Modulators of neuronal cell death in epilepsy
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Summary
Experimental and human data have shown certain seizures cause damage to brain. Neuronal loss may result in cognitive impairments and perhaps contribute to the development or phenotype of emergent epilepsy. Through genetically-modified mice and viral vectors recent work on Bcl-2 and Bcl-w, heat shock proteins 27 and 70 and caspases or their regulators has ascertained functional significance for these pathways as contributors to neuronal death in models of status epilepticus. In parallel, ancillary effects on seizure induction and excitability thresholds have emerged suggesting additional properties of therapeutic potential. Differing hippocampal expression of certain Bcl-2 family genes, elevated endoplasmic reticulum stress chaperones and death receptor pathway modulation in epilepsy patients support clinical relevance of this focus. These findings may yield potentially valuable adjunctive neuroprotective or anti-epileptogenic strategies. 
Introduction

Epilepsy is a common, chronic neurologic disorder characterized by recurrent, unprovoked seizures [1]. Single prolonged seizures (status epilepticus) can be profoundly damaging to brain [2,3]. However, neuroimaging and cognitive testing of patients with refractory epilepsy suggest detrimental effects of repeated seizures over time, including volumetric decline within involved brain structures [4-7]. While primary neuroprotection lies in stopping the seizure to blunt the insult, secondary neuroprotection lies in intervening in signalling cascades that regulate cell death [8]. 
Significance of neuronal death in epilepsy

Neuronal death after seizures may have several consequences for the post-damage brain. Cognitive impairments are well known and relate to the damage caused by repeated seizures [9]. Animals with seizure-induced hippocampal damage also experience more frequent severe epileptic seizures [10]. Additional arguments for neuroprotection after seizures have emerged in relation to effects of seizure-induced neurogenesis where integration of new neurons disrupts circuitry and impairs cognition [11]. 
Initiation of neuronal death by seizures

The mechanism by which seizures cause neuronal death is understood to involve excitotoxicity mediated by over-activation of glutamate receptors gating intracellular calcium overload that culminates in downstream swelling and rupture of intracellular organelles, activation proteolytic enzymes and cell death [12]. Blocking glutamatergic signalling is neuroprotective but an unfavourable side effect burden is likely to preclude clinical application for treating prolonged or recurrent seizures. Since the early 1990s several groups have shown that seizures activate signalling pathways associated with apoptosis and these may offer alternate approaches to neuroprotection. Seizures activate key mediators of these pathways including pro-apoptotic Bcl-2 family proteins and caspases, release apoptogenic molecules from mitochondria and cause DNA fragmentation [13]. Resolving the functional contribution of these cell death signalling pathways in epilepsy models is hampered by a lack of specific pharmacological tools. Presently, we review evidence for modulators of cell death with emphasis on how viral vectors and genetically-altered mice have enabled quantitative functional assessment of these pathways in seizure-induced neuronal death. 
Bcl-2 family genes and caspases 
The Bcl-2 family comprise genes which positively or negatively regulate apoptosis primarily via effects on mitochondria [14]. Pro-apoptotic Bcl-2 homology (BH) domain 3 members such as Bim act upstream as conveyors of apoptotic stimuli and neutralize anti-apoptotic members such as Bcl-2. This facilitates Bax/Bak induction of mitochondrial dysfunction, cytochrome c release and triggering of the caspase cascade. Studies of seizure-damaged rat and mouse hippocampus have reported changes to mRNA, protein and subcellular localization of Bcl-2 family proteins as well as “activity” in terms of shifts in protein-protein interactions [13]. Functional significance of Bcl-2 family proteins was first demonstrated in vivo by Sapolsky’s group using herpes simplex virus to overexpress anti-apoptotic Bcl-2, finding this conferred modest protection against hippocampal seizure damage [15]. Our lab recently completed studies using mice deficient in anti-apoptotic bcl-w [16]. We found Bcl-w deficient mice undergo more than twice the level of hippocampal neuronal death after status epilepticus as their wildtype littermates. Of additional interest, the mice also display a neurophysiological phenotype whereby seizures begin a few minutes in advance in the knockouts [16]. The effect was investigated further by overexpressing Bcl-w in mouse neurons and performing patch clamp recordings. Bcl-w could potentiate inhibitory -amino butyric acid (GABA) currents [16], and thus may have significant merit for study in epilepsy being both neuroprotective and seizure suppressive. Mice deficient in the Bak gene also display altered damage after kainic acid-induced seizures [17] although data from this report are in conflict with known properties of Bak.
    Expression of several Bcl-2 family proteins is altered in hippocampus from patients with temporal lobe epilepsy (TLE). Accepting the myriad caveats of control material for such work, hippocampi from such patients contain elevated Bcl-w, lower Bim but normal levels of Bcl-xl, Bax, Bad and Bid [18,19]. This pattern could reflect adjustment of the repertoire of genes regulating cell death toward lowering the vulnerability of brain to further neuronal loss. Indeed, the balance of pro- and anti-apoptotic Bim and Bcl-w levels in rat and mouse hippocampus challenged with repeated brief seizures mirrors that seen in patient brain [16,18]. However, since cleavage of a select group of caspases (3, 7, 8 and 9) is also detectable in this tissue [19-21] some progression of apoptosis signalling may be occurring that may be functionally significant. Additional approaches to brain sampling such as serum analysis have recently provided indirect evidence for modulation of these pathways in epilepsy patients [22].

   Experimental studies targeting caspases have mainly relied on substrate-based pharmacological tools and disappointingly, the seizure-damage protection seen with a caspase-3 inhibitor in vivo did not translate to disease-modifying effects in long-term video-EEG studies of epileptogenesis [23]. Since the specificity and effectiveness of the inhibitor used may be a factor, studies are required with genetic approaches. Viral vector delivery of the broad spectrum caspase inhibitor p35 is an effective against hippocampal seizure damage in vivo [24] and necrotic cell death in vitro [25]. Caspase-1 deficient mice were recently evaluated in vivo to display reduced seizure responses to kainic acid [26]. 
   Elegant molecular work has recently examined the effects of overexpressing the X-linked inhibitor of apoptosis (XIAP), which has powerful inhibitory effects on certain caspases. Li et al. showed seizure-induced caspase activity and neuronal death to be significantly reduced in rats injected with XIAP linked to the TAT protein transduction domain [27]. Increased binding of XIAP to caspase-7 in epilepsy patient hippocampus suggests XIAP may also be functionally involved in the setting of recurrent seizures [19]. 
   At least two questions on Bcl-2 and caspase family genes in this setting remain unaddressed. Longer term studies using genetic approaches to assess disease-modifying effects are a priority for their therapeutic value to be fully ascertained. Where identified, we need to better understand physiological functions of Bcl-2 proteins (or caspases) particularly where impacting neuronal excitability. Additional Bcl-2 proteins and caspases remain of interest, including caspase-6 which is elevated in experimental epileptogenesis and human epileptic hippocampus [19,28]
DNA damage and endonucleases 

Cleavage of DNA into ~200 b.p. fragments is an end-stage event during apoptosis mediated by the caspase-activated DNase (CAD). While DNA fragmentation is amongst the most reproducible biochemical hallmarks in seizure-damaged rodent brain it is not always associated with caspase activity, suggesting concurrent caspase-independent mechanisms [12]. Apoptosis-inducing factor (AIF) is a mitochondrial flavoprotein that translocates to the nucleus to induce DNA fragmentation and apoptosis in a caspase-independent manner. Reducing neuronal expression of AIF in vitro by RNA interference or using neurons from Harlequin mice which express ~20% of control AIF levels is protective against glutamate excitotoxicity [29,30]. Harlequin mice also display dramatic resistance to hippocampal damage after seizures in vivo as assessed by fluorojade staining [29]. 
   What of CAD? To date, evidence of a direct role in DNA fragmentation after seizures has not emerged. One report has shown mice deficient in DNA fragmentation factor 45 are highly resistant to seizure damage [31]. The finding of significant nuclear localization of CAD in human epileptic hippocampus and lack of such for either AIF or endonuclease G [20] suggest further study of CAD in experimental models is important. Finally, other DNA damage (e.g. DNase II) and repair (DNA-dependent protein kinase) enzymes have been identified as likely significant to seizure damage and sensitivity [12,32].
Endoplasmic reticulum-originated cell death pathways
Endoplasmic reticulum (ER) stress is increasingly recognized as a major trigger for apoptosis [33]. Potential stressors include compromised protein folding brought about by raised intracellular calcium. Where stress is overwhelming or persistent, apoptosis is triggered via a pathway that likely requires mitochondrial involvement for execution in neurons [34]. Seizures induce protein synthesis inhibition, likely as a result of phosphorylation of the alpha subunit of eukaryotic initiation factor-2 [35]. Sokka et al. recently showed kainic acid treatment of neurons caused loss of ER integrity and an inhibitor of eIF2 dephosphorylation, salubrinal, was powerfully neuroprotective in vivo against seizures [36]. These experimental data bear clinical relevance since elevated levels of ER stress-associated proteins are present in hippocampus from patients with intractable epilepsy [19]. 

Heat shock proteins 

Heat shock proteins (HSPs) are a family of constitutive and inducible molecular chaperones whose effects on apoptosis have raised interest in their neuroprotective potential in epilepsy. Induction of HSPs following seizures is well supported, although their efficacy to block cell death has been questioned. Mice engineered to overexpress human HSP 27 have recently been shown to undergo reduced seizure activity and less hippocampal damage when given kainic acid [37]. Similar seizure-suppressive effects and neuroprotection have been reported for HSP70 transgenic mice in models of seizure-damage and epileptogenesis [38,39]. Overexpressing HSPs, for example using viral vectors [40] or via pharmacologic inducers [41] could therefore deliver both neuroprotection and seizure suppression. 
How protracted should protection be and will it affect epileptogenesis?

Our understanding of the time frame over which damage continues after seizures has been revised in light of neuroimaging and other investigative tools which show a process lasting days or weeks [42]. Continuing cell death and associated inflammatory responses can have deleterious consequences on survival of new neurons, remodelling and further cell death in the post-seizure brain. For example, reduced neuronal death after seizures in p53 deficient mice is transient with damage comparable to wildtypes at later time points [43]. These findings suggest approaches capable of delivering neuroprotection over protracted periods (e.g. using viral vectors) and combining agents (neuroprotectant twinned with an anti-inflammatory agent) may be required for greater efficacy [44,45]. Finally, studies addressing the long term effects of modulating cell death in epilepsy are critical: acute neuroprotection in the setting of status epilepticus has not necessarily translated to anti-epileptogenesis [23,46]. We also need to a more complete understanding of the extent to which cell death modulation influences cognitive change in epilepsy. 
Other modulators and future targets of potential

A potentially important role has recently been indicated for cystatins, a large family of cysteine protease inhibitors (particularly lysosomal cathepsins). Mice deficient in cystatin B display neuronal loss and are seizure-prone [47] while mice lacking cystatin C are protected against seizure damage [48]. Despite this complex spectrum of effects, the influence of these genes on seizure threshold and cell death in epilepsy should encourage further investigation. 

    While our focus has been on genes with principally direct cell death-modulatory actions several additional modulators of cell death and seizures should be mentioned. Botulinum neurotoxins (BoNT) are metalloproteases that degrade synaptic proteins causing long-lasting inhibition of neurotransmitter release at excitatory but not inhibitory synapses [49]. Recent studies suggest these may be potent new tools for cell death modulation in epilepsy by affecting seizure initiation, duration and damage. Rats given intrahippocampal BoNT-E showed dramatic reductions in electrographic and behavioural seizures induced by kainic acid [49]. Moreover, BoNTE also attenuated seizure-induced activation of caspase-3 and resultant hippocampal neuronal death [49,50]. 

   Delivering neuropeptide Y, adenosine and neurotrophins using viral vectors or gene therapy and targeting inflammatory processes herald powerful approaches to neuroprotection and anti-epileptogenesis [51]. Microarray studies represent an unbiased approach to identifying novel genes and through bioinformatics, transcriptional control targets. Approaches using models of epileptic preconditioning to enrich for neuroprotective genes may be particularly effective [52]. Finally, 14-3-3 proteins, a family of molecular chaperones particularly enriched in brain are of continuing interest to our group. 14-3-3 proteins may exert anti-apoptotic effects by binding pro-apoptotic Bcl-2 family proteins and the apoptosis signal-regulating kinase and there is selective regulation of expression in human epilepsy and experimental seizure models [53]. Emerging findings of inhibitory actions against the plasma membrane calcium ATPase and now sodium-calcium exchangers [54] support ancillary actions relevant to control of neuronal excitability.   

Conclusions and perspectives
Translating this body of experimental work into effective and lasting neuroprotective strategies will require significant further effort. A shift away from targeting single genes or even single pathways may be required or more emphasis placed on genes that equally disrupt “necrosis” and “apoptosis”. While patient data now support clinical relevance, translation into therapeutic strategies, for example neuroprotection in the setting of status epilepticus is some distance in the future. Indeed, gene therapy approaches will likely need to be significantly adapted to function on a more immediate basis. The jury remains out on whether neuroprotection translates to disease modifying anti-epileptogeneis but this does not diminish the value of improved understanding of cell death modulation as a therapeutic approach to brain damage after status epilepticus. As several of the genes covered here exert physiological functions on neuronal excitability their targeting may accomplish both primary and secondary approaches to neuroprotection and move us closer to new approaches for modulating cell death in epilepsy.
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