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ABSTRACT 

Convection-enhanced delivery (CED) may be an approach to the treatment of 

epilepsy through direct delivery of homogenous concentrations of antiepileptic drugs into 

the central nervous system (CNS). ro-conotoxins GVIA (Conus geographus) and MVIIA 

(Conus magus) are N-type calcium channel blockers and thus have potential antiepileptic 

properties. I proposed that CED of GVIA and MVIIA into amygdala-kindled rats would 

attenuate afterdischarge and the resulting behavioral seizures. 

Electrode-cannula guides were implanted into the right basolateral amygdala of 

20 male Sprague-Dawley rats. The kindling parameters evaluated were the following: 

afterdischarge threshold, afterdischarge duration, behavioral seizure stage, behavioral 

seizure duration, and post-ictal duration. Rats were divided into two groups, each group 

containing ten rats. Each rat from Group 1 received four infusions in random order: 

GVIA (0.005, 0.05, 0.5 nmol) and bovine serum albumin. Each rat from Group 2 

received four infusions in random order: MVIIA (0.05, 0.15, 0.5 nmol) and bovine serum 

albumin. Both groups of rats randomly received infusions of proteolyzed (inactive) 

MVIIA and CBZ. The total volume of drug delivered through convection-enhanced 

delivery was 5 µL at a rate of 0.25 µL/min. Kindling parameters were evaluated at 20 

min, 24h, 48h, 72h, 96h, and 1 week after infusions. Behavioral studies were completed 

with daily monitoring of locomotor activity after drug infusions. One week after 

infusions, rats were electrically stimulated to determine kindling parameters. 
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The following changes in kindling parameters demonstrated anticonvulsant 

properties of GVIA and MVIIA: increased afterdischarge threshold, decreased 

afterdischarge duration, decreased seizure stage, decreased behavioral seizure duration, 

and decreased post-ictal duration. The duration of the toxins' effects lasted one week, 

unlike carbamazepine, whose effects were no longer present at 24h. Proteolyzed MVIIA 

had no effects on kindling parameters. Behavioral studies showed no change in 

locomotor activity levels after infusions. 

Convection-enhanced delivery can be used to repeatedly administer antiepileptic 

drugs to targeted regions of the brain. Both GVIA and MVIIA responded in a time and 

dose dependent manner. Comparisons in responses to carbamazepine and proteolyzed 

MVIIA indicated that the observed effects are properties of GVIA and MVIIA acting on 

the N-type calcium channels. In conclusion, compounds infused by convection-enhanced 

delivery into amygdala-kindled rats can be comprehensively evaluated for their 

anticonvulsant and behavioral effects. 

viii 



LIST OF TABLES 

1. Summary of currently used AEDs ............................................................................... 11 

2. Nomenclature of voltage-gated calcium channels ....................................................... 27 

3. Effects of AEDs on kindling parameters ..................................................................... 44 

IX 



LIST OF FIGURES 

1. EEG of a stage 5 seizure from a kindled rat in the lab ................................. ............... 17 

2 . Location of the limbic system within the brain ........................................................... 19 

3. Structure of the a 1 subunit and N-type calcium channel subunit complex .................. 26 

4. Corresponding cone snails and ro-conotoxins .............................................................. 30 · 

5. Cysteine pattern and amino acid sequence of conotoxins ........................................... 31 

6. Surgical implantation components ................................................... ............................ 36 

7. Equation for calculating% change values .................................. .................................. 45 

8. AD threshold values after infusions of GVIA . ............................................................ 47 

9. AD duration values after infusions ofGVIA ............................................................... 48 

10. Behavioral seizure stage values after infusions of GVIA .......................................... 49 

11. Behavioral seizure duration values after infusions of GVIA ..................................... 50 

12. Post-ictal duration values after infusions of GVIA .................................................... 51 

13. AD threshold values after infusions ofMVIIA ......................................................... 52 

14. AD duration values after infusions ofMVIIA .................... ..................... .................. 53 

15. Behavioral seizure stage values after infusions ofMVIIA ........................................ 54 

16. Behavioral seizure duration values after infusions ofMVIIA ... ..... ........................... 55 

17. Post-ictal duration values after infusions of MVIIA ..................................... ............. 56 

18. AD threshold values after infusions of CBZ ............ .................................................. 57 

19. AD duration after infusions of CBZ ............ .............................................................. 58 

20. Behavioral seizure stage values after infusions of CBZ ............................................ 59 

21. Behavioral seizure and post-ictal duration after infusions of CBZ ....... ..................... 60 

x 



22. AD and behavioral measures after infusions of proteolyzed MVIIA ........................ 63 

23. Cresyl violet stain from coronal section of a fully kindled rat .................................. 64 

24. Effects of GVIA, MVIIA, proteolyzed MVIIA on tremor ........................................ 66 

25. Locomotor activity levels after infusions of GVIA and MVIIA ............................... 68 

X1 



LIST OF ABBREVIATIONS 

AD=afterdischarge 

AED=antiepileptic drug 

AMP A=a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 

Cav2.2=N-type VGCCs 

CBZ=carbamazepine 

CED=convection".enhanced delivery 

EEG= electroencephalogram 

GABA= r -aminobutyric acid 

GVIA=cone snail toxin from Conus Geographus, selective antagonist at N-type VGCCs 

HV A=high voltage activated 

h=hours 

ILAE= International League Against Epilepsy 

L VA=low voltage activated 

MES=maximal electroshock 

min=minutes 

MST=multiple subpial transaction 

MVIIA=cone snail toxin from Conus Magus, selective antagonist at N-type VGCCs 

NMDA=N-Methyl-D-aspartate 

NMJ=neuromuscular junction 

xii 



PTZ= pentylenetetrazole 

ShK = toxin from the sea anemone Stichodactyla helianthus, blocks selected voltage

gated potassium channels 

SSSE= self-sustained status epilepticus 

SV2A=synaptic vesicle 2A 

TLE=temporal lobe epilepsy 

V A=valproic acid 

VGCCs=voltage-gated calcium channels 

VNS=vagus nerve stimulation 

ro-Aga IV A=spider toxin, selective antagonist at P/Q-type VGCCs 

xiii 



CHAPTERl 

INTRODUCTION 

Overview of Epilepsy 

Epilepsy is defined as a tendency towards unpredictable, rhythmical neuronal 

discharges in the brain-also known as seizures. Considered the most common 

neurological disorder, epilepsy affects approximately 1-3% of the population (Hauser et 

al., 1996)--more than multiple sclerosis, cerebral palsy, muscular dystrqphy and 

Parkinson's disease combined (http://www.cureepilepsy .orgfwho-we-are/index.html) 

(CURE, 2005). 

Divisions of Epilepsy: Idiopathic. Symptomatic. Crvotogenic 

The International League Against Epilep5y (ILAE) Classification of Epilepsies 

and Epileptic Syndromes (1989) has divided epilepsies into three groups: idiopathic, 

symptomatic, and cryptogenic. Idiopathic epilepsies are often associated with 

channelopathies (e.g. potassium, sodium, calcium, GABA.A. nicotinic acetylcholine 

receptors) (Mulley et al., 2003). Symptomatic epilepsies are associated with distinct 

events (e.g. stroke, brain tumors, trauma) that result in the development of seizures. Such 

damage to the brain is usually visible with imaging tools and may allow brain surgery to 

be a treatment option. Cryptogenic epilepsies, however, have unknown causes, and 

treatment is limited due to inability of imaging tools to observe structural damage 

(Shneker and Fountain, 2003). 

1 



Divisions of Seizures: Partial and Generalized 

The divisions of seizures are based on the ILAE Classification of Epileptic 

Seizures (1989). Distinguishable characteristics of a seizure type are dependent on the 

location of seizure activity within the brain. The first division of seizures distinguishes 

partial seizures from generalized seizures. Seizure activity restricted to a selected region 

of the brain is labeled as a partial seizure. Seizure activity that encompasses the entire 

cortex is referred to as a generalized seizure. 

Partial seizures 

Partial seizures are subdivided into two categories based on the presence of 

altered consciousness during the seizure. The first category, complex partial seizures, is 

the most common seizure type among adults and affects specific regions of the brain (e.g. 

frontal lobe, temporal lobe) that result in altered states of consciousness. The second 

category, simple partial seizures, involves only a small, discrete group of neurons and, 

therefore, does not alter consciousness. 

Generalized seizures 

Generalized seizures are subdivided based on the presence of movement during 

the seizure as well as the presence of post-ictal confusion. Movement during a seizure 

followed by confusion is characteristic of generalized tonic-clonic seizures. In contrast, 

absence seizures lack movement and are not followed by confusion. Absence seizures 

last only seconds and during that time, the patient stares blankly and is unresponsive. 

Other generalized seizure types include tonic-clonic, tonic, clonic, myoclonic, and atonic 
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seizures. Tonic-clonic seizures involve alternating phases oftonus, body stiffening, and 

clonus, repetitive muscle contractions. Tonic seizures only involve the tonus phase, and 

likewise, clonic seizures only involve the clonus phase. Myoclonic seizures are very 

quick, muscular jerking, while atonic seizures are a sudden, complete loss of muscle tone. 

In order to appropriately treat a patient, the type of seizure, family history, and medical 

history must be taken into account together. 

Theory of Epileptogenesis: Imbalance between Excitatory and Inhibitory Systems 

The propensity for the development of reoccurring seizures is a process referred 

to as epileptogenesis. In general terms, epileptogenesis may involve increased activity of 

excitatory systems and decreased activity of inhibitory systems (Morimoto et al., 2004). 

It is hypothesized that an imbalance between excitatory and inhibitory systems in the 

brain results in seizure susceptibility. In the kindling model, Morimoto observed that 

during high frequency electrical stimulations to regions of the brain, excitatory 

(glutamate) and inhibitory (y-aminobutyric acid (GABA)) neurotransmitters are released 

from neurons and counteract each other's activity (Morimoto et al., 2004). However, as 

the electrical stimulation current increases, greater amounts of glutamate are released and 

result in burst firing and synchronization of neurons, referred to as afterdischarge (AD). 

This supports the concept that the ratio of excitatory and inhibitory systems plays a 

critical role in epileptogenesis. 
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Increased activity of excitatory systems 

The imbalance between glutamate and GABA may be due to increased activity of 

glutamate, possibly through mechanisms including increased release of glutamate, 

prolongation of glutamate in the synapse, and changes in glutamate and voltage

dependent channels. Kindling-like effects have been observed with repeated focal 

applications of glutamate into the amygdala of rats (Croucher and Bradford, 

1989;Morimoto et al., 2004). Moreover, brain slice studies of kindled rats have 

demonstrated an increase in glutamate release in the amygdala (Kaura et al., 1995). 

Another possible explanation for increased excitatory activity may be a prolonged 

presence of glutamate in the synapse. Presynaptic autoreceptors, groups II and III of the 

metabotropic glutamate receptors, inhibit glutamate release by hyperpolarizing the 

presynaptic tenninals. However, brain slices taken from the basolateral nucleus of 

amygdala-kindled animals showed decreased hyperpolarization by the autoreceptors 

(Kaura et al., 1995;Morimoto et al., 2004)--data, however, have been inconsistent 

(Morimoto et al., 2004). Another explanation for the prolongation of glutamate in the 

synapse is the ratio of glutamate transporters to glutamate levels. Glutamate transporters 

regulate the amount of glutamate in the synaptic cleft through reuptake of glutamate. 

With increased release of glutamate in the synapse, there is no evidence of increased 

numbers of glutamate transporters. In fact, amygdala kindling showed no increase in 

mRNA for glutamate transporters in any of the brain's limbic regions (Akbar et al., 

1997). Without feedback inhibition by autoreceptors and no compensatory increases of 
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transporters to accommodate the excess glutamate, the excitatory system is continually 

stimulated. 

It has not yet been conclusively demonstrated that changes in the ionotropic 

glutamate receptors, NMDA (N-Methyl-D-aspartate), AMPA (a-amino-3-hydroxy-5-

methyl-4-isoxazole propionic acid), and kainate contribute to epileptogenesis. However, 

there is some suggestive evidence. The NMDA-dependent excitatory post-synaptic 

potentiation was enhanced in the dentate gyros following kindling (Mody and 

Heinemann, 1987). The effects were found to be regionally specific; CAI pyramidal 

neurons had no increased sensitivity to NMDA, while CA3 pyramidal neurons did have 

increased sensitivity (Martin et al., 1992). Neither CA 1 nor CA3 pyramidal neurons 

showed increased sensitivity to AMPA (Martin et al., 1992). 

There is additional evidence that voltage-gated ion channels are altered in animal 

models of chronic epilepsy, such as the self-sustained status epilepticus (SSSE) model. 

CAI pyramidal neurons taken from electrical SSSE models showed larger Na+ currents 

from voltage-gated sodium channels and were activated at lower voltages (Ketelaars et 

al., 2001). The pilocarpine SSSE model showed an increase in the density ofT-type 

calcium.channels in CAI pyramidal neurons (Su et al., 2002). Thus, alterations in 

voltage-gated ion channels may be involved in epileptogenesis. 

Another suggested mechanism of epileptogenesis is the development of aberrant 

neuronal pathways. High activity levels of neurons can stimulate axonal growth which 

may in turn develop into recurrent excitatory pathways and enhance excitatory response 

to stimulation (Morimoto et al., 2004). Mossy fiber sprouting has been found to 
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correspond with the development of kindling (Cavazos et al., 1991). These newly 

formed pathways appear to be excitatory and use glutamate as their neurotransmitter. 

Synaptogenesis was demonstrated in the piriform cortex with synaptophysin 

immunohistoch~mistry. Kindled animals show an increase in the number of neuronal 

tracts in addition to mossy fiber growth in the hippocampus (Li et al., 2002). Thus, the 

neuronal growth along the mossy-fiber and cortical pathways may increase the excitatory 

potential within the kindled brain. 

Decreased inhibition 

It has been hypothesized that a decrease in inhibition may be involved in 

epileptogenesis. Decreased inhibition may be due to many factors including the ratio of 

excitatory to inhibitory neurons and changes in GABA receptors. The GABA receptor 

induces inhibitory post-synaptic potentiation which hyperpolarizes the neuron to prevent 

the propagation of action potentials. 

Changes in the ratio of excitatory to inhibitory neurons have been suggested to be 

involved in epileptogenesis. Buckmaster estimated that, during mossy fiber sprouting, 

the number of newly created synapses per granule cell is approximately 500 while the 

number of created synapses that contain GABA intemeurons is less than 25 (Buckmaster 

et al., 2002;Morimoto et al., 2004). Lehmann found a decrease in GABA

immunoreactive neurons in the basolateral amygdala of amygdala-kindled animals 

(Lehmann et al., 1998). Furthermore, amygdala-kindled seizures have shown a 200-

300% increase in glutamate release, while extracellular GABA levels decrease by 67% 
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(Kaura et al., 1995). Neither the number of inhibitory neurons nor the amount of GABA 

being released into the synapse are compensating for the growth of excitatory neurons. 

Changes in the subunit composition of GABAA receptors may also contribute to 

the development of epilepsy. Racine bred strains of rats with slow and fast-kindling rates 

and observed different levels of activity in response to GABA convulsive agents (Racine 

et al., 2003). Racine demonstrated a difference in the expression of the GABAA subunits 

in the fast and slow-kindling rat strains. Fast-kindling rats showed higher than normal 

expression of a2, a3, and a5 subunits and lower expression of a1 subunits while the 

opposite ratio of subunits was found in slow-kindling rats (Poulter et al., 1999). There 

are a variety of changes in the brain that contribute to the development of epilepsy, but 

only mutations in ion channels have been proven to cause epilepsy. 

Treatment Options: Conventional and Alternative 

The choice of treatment options for epilepsy depends on the type of seizure 

disorder of a patient. The conventional treatment method of epilepsy is with antiepileptic 

drugs (AED). Seventy percent of patients respond to such treatment and are seizure-free. 

The remaining 30% of patients are pharmacoresistant and must pursue other treatment 

methods. Mechanisms of a drug must include at least one of the following: decreased 

burst firing, blocked synchronization of neurons, and prevented spread of seizure 

(Rogawski and Loscher, 2004). 
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Antiepileptic drugs 

Conventional AEDs continue to play a major role in the treatment of epilepsy. 

Phenytoin, CBZ, and primidone act against seizures by blocking Na+ channels which 

prevents depolarization of the neuron (Rogawski and Loscher, 2004). Types of seizures 

that are usually treated with phenytoin, CBZ, and primidone include partial and 

generalized tonic-clonic seizures. The benzodiazepines and phenobarbital both target the 

GABAA receptor and increase the inhibitory current (Rogawski and Loscher, 2004). 

Benzodiazepines (e.g. diazepam) bind to the GABAA receptor and increase the frequency 

of channel openings, while phenobarbital' s mechanism of action involves binding to the 

GAB AA receptor to prolong the duration of channel openings. The first line of treatment 

for status epilepticus is the benzodiazepine, diazepam. Phenobarbital may be used for 

partial and generalized tonic-clonic seizures. Another AED, ethosuximide, decreases T

type calcium currents in thalamic neurons (Coulter et al., 1989) and is used to treat 

absence seizures. An example of an AED that works through a variety of mechanisms is 

valproic acid (VA) and thus can be used to treat a wider variety of epilepsies such as 

partial and generalized tonic-clonic seizures as well as absence seizures. VA decreases 

Na+ conductance, decreases T-type Ca2+ currents, and increases GABA levels. Felbamate 

acts at the NMDA receptors and is used only as a last resort treatment for partial seizures 

and Lennox-Gastaut syndrome. 

There are, however, disadvantages of the conventional AEDs. These drugs have 

great effects on the metabolism of other drugs due to their involvement with inducing 

(phenytoin, CBZ, phenobarbital, primidone) and inhibiting (VA) hepatic enzymes which 
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affect polytherapy. They are also strongly protein bound and have a narrow therapeutic 

window. Most of the new AEDs (gabapentin, lamotrigine, topiramate, tiagabine, 

oxcarbazepine, levetiracetam, and zonisamide) share the same efficacy but do not have 

the same disadvantages of conventional AEDs. 

New AEDs are now playing a critical role in seizure treatment. Oxcarbazepine is 

an analog ofCBZ, acting through the same mechanism as CBZ--inhibition of Na+ 

current. Oxcarbazepine is used to treat partial seizures. Compared to CBZ and 

phenytoin, oxcarbazepine is just as efficacious, but much better in respect to dose-related 

tolerability (French et al., 2004). Oxcarbazepine is comparable to VA only in respect to 

treatment for complex partial seizures. Another new AED, gabapentin, binds to the a2~ 

subunit of calcium channels and is involved in increased levels of GABA in the brain 

(Rogawski and Loscher, 2004). Like oxcarbazepine, gabapentin is as efficacious as CBZ, 

better tolerated, and effective for the treatment for partial seizures. Tiagabine is used for 

the treatment of partial seizures by blocking the GABA transporter, GAT-1, to prevent 

the reuptake of GABA (Rogawski and Loscher, 2004). Lamotrigine is effective for a 

variety of seizure types, from partial to generalized seizures, including absence seizures 

(French et al., 2004). Its mechanism of action is not completely understood, but it is 

known to affect Na+ channels to block current. Lamotrigine has the efficacy of CBZ and 

is much more tolerable (French et al., 2004). Topiramate is used for the treatment of 

partial and generalized seizures. It has the same efficacy as CBZ and VA but has greater 

tolerability. There are a variety of mechanisms through which topiramate works: 

reduction of Na+ currents, increase of er currents, selective blockade of the GluR5 
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kainate receptor (Gryder and Rogawski, 2003), and inhibition of carbonic anhydrase. 

Levetiracetam and zonisamide both treat partial seizures. While levetiracetam has an 

unknown mechanism of action, research has suggested that the blockage of N-type 

calcium channels may be involved (Lukyanetz et al., 2002). Further studies have shown 

that levetiracetam binds to and modulates the synaptic vesicle 2A (SV2A) (Stahl, 2004). 

Zonisamide is known to work by inhibiting T-type Ca2+ currents and Na+ currents 

(Rogawski and Loscher, 2004). 
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Table 1: Summary of currently used AEDs, their molecular targets, and approved uses. * 
indicates drug of choice for treatment. For review see (Rogawski and Loscher, 2004). 

Drug Molecular target Uses 
Diazepam GABAA receptor Status epilepticus*, alcohol 

withdrawal 
Carbamazepine Na+ channels Partial and generalized seizures, 

migraines, bipolar disorder, alcohol 
withdrawal 

Ethosuximide T-type calcium channel Absence seizures 
Felbamate NMDA receptors Partial seizures, Lennox-Gastaut 

syndrome 

Gabapentin a28 subunit of calcium Partial seizures, multiple sclerosis, 
channels bipolar disorder, Parkinson's disease 

Lamotrigine Na+ channels Partial and. generalized seizures, 
including absence seizures, Lennox-
Gastaut syndrome 

Levetiracetam N-type calcium channels (not Partial seizures 
confirmed), SV2A modulator 

Oxcarbazepine Na+ channels Partial and tonic-clonic seizures, 
mama 

Phenobarbital GABAA receptor Partial and generalized tonic-clonic 
seizures 

Phenytoin Na+ channels Partial and generalized seizures 
Tiagabine GA T-1 transporter Partial seizures 

Topiramate Na+ channels, GABAA Partial and generalized seizures 
receptors, GluR5 kainate 
receptor, carbonic anhydrase 
inhibitor 

Valproic Acid Na+ channels, T-type calcium Partial and generalized seizures, 
channels, GABAA receptors including absence seizures, mania, 

migraines (prophylactic), myoclonic 
seizures* 

Vigabatrin GABA aminotransferase Partial seizures, infantile spasms 

Zonisamide Na+ channels, T-type calcium Partial seizures 
channels, weak carbonic-
anhydrase inhibitor 
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Thirty percent of epileptic patients remain pharmacoresistant and have a very 

small chance ofresponding to polytherapy. There are two hypotheses explaining the 

development of pharmacoresistance (Heinemann, 2004 ). The first hypothesis, the target 

hypothesis, describes the possible mechanisms that occur at drug-targeted sites to block 

the activity of the drug. Changes may occur in the subunit composition of ion channels 

as well as the reorganization of excitatory and inhibitory networks (Cohen et al., 

2003;Heinemann, 2004). The second hypothesis, the transporter hypothesis, refers to 

the prevention of drug reaching the target site. There may be an increase in multiple drug 

resistant transporters that transport molecules, such as drugs, o.1,1t of the cell (Heinemann, 

2004). This hypothesis has been demonstrated through the expression of drug 

transporters in cells of the epileptic focus that do not normally express such transporters 

(Heinemann, 2004). Conclusively, the large number of patients that are 

pharmacoresistant may have to look for alternative treatment to control seizures. 

Alternative treatment 

Alternative options for pharmacoresistant patients include the following treatment 

methods: brain surgery, vagal stimulation, and the ketogenic diet. In a study done 

measuring the effectiveness of brain surgery on patients with pharmacoresistant temporal 

lobe epilepsy (TLE), one-third of patients showed complete success, meaning the patient 

was seizure-free and not on AEDs. Another one-third of patients were seizure-free with 

medical treatment, while the remaining one-third of patients had no relief from seizures 

(Schmidt and Loscher, 2003). Even for patients who have undergone surgery, many must 
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remain on AEDs, and seizure recurrence increases over time, approximately 5-10 years 

(Drees et al., 2003). 

The most common and successful type of surgery for epilepsy is the temporal 

lobectomy. This procedure involves the removal of a portion of the temporal lobe. After 

surgery, 55.3% of patients became completely seizure-free-no AEDs were necessary. 

Ten years later, 41 % of patients remained completely seizure-free (Mcintosh et al., 

2004). 

Another surgical method to treat epilepsy is referred to as transection. Two ways 

of transecting the brain include a callosotomy and multiple subpial transaction (MST). A 

callosotomy is a surgical procedure that involves cutting the corpus callosum, the bundle 

of fibers that connects both hemispheres of the brain. This type of transection is best for 

drop attacks. The success of a callosotomy, measured by a decrease in seizures, for all 

types of epilepsies is 35-80% (Polkey, 2003). The patient rarely becomes seizure-free, 

and for some types of epilepsies such as partial seizures, a callosotomy may worsen the 

condition (Spencer et al., 1984). The outcomes of callosotomies have shown that the 

decrease in seizures may be temporary and may return in two years (Pressler et al., 1999). 

Another type of transaction, the MST is based on the direction of seizure spread from an 

epileptic focus. It is known that the current from the epileptic focus travels tangentially 

in the cerebral cortex while the functional activity travels radially (Polkey, 2003). Thus if 

the current is transected tangentially, only the spread of AD is prevented. Transection 

appears to have controversial success rates and results are not replicable (Polkey, 2003). 
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The main type of stimulation being used is vagus nerve stimulation (VNS). VNS 

is a surgical implantation with wire electrodes wrapped around the vagus nerve that affect 

nucleus tractus solitarus projections (Shneker and Fountain, 2003;Polkey, 2003). The 

electrodes stimulate the vagus nerve by an intermittent current (Shneker and Fountain, 

2003). Seizures decrease by half in 50% of patients (Fisher and Handforth, 1999), but 

only 3% of patients become seizure-free (Polkey, 2003). Although VNS is not a first line 

method of treatment, it does have advantages such as guaranteed compliance and no 

effects on cognition (Shneker and Fountain, 2003). 

By an unknown method, the ketogenic diet is used to control seizures. The diet is 

based on maintaining the body at a constant state of ketosis. The patient is starved until 

large ketones are present in the urine. Then, the patient is given a diet high in protein and 

fat, and low in carbohydrates. This results in the production ofketones. Found to be 

most successful in children, the strict adherence to the diet leaves the ketogenic diet a last 

remedy for pharmacoresistant epilepsies. Overall, other methods (e.g. new drugs and 

drug delivery methods) for the treatment ofpharmacoresistant epilepsies are necessary. 

Overview of Acute and Chronic Animal Models of Epilepsy 

Both acute and chronic epilepsy animal models have provided useful tools for 

studies including drug screening and epileptogenesis. Acute models use naive animals 

that are induced to have seizures by chemoconvulsants or electrical stimulation. In 

chronic models, animals with acquired or genetically-related epilepsy are used. Both 

acute and chronic models have advantages and disadvantages; therefore, the selection of 

the appropriate epilepsy model depends on the goals of the experiment. 
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Acute Models: Maximal Electroshock and Pentylenetetrazole Seizure Tests 

The most commonly used acute models include the maximal electroshock (MES) 

and the pentylenetetrazole (PTZ) seizure tests. Both test methods are simple, quick, and 

effective. The MES test is used to identify AEDs that are likely to work against tonic

clonic seizures (White, 1997;White et al., 1995) and possibly partial seizures. The PTZ 

test identifies AEDs that may not be effective in the MES test. The acute models are 

rather selective, however, for drugs with certain mechanisms of action. Generally, the 

MES test selects for sodium channel blockers such as carbamazepine and lamotrigine.as 

well as NMDA antagonists. Most commonly, the PTZ test selects for GABA mimetics 

due to the convulsant itself, PTZ, being a GABA antagonist (Loscher, 2002;Meldrum, 

1997). 

Chronic Models: Genetic and Acquired Epilepsy· 

Chronic models of epilepsy are divided into models of genetic and acquired 

epilepsy. Genetic models are distinguished by spontaneous or induced mutations. 

Acquired epilepsy may develop from electrical or chemical stimulations that 

result in kindling and SSSE models. The kindling process involves the repeated 

applications of short durational electrical current to specific regions of the brain. This 

results in the development of partial seizures with secondary generalization. Seizures 

generally only occur when the brain is stimulated; however, ifthe brain is stimulated over 

approximately 100 times, the animal may begin to have spontaneous seizures. 

SSSE can result from one application of drug or one electrical stimulation of long 

duration to specific regions of the brain and results in spontaneous seizures in the animal. 
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The SSSE model can be used for the study of epileptogenesis and status epilepticus 

terminators. 

Kindling Model: Criteria, Uses, Development, Factors 

Kindling is the response to repeated electrical stimulations to the brain. Through 

repeated stimulations, the animal develops electrophysiological and behavioral 

characteristics of seizures. AD threshold refers to the current necessary to evoke burst 

firing and synchronization of neurons. It has been observed that AD evoking stimulations 

are composed of three steps (figure 1). It is hypothesized that in the first step, AMPA 

receptors (excitatory) are activated by glutamate release to cause one evoked potential. 

Second, this is counterbalanced by the GABA system (inhibitory) to cause 

electroencephalogram (EEG) suppression. Third, inhibition is overcome with increased 

glutamate release and rhythmical discharges occur. NMDA receptors are then stimulated 

and AD occurs (Morimoto et al., 2004). 
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Figure 1: EEG of a stage 5 seizure from a kindled rat in the lab. The y axis measures the 
amplitude (m V) of electrical bursts. The x axis measures the duration (msec) of the 
seizure. Point 1 signifies the beginning of the seizure while point 2 measures the end of 
the seizure. Point 2 also shows the duration of the seizure from point 1 to point 2 which 
is 39.3 sec in this case. Each step pointed out (red) corresponds with progression of AD 
evoking stimulations. 

Six criteria must be met for an animal to be considered kindled. First, there must 

be an electrical seizure, referred to as an AD. Rhythmical EEG splices are seen with 

initial stimulations. As the stimulations continue, the spikes become more frequent, 

complex, and of longer duration. When behavioral seizures begin to be seen, spikes 

become very complex and are thought to be due to the spread of electrical discharge and 

feedback to the site of initiation (Racine, 1972b ) . Second, the electrical seizure must 

include behavioral seizures. The progressive severity of behavioral seizures occurs in a 

pattern referred to as the Racine scale--stage 1: facial clonus, stage 2: head nodding, stage 
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3: forelimb clonus, stage 4: rearing, stage 5: rearing and falling (Racine, 1972b). Third, 

the response to stimulation must be repeatable, causing the same response 

electrophysiologically and behaviorally on successive stimulations. Fourth, the 

progression of electrophysiological and behavioral measures must increase to a point of 

stabilization. The greatest amount of change in AD threshold for amygdala-kindled rats 

was seen during the first 20 stimulations. Afterwards, the AD threshold stabilizes 

(Racine, 1972a). Fifth, the current required to cause a seizure must be lower than the 

current required to initially stimulate the naive rat. The amount of current necessary to 

stimulate AD decreases by 40-60% as compared to the required 4lltial current in 

amygdala-kindled rats (Racine, 1972a). Sixth, the kindled state persists throughout the 

lifespan of the animal without stimulations (Joy, 1985). 

The kindling model is generally used as a model of TLE as it is associated with 

limbic seizures (figure 2). Moreover, the kindling model is used as a model of refractory 

epilepsy as amygdaloid focal seizures have a tendency to be pharmacoresistant (Joy, 

1985). Similarities between kindling model and the other chronic epilepsy model, the 

SSSE model, show that spontaneous seizures and those evoked in kindled animals show 

very few pharmacological differences (Loscher, 2002). Overall, the greatest advantage of 

the kindling model over SSSE model is that the seizures happen on command. 
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... Location of Ma)or Limbic Sy•lem StructlM'H 

Figure 2 : The location of the limbic system within the brain. This region of the brain is 
associated with TLE and kindling of these regions of the brain evokes limbic seizures. 
The amygdala is commonly associated with phannacoresistance and is the structure that I 
chose to use for focal stimulations and infusions of drug. Picture taken from (Driesen, 
2005). 

The mechanisms of the kindling process are dependent on an increase of at least 2 

neuronal properties: enhancement and burst response development (Racine et al., 1981). 

The first neuronal property, enhancement, is defined as long-term potentiation in 

response to repeated stimulations of selected neuronal pathways (Joy, 1985;Racine et al., 

1981). Enhancement involves increasing the strength of response to stimulations, 

whether it be through increased effects of coactive afferents or increased number and 

sensitivity of post-synaptic receptors (Racine et al., 1981 ). Consequently, there is a rise 

in amplitude of evoked action potentials. The second neuronal property, burst response, 

also raises the amplitude of evoked action potentials, but for different reasons. Burst 

response involves altered responses of the post-synaptic membrane to stimulations, 
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possibly due to the reduction of inhibition (Racine et al., 1981 ). Thus, the development 

of these two neuronal properties aids in the propagation of the kindling process. 

Factors that affect kindling include the site of kindling, species, sex, and age of 

the animal being kindled. Through varying the site of kindling, the amygdala (figure 2), 

which has a tendency for seizures (Racine, 1972a), was observed to kindle the quickest, 

while the hippocampus was the slowest to kindle (Goddard et al., 1969). Another factor 

is the variance in propensity between species for kindling. Organisms with more 

complex and developed nervous systems require a greater number of stimulations to 

become kindled. Kindling has been demonstrated in a variety of ~als: frog, lizard, 

mouse, gerbil, rat (8-12 days to reach stage 5), rabbit, cat, monkey, and baboon (Joy, 

1985). The sex of the species may affect the stability of the AD threshold. Both male 

and female rats respond the same to stimulations; however, females may have more 

variable responses due to their estrous cycle (Joy, 1985;Pinel et al., 1976). Another 

factor affecting kindling is the age of the animal. The younger the animal, the easier the 

animal is to kindle. Fifteen-seventeen day-old rats require only half the stimulations of 2-

3 month-old rats needed to reach stage 5 seizures (Moshe et al., 1983). In conclusion, 

there are many variables that affect the kindling rate as well as the susceptibility towards 

kindling. 

Infusions: Diffusion and Convection-Enhanced Delivery 

Drug delivery of AEDs requires that the drug reach the target site, the brain. 

Clinically, AEDs are most commonly delivered orally. In cases of status epilepticus, 

AEDs are delivered through intravenous infusions or rectal administration. Direct 
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infusion into the brain is a potential method for delivery of AEDs that has not been well 

explored. 

There are two main types of infusion which differ from each another based on the 

type of gradient created. The first type of infusion is known as diffusion. Diffusion is 

dependent on a concentration gradient for movement of infusate. The second type of 

infusion, CED, is dependent on a pressure gradient for the movement of infusate. 

Diffusion 

Oral and intravenous administrations of AEDs rely on a concentration gradient to 

move drug into the brain, thus the drug must pass through the blood-brain barrier. Large 

molecules such as peptides cannot move past the blood-brain barrier and consequently 

limits AEDs to small, lipophilic molecules. Direct injection of drug into the brain creates 

a steep concentration gradient resulting in a heterogeneous concentration of drug in the 

region of interest. This variance in drug distribution may result in toxic doses in some 

regions and subtherapeutic drug doses in other regions of the brain (Nguyen et al., 2003). 

Moreover, diffusivity of drug results in a small volume of drug distribution (Chen et al., 

1999). 

Convection-Enhanced Delivery: Overview. Parameters. Future Prospects 

CED is a method of direct drug delivery into the CNS that relies on bulk flow 

created by a positive-pressure gradient. Drug is slowly infused through a cannula and 

then moves along the interstitial space of the tissue (Lonser et al., 1998). This results in a 

large distribution of drug, greater than diffusion alone (Nguyen et al., 2003). The volume 
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of distribution of drug is linearly proportional to the volume of infusion (Chen et al., 

1999). Overall, the advantages of convection-enhanced drug delivery include a 

homogenous drug concentration at the region of interest, no limitations of the size of 

drug, and a large drug distribution (Lieberman et al., 1995). 

CED has proven to be a safe method of drug delivery without increasing 

intracranial pressure or damaging brain tissue other than the site of cannula insertion 

(Bobo et al., 1994). Future prospects for the use of CED may include prevention of 

teratogenic effects through direct delivery of AED drugs during pregnancy, the ability for 

patients awaiting brain surgery for intractable epilepsy to continue a regular lifestyle 

rather than being placed under an induced coma to stop their seizures, and gene therapy 

with the delivery of appropriate genes to specific sites in the brain. 

Role of Calcium Channels in Mediating Synaptic Release 

Excitation of the brain is generated by the release of neurotransmitters into the 

synaptic cleft of neurons. This efflux of neurotransmitters is dependent on the diffusion 

of calcium through voltage-gated calcium channels (VGCCs). In fact, high densities of 

calcium currents have been found in the brains of humans with TLE (Beck et al., 1998). 

Further evidence of VGCCs' involvement includes the fact that mutations to VGCCs 

have resulted in animal models of absence seizures (Cosford et al., 2002). Thus, VGCCs 

may become pharmacological targets for treatment of diseases associated with 

hyperexcitability of the brain. 
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Voltage-Gated Calcium Channels: Overview, Structure. Nomenclature 

There are many types of calciwn channels, including L-, P-, Q-, T-, R- and N-type 

channels. These channels are divided into high voltage activated (HV A) and low voltage 

activated (L VA) VGCCs. L VA channels have small conductance and are activated at 

negative membrane potentials, while HV A channels have large conductance and are 

activated at more positive membrane potentials. 

L-type calciwn channels are high-voltage activated channels and have a long

lasting current and slow inactivation. These channels are mainly located in muscle and 

endocrine cells, and their function is related more to gene transcription rather than 

synaptic transmission. L-type calciwn channels can be pharmacologically distinguished 

by their affmity for organic antagonists such as dihydropyridines (nicardipine, nifedipine, 

nimodipine), phenylalkylamines (verapamil), and benzothiazepines (diltiazem). 

Unlike the L-type VGCCs, T-type VGCCs are low-voltage activated channels 

with transient currents that are rapidly inactivated. They are involved in the shape of 

action potential, patterns of repetitive firing, and are associated with absence seizures. 

Selective for the T-type calciwn channels, ethosuximide is used for the treatment of 

absence seizures. 

The P- and Q-type calciwn channels are rather difficult to distinguish from one 

another. Both are high-voltage activated channels, located presynaptically, and play a 

large role in central nervous system synaptic transmission. co-agatoxin IV A, from the 

funnel web spider Age/enopsis aperta, has pharmacologically distinguished P- and Q

type VGCCs. While blocking both receptors, co-agatoxin IVA blocked Q-type channels 
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only at high concentrations. c.o-agatoxin IV A has shown that the Q-type channel rather 

than the P-type channel is mainly responsible for transmission between CAI and CA3 

neurons of the hippocampus (Wheeler et al., 1994). R-type VGCCs are responsible for 

the residual current remaining after the blockage of all other VGCCs. 

The N-type channels have electrical properties between Land T-type channels, 

becoming activated and inactivated at membrane potentials between those of L and T

type channels. Mainly located on the presynaptic terminal of neurons, N-type calcium 

channels are known to play two roles in synaptic transmission. First, N-type VGCCs 

continue the propagation of a synaptic potential through the influx <?f calcium into the 

presynaptic cleft. Second, N-type VGCCs interact directly with docking and releasing 

proteins responsible for the release of neurotransmitters. In fact, the location of N-type 

VGCCs and docking/releasing proteins have been found to correspond to each other 

(Westenbroek et al., 1995). GVIA and MVIIA, cone snail toxins, pharmacologically 

distinguish the N-type VGCCs and block synaptic transmission. 

The structure of the VGCC is composed of 4 or 5 subunits (ai. ~. a2, 3, y) (figure 

3). The a 1 subunit is responsible for the selectivity of ion current and contains the 

conduction pore, voltage sensor, and gating apparatus. The a1 subunit contains 4 

homologous domains which come together to form a channel. Each of the 4 domains 

contains 6 transmembrane segments (S 1-86). A pore loop between 85 and 86 is 

responsible for the ion selectivity of the channel. There is a negatively charged glutamate 

in each pore loop that is thought to select for positively charged ions. The positively 

charged 84 transmembrane domain acts as the voltage sensor and recognizes membrane 

24 



depolarization. The gating apparatus may involve the positively charged arginine and 

lysine that may physically move in response to depolarization. 

The intracellularly located P subunit interacts with the a 1 subunit and is involved 

in regulation of the channel's activity. Thus far, four genes of the p subunit have been 

cloned: Pia (skeletal muscle), P1b (brain), P2 (heart, lungs, brain), p3 (brain, smooth 

muscle), and p4 (brain, particularly the cerebellum). A critical role of the P subunit is to 

traffic the a1 subunit to the plasma membrane (Brice et al., 1997). Subunit a2, located 

extracellularly, and subunit o are connected by a disulfide bond and interact with the a1 

subunit (Brickley et al., 1995). The last subunit to be involved is the 'Y subunit which also 

interacts with the a1 subunit. 
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A: B: 

Figure 3: The structure of the a1 subunit and N-type calcium channel subunit complex. 
A: The a1 subunit is made up of 4 homologous domains that come together in a channel 
con.figuration with domains 5 and 6 lining the channel (shown in bottom left comer). The 
pore loop between domains 5 and 6 is responsible for the ion selectivity of the channel. 
Picture taken from (University oflnnsbruck, 2005). B: The 3 dimensional configuration 
of the N-type calcium channel subunits in the transmembrane. Picture taken from 
(University of Birmingham, 2005). The~ subunit is located intracellularly while the a2 

subunit is located extracellularly. 

Nomenclature of voltage-gated calcium channels 

The nomenclature of ion channels is labeled according to the appropriate ion 

selectivity of the channel, the type of channel, and the a1 subunit gene family (Table 2). 

For the voltage-gated calcium channels, they are first distinguished by Cav. The second 

distinction is made by the type ofVGCC (e.g. L-type). The third part of ion channel 

labeling is made by distinguishing which a1 subunit is involved (e.g. a1s). For example, 

Cav3.2 refers to the T-type voltage-gated calcium channel with the am subunit gene. 
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Table 2: Nomenclature of voltage-gated calcium channels. Data taken from (Dolphin, 
2003). 
VGCC Type ofVGCC a1 subunit genes 

Cav 1.1 
(a1s) 

Cav l 
Cavl .2 

(L-type) 
(a1c) 

Cavl .3 
(a 10) 

Cavl.4 
(a1F) 

P/Q-type 
Cav2. l 
(a1A) 

Cav 
Cav2.2 N-type 
(aIB) 

R-type 
Cav2.3 
(a 1E) 

Cav3 . l 
(a IG) 

Cav3 Cav3.2 
(T-type) (a1H) 

Cav3.3 
(a1 1) 

N-type Voltage-Gated Calcium Channels and Epilepsy 

The N-type VGCC (Cav2.2) has further been associated with epilepsy (Luebke et 

al., 1993;Wu and Saggau, 1994) due to its involvement in glutamate release in central 

neurons. Moreover, patients with TLE have shown an upregulation of N and L-type 

VGCCs in the hippocampus (Beck et al., 1998). The amygdala-kindled rat has also 

shown a 24-40% increase in N-type VGCC density in the hippocampus (Bernstein et al., 

1999a;Bemstein et al., 1999b). Thus, the blockage of the N-type VGCCs may provide a 

pharmacological method for the treatment of epilepsy. 
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Venoms 

Venoms from spiders, snakes, sea anemones, scorpions, cone snail, etc. have been 

recognized for their therapeutic potential (Lewis and Garcia, 2003). In general, these 

protein toxins are large in size, cannot pass the blood brain barrier, and have poor oral 

bioavailability. In addition, these toxins are very selective and thus able to target specific 

molecular sites. An example of the selectivity of these toxins comes from the sea 

anemone Stichodactyla helianthus whose venom contains the toxin ShK which blocks 

selected voltage-gated potassiwn channels and causes immunosuppressive effects. ShK 

has shown effectiveness in animal models of the immunosuppressive. disease multiple 

sclerosis (Lewis and Garcia, 2003). Other immunosuppressive diseases such as type I 

diabetes, psoriasis, and rhewnatoid arthritis may also potentially benefit from ShK 

(Lewis and Garcia, 2003). Textilinin, extracted from the brown snake Pseudonaja textilis 

venom has antihemmorrhagic properties and is undergoing development for open heart 

surgery (Lewis and Garcia, 2003). The synthetic form of the cone snail toxin MVIIA, 

PRIAL T-Ziconotide, has been FDA approved for treatment of severe chronic pain 

(http://bca.ns.ca/indice/2004/78index.cgi/read/290145). The mechanism of action for 

chronic pain treatment involves the prevention of glutamate release from N-type and P/Q 

type receptors which is necessary for stimulation of nociceptive neurons. Further 

research of selected conotoxins has demonstrated their treatment capabilities for chronic 

pain, neuroprotection, and epilepsy. 
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Conotoxins: co-Conotoxins. Nomenclature 

Compared to the toxins from other species ( 40-88 amino acids), the toxins from 

cone snail (conotoxins) are small (13-29 amino acids) (Olivera et al., 1985). The small 

size has its advantages with enhanced permeability and high potency. The Conus species 

prey upon fish, worms, and mollusks; thus, such advantages are critical for immediate 

paralysis from the 5 µL of venom injected. 

There are approximately 500 species of cone snails (Bulaj et al., 2003), each 

species containing 100-200 conotoxins within its venom. Conotoxins have been divided 

into 12 conotoxin gene superfamilies based on each peptide's arrangement of cysteines. 

Characteristics of the 0 superfamily include six cysteine residues connected by disulfide 

bridges to form 4 loops-referred to as a cysteine knot. This cysteine knot creates 

rigidity, making it resistant to proteases (Baell et al., 2004). Within the 0 superfamily are 

toxins that target voltage-gated calcium channels (co-conotoxins), sodium channels (B

conotoxins), and potassium channels (ic-conotoxins). co-conotoxins are between 24-29 

amino acids in length after many post-translational modifications which further stabilize 

the toxins from break-down by proteases. 

The nomenclature used to label the conotoxins can be broken down by 

pharmacological activity, Conus species, cysteine pattern, and toxin variant. The first 

part of labeling describes the pharmacological activity of the toxin, labeled with a Greek 

letter followed by a dash and the word 'conotoxin'. The second part of labeling the 

. conotoxins involves distinguishing the Conus species that the toxin is derived, usually 

with one or two letters. The Conus species label is followed by Roman numerals that 
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specify the pattern of cysteines of the toxin. To end the labeling, the Roman numerals are 

followed by a capital letter to distinguish the peptide variant. For example, oo-conotoxin 

GVIA blocks voltage-gated calcium channels, is derived from C. geographus, has a class 

VI cysteine pattern which has been shown to block neurotransmission at the 

neuromuscular junction (NMJ) of a frog, and is an 'A' variant of the toxin (Kerr and 

Y oshikami, 1984;01ivera et al., 1984a) (figure 4). oo-conotoxin MVIIA also blocks 

voltage-gated calcium channels, but is derived from C. magus. MVIIA has a class VII 

cysteine pattern which does not block neurotransmission at the NMJ of a frog and is the 

'A ' variant of the toxin (Olivera et al., 1985) (figure 4). 

C. magus 

Figure 4 : oo-conotoxins MVIIA and GVIA extracted from the corresponding cone snails, 
C. magus (45 mm) and C. geographus (90 mm), respectively. Picture taken from 
(Nielsen et al., 2000). · 

GVIA AND MVIIA: Mechanisms of Action. Binding Site 

The most commonly studied ro-conotoxins, GVIA and MVllA, are both 

antagonists of the N-type voltage-gated calcium channel, located on the presynaptic 
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membrane of neurons. During the propagation of an action potential down the axon, the 

presynapse becomes depolarized which opens voltage-gated calcium channels. The large 

influx of calcium into the presynapse signals neurotransmitter release. The binding of 

excitatory neurotransmitters such as glutamate to the postsynaptic membrane ion 

channels causes the opening of channels, influx of ions, and propagation of action 

potential. By blocking the influx of calcium into the presynaptic terminal, GVIA and 

MVIIA prevent glutamate release. 

Although they share less than one-third of their non-cysteine residues (Olivera et 

al., 1994), GVIA and MVIIA share the same binding site on the N-type calcium channels 

(figure 5). Not only does the iodinated form of the each ligand share the same Hill 

coefficients and affmities for the binding site, they displace each other by 95% (Kristipati 

et al., 1994 ). Moreover the density of GVIA and MVIIA binding sites is reported to be 

the same (Kristipati et al., 1994). 

ovYC 
OVXIA 
CV7Ill 
c .• tri•tu• 
SVIA 
svn 
C. tuUpa 
'l'YIA 
C. r•di.Atua 
II.VIA 
c.c•tu• 
CYIA 
CYI.11 
CYI C 
CYID 

loop I loop2 loop 3 loop 4 

' 

5 
7 
7 

5 

' 
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7 
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Figure 5: The cysteine pattern and amino acid sequence of conotoxins. Both MVIIA and 
GVIA are highlighted with blue boxes. Although MVIIA and GVIA share less than 1/3 
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of non-cys. residues, they both share the critical amino acids tyrosine13 and lyseine2 as 
well as the characteristic disulfide bonds between cysteine1 and cysteine4, cysteine2 and 

·S ·3 d ·6Th cysteme , cysteme an cysteme . ese bonds create 4 loops known as a cysteine knot. 
Figure taken from (Nielsen et al., 2000). 

Two hypotheses approach the great variance in AA sequence and selectivity of 

GVIA and MVIIA (Olivera et al., 1991). The first hypothesis suggests that amino acids 

at the binding site are not required. Instead, the only necessary requirement is the 

appropriate conformation of the two conotoxins. Based on nuclear magnetic resonance 

analysis, GVIA has 3 short anti-parallel ~-strands located on one side of the peptide with 

essential binding residues tyrosine13 and lysine2
, also conserved in MVIIA, located on the 

other side (Kim et al., 1994). This second side has been suggested as ·the side that 

interacts with the N-type calcium channel binding site (Kim et al., 1994). The second 

hypothesis is referred to as the macrosite hypothesis and describes the concept of a 

macro-binding site with many micro-binding sites located inside (Olivera et al., 1994). 

Although GVIA and MVIIA show a large variance in AA sequence, they share the same 

binding site and have the same mechanism of action. · With different pharmacokinetic and 

pharmacodynamic properties, GVIA and MVIIA provide tools for further comparative 

studies. 

Summary 

There remains a large percentage of patients who are pharmacoresistant and are 

not candidates for epilepsy surgery. This thesis describes a novel approach to treat 

intractable epilepsy. The approach is based on the use of CED to deliver AED toxins to a 

restricted area of the brain encompassing an experimentally-induced epileptic focus. The 
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toxins used in my study, GVIA and MVIIA, were tested for their ability to inhibit the 

afterdischarge and behavioral seizure activity in amygdala-kindled rats when infused into 

the amygdalar stimulation site using CED. Since the toxins are potent and long-lasting 

inhibitors ofN-type calcium channels which are required for glutamate release, I 

hypothesize that they would have the ability to inhibit glutamate excitation and the 

kindled electrical and behavioral seizure activity. As a control, I carried out studies with 

proteolyzed MVIIA and, for comparison, the conventional AED carbamazepine. 
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Animals 

CHAPTER II 

MATERIALS AND METHODS 

Materials 

Adult male Sprague-Dawley rats (albino, 240-260 g), provided by Taconic Farm, 

Germantown, NY were used for electrode-cannula guide implantations after being 

housed for five days. The rats were housed individually under a controlled environment 

(temperature, 24 ± 2°C; humidity, 45 ± 5%; 12 h light-dark cycle (6:00-18:00 h lights 

on). Each rat had access to food (NIH-07 diet; Zeigler Bros. Inc., Gardners, PA) and tap 

water ad libitum, supplemented with fruit and Jello. Experiments were conducted 

between 8:00 to 17:00 h. 

The animal facilities were fully accredited by the American Association for the 

Accreditation of Laboratory Animal Care. All experiments were conducted under a 

protocol approved by the Institutional Animal Care and Use Committee of the National 

Institute of Neurological Disorders and Stroke, National Institutes of Health, Bethesda, 

MD, in full compliance with the Guide for the Care and Use of Laboratory Animals 

(National Research Council, 1996, National Academy Press, Washington, DC). 

During surgery, an electrode-cannula guide was implanted into the amygdala of 

each rat's brain. Each rat was anesthetized with ketamine (60 - 75 mg/kg) and 

medetomidine (0.25-0.5 mg/kg). Hair clippers were used to remove hair around the area 

of surgery (top of head), and the area was then cleaned with alcohol and betadine. 

34 



Lidocaine cream was placed in the ears and on the top of nose of each rat. "Eye Tears" 

were applied to their eyes. The rat was then mounted in a stereotaxic apparatus, and an 

incision was made along the median plane of the rat's head. The tissue was then pulled 

away, exposing the skull. One stainless steel machine screw (Plastics One) was placed in 

each of the frontal, occipital, and parietal plates. After drilling a small hole in the skull, 

an electrode-cannula guide (Plastics One) was then implanted into the right basolateral 

nucleus (BLN) of the amygdala based on stereotaxic coordinates (AP: -2.8; ML: -5.0; 

DV: -8. 7) taken from bregma (Paxinos et al., 1985). The electrode-cannula guide 

(Plastics One) was composed of stainless steel wires connected to two electrodes 

(electrode diameter: 0.23 mm; extension of electrode: 6.5 mm plus a 3.5 mm projection 

past the cannula with a 0.5 mm separation at the tip) that extend down both sides of a 

stainless steel tube-the cannula (26 gauge) (figure 6). Once the electrode-cannula guide 

was lowered to appropriate depth, dental cement (Lang Dental, Wheeling, IL) was 

applied around electrode-cannula guide as well as the screws that acted as anchors to hold 

the cement to the skull (figure 6). After the dental cement set, the rat was removed from 

the stereotaxic apparatus and a dummy cannula was screwed into the cannula (figure 6). 

Keto pro fen was given subcutaneously after surgery, followed by the anesthetic reversal 

agent, atipamezole (1 mg /kg, IP). 
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Figure 6: Surgical implantation components for kindling and convection-enhanced 
delivery. From left to right (anchor screws, dummy cannula, infusion.cannula, electrode
cannula guide). 

Reagents: 

GVIA (mol wt 3037) and MVIIA (mol wt 2639), as well as the classical AED 

CBZ (mol wt 236.3), were studied (Sigma Chemical Co., St. Louis, MO). Appropriate 

concentrations of GVIA and MVIIA were made with a solution of 0.01 % (w/v) bovine 

serum in 0.1 M phosphate buffered saline (Sigma Chemical Co., St. Louis, MO). CBZ 

was dissolved in 30% (w/v) solution of polyethylene glycol in 0.1 M phosphate buffered 

saline (Sigma Chemical Co., St. Louis, MO). 

For comparative purposes, the proteolyzed form ofMVIIA was used. One 

hundred µg ofMVIIA was dissolved in 150 µL of0.1 M phosphate buffered saline. Four 

µg of Sequencing Grade, Modified Bovine Chymotrypsin (Princeton Separations, 

Adelphia, MG) was then added. Following the method described by (Chung et al., 1995), 

the combination solution of MVIIA and chymotrypsin was incubated at 30°C overnight. 
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To inactivate chymotrypsin after the incubation, the solution was boiled in a water bath 

for 60 min. Appropriate concentrations of proteolyzed MVIIA (cleaved disulfide bond 

b tw ty . n d . ·dl4) d . . e een rosme an aspartic ac1 were ma e with 0.1 M phosphate buffered salme. 

Proteolysis decreases MVIIA's binding affinity by 99% (Nadasdi et al., 1995). All test 

solutions, GVIA, MVIIA, proteolyzed MVIIA, and CBZ, were infused with an internal 

cannula (33 gauge) into the basolateral nucleus of the amygdala. 

In order to perfuse the brains of rats, pentobarbital (Abbott Laboratories, North 

Chicago, IL) was given as an anesthetic. Rats were perfused with hepranized saline and 

phosphate-buffered 4% paraformaldehyde (FD NeuroTechnologies, I~c., Baltimore, 

MD). Hepranized saline was made by the injection of 1 cc of heparin lock flush (100 

USP Units/mL) (Abbott Laboratories, North Chicago, IL) into a 250 mL bag of 0.9% 

sodium chloride (Abbott Laboratories, North Chicago, IL). 

Methods 

Kindling 

Rats were individually stimulated in an enclosed Plexiglas chamber. A custom 

made stimulator (National Institutes of Health Research Services Branch, Bethesda, MD) 

was connected to each rat and delivered biphasic square wave pulses of variable currents 

at 60 Hz to the amygdala for a duration of one second. The stimulating electrode was 

also the EEG recording electrode except during the one second stimulation interval. 

Through EEG recordings (Grass CP511 AC EEG preamplifier; Astro-Med, West 
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Warwick, RI), AD was discerned in response to stimulation and stored in digital form 

using Axotape 9 (Axon Instruments, Foster City, CA). 

Parameters being investigated in each rat included AD threshold, AD duration, 

behavioral description of seizure (Racine scale), duration of behavioral seizure, and post

ictal duration. AD threshold refers to the lowest current at which epileptiform activity 

can be observed through EEG monitoring. Criteria for determining AD threshold are as 

follows: epileptiform bursts must be at least twice the size of the baseline and the 

frequency of spikes must be greater than 1 per second (Loscher et al., 1986). AD 

duration refers to the duration of AD spiking. 

The standard behavioral description of seizures is the Racine Scale. Racine 

recognized a pattern of behavioral seizure development in response to repeated 

stimulations and labeled these patterns as stages of seizure severity (stage 1, facial 

twitching; stage 2, head nodding; stage 3, forelimb clonus; stage 4, rearing; stage 5, loss 

of balance) (Racine, 1972b ). Behavioral seizure duration measures the beginning point 

of repetitive movement to the point of no movement. With the progression of seizure 

severity come more complicated AD patterns, larger AD spikes, increased seizure stage, 

lower AD thresholds, and longer AD and behavioral seizure durations. 

The kindling procedure consisted of three phases: establishment of AD threshold, 

daily repeated stimulations, and reestablishment of AD threshold. To establish AD 

threshold (phase 1 ), stimulations began at 50 µA and increased by 25% of the preceding 

current (e.g. 50, 62.5, 78.1 , 97.7, 122.1, 152.6, 190.7, 238.4, 298, 372.5, 465.7 µA)with a 

two minute intermission between stimulations (Freeman and Jarvis, 1981). This process 
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continued until AD threshold was reached; however, if no AD was seen after stimulations 

reached 465 µA, the animal was returned to the cage and was stimulated daily at 465 µA. 

Once an animal reached AD threshold, it was stimulated by the corresponding current + 

25% on the following days. From then on, daily (Mon-Fri) repeated stimulations (phase 

2) continued until the rat had either five consecutive days of stage 5 seizures or eight days 

out of ten with stage 5 seizures-the last day at stage 5 seizures. Rats were then 

considered to be kindled and the AD threshold was reestablished (phase 3) in the same 

manner as phase 1. For three consecutive stimulation days, the AD threshold of each rat 

was reestablished. If all the physiological and behavioral measurements of seizures were 

reproducible, the animal was used for CED. 

Convection-Enhanced Delivery 

A gas-tight 50 µL Hamilton syringe with a 22 gauge needle (Hamilton Company, 

Reno, NV) was connected to polyethylene (PE) 50 tubing (Plastics One Inc., Roanoke, 

VA). A counterweighted swivel (22 gauge, stainless steel single channel, lnstech 

Laboratories Inc., Plymouth Meeting, PA), which allowed free movement of the rat 

without sacrifice of the tubing or its flow, was connected at the opposite end of the 

tubing. Exiting the swivel, a second line of PE50 tubing extended to the rat, and at the 

end of the exiting tubing, was an infusion cannula (33 gauge, Plastics One Inc., Roanoke, 

VA) that snapped into the electrode-cannula guide of the rat. To prevent infusate leak

back, the internal cannula was as small as possible (Chen et al., 1999). After the infusion 

cannula was in place, two minutes were allotted to give the brain tissue time to seal 

around the cannula (Chen et al., 1999). The entire tubing was filled, no air bubbles 
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present, with the appropriate infusate that was to be infused into the animal. A Harvard 

infusion pump (model KDS200, KD Scientific Inc., Holliston, MA) was programmed to 

deliver a total amount of 5 µL at a rate of 0.25 µL/min--optimal delivery rates range 

from 0.1 to 0.5 µL/min (Chen et al., 1999). Thus, the total time for delivery of solution 

was 20 minutes. After delivery of the solution was completed, the internal cannula 

remained inside the electrode-cannula guide for 10 minutes, allowing dissipation to 

occur. Afterwards, the infusion cannula was removed. 

Locomotor Activity 

Locomotor activity was measured by VersaMax Animal Activity Monitoring 

System (AccuScan Instruments, Inc., Columbus, OH). Animals were placed in Plexiglas 

chambers ( 40 cm x 40 cm), and movement was monitored by breaks in infrared photo 

beams measured by vertical (17.5 cm above floor) and horizontal (2.5 cm above floor) 

detectors spaced 1.8 cm along the perimeter. Horizontal and vertical movement 

demonstrated ambulatory activity and rearing, respectively. 

Perfusion of Brain 

After the completion of experiments 1-3, heart perfusions were performed in 

anesthetized rats and their brains were removed. Rats (lOOOg) were given 3cc IP 

injections ofpentobarbital (150 mg/kg). After 5 minutes, deep anesthesia was confirmed 

by the lack of response to pinching of the rat's foot. The rat was laid on its back, and the 

skin and muscle were cut from the stomach region towards the heart, exposing the 

organs. The diaphragm was cut away from the thoracic cavity, followed by the cutting of 
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the ribs and stemwn to expose the heart. After the heart was free from fat and 

surrounding membrane, a 20 gauge needle was inserted (5-6 mm deep) through the apex 

of the heart into the left ventricle. The needle was then clamped to the heart to maintain 

its location within the heart. Hepranized saline was infused into the heart until the heart 

was distended (1-5 rnL). The right auricle was then sliced, allowing perfusate to exit 

from the circulatory system. Through the exchange of syringes while leaving the needle 

in the heart, approximately 120 rnL ofhepranized saline was slowly infused. One 

hundred and twenty rnL of phosphate-buffered 4% paraformaldehyde was then slowly 

infused into the rat's heart. After completion of the perfusion, a guill~tine was used to 

remove the head from the body. The brain was removed by first separating the electrode

cannula from the skull. The skull and surrounding bone was removed to expose the 

brain. The olfactory and cranial nerves were cut, and the brain was scooped out and 

placed in a 50 rnL falcon tube filled with phosphate-buffered 4% paraformaldehyde. 

Coronal slices were made and stained (cresyl violet stains by FD NeuroTechnologies, 

Ellicott City, MD). 
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Data Analysis 

GraphPad Prism (GraphPad Software, Inc., San Diego, CA) was used to calculate 

the mean and standard error of the mean (SEM). GraphPad Prism was used to plot dose

effect curves. Using SigmaStat (Access Softek, Inc., Vienna, VA), one-way ANOVA 

and two-way ANOV As were calculated to evaluate significant differences (p<0.05) 

between drug and vehicle relative values. These tests were followed by the Dunnett's or 

Tukey test. 

Experiments 

Experiment 1: Effects of GVIA and MVIIA on Kindling Parameters 

Rats were divided into two groups with each rat receiving multiple infusions of 

drugs. Each rat in group 1 received infusions of bovine serum and 0.005, 0.05, 0.5 nmol 

GVIA. Each rat in group 2 received infusions of bovine serum and 0.05, 0.15, 0.5 nmol 

MVIIA. A random selection of rats from groups 1 and 2 received infusions of 0.5 nmol 

proteolyzed MVIIA, PEG, and CBZ. Ten min after completion of the infusion, the 

internal cannula was removed. Another 10 min were allotted before stimulations began. 

For all drugs, stimulations began at the following time points after completion of the 

infusions: 20 min, 24h, 48h, and 72h. For active toxins and vehicle, time points extended 

to include 96h and 1 week. During the stimulations, the AD threshold and duration were 

determined. Behavioral properties, seizure stage and duration, were observed in response 

to the AD threshold current. Two weeks were allotted between drug infusions. 
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Experiment 2: Effects of Repeated Infusions and Stimulations on the AD Threshold 

Baseline 

A random selection of rats from groups 1 and 2 were further used to evaluate 

whether results from daily stimulations correspond to results seen after only one 

stimulation, 1 week later. Kindled rats with a stable reestablished AD threshold were 

infused with 0.5 nmol ofMVIIA. They were stimulated only once, 1 week later. 

Experiment 3: Effects ofGVIA and MVIIA.on Locomotor Activity 

A random selection of rats from groups one and two that had already received 3 

doses of toxin and vehicle were used to measure effects ofthe~toxins on locomotor 

activity. After three days of reproducible baseline values, each rat was placed in a 

Plexiglas chamber for one hour everyday for 5 days to habituate to the environment. The 

following Monday, rats were given injections of0.05 GVIA, 0.15 MVIIA, or bovine 

serum. 10 min after the removal of the infusion cannula, rats were individually placed in 

Plexiglas chambers then measured for five consecutive days for 60 min. 
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CHAPTER III 

RESULTS 

Experiment I: Effects of GVIA and MVIIA on Kindling Parameters 

Overall analyses of afterdischarge properties and behavioral measures of 

electrical stimulations on amygdala-kindled rats were made before and after drug 

infusions to determine antiepileptic properties of GVIA and MVIIA. Afterdischarge 

properties included changes in the AD threshold and duration. Behavioral measures 

included changes in behavioral seizure stage, behavioral seizure durati~n. and the post-

ictal duration. Although the magnitude of change varies with each drug, the pattern of an 

ideal AED drug on the kindling parameters is as follows: 

Table 3: Effects of AEDs on kindling parameters. 

Afterdischarge AD threshold i 
properties AD duration ! 
Behavioral Seizure stage ! 
Measures Seizure duration ! 

Post-ictal duration ! 

For each animal, the kindling parameter baselines were determined by averaging 

the two kindling parameter values from the last 2 stimulations prior to the CED infusion. 

The percent change was calcul3:ted according to the formula given below (figure 7) for 

each time point after CED. The percent change values were averaged and these means± 

SEM were plotted where Parameterr is the value after CED and Parameterc is the 
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average of the two observations before CED-statistics were performed on the relative 

values. 

(
Parameterr ) 
P 

-1 x 100 = % change from baseline. 
arameterc 

Figure 7: Equation for calculating% change values from baseline kindling parameters. 

ANOV As were first used to determine an overall statistically significant effect of 

drug on kindling parameters. If a statistically significant difference (p<0.05) was found, 

ad hoc statistical analyses, the Dunnett' s and Tukey tests were used. Qply animals with 

repeatable baseline kindling parameters were used for final evaluation of data. 

After each rat was fully kindled, AD threshold was redetermined. Group I rats 

received infusions of varying doses of GVIA (0.005, 0.05, 0.5 nmol) and vehicle while 

Group 2 rats received infusions of varying doses ofMVIIA (0.05, 0.15, 0.5 nmol) and 

vehicle. Each infusion (5 µL) involved drug infusions directly into the stimulation 

induced epileptic focus. The first stimulation occurred 20 min after completion of the 

infusion and was repeated 24h, 48h, 72h, 96h, and I week later. 

Effects of GVIA on Afterdischarge Properties 

GVIA had an overall statistically significant effect on afterdischarge properties 

compared to vehicle. At the time points 20 min, 24h, 48h, the mean afterdischarge 

threshold values for 0.05 and 0.5 nmol GVIA were statistically significant from their 
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corresponding 1 week values (figure 8). There was no difference between baseline and 

vehicle after administration of vehicle. 

The AD threshold was raised above the vehicle value at all time points up to 96h 

with the 0.5 nmol GVIA infusions. The difference between 0.5 nmol GVIA and vehicle 

was statistically significant at 20 min, 24h, and 48h (p<0.05). The highest dose of GVIA, 

0.5 nmol, produced the greatest inhibition (157.3%) from baseline at 48h. At 72h, 0.5 

nmol GVIA became less effective at raising the AD threshold and lost significance from 

vehicle, indicating the return of the animal to the fully kindled baseline value. 

The second highest dose, 0.05 nmol GVIA increased the AD threshold from the 

baseline by 91.8% at 20 min. At 24h, AD threshold decreased towards the baseline, but 

rose to 169.0% at 48 h of the baseline. At 48h, 0.05 nmol GVIA was significantly 

different from the vehicle (p<0.05), but did not statistically differ from 0.5 nmol GVIA at 

48h. Effects of 0.05 nmol GVIA were no longer different from vehicle at 72h. AD 

threshold continued to decrease to the baseline at 1 week. 
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Figure 8: AD threshold values after infusions of GVIA (0.005, 0.05, 0.5 nmol) and vehicle 
(bovine serum albumin) at intervals from 20 min to 1 week. Effects of GVIA are shown as a% 
change from baseline value (see figure 7 for equation). The baseline (dotted line) was 
calculated by taking the average of the AD threshold from the last 2 electrically induced 
stimulations prior to infusion. * indicates that 0.5 nmol GVIA significantly differs from vehicle 
at 20 min, 24h, 48h (p<0.05). ** indicates that both 0.05 and 0.5 nmol GVIA significantly differ 
from vehicle at 48h (p<0.05). 

I also examined the effects of GVIA on AD duration (figure 9). There was an 

overall statistically significant difference between GVIA and vehicle for AD duration. 

For 0.5 GVIA, AD duration decreased from vehicle at 20 min (32.4%). The greatest 

decrease compared to vehicle in the 0.5 nmol GVIA dataset (54.4%) was at 48h (p<0.05). 

At the later time points, the AD duration returned towards baseline. There was no effect 

of vehicle on AD duration. 
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Figure 9: AD duration values after infusions of GVIA (0.005, 0.05, 0.5 nmol) and vehicle 
(bovine serum albumin) and their corresponding time points. Effects Qf GVIA are shown as a 
% change from baseline values (see figure 7 for equation). Baseline (dotted line) was 
calculated by taldng the average of the AD duration from the last 2 electrically induced 
stimulations before infusions. • indicates the drug doses and corresponding time points that 
significantly differ (p<0.05) from vehicle at the corresponding time points. 

Effects of GVIA on Behavioral Measures 

The behavioral measures were measured at the same time as afterdischarge 

properties and included seizure stage, seizure duration, and post-ictal duration, and were 

taken at the same time as afterdischarge properties. Two-way ANOV A analysis did not 

show a statistically difference between GVIA and vehicle for behavioral seizure stage 

(figure 10). 

A general trend for behavioral seizure stage did appear for 0.5 nmol GVIA. The 

greatest decrease in behavioral seizure stage occurred with 0.5 nmol GVIA at 72h post

infusion (34%). At 96h, seizure stage began increasing towards the baseline. Neither 
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0.05 nor 0.005 nmol GVIA showed any patterned effect on behavioral seizure stage. 

There was no effect of vehicle on behavioral seizure stage. 
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+ 0.005 nmol GVIA (n=lO) 

+ 0.05 nmol GVIA (n=lO) 

.... 0.5 nmol GVIA (n=lO) 

Figure 10: Behavioral seizure stage values after infusions of GVIA (0.005, 0.05, 0.5 nmol) 
and vehicle (bovine serum albumin) and their corresponding time points. Effects of GVIA are 
shown as a% change from baseline values (see figure 7 for equation). Baseline (dotted line) 
was calculated by taking the average of the behavioral seizure stage from the last 2 electrically 
induced stimulations before infusions. 

In respect to behavioral seizure duration (figure 11 ), there was a significant 

difference by ANOV A between GVIA and vehicle (p<0.05). The general trend for 

behavioral seizure duration showed the greatest decrease in duration at 72h for both 0.5 

(45.9%) and 0.05 (37.6%) nmol GVIA. Both drug doses then increased toward the 

baseline. There was no effect of vehicle on behavioral seizure duration. 

49 



20 min 24h 48h 72h 96h 1 week 
TI me points after drug infusion 

+ vehicle (n=l 0) 
+ o.005 nmol GVIA (n=lO) 
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Figure 11: Behavioral seizure duration values after infusions of GVIA (0.005, 0.05, 0.5 
nmol) and vehicle (bovine serum albumin) and their corresponding tinie points. Effects of 
GVIA are shown as a% change from baseline values (see figure 7 for equation). Baseline 
(dotted line) was calculated by taking the average of the behavioral seizure duration from the 
last 2 electrically induced stimulations before infusions. 

There was no overall significant effect of GVIA on post-ictal duration as 

compared to vehicle (figure 12). Furthermore, there appeared to be no pattern of changes 

in post-ictal duration in response to GVIA. There was no effect of vehicle on post-ictal 

duration. 
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Figure 12: Post-ictal duration values after infusions of GVIA (0.005, 0.05, 0.5 ~l) and 
vehicle (bovine serum albumin) and their corresponding time points. Effects of GVIA are 
shown as a% change from baseline values (see figme 7 for equation). -Baseline (dotted line) 
was calculated by taking the average of the post-ictal duration from the last 2 electrically 
induced stimulations before infusions. 

Effects of MVIIA on Afterdischarge Properties 

MVIIA showed a statistically significant difference from vehicle in respect to AD 

threshold (figure 13). MVIIA showed a general trend of effects. The greatest increase 

(171 %) in AD threshold was seen 20 min after infusion of 0.5 nmol MVIIA. At one 

week, MVIIA no longer showed any effect on AD threshold There was no effect of 

vehicle on AD threshold. 
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Figure 13: AD threshold values after infusions ofMVIIA (0.05, 0.15,--0.5 nmol) and vehicle 
(bovine serum albumin) and their corresponding time points. Effects of MVIIA are shown 
as a% change from baseline values (see figure 7 for equation). Baseline (dotted line) was 
calculated by taking the average of the AD threshold from the last 2 electrically induced 
stimulations before infusions. 

The ANOV A did not reveal a statistically significant difference between MVIIA 

and vehicle for AD duration (figure 14). The general pattern of AD duration for the dose 

ofMVIIA is rather unclear. At 20 min, all MVIIA doses decrease the AD duration. 

These values increase and approach the baseline through the remaining time points. 
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Figure 14: AD duration values after infusions ofMVIIA (0.05, 0.15, 0.5 nmol) and vehicle 
(bovine serum albumin) and their corresponding ti.me points. Effects of MVIIA are shown 
as a% change from baseline values (see figure 7 for equation). Baseline (dotted line) was 
calculated by taking the average of the AD duration from the last 2 electrically induced 
stimulations before infusions. 

Effects of MVIIA on Behavioral Measures 

Effects of MVTIA on behavioral seizure stage, behavioral seizure duration, and 

post-ictal duration were measured. There was no statistically significant difference 

between the dose and vehicle mean values for behavioral seizure stage (figure 15). The 

vehicle remained at the baseline throug~ all time points. 

The general trend of effects on behavioral seizure stage for MVIIA showed the 

greatest decrease in seizure stage at 20 min post-infusion and then began to increase 

towards the baseline. 
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Figure 15: Behavioral seizure stage values after infusions of MVIIA (0.05, 0.15, 0.5 nmol) 
and vehicle (bovine serum albumin) and their corresponding time pomis. Effects of 
MVIIA are shown as a% change from baseline values (see figure 7 for equation). Baseline 
(dotted line) was calculated by taking the average of the behavioral seizure stage from the 
last 2 electrically induced stimulations before infusions. 

In respect to behavioral seizure duration (figure 16), the mean value ofMVIIA 

compared to vehicle was statistically significant The general trend showed that the 

greatest decrease in behavioral seizure duration occurred at 20 min and then began to 

return to the baseline. 
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Figure 16: Behavioral seizure duration values after infusions ofMVIIA (0.05, 0.15, 0.5 
nmol) and vehicle (bovine serum albumin) and their corresponding tiriie points. Effects of 
MVIIA are shown as a% change from baseline values (see figure 7 for equation). Baseline 
(dotted line) was calculated by taking the average of the behavioral seizure duration from 
the last 2 electrically induced stimulations before infusions. 

There were no statistically significant effects between the drug dose means and 

vehicle mean for post-ictal duration (figure 17). There was no general pattern of effects 

of MVIIA on post-ictal duration. 
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Figure 17: Post-ictal duration values after infusions ofMVIIA (0.05, 0.15, 0.5 nmol) and 
vehicle (bovine serum albumin) and their corresponding time points. Effects of MVIIA 
are shown as a% change from baseline values (see figure 7 for equation). Baseline (dotted 
line) was calculated by taking the average of the post-ictal duration from the last 2 
electrically induced stimulations before infusions. 

Effects of CBZ on Afterdischarge Properties 

Given the duration of GVIA and MVIIA, CBZ was used for comparative studies 

as it is known to not bind to the Na+ channel for a long duration. Randomly selected rats 

from both groups 1 and 2 were infused with 500 nmol CBZ in the same manner as GVIA 

and MVllA. Afterdischarge properties and behavioral measures were made upon 

reaching AD threshold. Because results showed no further effects of CBZ after 24h, the 

time points evaluated included only 20 min, 24h, 48h, 72h. Baseline was established in 

the same manner as GVIA and MVIIA. 
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The classical AED, CBZ showed a statistically significant antiepileptic effect on 

AD threshold at 20 min (272.8%) as compared to 0.5 nmol GVIA and vehicle (figure 18). 

This effect was of short duration, demonstrated by CBZ's return to baseline 24hs later. 
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Figure 18: AD threshold values after infusions of 500 nmol CBZ and vehicle (bovine 
serum albumin) and their corresponding time points. Effects of CBZ are shown as a% 
change from baseline values (see figure 7 for equation). Baseline (dotted line) was 
calculated by taking the average of the AD threshold from the last 2 electrically induced 
stimulations before infusions. * indicates the significant difference of 500 nmol CBZ 
from 0.5 GVIA and vehicle at 20 min (p<0.05). 0.5 nmol GVIA was added to'the graph 
for comparative purposes only. 

The ANOV A revealed no statistically significant difference between CBZ and 

vehicle for AD duration (figure 19). Vehicle remained at the baseline. 
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Figure 19: AD duration after infusions of500 nmol CBZ and vehicle·(bovine serum 
albumin) and their corresponding time points. Effects of CBZ are shown as a% change 
from baseline values (see figure 7 for equation). Baseline (dotted line) was calculated by 
taking the average of the AD duration from the last 2 electrically induced stimulations before 
infusions. 0.5 nmol GVIA was added to the graph for comparative purposes only. 

Effects of CBZ on Behavioral Measures 

In analyzing effects of behavioral seizure stage, there was a significant difference 

between CBZ and vehicle (figure 20, p<0.05). This difference only occurred at 20 min 

and was statistically different from vehicle and 0.5 nmol GVIA at 20 min. 
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Figure 20: Behavioral seizure stage values after infusions of 500 nmol CBZ and vehicle 
(bovine serum albwnin) and their corresponding time points. Effects of CBZ are shown 
as a% change from baseline values (see figure 7 for equation). Baseline (dotted line) 
was calculated by taking the average of the behavioral seizure stage from the last 2 
electrically induced stimulations before infusions. * indicates the drug doses and 
corresponding time points that significantly differ (p<0.05) from vehicle and 0.5 nmol 
GVIA at the corresponding time points. 0.5 nmol GVIA was added to the graph for 
comparative purposes only. 

There were no statistically significant differences between 500 nmol CBZ at any 

time points for behavioral seizure duration (figure 21A) and post-ictal duration (figure 

21B). 
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Figure 21: Behavioral seizure duration and post-ictal duration after infusions of 500 nmol 
CBZ and vehicle (bovine serum albumin) and their corresponding time points. Effects of 
CBZ are shown as a% change from baseline values (see figure 7 for equation). Baseline 
(dotted line) was calculated by taking the average of the behavioral seizure duration or post
ictal duration from the last 2 electrically induced stimulations before infusions. 0.5 nmol 
GVIA was added to the graph for comparative purposes only. A: Behavioral seizure 
duration. B: Post-ictal duration. 
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Effects of Proteolyzed MVIIA on Afterdischarge Properties and Behavioral Measures: 

As another control to GVIA and MVIIA, proteolyzed MVIIA was used to 

determine whether the observed effects were properties of the drugs or the N-type 

calcium channels. Rats from groups 1 and 2 were used for comparative studies using 

proteolyzed (inactivated) MVIIA. As with CBZ, kindling parameters were only 

measured at 20 min, 24h, 48h, and 72h after infusions due to lack of any effect from 

proteolyzed MVIIA. 

There was no statistically significant effect of 0.5 nmol proteolyzed MVIJA on 

any of the kindling parameters being measured (figure 22). In fact, proteolyzed MVIIA 

remained with vehicle at the baseline. 
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Figure 22: AD properties and behavioral measures after infusions of 0.5 nmol 
proteolyzed MVIIA and vehicle (bovine serum albumin) and their corresponding time 
points. Effects of 0.5 nmol proteolyz.ed MVIIA are shown as a % change from baseline 
values (see figure 7 for equation). Baseline (dotted line) values were calculated by taking 
the average of each kindling parameter from the last 2 electrically induced stimulations 
before infusions. 0.5 nmol MVIIA was added to the graph for comparative purposes 
only. A: AD threshold. B: AD duration. C: Seizure stage. D: Behavioral seizure 
duration. E: Post-ictal duration 
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Confirmation of electrode-cannula placement within Basolateral Amygdala 

Coronal slices were made and stained by FD NeuroTechnologies, Ellicott City, 

MD. Brain slices were stained with cresyl violet (figure 23) to determine the location of 

the cannula within the brain. Cresyl violet staining confirmed the proper location of the 

electrode-caruml~ within the basolateral amygdala. 

Electrode-cannula tract 

Electrode-cannula 

Basolateral amygdala 

Figure 23: Coronal section of a fully kindled, group 2 rat that received six infusions to 
the right basolateral amygdala. Cresyl violet stain labeled cell bodies of both neurons 
and glia. 

Experiment 2: Effects of Repeated Infusions and Stimulations on Kindling Parameters 

Effects of Repeated Infusions on Kindling Parameters 

To confirm that repeated infusions ofGVIA and MVIIA had no statistically 

significant effects on kindling parameters, data collected from rats of experiment 1 were 

used to make comparisons between baseline values before and 1 week after infusions. 
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There was no statistically significant difference between the reestablished baseline before 

and I week after infusions, regardless of the number of drug infusions or the order in 

which the drug doses were give (data not shown). 

Effects of Repeated Stimulations on AD Threshold Baseline 

Data collected from rats of experiments 1 were used to evaluate the possibility of 

repeated (daily) electrical stimulations after infusions of GVIA or MVIIA altering the 

kindled state of the rats. We therefore carried out experiments in order to examine the 

possibility of daily stimulations decreasing AD threshold values (suprakindling). 

Animals were infused with 0.05 nmol GVIA and only one stimulation was given, I week 

after the infusion. There was no statistically significant difference between AD thresholds 

at 1 week for rats receiving one stimulation versus rats receiving daily stimulations (data 

not shown). 

Experiment 3: Effects of GVIA and MVIIA on Motor Activity 

Presence of Tremor after GVIA and MVIIA Infusions 

In previously reported literature, it has been demonstrated that GVIA and MVIIA 

have caused tremor after intracerebroventricular injections in mice. The protein toxins 

have since been identified as 'shaker proteins.' Throughout Experiment 1, animals were 

scored for the presence of tremor after drug infusions. Only the highest dose of GVIA 

(0.5 nmol) or MVIIA (0.5 nmol) caused tremor (figure 24). No tremor was present in 

rats receiving 0.5 nmol proteolyzed MVIIA. 

65 



There was a statistically significant difference between 0.5 nmol GVIA, 0.5 

MVIIA versus vehicle for tremor. At 20 min, rats that received 0.5 nmol GVIA and 0.5 

nmol MVIIA began having tremor (p<0.05). At 24h, mean values of the MVIIA data 

returned to baseline while the percentage of tremor in rats infused with 0.5 nmol GVIA 

increased to 90% (p<0.05). At 48h, the percentage of 0.5 nmol GVIA rats with tremor 

decreased but remained statistically significant from vehicle and 0.5 nmol MVIIA rats. 

At 96h, 0.5 nmol GVIA rats no had tremor. Animals with tremor were monitored with 

EEG in the same manner as experiment 1 and no abnormal spiking was observed. 
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El ... 25 ~ 
~ Q 
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20 min 24h 48h 72h 96h 1 week 

Time points after drug infusion 

Figure 24: Effects of0.5 nmol GVIA, 0.5 nmol MVIIA, 0.5 nmol proteolyzed MVIIA, and 
vehicle (bovine serum albumin) and their corresponding time points. The % of animals with 
tremor was calculated by dividing the number of rats that responded with tremor to drug by the 
number of rats that received 0.5 nmol GVIA, 0.5 nmol MVIIA, 0.5 nmol proteolyzed MVIIA 
or vehicle. * indicates the drug doses and corresponding time points that significantly differ 
(p<0.05) from vehicle at the corresponding time points. 
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Effects of GVIA and MVIIA on Vertical and Horizontal Movement 

Further analysis of effects of both toxins GVIA and MVIIA on behavioral 

responses was observed through locomotor activity of the rats 20 min after the infusion as 

well as at 24, 48, 72, and 96h (figure 25). Rats from groups I and 2 were given 

corresponding infusions of 0.05 nmol GVIA, 0.5 nmol MVIIA, or vehicle. The 0.05 nmol 

GVIA dose was selected for locomotor activity studies because 0.05 nmol GVIA lacked 

the presence of tremor while having the same AD threshold inhibition as 0.5 nmol GVIA 

and MVIIA (p<0.05). The focus of these locomotor activity levels was to determine 

effects of the drugs, not tremor, on activity levels of the rats. Twenty min after 

completion of infusions, rats were placed in the plexiglass chambers for one hour, and 

their locomotor activity levels (horizontal and vertical) were monitored. Locomotor 

activity levels were also monitored 24h, 48h, 72h, and 96h after infusions. There was no 

statistically significant difference between the drugs and vehicle. 
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Figure 25: Locomotor activity levels after infusions of0.05 nmol GVIA, 0.5 nmol 
MVIIA, and vehicle (bovine serum albumin) and their corresponding time points. Effects 
of drugs are shown as a% change from baseline values (see figure 7 for equation). 
Baseline (dotted line) was calculated by taking the average of the locomotor activity levels 
from the last 2 days of habituation before infusions. A: Horizontal activity levels. B: 
Vertical activity levels. 
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CHAPTER IV 

DISCUSSION 

There are a large number of patients with epilepsy who do not respond to 

conventional drug therapies. Some of these individuals will obtain benefit from 

alternative treatment methods such as surgery and vagal stimulation. However, there are 

still substantial numbers of persons with epilepsy who do not respond to any currently 

available therapy. Moreover, epilepsy surgery is an invasive treatment approach that has 

significant risks and is not well accepted by many patients and their families. Therefore, 

in this thesis, I have investigated an alternative, less invasive approach to epilepsy 

therapy. I hypothesized that local CED facilitated infusion of a peptide blocker of 

voltage-activated calcium channels, which is a well-recognized inhibitor of excitatory 

neurotransmitter release, may have anticonvulsant properties. Furthermore, the peptide 

blocker would be expected to produce a persistent anticonvulsant effect due to its slow 

dissociation rate from the calcium channels. The advantage of administering an 

anticonvulsant toxin locally is that it might be possible to avoid the side effects that arise 

from actions on brain regions that are not involved in seizure activity as occurs with 

conventional antiepileptic drugs that are administered orally and distributed throughout 

the brain by the circulation. Indeed, one can imagine that it could be possible to use 

locally delivered agents that are far more potent anticonvulsants since they would not be 

a concern for systemic or whole brain side effects (except, of course, for the small 

amount of locally administered toxin that does enter the systemic circulation or reaches 
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distant brain regions) . In this study, I have confirmed that local CED of calcium channel 

toxin can, in fact, produce a long lasting elevation in threshold for kindled seizures. 

These experiments provide a basis for further studies investigating the potential clinical 

utility of this novel epilepsy treatment approach. 

Rationale for Experiment 

As discussed in the Introduction (Chapter I), the rat kindling model is a widely 

used model of TLE (Loscher, 2002). I used this model to analyze possible antiepileptic 

properties of cone snail toxins GVIA and MVIIA. ro-conotoxins GVIA and MVIIA have 

been shown to inhibit N-type calcium channels and prevent the release of excitatory 

neurotransmitters, possibly making the N-type calcium channel a potential target for the 

development of new AEDs. As a possible new drug delivery method for AEDs, CED has 

been shown to deliver site-specific, homogeneous concentrations of drug, no matter the 

size of the drug molecule (Bobo et al., 1994 ). I used the method of CED to deliver large 

molecules, GVIA and MVIIA, to an epileptic focus in the brain created by electrical 

stimulations to the amygdala of rats. 

My study focused on the infusion of drugs into a created epileptic focus by means 

of CED. For comparison with the long-acting toxins, I carried out experiments with the 

short-acting AED CBZ. Proteolyzed MVIIA was given to rats to confirm that observed 

effects of GVIA and MVIIA were indeed properties of the drugs acting on the N-type 

calcium channels. By use of the kindling model, anti convulsive properties of direct 

delivery of GVIA and MVIIA to a created epileptic focus were analyzed. 
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Antiepileptic Properties of GVIA and MVIIA 

Efficacy and Potency 

Previous studies have shown that GVIA and MVIIA are highly specific peptide 

toxins ofN-type calciwn channels that have the same binding site on the calcium channel 

protein. Studies on rat brain membranes show that GVIA and MVIIA have less than 10% 

nonspecific binding (Kristipati et al., 1994). Confirmation of the toxins sharing the same 

binding site has been demonstrated in many·ways. First, the density of binding sites is 

the same for both GVIA and MVIIA (Kristipati et al., 1994 ). Second, competitive 

binding studies show that GVIA and MVIIA compete for the same site (Kristipati et al., 

1994). 

There was a dose dependent effect of GVIA and MVIIA on kindling parameters. 

While all three doses (0.005, 0.05. and 0.5 nmol) of GVIA demonstrated effects on 

kindling parameters, the greatest effects were seen at the highest doses (0.05 and 0.5 

nmol) and the smallest effects observed at the lowest dose (0.005 nmol). Likewise for 

MVIIA (0.05, 0.15, 0.5 nmol), effects on kindling parameters were dose dependent, 

following the same pattern as GVIA. 

Further comparisons with GVIA and MVIIA showed that they both share 

approximately the same efficacy. Although the peak inhibition of each toxin occurred at 

different time points, GVIA and MVIIA increased the AD threshold by ::::: 170%. Also, 

there was no significant difference between the effects of both toxins on AD duration, 

seizure stage, seizure duration, and post-ictal duration. 
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The efficacy of the two toxins was comparable at the 0.5 nmol dose. However, 

0.005 nmol MVIIA (data not shown) showed no effects on kindling parameters, while 

effects (although not significant) were still observed with 0.005 nmol GVIA. . 

Furthermore, 0.05 nmol GVIA showed the same increase (:::::170%) in AD threshold as 0.5 

MVIIA. Thus, GVIA has greater potency than MVIIA. No tremor was observed for rats 

receiving 0.05 GVIA, unlike that of 0.5 nmol MVIIA. These results may demonstrate a 

narrower therapeutic window for MVIIA. 

Compared to GVIA and MVIIA, CBZ had greater inhibitory effects on all 

kindling parameters except AD duration. There was approximately a 270% increase in 

AD threshold with CBZ as compared to a 170% increase with GVIA and MVIIA. 

Simply put, the current required to stimulate seizures was greatly increased with CBZ, 

making it a more effective protective agent against seizures. Thus, CBZ was highly 

efficacious when administered locally by CED. However, its duration of action, as 

discussed in the next section, was dramatically shorter. 

Analyzing the potency levels of CBZ, GVIA, and MVIIA, CBZ was far less 

potent. Five-hundred nmol of CBZ was required to provide such efficacious results. 

Compared to 0.05 nmol GVIA, CBZ is 10,000-fold less potent and 1,000-fold less potent 

than 0.5 nmol MVIIA. We anticipate that the toxins would be delivered in a clinical 

situation using an implanted pump with a subcutaneous catheter leading to the epileptic 

brain region (i.e. temporal lobe). The high potency of the toxins is desirable if they are to 

be used in an implanted device of limited capacity. 
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Duration 

In these experiments, I found that the toxins had a remarkably long duration of 

action. At 48h after infusion, all doses of GVIA reached maximum effect and generally a 

persistent effect was observed up to 96 h. MVIIA had a slightly different time course 

than GVIA. Peak effects were seen at 20 min, and slowly decreased throughout the next 

four days, reaching the baseline one week later. 

It is significant to note that the effects of the two toxins were reversible. This 

indicates that the t.oxins have not damaged the surrounding neurons or eliminated the 

epileptic focus--otherwise, kindling parameters would not have returned to baseline. In 

vitro studies indicate that GVIA is an "irreversible" blocker. The fact that a reversible 

effect was obtained in my experiment can be explained either by very slow dissociation 

of the toxin from its calcium channel target or slow turnover of the channel protein. 

Unlike GVIA and MVIIA, CBZ's efficacious effects peaked at 20 min, and the 

kindling parameters returned to the baseline within 24h. There are several possible 

explanations for the short duration of action of CBZ compared to the peptide toxins. 

First, CBZ may more rapidly dissociate from the sodium channels. Second, CBZ is very 

small in size, compared to the peptide toxins GVIA and MVIIA, which may result in 

rapid diffusion of CBZ from the site of infusion. 
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Adverse Effects 

Tremor 

Although CED of GVIA and MVIIA generally did not produce overt side effects 

at high doses, a transient tremor was observed in some animals. In fact, the two snail 

toxins are recognized as having tremorigenic activity when injected 

intracerebroventricularly (Olivera et al., 1984b;Olivera et al., 1985;0livera et al., 1984b ). 

This tremor is believed to be due to effects on the cerebellum and could have resulted in 

our experiments from leakage of the toxin from the amygdala infusion site. EEG 

monitoring of tremor showed no abnormal, seizure-like spiking which demonstrates that 

the animals were not having seizures, but instead tremor. Furthermore, tremor increased 

when the animals moved or were handled-another demonstration of tremor-like activity. 

Indeed, this dissociation is compatible with the possibility that the effects on seizure and 

tremor induction are mediated at distinct brain sites. 

The two toxins had different times of onset. GVIA's onset of tremor was not 

observed until 24h after infusion. MVIIA caused tremor within 20 min of infusion. In 

conjunction, significant anti epileptic properties of MVIIA were present within 20 min as 

well. Because it has previously been shown that MVIIA binds quicker to N-type VGCCs 

than GVIA, our data further demonstrate a difference in onset of activity between the two 

toxins. 
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Locomotor Activity Levels 

Horizontal and vertical movement of the two peptide toxins showed no pattern of 

effects on locomotor activity levels and there was no statistically significant difference 

between GVIA and MVIIA from vehicle at any time point. These results suggest that 

neither tremor nor drug have inhibitory effects on motor movement. 

Confirmation of Toxins' Pharmacological Effects 

Proteolyzed Toxin 

Proteolyzed MVIIA (0.5 nmol) was infused into the animals as-a control to 

confirm that observed antiepileptic effects were due to the pharmacological activity of 

GVIA and MVIIA. Because there were no effects of proteolyzed toxin on kindling 

parameters, we concluded that the monitored effects were due to the interactions of toxins 

with their binding site, the N-type calcium channel. 

Suprakindling 

Another issue that could affect the AD threshold values is the concept of 

suprakindling. Suprakindling is the phenomenon whereby as the stimulations continue, 

the current necessary to cause AD decreases due to enhanced kindling. Thus, stimulations 

made during the days following the infusions would show a decrease in AD threshold 

(increased kindling) that could be misinterpreted as decreased antiepileptic effects of 

GVIA and MVIIA. Instead, there was no difference between AD threshold values one 

week after infusions between rats receiving daily stimulations and those receiving one 

stimulation at one week after infusions. This signifies that the change in AD threshold 
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seen after toxin infusions is a response to the toxins instead of repeated stimulations. 

Suprak.indling is not demonstrated in these experiments. 

Repeated Infusions 

Because of the difficulty and time required to kindle animals, I needed to reuse 

the animals for different treatments. In each case, I allowed the kindled animals two 

weeks between drug infusions. I determined if the repeated injections affected the 

baselines of kindling parameters. Comparisons were made between the initial baseline 

value and the reestablished baseline one week after each infusion for each kindling 

parameter. No significant changes were observed (data not shown). 

Experimental Limitations 

There are several limitations in the interpretation of my results in that I could not 

determine the extent to which the toxins moved beyond the infusion site. The first factor 

was the inability to determine the movement of drug. I was able to confirm the location 

of the electrode-cannula in the basolateral nucleus of the amygdala through histological 

analysis. However, the spread of drug through the brain could not be determined in these 

studies. Another consideration to be taken into account may be the formation of other 

epileptic foci during the kindling process. Such secondary foci may have not been 

reached by drug and were still able to be stimulated by small electrical stimulations, 

creating the illusion that the tested drugs did not completely block seizures. A third 

factor may be due to the limitations of the kindling model itself. This model does not 

involve spontaneous seizures, and thus is not a model of epilepsy in this sense-in fact, 
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there are no true models of epilepsy. The involvement of the brain in the process of 

eliciting seizures is not present in the kindling model and may not confirm the ability or 

inability of GVIA and MVIIA to block seizures. 

Implications of Work 

Future prospects for CED and AEDs may include continued treatment of seizures 

for pregnant women while eliminating the threat of teratogenic effects from AEDs. 

Another prospect may include treatment for epileptic patients awaiting brain surgery. 

CED of AEDs may allow the patients to continue with daily activities until surgery. 

Another possibility may include the delivery of viral vectors containing genes that could 

decrease or eliminate seizures. Thus, there are many prospects for CED as well as the 

development and delivery of AEDs. 
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CHAPTERV 
CONCLUSION 

Our experiments involved amygdala-kindled rats, GVIA, MVIIA, CBZ, and 

proteolyzed MVIIA as tools to analyze the effectiveness of CED for the delivery of 

AEDs directly into the brain. We have demonstrated antiepileptic properties of GVIA 

and MVIIA using amygdala-kindled rats. The characteristics of the toxins' effects on 

kindling parameters meet the criteria for a practical epilepsy treatment approach-high 

efficacy, high potency, and long duration. We have shown that CED can be used to 

repeatedly administer AEDs to targeted regions of the brain. In conclusion, my results 

suggest that CED delivery of calcium channel toxins could be used in the treatment of 

intractable epilepsy. 
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