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Abstract 

 

In the United States alone, over 3 million people have been diagnosed with epilepsy, a 

dynamic disease characterized by recurring and unpredictable seizures. Antiepileptic 

drugs (AEDs) and other therapies have helped to combat this widespread phenomenon, 

yet for one-third of epilepsy patients, there is still no effective treatment. A better 

understanding of the mechanisms of AEDs has been called for. Levetiracetam (LEV) is 

one AED on the market that does not work by the typical mechanisms of action of AEDs. 

LEV binds to the vesicular protein SV2A in neurons in the brain, which is thought to 

mediate some step in neurotransmitter release. However, the exact mechanism of action 

of LEV is unknown. Deducing this mechanism would be of substantial benefit for the 

development of new, similar drugs that also work by such a non-conventional 

mechanism. The experiments and results I present in this dissertation detail my 

investigation of the effect of LEV on neurotransmission of rat hippocampal neurons. My 

methods include fluorescence-staining with FM dyes to label synaptic vesicles and 

monitor vesicle release as well as electrophysiological techniques to observe synaptic 

currents. My experimental protocols have allowed me to detect differences in 

neurotransmitter release in LEV-treated neurons. Furthermore, manipulating exposure 

conditions required before LEV action have allowed me to deduce that LEV must enter 

active neurons to reach SV2A. I believe that LEV is dependent on endocytosis for access 

to vesicles, a completely unique mechanism of action for a small molecule drug. 
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Introduction 

According to the Epilepsy Foundation of America, epilepsy affects approximately 

50 million people worldwide. The disease is characterized by recurring, unpredictable 

seizures or periods of uncontrollable brain activity that temporarily provoke convulsions 

and/or loss of cognition. Given the impulsive and incapacitating nature of seizures, it is 

clear how they can greatly diminish the independence and serenity of individuals that 

experience them. If seizures are severe enough, they can lead to brain impairment and 

mortality. 

For those battling seizures, the hope is that some regimen of antiepileptic drugs 

(AEDs) will be able to prevent future seizures, or at least reduce their occurrence to an 

acceptable rate such that a desired quality of life can be obtained. However, for about one 

third of these patients, there is currently no therapy that can achieve this result (Dichter 

2007; Luszczki 2009). A small percentage of epileptic patients that first fail to respond to 

AEDs are eligible for resection surgery and for some patients, non-traditional therapies 

like vagal nerve stimulation or deep brain stimulation may be an alternative. Yet, these 

selective and invasive therapies have also been shown to have limited success. The 

idiopathic nature of seizures, the variability in seizure types, and the often unpredictable 

efficacy of treatments all contribute to the mystery and difficulty in curing the disease. As 

a result, a substantial population of those with epilepsy have few additional options to 

relieve their symptoms. Thus, there is a great potential to improve the livelihoods of 

millions of people by developing more intelligent therapies, such as new and improved 

AEDs. 

Understanding the mechanisms of action of AEDs is an important step in realizing 

the potentials of those drugs that are currently on the market as well as in predicting the 

efficacies of suggested new AEDs. There are a number of different categories of drugs 

currently on the market that have been useful in treating epilepsy. These traditional 

categories, which are grouped by mechanisms of action, include 1) inhibition of voltage-

gated Na+ or Ca2+ channels, 2) reduction in synaptic excitation mechanisms (typically via 

glutamate receptors), and 3) enhancement of synaptic inhibition (usually via γ-

aminobutyric acid (GABA) receptors). Yet there is a fourth category that should not be 
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overlooked. This is often described in text books as the 'Other' category, a place for 

mechanisms with vastly different types of molecular targets, if they are known at all. It is 

here that the drug levetiracetam (LEV) resides. 

 

The antiepileptic drug levetiracetam 

The molecular structure of LEV (Fig. 1) was not engineered for a specific 

purpose, but was one of a group of chemicals that were tested on rat models of partial and 

generalized epilepsy to identify any antiepileptic effects (Gower et al. 1992). Compared 

to classical AEDs, LEV was demonstrated to have different efficacies in the usual animal 

models of epilepsy. LEV lacked effectiveness in acute models of seizures including 

maximal electroshock seizures (Loscher and Honack 1993; Klitgaard et al. 1998), which 

most traditional AEDs can avert. However, LEV did well in treating most chronic 

models. LEV prevented audiogenic seizures in mice and protected against the effects of 

chemoconvulsants (Gower et al. 1992). LEV also curbed spontaneous spike-and-wave 

discharges (SWDs) in the Genetic Absence Epilepsy Rat from Strasbourg (GAERS) 

model while leaving the underlying EEG trace normal (Gower et al. 1995). LEV was 

commonly reported to induce a very small number of negative side effects, even at 

concentrations well above those needed to block convulsive activity. There was little 

effect on animal behavior, very little sedation, and no impairment of spontaneous 

activity. Furthermore, LEV was able to exert anticonvulsant activity against both focal 

and secondarily generalized seizures in the amygdala-kindled rat model (Loscher and 

Honack 1993; Loscher et al. 1998). When fully kindled rats were pretreated with LEV 

hours before stimulation, the resultant seizure episode was lesser in severity and shorter 

in duration. Investigators also showed that LEV raised thresholds for tonic 

electroconvulsions and myoclonic and clonic seizures induced by i.v. infusion of 

pentylenetetrazol (PTZ) in mice and rats (Loscher and Honack 1993). The interesting 

pharamcological profile of LEV suggested that it likely did not correspond with any of 

the traditional categories of AEDs. 

Further experiments with animals and eventual clinical trials (Bialer et al. 1999) 

led to FDA approval in 2000 when the drug became available for human use. LEV was 
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originally patented and produced under the brand name Keppra® (ucb L059) by Belgium 

biopharmaceutical company UCB and has been available generically since 2008. For 

many patients of all ages, it has been successful at reducing focal and generalized 

seizures and has become one of the most commonly prescribed AEDs today. Numerous 

clinical trials have suggested that LEV may be used as an initial or early add-on therapy 

for partial-onset seizures with or without secondary generalization and for myoclonic 

seizures (Abou-Khalil 2008; De Smedt et al. 2007). In addition, it is often the AED of 

choice as an add-on drug if the initial monotherapy drug fails (Betts et al. 2003). LEV is a 

favorable alternative for subsets of the pediatric population and has been shown to cause 

few clinical side effects (Abou-Khalil 2005; French et al. 2001). Its benefit as an add-on 

therapy is greatly underlined because of its low potential for drug interactions (Hovinga 

2001). Relative to other drugs, LEV’s combination of few side effects, few drug 

interactions, history of broader epilepsy treatment, and little development of tolerance 

have contributed over the years to make LEV an AED of choice among many physicians. 

Yet, like other AEDs, LEV has not been able to produce desired effects for all patients. 

Commenting on the discrepancies in treating different epilepsy types in both patients and 

animal models is difficult without an understanding of LEV’s mechanism of action. 

 

Figure 1. Molecular structure of levetiracetam. 
 

The complete mechanism of action of LEV remains a mystery. Studies have 

investigated the effects of LEV on established AED targets and most studies conclude 

that LEV does not affect these targets or affects them only slightly. LEV does not 

influence voltage-gated Na+ channels in cultured neocortical neurons and does not 

influence T-type (low threshold) Ca2+ channels in pyramidal neurons of the CA1 in slice 

(Zona et al. 2001). LEV also does not modulate voltage-gated potassium currents in 

cultured hippocampal neurons (Bischoff and Schlobohm 2002). LEV does not alter 
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GABAergic inhibition, based on paired-pulse inhibition/facilitation as measured from 

field potentials of the dentate gyrus in slice (Margineanu and Klitgaard 2003). Moreover, 

LEV does not directly affect glycine-gated currents and only at high concentrations (1 

mM) does LEV cause a slight reduction in peak amplitude and prolongation of the decay 

phase of GABA–gated currents (Rigo et al. 2002). It has been reported that LEV 

modestly reduces high threshold voltage-activated Ca2+ currents in cultured hippocampal 

neurons (Niespodziany et al. 2001), which occurs specifically by inhibition of N-type 

Ca2+ channels (the predominant population of high threshold voltage-activated Ca2+ 

channels in hippocampal neurons) with no change in L-, P-, or Q-type Ca2+ channels 

(Lukyanetz et al. 2002). The reduction of Ca2+ currents might help to explain LEV’s 

antiepileptic effect, although no further electrophysiological experiments were performed 

by these groups and no suggestions were made about how LEV might alter 

neurotransmission. In addition, there is no evidence that these Ca2+ channels possess a 

binding site for the drug. 

The first major clue for the mechanism of action of LEV came in 2004 when the 

article “The synaptic vesicle protein SV2A is the binding site for the antiepileptic drug 

levetiracetam” was published by Lynch et al. Tritiated LEV, as localized by 

autoradiography, only bound to brain membranes that expressed SV2A, and did not bind 

to membranes from SV2A knockout mice. Binding was saturable and reversible. 

Furthermore, SV2A expression alone was sufficient for binding of tritiated LEV, as 

shown by SV2A expression in non-neuronal cells. Another important observation by 

Lynch et al. was that ucb L060, the stereoisomer of LEV, bound SV2A with an affinity 

three orders of magnitude less than LEV. Because of the finding that SV2A binding is 

stereospecific, ucb L060 was identified as a pharmacological control for LEV in 

experiments where SV2A binding is the proposed mechanism of action. 

The SV2A protein is located inside the presynaptic terminal of neurons within the 

membrane of synaptic vesicles. Never before had an AED been known to bind inside 

neurons or to bind to a protein suggested to be directly involved in the molecular 

mechanism of exocytosis and neurotransmitter release. Thus, LEV was hypothesized to 

have a completely unique and nontraditional AED mechanism. 
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The synaptic vesicle protein SV2A 

 An understanding of the mechanism of action of LEV must include insights into 

its binding site, SV2A. Synaptic vesicle 2 (SV2) proteins are glycoproteins found in 

secretory vesicles in neural and endocrine cells in vertebrates (Buckley and Kelly 1985). 

They are integral membrane proteins with a structure similar to members of the large 

major facilitator superfamily (MFS) of transporters (Bajjalieh et al. 1992). Yet, they have 

not been shown to exhibit any transporting function. SV2 proteins (Fig. 2) consist of 

twelve transmembrane domains, have C and N termini located outside vesicles, and each 

have an intra-vesicular loop portion with three conserved consensus sites for N-

glycosylation (Bajjalieh et al. 1992). They are found in both synaptic vesicles and large 

dense core vesicles. SV2 exists in three isoforms in mammals: SV2A, SV2B, and SV2C. 

Of the three isoforms, SV2A is most ubiquitous and is expressed in all brain structures 

and in all types of neurons (Bajjalieh et al. 1994). Because of the protein’s location in 

synaptic vesicles, along with the first experiments performed with SV2A knockout 

neurons, SV2A was originally hypothesized to play a modulatory role in the control of 

exocytosis (Crowder et al. 1999). Since then, SV2A has been of increasingly greater 

interest because of the knowledge of its ability to bind LEV. Substantial research has 

been done to better characterize the structure and function of SV2A, yet its exact role in 

neurotransmission is debated and remains unclear. 

 

Figure 2. Structure of an SV2 protein. The glycoprotein has 12 transmembrane regions 
and is located in the membranes of synaptic vesicles. 
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Familiarity with the presynaptic mechanisms of neurotransmission is essential in 

order to deduce the role of SV2A in vesicle function. Before a synaptic vesicle can 

release neurotransmitter from the presynaptic terminal into the synaptic cleft, a number of 

preparatory steps and specific conditions must occur. A new vesicle must be filled with 

neurotransmitter and then undergo docking, priming, and fusion in order for the lumen of 

the vesicle to be continuous with the synaptic cleft. When a vesicle is closely apposed to 

the plasma membrane, it is docked.  Next, it may become primed when SNARE (SNAP 

receptor) protein complexes form stable heterotrimeric complexes that tether the vesicle 

to the plasma membrane. Note these first two steps of docking and priming do not require 

Ca2+ ions to be present. Rather, they are essential in order to render vesicles competent 

for Ca2+-triggered fusion when an action potential causes an influx of Ca2+ through open 

voltage-gated Ca2+ channels. Fusion is likely made possible by a conformational twist of 

SNARE proteins which opens a temporary pore between the vesicle and plasma 

membranes allowing the contents of the vesicle to diffuse outside of the presynaptic 

terminal. The subset of vesicles that are primed and ready for Ca2+-dependent fusion are 

said to make up the readily releasable pool (RRP) of vesicles. As this pool is depleted, 

vesicles from reserve pools located far from the plasma membrane can travel to the 

membrane and transition over time to become primed and restock the RRP. If stimulation 

is exhaustive, the RRP can be depleted and neurotransmitter release is slowed. What is 

the role of SV2A in any of these mechanisms upstream of neurotransmitter release? The 

answer is not yet clear. It may modulate a rate-dependent step in priming, it may decrease 

the probability that a given vesicle will contribute to the RRP, it may alter the sensitivity 

of the Ca2+ sensor, synaptotagmin, to Ca2+ ions, or it may alter a function of one of the 

fusion proteins of which we are not yet familiar. 

Many clues to the function of SV2A have come from SV2 knockout experiments. 

In 1999, Crowder et al. described the relatively normal synapse morphology yet abnormal 

neurotransmission in mice lacking SV2A. Homozygous knockout animals experienced 

severe motor seizures beginning around one week of life and died within the first three 

weeks of life. Seizures were generalized within the brain, characteristic of widespread 

hyperexcitability. However, knockout animals appeared normal at birth suggesting that 
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SV2A is not required for normal prenatal development. Even after seizures had begun in 

knockouts, Crowder et al. found that the gross brain morphology, as well as the number 

of synapses, morphology of synapses, size of synaptic boutons, active zone length, and 

the number of vesicles per unit area in the hippocampus of knockouts were normal. Thus, 

morphology differences were likely not the cause of seizures in knockouts.  Interestingly, 

it was at ages P6 to P10 that normal growth ceased and seizures began in the knockouts, 

which is approximately the same time period in development that GABA converts from 

an excitatory to an inhibitory neurotransmitter in the CNS (Cherubini et al. 1991). 

Crowder et al. found that loss of SV2A led to a reduction in action potential-dependent 

GABAergic neurotransmission in the CA3 of the hippocampus in slice experiments 

monitoring spontaneous inhibitory postsynaptic currents (sIPSCs). This decrease in 

spontaneous GABA activity was very possibly the reason for the hyperexcitability 

experienced by knockouts as manifested by the seizures since spontaneous GABA release 

has been hypothesized to alter hippocampal excitability (Otis and Mody 1992). Crowder 

et al. also found that action potential-independent neurotransmission in knockouts, as 

measured by miniature IPSC frequency and amplitude, was normal, which would suggest 

that SV2A does not determine quantal size or influence the activity of postsynaptic 

receptors. This first published work in SV2A knockouts made it clear that SV2A is not 

required for neurotransmitter release, that is, it is not a necessary component of vesicle 

fusion machinery. Instead, SV2A plays a modulatory role. 

In 2001, the size of the readily releasable pool of vesicles in adrenal chromaffin 

cells was shown to be decreased in SV2A knockouts (Xu and Bajjalieh 2001) and in 

2006, more was published to characterize SV2A knockouts, this time with experiments 

using cultured hippocampal neurons. Using a variety of techniques including 

fluorescence imaging and electrophysiology, Custer et al. concluded that there was no 

difference in quantal size, synapse number, or the percentage of functional synapses in 

SV2A knockout cultured neurons compared to wild type cultured neurons. These results 

corresponded well with previous publications (Crowder et al. 1999). Custer et al. also 

whole-cell patch clamped neurons to record autaptic excitatory postsynaptic currents 

(EPSCs) and found that the amplitude and frequency of miniature EPSCs were not 
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different in knockouts. After stimulating the patched neuron, they found that amplitudes 

of evoked EPSCs in SV2A knockouts were approximately 34% smaller than for wild 

type animals. They went on to further examine RRP size and release probability. When 

neurons were bathed in hypertonic sucrose solutions, there was immediate fusion of all 

primed vesicles (those that make up the readily releasable pool) in a Ca2+ independent 

manner (Rosenmund and Stevens 1996). When both knockouts and wild type neurons 

were treated with sucrose, the current response amplitude for the knockouts was 

approximately 39% less than wild type. Thus, the RRP for knockouts was smaller than 

that for wild type neurons. This percentage decrease was very similar to that of the 

decrease in EPSC amplitude suggesting that there is a direct link between RRP size and 

synaptic response in SV2A knockouts. There was no difference in the recovery of the 

EPSC response after application of sucrose, thus lack of SV2A does not likely effect 

vesicle recycling. Furthermore, there was no difference in the percentage of the RRP 

released after a single action potential, thus making the relationship between RRP size 

and release probability potentially very straightforward. Their major conclusion, given by 

the title of their paper, was “SV2 enhances initial release probability by increasing the 

resting RRP.” More specifically, they suggested that SV2 mediates a priming reaction 

after vesicle docking but before fusion and, on the whole, acts as a positive modulator of 

synaptic transmission. At that point, the authors could only suggest possible mechanisms 

to explain their hypothesis and these included interactions with SNARE complexes in 

order to initiate a “priming reaction” or inhibit a “depriming reaction.” 

 More recently, investigators have proposed that correct expression and trafficking 

of synaptotagmin, the presynaptic terminal’s Ca2+ sensor protein, is dependent on SV2A 

binding (Yao et al. 2010), yet the normal folding and trafficking of SV2A itself does not 

depend on synaptotagmin binding (Chang and Sudhof 2009). The current understanding 

of the function of SV2A is still incomplete and ultimately, the role of LEV in 

neurotransmission cannot be totally defined until SV2A’s function is known. However, it 

is clear that SV2A expression and LEV efficacy are linked. Two separate research groups 

have reported diminished anticonvulsant efficacy of LEV in SV2A deficient mice 
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(Kaminski et al. 2009; Boido et al. 2010). Hopefully, clues from both LEV- as well as 

SV2A-directed experiments will add to the understanding of each other. 

 

Previous experiments with LEV in hippocampal slices 

 Before the experiments presented in this dissertation were begun, the Rothman lab 

has already begun to classify LEV’s effect on synaptic neurotransmission.  In the 2007 

article “Prolonged Exposure to Levetiracetam Reveals a Presynaptic Effect on 

Neurotransmission,” Yang et al. found that LEV reduced neurotransmitter release in rat 

hippocampal brain slices at concentrations consistent with its clinical efficacy (100 µM).  

When comparing trains of electrically evoked excitatory postsynaptic potentials (EPSPs) 

from the CA1 region of slices that were bathed in LEV-containing solution for at least 3 

hours, there were significantly diminished synaptic responses later in trains, as measured 

by normalized EPSP amplitudes. Acute (30 minute) drug application showed little 

difference from control. In addition, the membrane-binding dye FM1-43 was used to 

label synaptic vesicles in brain slices in order to dissect a presynaptic LEV effect. The 

release of vesicle content during stimulation was monitored by 2-photon microscopy 

which tracked presynaptic terminal destaining as the fusing vesicles were exposed to the 

extracellular space and the dye was washed away. Yang et al. found that LEV 

significantly reduced fluorescence destaining, or unloading. During continuous 

stimulation, slices treated for at least 3 hours with LEV released the contents of their 

vesicles slower than control slices. After 15 minutes of stimulation, approximately 80% 

of vesicle content had been released from control slices, while that number averaged 

about 40% for 3 hour LEV-treated slices. Again, the behavior of slices only acutely 

treated with LEV was similar to control. Later, a more complete set of EPSP experiments 

confirmed the time-dependent nature of LEV’s effect (Yang and Rothman 2009). 

We believe the explanation for the long incubation period is related to how LEV 

gains access to SV2A, an intracellular protein. Our group has hypothesized three routes 

by which LEV may reach SV2A (Fig. 3): 1) LEV may have to cross the presynaptic 

terminal membrane but then bind to SV2A on the external surface of vesicles; 2) LEV 

may need to cross both the presynaptic terminal and vesicular membranes to access an 
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intravesiclular region of SV2A; or 3) LEV could be endocytosed into vesicles to reach 

SV2A. This last potential mechanism could be manipulated by altering our incubation 

and recording protocols. 

 

Figure 3. Three possible pathways for LEV to reach SV2A. LEV may enter presynaptic 
terminals by crossing the terminal membrane to access the cytoplasmic regions of SV2A 
(left), LEV may cross both the terminal and vesicular membranes to access the 
intravesicular regions of SV2A (middle), or, it may rely on endocytosis and then have 
access to the intravesicular regions of SV2A (right). 
 

In summary, provided with the background information about LEV and SV2A, as 

well as the results from our lab’s previous experiments, I hypothesize that the frequently 

prescribed AED, LEV, binds to the SV2A protein within vesicles in order to modulate 

presynaptic release of neurotransmitter. However, its complete mechanism of action has 

yet to be resolved. The experiments and results described in this dissertation have been 

focused on finding clues to LEV’s action within neurons. The questions I have addressed 

are: How does LEV reach its binding site, SV2A? Can the incubation prerequisite for 

LEV activity be shortened or lengthened with manipulation? What intracellular changes 

result from drug binding? Are the effects of LEV more apparent at lower or higher 

frequencies of presynaptic activity? Does LEV affect vesicle function, vesicle pool size, 
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or the cycles of vesicle pools? Does LEV binding affect both excitatory and inhibitory 

neurons? What might LEV’s cellular effects imply about its function as an AED? The 

FM imaging experiments and whole-cell patch clamp recordings described below more 

carefully dissect out the mechanism of action of LEV. 

 

Materials and Methods 

 Experiments were designed to monitor neurotransmitter release presynaptically 

(fluorescent imaging of vesicles) or postsynaptically (patch clamp electrophysiology) 

with or without the presence of LEV. Hippocampal neurons were chosen as the subjects 

for my in vitro experiments because of their well characterized preparation protocols, 

recognition in the neuroscience field of research, and their anatomical source, the 

hippocampus, often the site of seizure initiation for numerous types of epilepsy. The 

progression of experiments included the imaging of two FM dyes, first in cultured 

neurons and then in brain slices, followed by whole-cell patch clamping of neurons in 

brain slices. Neurons and brain slices were obtained from Sprague–Dawley rats. 

Procedures involving these animals were approved by the University of Minnesota’s 

Institutional Animal Care and Use Committee. 

 

Cell Culture and FM4-64 Imaging 

 Coverslips of cultured hippocampal neurons were obtained using methods 

previously described (Roloff and Thayer 2009). Dissociated hippocampal cells from E17 

rat fetuses were plated on glass coverslips and allowed to develop 11 to 19 days in culture 

at 37ºC. Upon use, coverslips were transferred to a warmed chamber perfused 1 mL/min 

with 32 ± 1ºC solution containing (in mM): 140 NaCl, 3 KCl, 2 CaCl2, 2 MgCl2, 5.5 

glucose, and 10 HEPES; pH 7.4. Two parallel platinum electrodes spanned the coverslip 

to allow for field stimulation of the neurons. In order to visualize synaptic boutons by 

‘loading’ vesicles with dye (Fig. 4), 10 µM of the membrane-selective fluorescent styryl 

dye FM4-64 (Invitrogen, Eugene, OR) plus 10 µM 6-cyano-7-nitroquinoxaline-2,3-dione 

(CNQX) (Tocris, Ellisville, MO) was perfused over the coverslip for 60s during 10 Hz 

field stimulation. After 60s of rest in dye to allow for recycling of vesicles and uptake of 
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dye, three flushes of dye-free perfusion containing CNQX plus 100 µM ADVASEP 7 

(CyDex Pharmaceuticals, Lenexa, KS) were performed to help remove non-specific 

staining (Kay et al. 1999) and to wash away excess dye that had not been endocytosed. 

This was followed by a 10 minute wash period in CNQX. At the end of the washout 

period, the coverslip was imaged during another period of stimulation in order to monitor 

the ‘unloading’ of the dye from the vesicles. A final exhaustive stimulation (50 Hz, 60s) 

was triggered to ensure near complete unloading of dye before a final background image 

was collected. This ‘load-unload’ procedure was performed at least twice per coverslip. 

100 µM LEV (UCB Pharma, Belgium) was added to the perfusion after the second 

loading stimulation for some groups. Imaging was performed with a Nikon Fluor 40/1.30 

Oil objective (NA = 0.8; Tokyo, Japan) and a Photometrics SenSys camera (Tucson, AZ). 

The triggering of stimulation pulses and collection of images were performed 

automatically with the use of MetaMorph V7.5 software (Molecular Devices, Sunnyvale, 

CA). 329 x 258 pixel images were sampled every 1s at 0.362 µm pixel size. The images 

were analyzed by a custom written algorithm in Matlab (The MathWorks, Natick, MA) 

which identified individual boutons that were 3 x 3 pix in diameter and had a fluorescent 

intensity of at least 2 standard deviations above the mean background level. The average 

fluorescence intensity values of the bouton-identified regions in each frame were 

calculated and normalized to the intensity of the first frame. Finally, downward sloping 

destaining curves were constructed for each load-unload procedure. 

 
Figure 4. Diagram of FM dye loading. Fluorescent dye in the extracellular space can be 
endocytosed into vesicles during dye ‘loading’ with stimulation. Once excess dye is 
washed away, the remaining dye selectively labels presynaptic boutons. Upon further 
stimulation and ‘unloading’, vesicles fuse, their contents diffuse into the synaptic cleft, 
the dye is washed away, and presynaptic boutons become less fluorescent. 
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Preparation of hippocampal slices 

After either halothane or isoflurane anesthesia, two- to four-week-old rats were 

decapitated and their brains were quickly removed and submerged in either 0ºC artificial 

cerebrospinal fluid (ACSF) for slices to be used for 2-photon microscopy or in 0ºC high 

sucrose solution for slices to be used for patch clamp electrophysiology. ACSF contained 

(in mM): 124 NaCl, 5 KCl, 2 CaCl2, 2 MgSO4, 1.25 NaH2PO4, 22 NaHCO3, and 10 

glucose. High sucrose solution contained (in mM): 240sucrose, 2.5 KCl, 0.5 CaCl2, 7 

MgCl2, 1.25 NaH2PO4, 25 NaHCO3, and 7 glucose. Both solutions were continuously 

bubbled with a 95%O2/5% CO2 gas mixture. After coronal cuts removed the cerebellum 

and the most anterior third of the cerebrum, the freshly-cut anterior surface of the brain 

was glued flat to the vibratome stage (Pelco, St. Louis, MO). The ventral surface of the 

brain was placed against an agarose block and the brains were submerged in their 

respective 0ºC solutions. The vibratome then cut either 150 µm thick slices for 

immunostaining, 500 µm thick slices for 2-photon microscopy, or 300 µm thick slices for 

patch clamp electrophysiology. The hemispheres of each slice were separated with a 

razor blade. For slices in which the CA3 region of the slice was removed, a final razor 

blade cut was made to each hemisphere in the CA2 region of the slice. The slices were 

transferred from the vibratome stage to holding chambers filled with warmed (35ºC) 

ACSF and were allowed to reach room temperature while incubating. In some 

experimental groups, different concentrations of pharmacological agents where added to 

the ACSF incubation solution. This list included: 30 µM – 300 µM LEV, 300 µM L060 

(UCB), 10 µM CNQX, and/or 50 µM D-(-)-2-amino-5-phophonopentanoic acid (AP5; 

Tocris). 

 

Immunostaining 

Hippocampal slices (150 µm) were obtained from 2-week-old rats as described 

above. Immunostaining was carried out in a manner similar to that previously described 

for thick sections of cutaneous tissue (Kennedy et al. 2005). Slices were submerged in 

Zamboni’s fixative (2% paraformaldehyde/0.2% picric acid in phosphate-buffered saline 

(PBS)) for 24 hours at 4°C. Slices were rinsed in 20% sucrose/PBS, then PBS and 



 

 14 

transferred to blocking solution with 10% normal donkey serum and 0.1% Triton X-100 

for 2 hours or overnight at 4°C. Sections were stained with primary antibodies for 4 hours 

at room temperature and overnight at 4°C. The primary antibodies were goat anti-SV2A 

(sc-11936 from Santa Cruz Biotechnology, Santa Cruz, CA) and mouse anti-beta III 

tubulin (MMS-435P from Covance, Princeton, NJ). The specificity of the antibody for 

the SV2A isoform was confirmed by both the manufacturer and other investigators 

(Kaminski et al. 2009). Staining with primary antibodies was followed by three washes (1 

hour each) with antibody buffer followed by incubation with secondary antibodies for 4 

hours at room temperature and overnight at 4°C. The secondary antibodies were donkey 

anti-goat Cy3- and donkey anti-mouse Cy2- conjugated F(ab')2 antibodies (Jackson 

ImmunoResearch, Westgrove, PA). Staining with secondary antibodies was followed by 

three washes (1 hour each) with antibody buffer and then PBS.  

Sections were then mounted on coverslips in molten 1.35% w/v noble agar 

(Sigma-Aldrich, St. Louis, MO) in double distilled H2O at 65°C, dehydrated in ethanol, 

cleared in methyl salicylate (Sigma-Aldrich). Agar-embedded sections on coverslips were 

then mounted in DPX Mountant (Sigma-Aldrich) on slides. Mounted sections were 

imaged and confocal stacks were obtained with a Zeiss Axio-scop2 microscope (Plan-

Apochromat 20X objective lens, NA = 0.75; Germany) on a CARV II spinning disk 

confocal (BD Biosciences, San Jose, CA). Black and white images were captured with a 

Hamamatsu Digital Camera (Japan). Levels were adjusted and combined to generate 

color images using IPLab software (BioVision Technologies, Exton, PA). 

 

Loading and unloading of FM1-43 and 2-photon microscopy 

Hippocampal slices (500 µm) that had incubated in either control ACSF or ACSF 

containing 30-300 µM LEV, 100 µM L060, and/or 10 µM CNQX were transferred to the 

recording chamber, which was kept at 32 ± 1ºC and perfused at 2 mL/min with the 

oxygenated ACSF identical to the incubation  solution. A bipolar tungsten microelectrode 

(SNEX-200X; Rhodes Medical Instruments, Summerland, CA) was placed along the 

Schaffer Collateral pathway and a glass pipette (World Precision Instruments, Thick 

1.2mm, Sarasota, FL) pulled to 1 MΩ (P87, Sutter Instrument Company, Novato, CA) 
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filled with ACSF plus 10 µM of the membrane-selective fluorescent styryl dye FM1-43 

(Invitrogen) was placed in CA1 to measure field potentials and inject dye. I stimulated 

the slices at constant current settings that produced half-maximum extracellular EPSPs. A 

PV830 pneumatic picopump (World Precision Instruments) connected to the micropipette 

was used to inject FM1-43 into CA1. Dye injection began 60s before and lasted 30s past 

the 10Hz, 2min exhaustive loading stimulus delivered by the bipolar electrode. The slice 

was then washed for 25min with ACSF additionally containing 100 µM ADVASEP 7 to 

facilitate removal of non-specific dye staining. From this point, ADVASEP 7 remained in 

the perfusion as well as CNQX (10 µM) in order to prevent spontaneous activity which 

would result in vesicle fusion and unprompted dye release. The fluorescent axonal 

terminals were visualized using an Olympus 40x water immersion objective (LUMPlan 

FL/IR, NA = 0.80; Tokyo, Japan) and a 2-photon Chameleon laser (Coherent, Santa 

Clara, CA). Stacks of 5 images separated by 1 µm in the z-plane were collected at each 

time point in order to allow for a range of imaging levels in the event that the slice shifted 

in the z-direction during the imaging period. Images were collected every 1 min for 15 

min during the unloading stimulus. The unloading stimulus consisted of 40 Hz bursts of 

10 pulses, each 1 ms wide, applied every 10 seconds and lasting throughout the entire 15 

minute imaging period. To completely unload all remaining dye inside vesicles, an 

additional stimulus of 10 Hz for 4 min was applied followed by another wash lasting 10 

min before a final ‘background’ stack of images was collected. Images (512x512 pixels) 

were sampled at 0.465 µm pixel size and analyzed using MetaMorph V7.5. The 

fluorescence intensity of FM 1-43 within 50x50 pixel squares was averaged, background 

subtracted, and normalized to the intensity at 0 min. 

 

Excitatory Patch Clamp Electrophysiology 

Hippocampal slices (300 µm) that had incubated for specific durations in either 

control ACSF or ACSF containing 100-300 µM LEV, 300 µM L060, and/or differing 

concentrations of magnesium were used. Slices were transferred to the recording chamber 

(32 ± 1ºC) while perfused at 2 mL/min with oxygenated ACSF identical to the incubation 

solution but always containing 2 mM magnesium. Again, a bipolar tungsten 
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microelectrode was placed along the Schaffer Collateral pathway. Whole-cell voltage 

clamp recordings were obtained by patching pyramidal cell bodies in the CA1 region of 

the slice viewed with an infrared differential interference contrast microscope with a 

Nikon 40x water immersion lens (Plan, NA = 0.25). Recording electrodes were made 

from borosilicate glass capillary tubing (1.5 mm O.D., 0.86 mm I.D; Sutter Instruments) 

using a horizontal micropipette puller (P87, Sutter) and had typical resistances between 4 

and 8 MΩ when filled with (in mM): 120 K-gluconate, 20 KCl, 2 MgCl2, 10 HEPES, 0.2 

EGTA, 4 Na2-GTP, 0.3 Tris-GTP, and 14 phosphocreatine. After achieving a gigaseal, 

the membrane was ruptured to achieve whole cell recording mode and the neurons were 

allowed to stabilize for 5 minutes at -70 mV. Synaptic currents were collected using a 

PC-One amplifier (Dagan, Minneapolis, MN). All recordings were low-pass filtered at 1 

kHz and digitized on-line at 5 kHz (PCI-6024E, National Instruments, Austin, TX; 

WinWCP V3.9.2 software, University of Strathclyde, Glasgow, UK). Single pulses or 

trains of EPSCs were evoked by 1ms wide pulses using a constant current stimulation 

isolator (World Precision Instruments) with the bipolar electrode. Again, the single pulse 

half-maximum stimulation amplitude was determined and was used for the further 

stimulation of the slice. Stimulation trains at 5 – 80 Hz were applied. Additional drugs 

used during electrophysiological recordings included 4-aminopyridine (4-AP) (Sigma-

Aldrich) and AP5. 

 

Inhibitory Patch Clamp Electrophysiology 

After specific incubation durations, 300 µm hippocampal slices were transferred 

to the recording chamber (32 ± 1ºC) and were perfused at 2 mL/min with oxygenated 

ACSF that contained (if not already) 10 µM CNQX and 50 µM AP5 to block excitatory 

currents and allow isolation of inhibitory currents. Slices were again viewed with an 

infrared differential interference contrast microscope with a Nikon 40x water immersion 

lens (Plan, NA = 0.25). To stimulate the slices, a bipolar tungsten microelectrode (SNEX-

200X; Rhodes Medical Instruments) was placed near the pyramidal cell bodies in the 

CA1 region of the hippocampal slice. In order to measure inhibitory GABA-mediated 

currents, whole-cell voltage clamp recordings were obtained by patching pyramidal cell 
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bodies in CA1 within a 50 µm radius from the bipolar stimulating electrode. Patch 

electrodes were made from borosilicate glass capillary tubing (1.5 mm O.D., 0.86 mm 

I.D; Sutter Instruments) using a horizontal micropipette puller (P87, Sutter) and had 

resistances between 3 and 6 MΩ when filled with (in mM): 130 CsCl, 2 MgCl2, 10 

HEPES, 10 EGTA, 1 QX-314, 4 Na2-GTP, 0.3 Tris-GTP, and 14 phosphocreatine. After 

achieving a gigaseal, the membrane was ruptured to achieve whole cell recording mode 

and the neurons were allowed to stabilize for 5 minutes at -70 mV. Synaptic currents 

were collected using a PC-One amplifier (Dagan). All recordings were low-pass filtered 

at 1 kHz and digitized on-line at 5 kHz (PCI-6024E, National Instruments; WinWCP 

V3.9.2 software, University of Strathclyde). Single pulses or trains of IPSCs were evoked 

by 1ms wide pulses using a constant current stimulation isolator (World Precision 

Instruments) with the bipolar electrode. The single pulse half-maximum stimulation 

amplitude was determined and was used for the further stimulation of the slice. 

Stimulation trains at 5 – 80 Hz were applied. To ensure that GABA-mediated currents 

were being measured, 100 µM picrotoxin (Sigma-Aldrich) was applied to various slices 

at the ends of the recordings. After perfusing in picrotoxin, the previously recorded 

currents were eliminated in every slice tested. 

 

Data analysis and statistics 

For electrophysiology, the amplitudes of EPSCs or IPSCs were determined off-

line using custom programmed software in Matlab (The MathWorks). Amplitudes were 

measured by subtracting a baseline current (acquired by averaging the period 3 ms before 

the stimulus) from the peak current of the EPSC. For trains in which the time between 

stimuli was less than the time required for full decay of the synaptic current (>20 Hz), the 

decay phase of the preceding response was fitted with an exponential function and an 

extrapolated baseline value was used. All amplitudes determined by the detection 

program were verified by visual inspection. In order to further verify the program’s 

accuracy, the EPSC and IPSC amplitudes for a subset of data were blindly and 

independently determined by hand in a cursor-to-cursor method and compared to the 

values given by the program. Agreement between the two was excellent; r2 = 0.94 and 
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0.98, respectively, on average (data not shown). Data presented in graphs are the 

normalized amplitudes, that is, the nth synaptic current amplitude divided by the 1st 

synaptic current amplitude in its respective train. All data are presented as mean ± SEM. 

Statistical analyses (*p<0.05, and ** p<0.01) were performed using Student’s two-tailed 

paired or unpaired t-test, 1-way ANOVA, or 2-way repeated measures ANOVA. Multiple 

comparisons were made using the Tukey test (SigmaStat v 3.11 and SigmaPlot v 9.01; 

Systat, Point Richmond, CA). 

 

Results and Discussion 

Fluorescent Imaging in Cell Culture 

In order to more closely measure how LEV changes the amount of 

neurotransmitter released from presynaptic terminals, I began by investigating the 

behavior of rat hippocampal cultures. SV2A mRNA is expressed throughout the rat brain 

and spinal cord at embryonic day 14 and in increasing amounts on embryonic day 17 

(Bajjalieh et al. 1994), the same day that embryonic tissue was harvested for our cultures 

(please see Materials and Methods). In these cultures, I employed the fluorescent strylyl 

dye FM4-64. FM fluorescent dyes, used to visualize ‘loaded’ vesicles, are commonly 

used to monitor neurotransmitter release during stimulation of neurons (Gaffield and Betz 

2006). Imaging of neurons as their vesicles exocytose and unload their contents causes 

loss of fluorescence and downward sloping destaining curves may be constructed. The 

use of FM dyes in cultured neurons is advantageous due to the high spatial and temporal 

resolution of imaging and the ability to positively identify active boutons within 

individual neurons. In cultured neurons, FM4-64 was added to the perfusion as field 

stimulation was applied to the coverslip in order to load neurons with dye as vesicles 

endocytosed. After a washout period in which perfusion contained CNQX, unloading 

stimulus trains of 1 Hz, 10 Hz, or 50 Hz were applied within an imaging window to 

monitor drop in fluorescence due to release and washout of dye. Fluorescent boutons 

were clearly visible under fully loaded conditions and fluorescence intensity was 

diminished after unloading stimulation (Fig. 5). My computer algorithm was able to 

identify and track the fluroescense of boutons captured by my imaging technique (Fig. 6). 
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Figure 5. Example cell culture images. Panels are: brightfield (left), FM4-64 loaded 
(middle), and unloaded (right). Scale bars 20 µm. 
 
 

   

Figure 6. Example cell culture images and corresponding algorithm-identified bouton 
locations. Panels are: brightfield (left), FM4-64 loaded (middle), and representation of 
algorithm identified bouton centers (right). 473 boutons were identified in this field of 
view. Scale bars 20 µm. 
 
 

 

Figure 7. FM4-64 loading-unloading protocol for cell culture. Coverslips were perfused, 
loaded, and unloaded twice with dye. Each coverslip received two unloading stimulus 
trains; one after each of the two loading stimulus trains. The two unloading stimulus 
trains applied to a coverslip were identical (such that they could be directly compared). 
However, the frequency chosen for a particular coverslip’s unloading stimuli was varied: 
1 Hz, 10 Hz, or 50 Hz. 
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At least two identical loading and unloading routines were consecutively 

performed within the same coverslip (Fig. 7) and destaining curves were compared. 

Under Control-Control conditions (no drug), the first and second destaining curves from 

the first and second unloading periods, respectively, within the same coverslip, were 

nearly identical, that is, no fatigue or loss of labeling/unlabeling ability was found upon 

repetition of the procedure (Control-Control destaining curves not shown). Under 

Control-LEV conditions, in which 100 µM LEV was present after the second load (in 

order to compare control to drug within the same neurons), I found no difference in the 

release of vesicle contents between repetitions at any of the unloading frequencies (Fig. 

8). The destaining curves that served as a measure of presynaptic vesicle release were 

nearly identical between Control and LEV repetitions. 

To confirm that this method of vesicle release monitoring was sensitive to 

presynaptic changes and that a shift in the destaining curves could be detected using my 

methods, I slightly altered my protocol and comparisons to examine destaining curves at 

the different unloading frequencies (Fig. 9) as well as in the presence of different 

concentrations of Ca2+ and Mg2+ (Fig. 10). Upon these experiments and comparisons, 

shifted destaining curves reflected the well-characterized differences expected under the 

respective conditions. Thus, the inability to detect a LEV effect in culture using this 

FM4-64 method was likely not due to a methodological error as the other experiments 

provided a positive control for the procedure. 
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Figure 8. LEV has no effect on neurotransmitter release in hippocampal cultures labeled 
with FM4-64. A,B,C: average destaining curves for coverslips that underwent the 
consecutive Control-LEV protocol and were unloaded with a stimulation frequency of 1 
Hz (A), 10 Hz (B), or 50 Hz (C). Coverslips contained at least 150 boutons each. SEM 
were less than 1 % and are not shown. 
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Figure 9. The FM4-64 loading-unloading protocol is sensitive to changes in unloading 
frequency. Average destaining curves for coverslips that underwent no stimulation or 1 
Hz, 10 Hz, or 50 Hz unloading stimulation. The increase in the rate of destaining 
corresponds with the increased rate of stimulation. The decay of fluorescence during no 
stimulation was due to the bleaching of dye upon repeated lamp exposure. Each curve 
was collected from a different group of coverslips (no repeated unloading). Coverslips 
contained at least 150 boutons each. SEM were less than 1 % and are not shown. 
 

 

Figure 10. The FM4-64 loading-unloading protocol is sensitive to changes in the ratio of 
Ca2+ to Mg2+ in the perfusion. Average 10 Hz destaining curves for a coverslip that 
underwent three consecutive loading-unloading treatments in the presence of two 
different Ca2+ and Mg2+ concentrations. The temporary decrease in the rate of destaining 
during the smaller Ca2+ to Mg2+ ratio (1:3) corresponds with the decreased probability of 
release throughout the coverslip. 
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Multiple explanations for this negative result in culture were considered. It is 

clear from previous data that LEV does act presynaptically in brain slices, but perhaps its 

effect is culture may differ. During development, which is altered during the process of 

dissecting, dissociating, and culturing neurons, it might be possible that SV2A, or a 

protein integral to its trafficking and/or function is altered such that binding of LEV to 

SV2A or any downstream effects are inhibited, and thus no drug effect is manifest. More 

likely, however, is the inability of LEV to reach its binding site SV2A. In retrospect and 

in keeping with the hypothesis that a sufficient amount of synaptic activity and vesicle 

recycling is needed for LEV endocytosis, I believe that addition of CNQX (in order to 

prevent premature release of dye) at the same time as addition of LEV very likely 

inhibited the uptake of LEV into vesicles, thus preventing drug effect. If LEV had been 

added before CNQX or allowed to incubate in culture for much longer periods, a LEV 

effect might have been detected. After personal communication with the Bajjalieh lab at 

the University of Washington, Seattle, our lab learned that her lab, too, arrived at 

negative results with LEV in cultured neurons. Only after LEV incubations of over 8 

hours in culture, or experiments in neurons overexpressing SV2A, did they detect a LEV 

effect in culture (data not published). It is possible that there may be other unknown 

factors related to SV2A or vesicle function that are fundamentally different in culture 

compared to slice. A better understanding of SV2A and its function will likely bring 

insight to the mystery of LEV’s ineffectiveness in culture. 

 

Fluorescent Imaging in Brain Slices 

LEV decreases presynaptic release in a concentration- and time- dependent manner 

Immunostaining confirmed that SV2A was present in the CA1 region of the 

hippocampus where the Schaffer Collaterals terminate (Fig. 11). Having established that 

the target for LEV binding was present in rat hippocampal slices at this age, I 

investigated whether LEV slowed vesicular release in a dose-dependent manner. Slices 

were incubated for 3 hours in ACSF containing 30 - 300 µM LEV. The 3 hour period was 

chosen to ensure that full LEV efficacy would be reached for each concentration. After 

FM1-43 loading, images were acquired while unloading the dye with 40 Hz stimulation 
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(Fig. 12A). Due to the acquisition time delay involved in 2-photon imaging, images could 

only be acquired once per minute. The differences in fluorescence intensities before and 

after dye unloading were visually discernible and consistent among slices (Fig. 12B-C). 

After background subtraction and normalization of the fluorescence intensity at 0 min to 

100%, average dye-release curves illustrated that LEV slowed vesicular release in a 

concentration-dependent manner (Fig. 12D). The trend of 300 µM LEV data was 

statistically significant from control (p = 0.020, 2-way RM ANOVA). Furthermore, 

single exponential curves were fit to the dye-release curves and τ values were compared 

among groups. Statistically larger τ values showed that the drug increased the unloading 

stimulation required for release of vesicle contents (Fig. 12E). Additionally, I found that 

LEV’s effect was time-dependent in this preparation. Presynaptic release was not reduced 

after relatively short 30 minute incubations in LEV as determined by statistically 

different τ values between 3 hour and 30 minute incubations with 300 µM LEV (Fig. 

12F- G). This result was consistent with previous findings that LEV requires a prolonged 

incubation in slices before its effect is manifest. 

I hypothesized that LEV, while known to be both water and chloroform soluble, 

might still require a long incubation period to allow ample vesicular endocytosis to 

achieve SV2A binding. To test this hypothesis, I added CNQX (10 µM) in the incubation 

ACSF. CNQX is an AMPA and kainate receptor antagonist which reduces postsynaptic 

excitability. I anticipated that CNQX would reduce overall spontaneous activity in the 

slice and decrease Schaffer Collateral impulses to result in fewer fusion and recycling 

events at CA3-CA1 synapses. The reduction in spontaneous activity after CNQX 

application was confirmed by later patch clamp experiments (see below). CNQX did not, 

however, inhibit the stimulation-triggered loading of FM1-43 into slices. FM1-43 

destaining curves and their τ values for slices incubated for 3 hours in CNQX and slices 

incubated for 3 hours in CNQX plus LEV (300 µM) were not different (Fig. 13A-B). This 

was the first evidence that preventing synaptic activity could prevent LEV’s effect. 

In order to more strongly link SV2A binding with LEV efficacy and to rule out a 

nonspecific effect of LEV in the preparation, I recorded from slices incubated 3 hours in 

100 µM L060, LEV’s enantiomer, which binds SV2A with a near 1000-fold weaker 
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affinity (Gillard et al. 2006) and is inactive as an AED in animal models (Gower et al. 

1992). FM1-43 destaining curves and respective τ values from slices incubated for 3 

hours in 100 µM L060 did not differ greatly from control (Fig. 14). Thus, SV2A binding 

appears to be critical for reduction of neurotransmitter release. 

  

 

 

Figure 11. SV2A is present in 2-week-old hippocampal slices. Immunostaining with a 
polyclonal antibody to SV2A (green) shows the protein’s presence in CA1. 
Immunostaining with an antibody to beta III tubulin (red) is also shown. Images were 
collected at 20x with scale bar = 50 µm. 
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Figure 12. Three hour treatment with LEV slows the release of vesicle contents. A: 
experimental protocol for loading and unloading FM1-43 dye. B,C : representative 
single-plane 2-photon images of FM1-43 labeled CA1 region of hippocampal slice before 
(B) and after (C) unloading stimulus.  Images are 512x512 pixels collected with 40x lens. 
Scale bars 20 µm. D,F: normalized, average dye-release curves over time during bursts of 
40 Hz stimulation. E,G: average τ values of dye-release curves. All data shown are means 
± SEMs (n = numbers shown in bar diagram are from at least 3 different animals per 
group; p-values from 1-way ANOVA with Tukey multiple comparisons and Student’s t-
test, respectively). 
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Figure 13. CNQX blocks the LEV effect.  A: normalized, average dye-release curves over 
time during bursts of 40 Hz stimulation for incubations of control ACSF plus 10µM 
CNQX and of ACSF containing 300 µM LEV plus 10µM CNQX. B: average τ values of 
dye-release curves. All data shown are means ± SEMs (n = numbers shown in bar 
diagram are from at least 3 different animals per group). 
 

     

Figure 14. L060, the enantiomer of LEV, does not reduce neurotransmitter release. A: 
normalized, average dye-release curves over time during bursts of 40 Hz stimulation for 3 
hour incubations of control ACSF or ACSF containing 100 µM L060. B: average τ values 
of dye-release curves. All data shown are means ± SEMs (n = numbers shown in bar 
diagram are from at least 3 different animals per group). 
 
Excitatory Patch Clamp Electrophysiology 

Whole-cell patch clamp analysis of LEV’s effect on synaptic transmission 

In order to resolve LEV’s effect at much smaller time intervals and ascertain 

possible effects of stimulation frequency, I recorded EPSCs by voltage clamping 

pyramidal cell bodies in the CA1 at -70 mV and stimulating Schaffer Collaterals with a 
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bipolar electrode. Patches were made in slices that were incubated for at least 3 hours in 

control ACSF or in ACSF plus LEV (100 µM or 300 µM). Again, the 3 hour incubation 

period was chosen to ensure full LEV efficacy at each concentration. After determining 

the half-maximum stimulation amplitude for inducing EPSCs, trains at 5 - 80 Hz were 

applied. Trains of synaptic currents from control and LEV-treated slices showed 

facilitation of current amplitudes as expected, but the EPSC amplitudes of LEV-treated 

slices began to decline compared to controls soon after the first few stimulation pulses for 

trains 20 Hz and greater (Fig. 15). The effect of LEV was dose-dependent as can be seen 

by comparing normalized amplitudes for control vs. 100 µM LEV vs. 300 µM LEV slices 

(Fig. 16). At the beginnings of trains and at slower frequencies, there was little or no 

difference between control and LEV normalized EPSC amplitudes. No difference was 

found between paired-pulse ratios (EPSC2 data) at any frequency suggesting that the 

mechanism of facilitation by residual calcium within the presynaptic terminal was not 

affected. However, LEV visibly reduced synaptic currents elicited by pulses later in the 

trains and at higher frequencies. EPSC measurements were also recorded out to 100 

pulses (data not show) and the decrease in EPSC amplitude due to LEV persisted 

throughout the stimulation. 

 

Figure 15. Selected voltage clamp traces. A,B: comparison of EPSCs elicited by a 20 Hz 
stimulus train illustrate differences between a slice incubated for 3 hours in control ACSF 
(A) and a slice incubated for 3 hours in ACSF containing 300 µM LEV (B). There is a 
strong and lasting facilitation in control traces while LEV traces show an initial 
facilitation followed by a decline in EPSC amplitude after the first few pulses. 



 

 29 

 

Figure 16. LEV reduces normalized EPSC amplitudes at ends of trains. A,C,E: average 
normalized EPSC amplitudes during a 5 Hz, 20 Hz, or 80 Hz train (respectively) of 20 
stimulation pulses. B,D,F: averages of the normalized amplitudes of the 2nd EPSCs and 
18th through 20th EPSCs for each of the 5 Hz, 20 Hz, and 80 Hz trains (respectively). All 
data shown are means ± SEMs (n = numbers shown in bar diagrams are from at least 4 
different animals per group; p-values from 1-way ANOVA). 
 

Again as for the 2-photon experiments, and in order to rule out a nonspecific 

effect of drug, I recorded from slices incubated 3 hours in 300 µM L060, LEV’s inactive 

enantiomer. Trains of EPSCs from slices incubated for 3 hours in 300 µM L060 did not 

differ greatly from EPSCs recorded from control slices at any frequency. At 80 Hz, the 

average normalized EPSC amplitudes at the end of trains were significantly different 
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between LEV and L060 groups (Fig. 17). Thus, L060, which binds SV2A with much less 

affinity, does not induce the same outcome as LEV. This result was consistent with all 

previous experiments. 

I also performed a limited number of experiments with the LEV concentration 

increased to 1 mM to determine LEV’s near-maximum effect on synaptic transmission. 

At this concentration, which is much higher than serum levels in patients receiving the 

drug, synaptic transmission persisted and was not reduced much more than for 300 µM 

LEV-treated slices (data not shown). Thus, there is no evidence that LEV ever fully 

blocks neurotransmitter release. 

 

Figure 17. L060, the enantiomer of LEV, does not reduce normalized EPSC amplitudes. 
A: average normalized EPSC amplitudes during an 80 Hz train of 20 stimulation pulses. 
B: averages of the normalized amplitudes of the 2nd EPSCs and 18th through 20th EPSCs 
of the 80 Hz trains for slices incubated for 3 hours in 300µM L060 compared to previous 
3 hour 300µM LEV data. All data shown are means ± SEMs (n = numbers shown in bar 
diagram are from at least 3 different animals per group; p-values from Student’s t-test). 
 
LEV reduces the readily releasable pool of vesicles 

In order to investigate  the specific release mechanisms affected by LEV, I 

recorded EPSCs during a stimulation protocol that allowed us to estimate the size of the 

RRP, as well as monitor vesicle recycling in slices incubated for 3 hours in either control 

ACSF or LEV (300 µM). Stimulation consisted of 100 pulses at 40 Hz (Fig. 18A-B). 

EPSC amplitudes were summed to form cumulative amplitude plots (Fig. 18C) 

(Schneggenburger et al. 1999; Stevens and Williams 2007). In this estimation of the RRP, 

the cumulative plot is related to the integral of the current traces, or the area under the 
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curve. Any particular cumulative value is the sum of current originating from two 

different presynaptic vesicle sources: a transient, large amplitude contribution (which is 

limited by size i.e. the RRP), and a steady, smaller amplitude contribution (which is rate-

limited by recycling). The contribution of the recycling population of vesicles can be 

subtracted from the total cumulative value by determining its value (which is the slope of 

the steady-state when the RRP is exhausted). This value is effectively subtracted when 

the y-axis of the fitted line is designated. For slices incubated in LEV, the later points of 

the averaged cumulative plot diverged from control due to their smaller EPSC amplitudes 

during the earlier phase of the stimulation. The portions of the plots beyond 60 stimuli 

were then linearly fit in order to determine the y-axis intercept of that line, the 

approximation of the RRP. Incubation in 300 µM LEV decreased the RRP in the slices 

(Fig. 18D). This finding was not biased by EPSC amplitude variability between control 

and LEV-treated slices because the average amplitude of the first EPSC of the control 

group (62.23 ± 9.24 pA) and LEV group (67.95 ± 7.55 pA) were the same. 

I analyzed LEV’s effect on vesicle recycling by eliciting single EPSCs 50, 150, 

300, 500, and 1000 ms following the 100 pulse-40 Hz stimulation during which the RRP 

was depleted (Fig. 18A-B). EPSC amplitudes recovered in an exponential manner shortly 

after the end of the train. When I compared these normalized EPSCs to the first EPSC in 

the train (Fig. 18E), I found that LEV decreased the amplitude of recovery. At 1s after the 

train, control EPSCs recovered to 2.45 ± 0.45 times the amplitude of the first EPSC, 

while recovery in LEV treated slices was only 1.37 ± 0.15 times the first EPSC (p = 

0.037, Student’s t-test, dof = 18). The increase in EPSC size may have been due to 

presynaptic potentiation by glutamate occurring as a result of the high frequency train 

which LEV prevented. When I compared averaged EPSC amplitudes normalized to the 

1000 ms EPSC amplitude, I found that LEV did not shift the time course of recycling (p 

= 0.845, F = 0.0392, 2-way repeated measures ANOVA, total dof = 119) (Fig. 18F). 

Each curve reached its respective plateau as vesicles were replenished at about the same 

time. 
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Figure 18. LEV decreases the RRP but does not shift the time course of recycling. A,B: 
selected voltage clamp traces during the 100 pulse-40 Hz train used to estimate the RRP 
from slices incubated for 3 hours in control or in 300 µM LEV ACSF, respectively. C: 
average cumulative EPSC amplitude plots and their linear fits to the last 40 EPSCs 
(dashed lines). D: average estimated RRP values. E,F: average EPSCs measured from the 
recovery pulses normalized to the first amplitude of the 100 pulse train (E) and 
normalized to the last amplitude during recovery (F). The amplitude at time 0 ms was the 
last EPSC of the 100 pulse train. All data shown are means ± SEMs (n = numbers shown 
in legend or bar diagram are from at least 8 different animals per group; p-value from 
Student’s t-test). 
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If LEV decreases the RRP, but does not affect its rate of replenishment, then the 

RRP is prone to being depleted at earlier time points during stimulation. My data does not 

suggest that LEV hinders the presynaptic machinery necessary for prolonged vesicle 

release. Steady-state EPSC amplitudes (averaged from the 61st to the 100th pulses) for 

LEV-treated slices (61.64 ± 9.65 pA) were only slightly reduced compared to controls 

(66.59 ± 11.72 pA). Note that the linearly fitted lines in the cumulative amplitude plots 

are approximately parallel. 

Reduction of the RRP is a substantial clue to the mechanism of LEV. A drug that 

decreases a reserve that is supportive to network activity, particularly the RRP of 

vesicles, is likely to contribute to the termination of burst discharges in seizures (Staley et 

al. 1998; McCormick and Contreras 2001). 

Manipulating slice synaptic activity modifies LEV’s effect 

I decided to further test the hypothesis that spontaneous synaptic activity and 

vesicle recycling, over the course of a long enough incubation period, were required for 

LEV to reach SV2A. I repeated the same short 30 min incubation protocol used for the 2-

photon experiments and found little difference between recordings measured with LEV 

(300 µM) compared to control during trains of any frequency. There was still a statistical 

difference between EPSC amplitudes of 30 min vs. 3 hour LEV-treated slices (Fig. 19A-

B). I went on to verify that LEV itself does not cause a change in the amount of 

spontaneous activity. I recorded from neurons from control and 3 hour 300 µM LEV-

treated slices in the absence of stimulation and counted the number of spontaneous 

excitatory postsynaptic currents (sEPSC). One event was defined as an inward current of 

at least 10 pA. I found that LEV did not change the frequency (p = 0.632, Student’s t-test, 

dof = 30) or the amplitude (p = 0.560, Student’s t-test, dof = 30) of sEPSCs (Figure 19C-

D). 
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Figure 19. Short incubations do not induce LEV’s effect. A: average normalized EPSC 
amplitudes during an 80 Hz train of 20 stimulation pulses. B: averages of the normalized 
amplitudes of the 2nd EPSCs and 18th through 20th EPSCs of the 80 Hz trains for slices 
incubated for 30 min in 300µM LEV compared to previous 3 hour data. C,D: average 
frequency (C) and amplitude (D) of sEPSC events. All data shown are means ± SEMs (n 
= numbers shown in bar diagrams are from at least 6 different animals per group; p-value 
from Student’s t-test). The average event frequencies for control and LEV- treated slices, 
respectively, were 0.397 ± 0.052 Hz and 0.438 ± 0.068 Hz and the average amplitudes of 
these events were 16.4 ± 1.3 pA and 17.5 ± 1.5 pA. 
 
 

A variety of other variables were subsequently manipulated in order to determine 

whether synaptic activity and vesicular release control LEV’s efficacy and to verify that 

the previous 2-photon results with CNQX were not anomalous. First, I reduced slice 

spontaneous activity during the 3 hour LEV incubation by decreasing the Ca2+/ Mg2+ 

incubation ratio from 2 mM / 2mM to 2 mM / 4mM. Mg2+ was restored to 2 mM 10 

minutes prior to, and during patching. Under these conditions, there was almost no 

difference in EPSC trains between control and 300 µM LEV–treated slices after the full 3 

hour incubation (Fig. 20A). Thus, reducing activity during the incubation by increasing 
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Mg2+ seemingly prevented LEV’s effect even when testing with the highest frequency 

stimulation trains. 

Second, I removed the Schaffer Collateral output of CA3 neurons in each slice 

with a single cut across CA2, which decreased spontaneous activity at the CA3-CA1 

synapse. This still allowed initiation of action potentials at the same point on the Schaffer 

Collaterals and the synaptic current amplitudes were similar between control-CA3 

removed slices and previous controls (data not shown). This maneuver also eliminated 

LEV’s effect even after 3 hour incubation. All average EPSC comparisons in this group 

were statistically insignificant (Fig. 20B). 

Third, I employed the converse strategy and increased spontaneous activity during 

slice incubation. When the Ca2+/Mg2+ ratio was increased to 2 mM / 1 mM in the 

presence of 100 µM LEV (again Mg2+ was restored to 2 mM 10 minutes prior to, and 

during patching), I observed a significant reduction of EPSC amplitudes at the end of 80 

Hz (Fig. 20C) while the previous 100 µM LEV data and its control (Fig. 16F) was not 

significant. Although I found no other comparisons in this low Mg2+ group that were 

statistically different, the trend of LEV decreasing EPSCs during higher frequency trains 

was steady and stronger than for 100 µM LEV incubations in standard ACSF. 

Fourth, I accelerated the time course of LEV’s effect with 4-AP, a potassium 

channel blocker, which increases sEPSC frequency and amplitude in CA1 (Martin et al. 

2001). I added 4-AP (75 µM) to the ACSF for a 20 min period within the short 30 min 

window of 300 µM LEV perfusion (Fig. 21A). Perfusion was then returned to ACSF 

without 4-AP 10 min prior to patching in order to allow for spontaneous slice activity to 

return to baseline. To confirm that 4-AP increased sEPSCs, I recorded from slices during 

4-AP perfusion. The drug’s effect was clearly visible. The average frequency of sEPSCs 

increased approximately 4-fold to 1.59 Hz in control ACSF and 1.73 Hz in ACSF plus 

300 µM LEV (compare to Fig. 19C). sEPSC amplitude also increased to 29.7 pA and 

26.8 pA, respectively, an increase of about 1.5 times previous values (compare to Fig. 

19D). In the presence of 4-AP, LEV’s effect was evident within 30 min (Fig. 21B). The 

differences in averages for the 18th – 20th EPSCs were statistically significant for both 80 

Hz (p = 0.006, Student’s t-test, dof = 14) and 20 Hz trains (p = 0.006, Student’s t-test, dof 
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= 14) (20 Hz data not shown). This is strikingly different from a 30 min exposure to 300 

µM LEV which, under control conditions, did not cause a LEV effect (Fig. 19A-B). 

 

Figure 20. Factors that affect the amount of spontaneous activity in a slice during LEV 
incubation can prevent or facilitate LEV’s effect. A,B,C: averages of the normalized 
amplitudes of the 18th through 20th EPSCs for 80 Hz trains for slices incubated 3 hours in 
4mM Mg ± 300 µM LEV (A), slices incubated 3 hours with removed CA3 regions ± 300 
µM LEV (B), or slices incubated 3 hours in 1 mM Mg ± 100 µM LEV (C) compared to 
previous control averages (horizontal reference lines). All data shown are means ± SEMs 
(n = numbers shown in bar diagrams are from at least 4 different animals per group; p-
value from Student’s t-test). 
 
Low, but not high, frequency stimulation permits LEV’s effect 

I next wondered if I could shorten the incubation time required for LEV’s effect, 

this time by direct stimulation. Using the same bipolar stimulating electrode to activate 

Schaffer Collaterals, I elicited trains of either relatively low (0.2 Hz) or high (10 Hz) 

frequency stimulation during the short 30 min incubation period with 300 µM LEV. 

Regardless of frequency, a total of 180 pulses were delivered to the slices and the trains 

of 180 pulses were centered within the 30 min window of LEV treatment before patching 

(Fig. 21A). Surprisingly, compared to no drug, 0.2 Hz stimulation with LEV (300 µM) 

during the 30 min incubation significantly reduced normalized EPSC amplitudes at the 

ends of 80 Hz trains, while 10 Hz stimulation did not (Fig. 21C-D). The difference 

between 0.2 Hz and 10 Hz stimulation, both with LEV, was also significant (p = 0.006, 

Student’s t-test, dof = 14). Comparisons from beginnings of trains and at frequencies less 

than 80 Hz were not significant, but did support the respective trends. The difference 

between 10 Hz stimulation and the relatively slow 0.2 Hz stimulation and 4-AP 
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incubation on LEV modulation of burst properties suggests that there may be a 

stimulation frequency window necessary for manifestation of LEV’s effect. 

 

Figure 21. Inducing low frequency activity reveals an early LEV effect. A: experimental 
protocol for each choice of activity augmentation: 4-AP perfusion, 0.2 Hz stimulation, or 
10 Hz stimulation. B,C,D: averages of the normalized amplitudes of the 18th through 20th 
EPSCs of 80 Hz trains for slices incubated for 30 min in control or 300µM LEV ACSF 
with either 4-AP perfusion (B), 0.2 Hz stimulation (C), or 10 Hz stimulation (D). The 
horizontal reference line marks the comparable average from slices treated 30 min with 
300µM LEV. All data shown are means ± SEMs (n = numbers shown in bar diagrams are 
from at least 3 different animals per group; p-values from Student’s t-test). 
 
Application of sucrose hastens LEV’s efficacy and washout 

Finally, I exploited the well known ability of hypertonic sucrose to induce 

SNARE-dependent and calcium-independent release of the RRP of vesicles and to 

selectively load the RRP with an FM dye (Rosenmund and Stevens 1996; Stanton et al. 

2005). By applying ACSF supplemented with sucrose (800 mOsm) for 25 s, I triggered 

vesicle fusion and subsequent recycling. I was especially interested in exploiting this 

technique to ‘load’ LEV into RRP vesicles. I predicted that I could facilitate LEV’s entry 

into vesicles and, therefore, see an almost immediate reduction in EPSCs at the ends of 

high frequency trains. Moreover, I expected to speed LEV’s exit from vesicles with a 

second sucrose application and quickly see EPSC amplitudes return to control levels. 
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In each slice, a single CA1 neuron was patched for >30 min while I carried out 

the following protocol: 1) obtain baseline control EPSC measurements; 2) apply first 

sucrose dose; 3) allow 10 min rest; 4) obtain EPSC measurements; 5) apply second dose 

of sucrose; 6) allow  another 10 min rest; and 7) obtain EPSC measurements. For slices 

only exposed to control solution (‘Control, Control, Control’), the perfusion always 

consisted of control ACSF. For LEV exposed slices (‘Control, 300 µM LEV, Control’), 

perfusion consisted of control ACSF except for two segments: the first sucrose 

application included 300 µM LEV and this was followed by 10 min of rest perfusion with 

300 µM LEV, at the end of which the second round of EPSC measurements were made 

(Fig. 22A). EPSC measurements were identical to those performed previously and 

amplitudes were normalized to the height of the first EPSC of each train. Unfortunately, 

absolute values of EPSCs could not be compared between measurements in the same 

slice because sucrose application caused a decline of absolute amplitudes and the 

stimulation current had to be adjusted. 

When EPSCs were measured at the time when LEV was ‘loaded’ into slices 

(measurement #2 in Fig. 22B-D), there was a decrease in normalized amplitudes near the 

ends of stimulation trains for high frequencies. This demonstrated that LEV’s effect can 

manifest in as little as 10 min if large amounts of vesicle recycling into the RRP occur 

during that time. At 80 Hz, the difference between control and 300 µM LEV ‘loaded’ 

slices was significant (p = 0.049, Student’s t-test, dof = 14). Upon the 2nd sucrose 

application with the intent of ‘unloading’ LEV, the effect of the drug was removed and 

EPSCs returned near control levels, confirming a facilitated washout of LEV. During 

normal slice activity, LEV’s effect was not easily washed out. When slices incubated for 

3 hours in 300 µM LEV (in order to achieve full LEV effect) were then allowed to 

incubate for 1 hour in Control ACSF (as a washout period), a strong LEV effect was still 

present (data not shown). However, LEV’s effect dissipated within ~10 min following a 

second sucrose application with control ACSF. 

The patch clamp data presented thus far show LEV’s effect on excitatory synaptic 

transmission. When I added CNQX (10 µM) and AP5 (50 µM) to the perfusion while 

recording, all synaptic currents were blocked (data not shown). 
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Figure 22. Repeated treatment with hypertonic sucrose can boost LEV’s entry and exit of 
synaptic vesicles and reveal an accelerated LEV effect. A: two doses of sucrose were 
applied while the same neuron was patched. ACSF combinations during that patch period 
are as shown. EPSC measurements were taken during each of the three labeled time 
periods. B,C,D: averages of the normalized amplitudes of the 18th through 20th EPSCs of 
5 Hz (B), 20 Hz (C), and 80 Hz (D) trains applied to slices before, between, and after 
sucrose applications. All data shown are means ± SEMs (n = numbers shown in legend 
are from at least 4 different animals per group; p-value = 0.049 from Student’s t-test). 
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Synaptic activity modulates the efficacy of LEV 

There is a clear relationship between synaptic activity and the efficacy of LEV. 

Almost all manipulations during LEV incubation that increased activity and vesicular 

recycling were followed by a corresponding increase in LEV’s effect. Conversely, I could 

diminish LEV’s effect by reducing activity. Perhaps most convincing is the loading-

unloading protocol with hypertonic sucrose that quickly induced and abolished LEV’s 

effect by exchange of vesicular contents. These results all suggest that LEV enters 

vesicles during recycling and endocytosis and escapes during vesicle fusion. With the 

data supporting this mode of entry for LEV, I further hypothesize that LEV’s binding site 

with SV2A is at an intravesicular portion of the protein or is at a region that can be 

accessed from the intravesicular side of the protein. 

There are some counterintuitive observations described above that require 

elaboration. The absence of LEV’s effect after the 10 Hz stimulation, and after short LEV 

incubation followed by FM dye loading with 10 Hz stimulation, were initially puzzling. 

This absence was seen even when LEV was present during stimulation. It is possible that 

high frequency stimulation induces presynaptic potentiation that masks a decrease in 

neurotransmitter release due to LEV. However, this is unlikely because LEV’s effect was 

clearly present during 2-photon imaging after longer incubations (Fig. 12). 

There are at least two more likely explanations. First, as synaptic vesicles fuse 

and recycle, they expose their intravesicular surfaces to the extracellular space and LEV. 

If LEV binds SV2A and is taken up into those recycled vesicles, their release 

probabilities will then be modified (see below). If this happens to a sufficient number of 

vesicles, LEV’s effect will be evident during subsequent stimulation. During long 

incubations or low frequency activity (spontaneous activity, 0.2 Hz stimulation, or 4-AP 

exposure), a large number of vesicles from the RRP and recycling pools participate in 

release (Denker and Rizzoli 2010). However at higher frequency activity (10 Hz), a 

smaller population from those pools may disproportionately contribute to release through 

“kiss-and-run” fusion due to the re-use of the vesicles that undergo this type of fusion 

(Aravanis et al. 2003). Evidence for kiss-and-run fusion events exists for small synapses 

of the central nervous system and it is also clear that individual vesicles can fuse and 
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release their contents multiple times via this mechanism (Aravanis et al. 2003). 

Furthermore, the relative contribution of kiss-and-run increases during higher frequency 

(10Hz) stimulation (Zhang et al. 2009). Thus, LEV application during rapid stimulation 

may cause LEV to be taken up into relatively few fusing vesicles, resulting in an 

immeasurable LEV effect upon subsequent stimulation. 

Alternatively, to explain the 2-photon data, FM1-43 binding sites may exceed 

those for LEV, so that during one round of vesicle fusion and recycling, many more 

FM1-43 than LEV molecules bind within vesicles. As a result, the vesicle pool is 

fluorescently labeled but not affected by LEV. This may explain why short incubations in 

LEV still exhibit little LEV effect even after loading FM1-43. Ideally, an experiment that 

would allow us to directly image LEV in vesicles is desired. However, a fluorescently 

tagged, functional LEV derivative has yet to be developed. 

Synaptic activity may also be the main factor in determining the onset of LEV’s 

antiepileptic action in vivo. Pharmacokinetic research indicates that LEV levels in CSF 

peak within the range of a few short hours after initial oral administration (Doheny et al. 

1999; Patsalos 2004), which is similar to other AEDs. Yet clinically, LEV’s 

anticonvulsant effect may be seen as late as 2 days after treatment initiation (Stefan et al. 

2006), compared to benzodiazepines which exhibit an onset of antiepileptic action on the 

order of hours (Riss et al. 2008). This delay to onset of action could be explained by the 

requirement for ample synaptic activity to ‘load’ LEV into presynaptic terminals. 

Additionally, increases in activity levels should accelerate in vivo LEV loading. This 

hypothesis is supported by observations of experimental treatments for status epilepticus, 

a condition of prolonged seizures and excessive neuronal activity, in which LEV 

displayed an unexpectedly short window of onset (15 to 30 minutes) after intravenous 

administration (Fattouch et al. 2010). Thus, LEV may be more quickly (and possibly 

preferentially) loaded into those neurons which are contributing most to epileptic activity. 

The mechanism of action of levetiracetam 

Because LEV’s efficacy appears to depend on binding to SV2A, whose exact role 

in vesicle function remains uncertain, understanding LEV’s precise mechanism of action 

remains elusive. Yet, there have been recent advances in the knowledge of SV2A 
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function. SV2A is thought to participate in priming vesicles at an unidentified step before 

fusion (Custer et al. 2006; Chang and Sudhof 2009), or to alter SV2A’s affinity for 

synaptotagmin. Interactions between synaptotagmin and SV2A have been well described 

(Schivell et al. 1996, 2005; Yao et al. 2010). Yet, others argue that SV2A does not 

modulate neurotransmission by directly acting on synaptotagmin, but switches vesicles 

into a more Ca2+- and synaptotagmin-responsive state (Chang and Sudhof 2009). Another 

SV2 protein, SV2B, has also been shown to play a role related to presynaptic Ca2+ and 

may act to ‘buffer’ Ca2+ (Wan et al. 2010). (Refer to Conclusions and Future Directions.) 

After examining my data in combination with the current literature on SV2 proteins, I 

suggest a number of plausible mechanisms for this complicated drug effect. 

First, as indicated above, I believe that LEV gains intravesicular access to SV2A 

via vesicle recycling and endocytosis. An SV2A protein bound by LEV may then be 

inhibited from participating in its usual role of priming vesicles and, as a result, 

production of fewer primed vesicles leads to a smaller RRP and decreased 

neurotransmission. A second possibility is that LEV directly enters the presynaptic 

terminal and binds to SV2A’s cytoplasmic side. Once bound, LEV could similarly alter 

the protein’s role in vesicle priming. However, vesicles “pre-primed” by SV2A, prior to 

LEV entry, would already be competent for Ca2+-triggered fusion (Chang and Sudhof 

2009), and unaffected by LEV. LEV could then only influence the newly recycled 

vesicles that are subject to an SV2A-dependent step before fusion. Therefore, a change in 

neurotransmission would only become noticeable after a sufficient number of vesicles 

had recycled in the presence of LEV. This would account for activity-dependence of LEV 

without requiring its presence on the vesicle. However, if this were the correct 

explanation for activity dependence, I would likely not have seen LEV’s effect disappear 

after sucrose exposure (Fig. 22), unless sucrose removes nonvesicular, cytoplasmic LEV. 

This sucrose result supports, but does not absolutely confirm, my first suggestion. 

Either of these models would be compatible with LEV’s stimulation rate-

dependence on EPSC trains. LEV’s effect on vesicles in the RRP would not necessarily 

be uniform for the entire vesicle fraction. Vesicles in the RRP that bound a low 

concentration of LEV might be normally released by the first few action potentials in the 
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stimulation train, while those that had higher levels of LEV would have a lower release 

probability, explaining the relative decrement later in the EPSC train. This would account 

for the progressive drop in EPSCn/EPSC1 as stimulus number (n) increases. Or, this could 

be a result of smaller RRPs being exhausted faster. 

LEV is not the only pharmacological agent that enters synaptic vesicles 

To our knowledge, LEV is the only drug that requires some form of vesicular 

access to modulate synaptic transmission. A number of widely used drugs alter 

transmitter release or re-uptake, but through mechanisms totally different from LEV. 

However, the clostridial toxins botulinum neurotoxin A and tetanus neurotoxin both share 

sites of action with LEV, entering vesicles by binding to SV2 within the vesicle lumen 

(Dong et al. 2006; Yeh et al. 2010). Botulinum neurotoxin A seems to exhibit a latency 

before effect which is shortened when neurotransmitter release is stimulated (Hughes and 

Whaler 1962). Similarly, staining for tetanus neurotoxin demonstrates that its activity-

dependent entry into nerve terminals resembles LEV (Yeh et al. 2010). Both toxins 

completely block neurotransmitter release after cleaving SNARE proteins (Schiavo et al. 

1992; Blasi et al. 1993). Once transmitter release is blocked, further access to that vesicle 

is prevented, leaving the remaining toxin in the region available to target additional active 

vesicles. A similar amplification mechanism may apply for LEV. The vesicles that do not 

contain LEV are relatively more likely to fuse, recycle, and then take up LEV 

themselves. In addition, if the turnover of vesicle contents is slower after LEV 

application, LEV is less likely to be washed out. 

LEV’s effect on transmitter release is modulatory, not absolute 

Because SV2A only modulates neurotransmitter release, synaptic transmission is 

preserved in cultured neurons after SV2A knockout (Custer et al. 2006; Chang and 

Sudhof 2009).  Therefore, a drug that binds this protein might not have a large effect on 

release and should never completely block release. This was exactly what was observed 

in my experiments. The high concentrations of LEV used in these experiments were 

chosen to allow us to observe significant differences between control and drug-treated 

slices. Although the drug concentration required to induce a readily quantifiable 

electrophysiological change in single patched neurons is almost certainly greater than the 
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concentration required for seizure control, the LEV concentration I most frequently 

employed (300 µM) is within the range of CSF concentrations in rats treated with 

anticonvulsive doses of LEV (100 – 500 µM) (Doheny et al. 1999). In support of our 

proposed LEV mechanism of action, our lab has recently replicated all of my LEV results 

with much lower concentrations of a LEV derivative with higher SV2A affinity 

(unpublished). The most convincing proof of principle would be to demonstrate absence 

of LEV activity in slices from SV2A knockout animals. However, such experiments are 

not possible because SV2A knockouts in mice are quickly lethal (Crowder et al. 1999). 

A final fascinating aspect of LEV pharmacology is the dissociation between the 

(low) frequency of synaptic activity necessary for LEV entry into vesicles and the (high) 

frequency at which the largest reductions in EPSCs take place. These characteristics 

suggest that LEV may eventually access most neurons, but selectively diminish 

neurotransmitter release during the later impulses of long, high frequency bursts, as 

observed during seizures. The latter property makes LEV particularly attractive as an 

antiepileptic drug because it will have a relatively greater effect on rapid, pathological 

neuronal firing. This relative preservation of low frequency activity is consistent with the 

drug’s high therapeutic index (French et al. 2001; Abou-Khalil 2005). 

 

Inhibitory Patch Clamp Electrophysiology 

My experiments thus far have demonstrated LEV’s effect on excitatory 

neurotransmission. In addition, I was curious whether LEV would exhibit an effect on 

inhibitory neurotransmission, and furthermore, would there be any differences in how a 

LEV effect might be manifest between the two functional types of neurons. 

Investigations of SV2 knockouts have suggested that vesicular release machinery may act 

differently in glutamatergic versus GABAergic nerve terminals (Janz et al. 1999). 

Moreover, there appears to be differential sensitivity to tetanus toxin, which acts through 

SV2 binding, between motor neurons and spinal interneurons (Yeh et al. 2010). I 

therefore examined inhibitory postsynaptic currents (IPSCs) in pyramidal neurons, to see 

if I could detect a frequency-dependent effect on inhibitory neurotransmission. I found 
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that the LEV effect on EPSCs and IPSCs had many features in common, but that there 

were differences consistent with the fundamental biology of LEV. 

LEV decreases inhibitory neurotransmission in a frequency-dependent manner 

In order to determine LEV’s effect, if any, on inhibitory neurotransmission, I used 

a chloride-based micropipette solution to patch CA1 pyramidal neurons and moved the 

stimulating electrode in close proximity to the patched neuron to maximize IPSC 

amplitude. In order to measure LEV’s effect on IPSCs, slices were incubated for 3 hours 

in control ACSF or ACSF containing 30 - 300 µM LEV before patching. This initial 3 

hour period was chosen to allow LEV’s full effect to manifest, based upon our earlier 

results observing EPSCs and field potentials in the same slices. After incubation, slices 

were transferred to the recording chamber which was perfused with ACSF containing 10 

µM CNQX and 50 µM AP5 to block excitatory currents. Once a neuron was patched, the 

half-maximum stimulation amplitude for inducing IPSCs was determined and used for 

the remainder of the experiment. During 5 - 80 Hz stimulation trains, the IPSCs exhibited 

declining amplitudes (Fig. 23 and 24) in contrast to the facilitation and increase in 

amplitudes seen with trains of EPSCs. In slices treated with LEV, the decay of the 

normalized IPSC amplitudes was greater, and the relative reduction in amplitudes was 

greater, with increasing drug concentration and train frequency (Fig. 24A,C,E). As a 

measure of this, the normalized averages of the 18th through 20th IPSCs were compared to 

reveal significant differences (Fig. 24B,D,F), but only at the highest frequency. Thus, 

LEV decreases release of inhibitory neurotransmitter in a frequency-dependent manner, 

which is outwardly similar to its effect on excitatory neurotransmission. This observation 

is compatible with past work from others showing that SV2A is expressed in both 

excitatory and inhibitory neurons (Bajjalieh et al. 1994; Janz & Sudhof 1999). 

Interestingly, from 30 - 300 µM, there was a relatively small effect of LEV concentration 

on normalized IPSC amplitudes, differentiating the LEV concentration-dependence of 

IPSCs and EPSCs, with the latter much less affected at lower LEV values (compare Fig. 

24F with Fig. 16F). The much higher sensitivity of inhibitory transmission to low LEV 

concentrations implies that there are yet to be defined mechanistic differences between 

GABA and glutamate release. 
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Figure 23. Averaged voltage clamp traces obtained under control or 300 µM LEV 
conditions. A,C,E: slices were incubated for 3 hours in control ACSF and stimulated at 5 
Hz, 20 Hz, or 80 Hz, respectively. B,D,F: slices were incubated for 3 hours in ACSF 
containing 300 µM LEV and stimulated at 5 Hz, 20 Hz, or 80 Hz, respectively. At higher 
frequencies, IPSC amplitudes decay to a greater extent in LEV-treated slices. 
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Figure 24. LEV reduces normalized IPSC amplitudes. A,C,E: average normalized IPSC 
amplitudes during 5 Hz, 20 Hz, or 80 Hz trains, respectively, of 20 stimulation pulses 
from slices incubated for 3 hours in either control ACSF or ACSF containing 300 µM 
LEV. B,D,F: average of the normalized amplitudes of the 18th through 20th IPSCs for 
each of the 5 Hz, 20 Hz, and 80 Hz trains. 30 µM LEV and 100 µM LEV data were 
excluded from A, C, and E for clarity. All data shown are means ± SEMs (n = numbers 
shown in bar diagrams are from at least 4 different animals per group; p-values from 1-
way ANOVA). 
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Synaptic activity is required for LEV’s effect on inhibition 

As I had hypothesized before, LEV likely requires an incubation period before 

full efficacy because it is likely endocytosed into vesicles in order to reach its binding 

site, SV2A. Thus, loading vesicles with LEV relies upon spontaneous synaptic activity 

and vesicle recycling. LEV effects on excitatory neurotransmission had required a 

window of 3 hours for full effect and incubation periods of 30 minutes produced little or 

no change in slices compared to control ACSF incubation. I, therefore, examined the time 

course for LEV’s effects on inhibitory neurotransmission. The 30 minute time period was 

again chosen for comparison. Neurons were patched in slices incubated for 30 minutes in 

ACSF containing 300 µM LEV and the same types of trains of synaptic currents were 

elicited. In contrast to the lack of LEV effect on excitatory neurotransmission after 30 

minute incubation, an almost full LEV effect (compared to 3 hour incubation) was 

present at the shorter incubation time (Fig. 25). The difference in normalized IPSC 

amplitudes was significant between 3 hour and 30 minute incubations only at the highest 

frequency. When I reduced the LEV incubation times to 5 minutes, no LEV effect was 

present (data not shown). These results suggest that there is a time-dependence for LEV’s 

effect on inhibitory neurotransmission (even if it is much shorter), as is the case for 

excitatory neurotransmission. 

In order to determine whether LEV itself altered synaptic activity, I recorded 

spontaneous events during periods of no stimulation. LEV did not alter the frequency or 

amplitude of spontaneous events (sIPSCs). The average control frequency and amplitude 

(3.80 ± 0.37 Hz and 26.54 ± 4.03 pA; n = 10 slices) were not different from the frequency 

and amplitude after exposure to 300 µM LEV for 3 hours (4.07 ± 0.42 Hz and 22.4 ± 2.58 

pA; n = 10 slices), respectively. I then determined whether the rapid onset of the LEV 

effect could be prevented if spontaneous activity was minimized by exposing the slices to 

CNQX/AP5 for the entire incubation period. These two antagonists should reduce 

spontaneous activity in all neurons in the slice, resulting in fewer fusion and recycling 

events. When trains of IPSCs were recorded in slices that had been incubated in ACSF 

containing CNQX and AP5 for 3 hours compared to slices that had been incubated in 

ACSF containing CNQX and AP5 plus 300 µM LEV for 3 hours, there were no 
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differences in normalized IPSC amplitudes (Fig. 26). Thus, reducing spontaneous activity 

prevented LEV’s effect even after the very long 3 hour time window. 

 

 

Figure 25. LEV’s effect is present after relatively shorter incubations. Average 
normalized 18th through 20th IPSC amplitudes during either 5, 20, or 80 Hz trains of 20 
stimulation pulses recorded from slices either incubated in control ACSF or incubated in 
ACSF containing 300 µM LEV for 30 minutes. Horizontal references lines mark the 
respective average values for slices incubated in 300µM LEV for 3 hours as comparisons. 
All data shown are means ± SEMs (n = numbers shown in bar diagrams are from at least 
5 different animals per group; p-value from Student’s unpaired t-test). 
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Figure 26. Preventing spontaneous activity during LEV incubation prevents LEV’s effect. 
Average normalized 18th through 20th IPSC amplitudes during either 5, 20, or 80 Hz 
trains of 20 stimulation pulses recorded from slices incubated for 3 hours in either control 
ACSF plus CNQX and AP5 or incubated in ACSF containing 300µM LEV plus CNQX 
and AP5. Horizontal references lines mark the respective average values for slices 
incubated 3 hours in ACSF plus 300 µM LEV alone as comparisons. All data shown are 
means ± SEMs (n = numbers shown in bar diagrams are from at least 4 different animals 
per group). 
 
LEV is more easily washed out from inhibitory presynaptic terminals 

Subsequently, I wanted to investigate whether I could terminate the LEV effect 

from inhibitory vesicles in a manner that would further test my vesicular hypothesis. 

Under slice resting conditions, LEV’s effect on EPSCs was not easily washed out and 

persisted even after 1 hour perfusion in control ACSF. I predicted that this might not 

generalize to IPSCs because I measured a drug effect after a much shorter incubation: if 

LEV can enter inhibitory terminals more readily, then it might exit terminals more 

readily. Slices were incubated for 3 hours in 300 µM LEV, then a 30 minute washout 

perfusion was begun. For the first type of washout, perfusion simply consisted of control 

ACSF for 30 minutes with the addition of CNQX and AP5 just minutes before current 

measurements were made. In this case, LEV’s effect disappeared within 30 minutes and 

normalized IPSC amplitudes returned to near control levels (Fig. 27). In contrast, when I 

recorded from slices that had been perfused for 30 minutes in a washout solution 

containing control ACSF plus CNQX and AP5, the IPSC amplitudes did not return to 

control levels (Fig. 27). In addition, the differences between the washout groups at the 
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higher frequencies were significant. Thus, it seems that the washout of LEV’s effect is 

also activity-dependent. 

 

 

Figure 27. Washout of LEV is prevented when spontaneous activity is also prevented. 
Average normalized 18th through 20th IPSC amplitudes during either 5, 20, or 80 Hz 
trains of 20 stimulation pulses recorded from slices that had undergone 30 minutes of 
washout perfusion after 3 hour incubation in 300 µM LEV. The two groups of washout 
solutions contained either control ACSF or ACSF plus CNQX and AP5. Horizontal 
references lines mark the respective average values for slices incubated in 300µM LEV 
for 3 hours as comparisons. All data shown are means ± SEMs (n = numbers shown in 
bar diagrams are from at least 4 different animals per group; p-values from Student’s 
unpaired t-test). 
 

Finally, I desired to evaluate any differences in the frequency of excitatory and 

inhibitory spontaneous events in our slices. If a higher frequency of spontaneous 

inhibitory compared to excitatory vesicle fusion events exists in the slices, then the 

finding that LEV’s effect is manifest faster in inhibitory compared to excitatory neurons 

is consistent with my hypothesis of vesicle loading. I recorded during periods of no 

stimulation and counted spontaneous events (> 10 pA) in order to calculate spontaneous 

frequency. When I recorded during ACSF perfusion with no antagonists, the average 

frequency of spontaneous events (both excitatory and inhibitory) was 4.65 ± 0.43 Hz (n = 

5), while the average frequency during perfusion with CNQX/AP5 (just inhibitory 

events) was 3.17 ± 0.43 Hz, leaving a difference of 1.47 Hz to account for the excitatory 

contribution to spontaneous events. The difference between excitatory and inhibitory 
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spontaneous frequency was significant (p = 0.036, Student’s paired t-test) and the 

averaged IPSC/EPSC frequency ratio of 3.17/1.47 does indicate that inhibitory events are 

more frequent even as the ratio is an underestimate. (Excitatory blockade will not only 

remove excitatory events, but will also reduce normal ‘upstream’ excitatory triggers of 

inhibitory neurons, thus causing and underestimation of inhibitory frequency.) These 

spontaneous event measurements support my hypothesis that LEV is loaded more quickly 

into inhibitory vesicles because they are more active. 

The pace of LEV entry into vesicles differs between excitatory and inhibitory terminals 

I have already demonstrated for excitatory neurotransmission that synaptic vesicle 

fusion and subsequent recycling must very likely occur in order to allow LEV to be 

endocytosed into vesicles to reach its binding site, SV2A. A variety of manipulations 

which altered slice presynaptic activity either accelerated or prevented LEV’s entry into 

vesicles as evinced by changes in the drug’s efficacy in reducing neurotransmitter 

release. This data concerning inhibitory neurotransmission shows that the LEV effect 

generalizes to trains of IPSCs, but does not require the three hour incubation period as is 

required for reduction of trains of EPSCs. 

 I believe that the much shorter 30 minute latency to the LEV effect on IPSCs 

(compared to the 3 hour latency to LEV effect on EPSCs) may be explained by more 

robust spontaneous inhibitory synaptic activity, which I observed in my own slices. In 

addition, there are a number of reports documenting more spontaneous inhibitory activity 

in both hippocampal (Alger and Nicoll 1980; Otis et al. 1991) and somatosensory cortical 

slices (Salin and Prince 1996), which also suggest that the tonic release of GABA is 

important in preventing hyperexcitability. The higher frequency of inhibitory compared 

to excitatory spontaneous activity may also explain the rapid washout of LEV when 

measuring IPSCs compared to EPSCs. With more fusion and recycling events when LEV 

is not present extracellularly, there is faster replenishment of vesicles lacking LEV after 

previously ‘loaded’ vesicles have released their contents. This hypothesis was again 

supported when reduction of spontaneous events by CNQX and APV prevented washout 

of LEV. 
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Levetiracetam reduces release of both excitatory and inhibitory neurotransmitters 

The work presented here, along with previous work from our lab, provides 

evidence that LEV decreases both excitatory and inhibitory neurotransmission. This, in 

combination with the finding of decreased action potential-dependent GABAergic 

neurotransmission in SV2A knockout mice, further links SV2A to inhibitory interneurons 

(Crowder et al. 1999). It is not so surprising that antiepileptic drugs can be 

mechanistically indiscriminate, similarly affecting both excitatory and inhibitory neurons. 

Gabapentin reduces paired-pulse inhibition in rat hippocampi in vivo (Stringer and 

Lorenzo 1999) and pregabalin reduces the vesicular release of both excitatory and 

inhibitory neurotransmitters (by a mechanism different from LEV) (Micheva et al. 2006). 

Even antiepileptic drugs that specifically augment IPSCs, such as barbiturates and 

benzodiazepines, enhance the inhibition of interneurons, but still dampen the excitability 

of the epileptic network. 

A drug that reduces inhibitory neurotransmission does not necessarily contribute 

to seizure initiation or epileptogenesis. Perhaps it is the specific manner in which LEV 

decreases IPSCs (and EPSCs) that gives it its efficacy as an AED. LEV’s ability to 

selectively decrease high frequency activity is likely conducive to preventing seizures by 

curbing high frequency oscillations that are associated with the onset of seizures 

(Lasztóczi et al. 2004; Bragin et al. 2005) and development of epileptic foci (Bragin et al. 

2004). Also, reduction of both glutamatergic and GABAergic neurotransmission likely 

impedes the transition to an ictal period by minimizing not only the large excitatory drive 

by glutamate, but also the drive by GABA as it becomes depolarizing when the reversal 

potential of GABA varies with the loading of Cl- into cells (Thompson and Gähwiler 

1989). In slices from temporal lobe eplilepsy patients, depolarizing GABAergic 

neurotransmission was involved in initiating epileptic discharges (Cohen at al. 2002). In 

rat brain slices, excitatory GABA input was reported to directly drive seizure-like 

synchronization in CA1 pyramidal cells (Fujiwara-Tsukamoto et al. 2003). Furthermore, 

in an in vitro model of seizure generation, GABAergic signaling was found to be required 

for the post-tetanus seizure-like afterdischarge, which was blocked by application of 

bicuculline (Isomura et al. 2003). 
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There is now good evidence that other modulators of synaptic release, tetanus and 

botulinum neurotoxin, both enter terminals via endocytosis and act through SV2A. 

Moreover, the faster loading of interneurons is not unique to LEV. There is recent 

evidence that tetanus neurotoxin preferentially reduces release from spinal interneurons 

(Schiavo et al. 1992; Yeh et al. 2010). This produces the hyperexcitability and rigidity 

that characterizes the clinical syndrome. However, when studied in tissue culture, tetanus 

toxin is also very effective in reducing excitatory transmitter release, so here too, there is 

no absolute differentiation between effects on excitation and inhibition (Monyer et al. 

1992).     

These experiments examining inhibitory neurotransmission further support my 

underlying hypothesis about the presynaptic mechanism of action of LEV. If future 

experiments can dissect out vesicular release mechanisms that differentiate pyramidal 

cells and interneurons, it may be possible to develop more potent and selective LEV 

derivatives that exclusively reduce excitation. 

 

Conclusions and Future Directions 

The FM 1-43 imaging experiments and whole-cell patch clamp recordings in rat 

brain slices described in this dissertation have strived to dissect out the mechanism of 

action of the antiepileptic drug levetiracetam, LEV. Because of these results, I suggest a 

unique route by which LEV reaches its binding site, SV2A, an intracellular protein within 

vesicles. I believe that LEV must most likely be first endocytosed into vesicles in order to 

bind SV2A and induce its modulation of neurotransmitter release. This hypothesis helps 

to explain the prolonged incubations of brain slices in LEV before drug effect is manifest, 

as well as the multiple day latency to onset of anticonvulsant action in epilepsy patients. I 

suggest that LEV may be more quickly (and possibly preferentially) loaded into those 

neurons which are contributing most to epileptic activity, and then acts to reduce the 

excessive synaptic activity related to seizure initiation and/or continuation. 

I have demonstrated that LEV reduces neurotransmitter release of both excitatory 

and inhibitory neurotransmitters and does so in a frequency-dependent manner. LEV 

reduces the readily releasable pool of vesicles and reduces neurotransmitter release at the 
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ends of exhaustive stimulus trains. Yet, LEV does not affect vesicle recycling, 

spontaneous synaptic activity, or neurotransmitter release during low frequency 

stimulation. LEV’s effects in vitro can be prevented when synaptic activity is minimized, 

or its time course of action can be accelerated when synaptic activity is increased. 

My experiments have elucidated only some aspects of LEV’s mechanism of 

action upon neurons, yet an increased understanding of the mechanism of LEV, 

especially after it has bound to SV2A, is of further interest. For example, I demonstrated 

LEV’s effect on the RRP, yet by what specific mechanism is this achieved? Perhaps the 

RRP, as proposed by others, is stocked and replenished by a process that is enhanced by 

the temporary presence of residual Ca2+ (Stevens and Wesseling 1998). Researchers of 

both SV2A and SV2B have suggested that the protein ‘buffers’ Ca2+.  They report higher 

accumulations of residual Ca2+ during stimulus trains within synapses that are SV2A-

deficient (Janz et al. 1999; Chang and Sudhof 2009) and describe elevation of resting and 

evoked presynaptic Ca2+ signals in neurons lacking SV2B (Wan et al. 2010). To test for 

any link between LEV and intracellular Ca2+ concentrations related to the RRP, I suggest 

future experiments that first treat neurons with a membrane-permeable Ca2+ chelator, 

EGTA-AM for example, in order to act as an artificial Ca2+ buffer. When subsequent 

measurements of the RRP are made with and without the presence of LEV, I predict that 

the size of the RRP will not be decreased in the presence of LEV as it was under normal 

conditions. A finding such as this would indicate that LEV’s hypothesized role as a Ca2+ 

buffer might indeed play a significant role in its function as an AED. Buffering Ca2+ 

would surely restrain the facilitation experienced during high frequency synaptic activity. 

Even though the results of my experiments presented above are consistent with 

the hypothesis that LEV is endocytosed into vesicles, I must acknowledge that I have not 

definitively shown that LEV localizes to vesicles only after an activity-dependent period 

of endocytosis. Due to the lack of a fluorescently tagged, functional LEV derivative, and 

the inability to locate a radioactively-labeled LEV molecule with sufficient high spatial 

resolution, I cannot, with present technology, provide an image of LEV in close 

proximity to vesicles within a presynaptic terminal. I can only measure LEV’s 

modification to normal neurotransmission, thereby assuming that sufficient amounts of 
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LEV have reached their targets in order to take effect. However, there are a number of 

future experiments I will propose that might more strongly answer such critiques. 

First, although not in a whole, functioning neuron, the presence of LEV might be 

detected through a process of obtaining synaptosomes. Appropriate fractionation and 

centrifugation steps could isolate vesicles from tissue that had previously been exposed to 

either control or LEV perfusion. A protocol, such as one I have already employed and 

described above, could be used to load LEV into vesicles in the tissue and the drug’s 

effect on neurotransmission could be measured to confirm that sufficient amounts of LEV 

have reached their targets. After processing of the tissue, isolated loaded versus non-

loaded vesicles could be probed for LEV using a technique such as HPLC. In addition, 

vesicles from LEV-treated tissue could be further processed by adding an agent to 

permeabilize the vesicular membranes such that concentrations of LEV that were strictly 

localized within vesicles could then be measured. Comparing the presence of LEV 

between control, LEV, and LEV+permeabilized groups would be advantageous in order 

to state, more definitively, where LEV resides within a neuron when it acts to alter 

neurotransmission. 

A second type of experiment should be considered in the event that a measurable 

effect of LEV is ever achieved in cell culture. A specific low density type of neuron 

culture protocol allows development of autapses, the synapsing of a neuron back on 

itself. In such a preparation, patch clamping the neuron allows for simultaneous recording 

of both the pre- and post- synaptic neuron, since they are in fact the same neuron. The 

large advantage of this technique, concerning LEV, is the ability to add LEV to the 

intracellular solution within the pipette. Thus, by delivering LEV to the cytoplasm of 

neurons where it would have access to the outside surface of vesicles by diffusion, the 

presence of a LEV effect could be monitored. If LEV inside the patch pipette did not 

induce a drug effect, while LEV extracellular to active neurons did induce a drug effect, 

then we could more confidently state that LEV binds SV2A on the intravesicular surface 

of vesicles after it has been endocytosed. 

Finally, a third set of experiments come to mind, this time with the use of 

knockout animals. SV2A double knockout animals develop seizures at postnatal week 2 
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and die by week 3, thus preventing healthy brain slices from being obtained. Yet, the use 

of heterozygous knockouts, or even more ideally, a conditional SV2A double knockout 

might prove to make more useful slices. If a conditional knockout animal is developed in 

the future, the slice experiments performed above could be repeated on such a 

preparation. I expect that experiments on slices lacking SV2A would exhibit no LEV 

effect on neurotransmission. This would provide more concrete evidence that SV2A is 

necessary for LEV effect. 

The findings about LEV’s mechanism of action presented in this dissertation are 

significant for both development of future AEDs and for interpretation of clinical 

outcomes. The report that LEV enters neurons via endocytosis, a means that is not often 

considered, brings attention to this pathway and sparks an interest for any other drugs that 

may bind to proteins located within vesicle membranes. In the near future, this new 

knowledge of LEV will aid in the understanding and experimentation of other drugs that 

are similar in molecular structure to LEV and also bind SV2A. Brivaracetam, for 

example, a next-generation drug to LEV, is currently undergoing phase III clinical trials. 

In addition, our finding that LEV’s effect is dependent on neuron activity follows 

with clinical observations: LEV’s onset of anticonvulsant effect under normal conditions 

is relatively slow compared to other AEDs (Stefan et al. 2006), yet a near immediate 

effect of LEV was present in one clinical study of status epilepticus, a condition of 

excessive seizures and neuronal activity (Fattouch et al. 2010). This suggests that there 

may be some circumstances when LEV can play a particularly desired role in seizure 

treatment. 

LEV, a truly unique AED, is often the drug of choice to treat a relatively broad 

spectrum of epilepsy types. Although its exact role in vesicle function remains uncertain, 

clues to understanding LEV’s precise mechanism of action will most certainly inform our 

ideas about the function of SV2A, its brain binding site, and assist in the development of 

future antiepileptic drugs.
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