valuable information on the likely electrical events that occur during a seizure discharge, but the underlying cellular and molecular mechanisms responsible for predisposing an individual to periodic seizures, are far from being entirely understood.

Thus, much of what is known today about the epilepsies is derived directly or indirectly from such animal models.  It is also relevant to consider to what extent these various models offer a true representation of the diverse range of the human epilepsy disorders.  Sometimes, interpretation of findings from these models can be difficult. 

A surprisingly large number (over 50) of model systems have been developed – probably indicative of the fat that no one model is a full and trustworthy imitation of clinical epilepsy.  Also, there are multiple types of epilepsy to model, each with different characteristics and possible underlying causative mechanisms.

Epilepsy is a condition of chronically recurrent spontaneous seizures; it is a disorder intrinsic to the brain – either resulting from a ‘hereditary tendency’ or after a prior insult has caused a portion of the brain to become electrically unstable.  To be precise therefore, the term “animal model of epilepsy” is somewhat misleading – “animal model of a seizure disorder” is perhaps more representative. Drugs that are effective in counteracting acute seizures, may not necessarily be effective in chronic models of epilepsy. A seizure (ictus) is a clinical and behavioural event; - an in vitro brain slice model cannot therefore ‘seize’ or suffer from ‘epilepsy’ in the true sense.

Some of the more common animal models of the epilepsies are listed in Table 1.  These models are used to explore basic questions about seizures, and the electrical activity of the brain: i.e. why do seizures occur when they do; how do seizures spread and stop; is there a neuronal pacemaker mechanism?

[Another point to note is that most current rodent models utilize mature male animals – yet features of epilepsy in children are often quite different from that found in adults – yet AED drugs used in children are essentially the same as those used in adults; the developmental aspects of seizure generation therefore need to be taken into consideration, and more models involving immature animals would seem warranted (e.g. flurothyl model of neonatal seizures: see below). 

On the other hand, geriatric epilepsy is also a major clinical problem, and experiments on aged rodents can offer some useful insights in this respect].
Models for simple partial (focal) seizures: acute

Application of topical convulsants:  Such systems attempt to model the seizure discharges that arise from acute cortical injury as might occur from trauma or heamatoma. The most popular method is to apply a convulsant such as penicillin, bicuculline, or picrotoxin topically to the brain (exposed rat or cat cortex).

Intracellular recordings made from cortical neurones in such penicillin foci revealed the paroxysmal depolarizing shift (PDS) – the intracellular correlate of the interictal (between seizures) EEG ‘spike”.  The epileptogenic effects of penicillin, bicuculline, or picrotoxin can be attributed to the local antagonism of the inhibitory neurotransmitter action of GABA.

________________________________________________________________________

Table 1:  Some commonly used animal models of the epilepsies

         PARTIAL                                                                  GENERALIZED

Simple partial, acute




Generalized tonic-clonic

Topical convulsants:




Genetic:


Penicillin




   Audiogenic seizures in mice

Bicuculline




  “Totterer” and “El” mice


Picrotoxin




   Genetically-epilepsy prone rats


Strychnine


Cholinergics




Maximal electroshock








Systemic chemical convulsants:

Acute electrical stimulation



   Leptazol (pentylenetetrazol)








   Picrotoxin

Neocortical brain slices



   Bicuculline








   Penicillin








   Flurothyl

Simple partial, chronic



Generalized absence
Cortically implanted metals:



Thalamic stimulation


Aluminium hydroxide;



Bilateral cortical foci


Co, W, Zn, Fe




Generalized penicillin (cat)







(-OH butyrate (GHB)

Genetic rodent models
Complex partial




Status epilepticus

    Kainic acid 





Lithium-pilocarpine

    Tetanus toxin






    Kindling







    Brain slices:







         Rodent hippocampal/cortical brain slices;

        Isolated cell preparations;

        Human neurosurgical tissue


Table 2:  Other useful animal epilepsy models

Hyperthermia:


Experimental febrile seizures

Hypoxia:



Hypoxic-induced seizures

Traumatic brain injury (TBI): 
Fluid-percussion brain injury

Stroke:



Vascular occlusion

Radiation:



In utero radiation exposure (model of cortical






dysplasia); [γ-radiation-E17]
________________________________________________________________________
Direct electrical stimulation of the cortex:  Repetitive electrical stimulation of cortical tissue in vivo using metal electrodes resting on the brain, can initiate EEG seizure afterdischarges recorded by nearby surface electrodes.
Cortical brain slices: Cortical brain slices are prepared from rats, mice or guinea-pigs, and exposed focally to various convulsants in vitro; slices may also be prepared from epileptic foci surgically removed from human patients.    

Disadvantages of acute models: - these methods tend to be rather intense; - many cells in the focus participate in the epileptiform activity – this may not be the case in human foci.  Also, seizure discharges in such models generally last only minutes or hours – do not result in recurrent seizures – therefore, do not model the long-term time-dependent regional morphological changes in neurones/glia that may occur in human epileptic tissue.

Models for partial seizures: chronic

Implantation of metals such as Aluminium (hydroxide), Co, W, Zn or Fe in the cortex, can produce chronic recurrent simple partial seizures in animals.  Generally, the seizures begin 1-2 months after the implantation and persist for years (similar to partial seizures in humans). Such models however, are expensive to prepare. Nevertheless, the chronic models provide an opportunity to study the changes that occur in the ‘latent period’ between an insult to the brain and the onset of ongoing epilepsy.

Models of complex partial seizures
Complex partial seizures usually arise from the so-called ‘limbic’ area of the brain – including the amygdala, hippocampus, and prepiriform cortex.  The four primary model systems are the: kainic acid; tetanus toxin; kindling, and brain slice/isolated cell preparation models.  

Kainic acid: is a potent rigid glutamate analogue, with prominent neurotoxic properties, particularly on hippocampal cells. In sub-toxic doses, kainic acid (applied i.v. or intra-hippocampally) can induce seizures in the hippocampus of animals by a disinhibitory mechanism.  Such seizures can last hours or days, and may result in irreversible hippocampal lesions.  Similarly - 

Tetanus toxin:  intra-cranial injections of tetanus toxin into the rat hippocampus can induce recurrent chronic partial seizures over a period of weeks; thereafter, the incidence of seizures decreases until animals are seizure free.  The exact mechanism of seizure induction is unclear, but may involve a local interference with inhibitory neurotransmitter release.  Unlike the Kainic acid model, hippocampal neuronal damage may or may not be present.

Kindling:  this refers to a phenomenon whereby repeated low-intensity (subconvulsive) electrical shocks applied to various parts of the brain (e.g. the amygdala), delivered over a period of days via implanted electrodes, eventually causes a gradual but lasting change in brain excitability, so that after a few weeks, ‘kindled’ animals can exhibit spontaneous partial and generalized seizures, even in the absence of priming shocks.  This increase in sensitivity persists for the life of the animal.  In its fully developed form, the kindling model is considered as a good model of secondarily generalized complex partial seizures.

Giving repeated small doses of convulsant agents (e.g. leptazol) can also cause a permanent change in convulsive threshold – ‘chemical kindling’. 

Once again, exact mechanisms underlying kindling remain unclear, but there is now evidence for long-lasting ‘plastic’ changes in synaptic connectivity, as well as altered function of excitatory and inhibitory amino acid receptors (“epileptic receptors”) – suggesting altered receptor gene expression in individual neurones subjected to recurrent seizure activity.  
Changes in gene expression in glial cells and also genes involved in the immune reaction, have also recently been highlighted as possible important factors in epileptogenesis. 
Interestingly, anticonvulsants such as phenobarbitone, diazepam and valproate can block the development and occurrence of kindled seizures, whereas phenytoin and carbamazepine only block seizure occurrence.  Kindling studies are especially useful for investigating changes that occur in the brain over time. However, it should be noted that not all data obtained with kindling may be relevant to the human epilepsy condition.
Brain slices:  In the 20 years, there has been considerable progress made in the development of in vitro brain slice seizure models.  Brain slices have the advantage of mechanical stability (permitting long-lasting intracellular recording) and the absence of a blood-brain barrier for applied drugs, or a need for continual exposure to anaesthetics.  The hippocampal brain slice in particular, has been used very widely for studying the basic mechanisms of epileptogenesis.  Such studies have emphasized the importance of excitatory synaptic function in the initiation of a seizure, and also the powerful influence of inhibitory neurotransmission in curtailing epileptiform activity. 

The intrinsic (pacemaker) properties of neurones (and their various voltage-sensitive ion channels – K+, Na+, Ca2+) were also revealed to be important in governing bursting behaviour in some instances – such ion channels also provide valuable pharmacological targets for anticonvulsant agents effective in vivo.  Indeed, brain slice models have been useful for screening the actions of a wide variety of anticonvulsant drugs – although there is not necessarily a direct correlation of such data with the effectiveness (or toxicity) of the drugs in the whole animal.   Also, of course, slices cannot really model the complex EEG and behavioural manifestations of epileptic seizures.

Isolated cell preparations:  e.g. tissue cultured neurones or acutely dissociated neuronal preparations (following proteolytic enzyme treatment of brain slices – such preparations allow patch-clamp recording of individual channel activity or membrane current responses following voltage, ionic of drug-induced changes.  It is likely that the basic mechanisms of convulsant and anticonvulsant drug action revealed by such methods, actually underlie the clinically-relevant anti-seizure effects.

Other models in this category: drug injections into the deep prepiriform cortex area (“area tempesta”)–[a discrete seizure-prone area] –produces bilateral clonic motor seizures;  {also – prepyriform cortex brain slice model}.

Human neurosurgical tissue:  intracellular recordings from epileptogenic human brain tissue removed during neurosurgery, have also been made; such tissue however, may be subject to surgical and/or anoxic damage.  ‘Control’ human brain tissue is also not always readily available for comparison.  Ethical (and safety!) considerations also now limit the usefulness of such models, however useful and relevant they may appear to be. 
Nevertheless, such studies, when properly designed and conducted, are important to validate the data obtained from animal models and furthermore, they may be particularly useful to test new AEDs that may be effective against the pharmacoresistant epilepsies.
Models of generalized tonic-clonic seizures
Genetic:  There are no really good animal models for ‘grand mal’ seizures; - but since idiopathic grand mal epilepsy shows a strong genetic component, researchers have attempted to develop models from certain genetically –aberrant strains of animals that show a seizure-prone character.  Some particular examples include:

Audiogenic-seizure prone (DBA/2J) mice: - these animals exhibit severe sound-induced generalized seizures between postnatal weeks 2-4, after which susceptibility gradually declines.  The noise stimulus has to be loud, sudden, and contain 12-16 kHz frequency components.  Although there is no direct counterpart in clinical epilepsy, this model can be useful for tracking down genetic factors (loci) that pre-dispose the brain to seizure-like events.

“Totterer” and “El” mice:  The “totterer” strain of mouse has a hereditary neuromuscular mutation that causes ataxia, but in addition, suffers from frequent partial and absence seizures, beginning at ~4 weeks of age.  An increased level of noradrenergic innervation from the locus coeruleus has been associated with the increased seizure tendency.    The “epilepsy (El)” mouse undergoes spontaneous seizures following gentle tossing or spinning of the animal; the seizures are believed to originate in the deep limbic structures (complex partial) then generalize to tonic-clonic.

Genetically epilepsy-prone rats (GEPR):  these animals are susceptible to seizures induced by sound, hyperthermia or various electrical/chemical stimuli; - the increased seizure tendency appears ~2-4 weeks after birth. Abnormalities in several neurotransmitter systems (noradrenaline, 5HT, ACh, GABA) has been suggested to play a role in the GEPR’s seizures.

These genetic model systems contribute to our understanding of how a gene mutation can lead to seizures.

Maximal electroshock (MES):  this is one of the oldest, best studies, and most useful animal model of seizures.  Essentially, electrical skull-shocks applied to animals (rats/mice) via ear clip (or corneal) electrodes, produce tonic-clonic seizures depending on stimulus strength (minimal/maximal seizures).  The usual analysis involves measuring MES thresholds for inducing seizures (in 50% or 97% of animals) between control and test groups.  Such studies applied to a series of barbiturates, originally led to the development of phenytoin.

Systemic chemical convulsants: - numerous compounds can produce generalized tonic-clonic seizures when administered systemically.  These include leptazol, penicillin, picrotoxin and bicuculline.  All these agents induce seizures by interfering with GABA-mediated synaptic inhibition.  The action of leptazol however, may also involve other mechanisms.  In the flurothyl model of neonatal seizures, the chemoconvulsant inhalant flurothyl (hexafluorodiethylether) is administered to rat pups during first postnatal days [P7-10], to produce multiple recurrent generalized seizures, most likely by selective impairment of GABAA synaptic transmission).

The evaluation of new clinical anticonvulsants against MES and leptazol-induced seizures, is now a routine screening test.  Interestingly, various anticonvulsants can display different effectiveness against these models (e.g. phenytoin is effective vs. MES, but not vs. leptazol seizures, and vice versa with ethosuximide).

Models for generalized absence seizures  

Clinical absence (petit mal) seizures are characterized by arrest of ongoing activity, full or partial decrease of awareness and typical 3-4 Hz spike waves appearing in the EEG.  Some interesting animal model approximations to this condition have been developed over the years e.g. discrete thalamic stimulation; production of bilateral cortical foci using Co implantation;  i.m. injection of high systemic doses of penicillin (generalized penicillin model) in cats;  and administration of the GABA metabolite (-OH butyrate (GHB):   all these methods can induce absence-like behaviour and EEG activity similar to petit-mal epilepsy. 

Perhaps the most useful models that have been introduced in recent times however, are the genetic rodent models of absence epilepsy.  Certain natural inbred strains of rats have been shown to exhibit spontaneous absences and EEG spike waves: - in particular, the so-called Genetic Absence Epilepsy Rats from Strasbourg (GAERS).  Also the WAG/Rij strain of rats.

Several mouse mutant strains also show similar absence behaviour: - “Tottering; lethargic; stargazer  and slow-wave epilepsy” strains.  Electrophysiological recordings made from such animals have provided useful information on the underlying cellular mechanisms involved in the generation of absence seizure discharges.

Models of status epilepticus
Many of the chemical agents that are able to produce partial seizures when introduced locally into the brain or in small systemic doses, can induce status epilepticus when administered in large doses in rodents: e.g. kainic acid; NMDA; bicuculline and leptazol.  Unless treated, these seizures are invariably lethal.

Perhaps the most popular model of status epilepticus is the so-called Lithium-pilocarpine model, in which rats are pretreated with LiCl, followed after 24 hrs. by the muscarinic agonist pilocarpine, which induces tonic-clonic seizures within 30 min, continuing for several hours.  Pilocarpine can also induce status epilepticus in animals that have been pre-kindled by amygdala stimulation.  Standard anticonvulsants such as diazepam, valproate, carbamazepine, and phenobarbitone (also atropine!) are all effective in preventing these pilocarpine-induced seizures.

Conclusion
Clearly, there are many animal models for the epilepsies; this is probably not too surprising, since epilepsy is a heterogeneous disorder, so it is unlikely that one model would represent all the clinically observable forms.

It should also be borne in mind that all the models have limitations: - i.e. models give information on the mechanisms of the models, and not necessarily on the mechanisms of human epilepsy! -  because a model generates activity similar to a clinical seizure-type does not mean the underlying pathophysiology is the same! 

Caution is therefore required in interpreting all animal model data.
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