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Abstract

The hippocampus is involved in the generation and propagation of epileptic

seizures. Although it has been stated that seizures are hypersynchronized activity

of neurons, some studies showed desynchronization during seizure onsets. Most

of the previous studies were conducted in brain slices. However, the structure

of synchronization and propagation during hippocampal seizures in vivo is still

undeveloped.

The purpose of this dissertation was to understand the dynamic properties of

neuronal firing and quantify the synchrony of high frequency firing in both anes-

thetized and awake rats during epileptogenesis. A high-speed dynamic recording

apparatus was constructed with a microelectrode array to record electrically evoked

seizures. We found that as the epileptogenesis progresses, firing of neurons in CA1

region become more synchronized and the propagation is along the lamellar axis in

CA1, but not the septotemporal axis. The synchrony of neurons was measured by

using the following methods: cross correlation, theta phase synchronization and

event synchronization. Cross correlation revealed that the firing pattern was highly

correlated during evoked seizures along the lamellar axis but not the septotemporal.

Both theta phase synchronization and event synchronization demonstrated that

neuronal synchrony increased along the lamellar axis of CA1 pyramidal neurons as

kindling progressed, while synchrony along the septotemporal axis remained at a
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relatively low level. Additionally, the theta phase distribution demonstrated that the

firings of CA1 pyramidal cells became preferential for the negative peak of the theta

oscillations as the seizure progresses. This was only true in the lamellar direction.

Lastly, event synchronization shows that neuronal firings along the lamellar axis

were more synchronized than those along the septotemporal axis.

The effects of two commonly prescribed antiepileptic drugs, phenytoin and

levetiracetam, on seizure activity and neuronal synchronization in the electrically

kindled model were examined. There was a marked decrease in synchronization and

propagation after treatment with both phenytoin and levetiracetam. The preferred

firing phase, which is around the negative peak of theta oscillation, was lost after

both drug treatments.

In this dissertation, we discovered the temporal relationship between the struc-

ture of synchrony in CA1 and seizure severity. It can be used to help design a new

deep brain stimulation algorithm to interrupt synchrony during epileptogenesis.
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Chapter 1

Introduction

It has been hypothesized that epilepsy is a dynamic disease, characterized by a

rapid transition from normal neural field firings to a hyper-synchronous, patholog-

ical state which is capable of spontaneously producing seizures [1]. Seizures are

episodes of disturbed brain activity that cause changes in attention or behavior [2].

Recurrent epileptic seizures involving the hippocampus are endemic to temporal

lobe epilepsy [3], and the propagation of seizures within the hippocampus is poorly

understood. Studies have shown that even though the CA1 lamellar organization

remains a useful concept for understanding hippocampal connectivity [3], both

lamellar and septotemporal directions are involved in seizure propagation in the

hippocampal CA1 [4, 5]. However, most studies testing these hypotheses were

conducted with brain slices, therefore hippocampal seizure propagation patterns in

freely-moving animals is still undeveloped. While many studies have yielded deep

insights into both synchronization and seizure propagation [6–9], there is still no

consensus as to which quantitative measurement of synchrony is the best way of

defining relationships within and between brain regions.

Kindling refers to the repeated administration of stimuli in order to elicit a
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heightened response from an experimental animal [10]. In the kindling model,

seizures occur at the will of the investigator; thus this model ideally is suited for

investigating the mechanisms of epilepsy [11]. This takes the form of periodi-

cally exposing the animal to stimulation trains in order to generate seizures. It is

maintained until a certain threshold is reached (in our case, 3-6 successive stage 5

behavioral seizures), at which point the animal is considered to be fully kindled.

A microelectrode array was developed to record groups of neuronal activities

in animal models of temporal lobe epilepsy during kindled seizures [12, 13]. The

experimental protocol used a common reference for the microelectrode array instead

of recording differentially.

Different linear and nonlinear synchronization analyses have been previously

used with limited success. In recent studies, different phase synchronization meth-

ods were used to determine the firing patterns in seizures [14, 15]. However, the

application of phase synchronization to electroencephalography (EEG) signals is

fraught with difficulty [16]. Holmes et al. studied spontaneous hippocampal firing

and its relationship to theta rhythms in rats after status epilepticus [9]. Grassberger

et al. used event synchronization (ES), which is not based on phase analysis, to

quantify the degree to which events are synchronized between two time series,

such as rat EEG signals [17]. In this study, we used two nonlinear synchronization

methods, theta phase synchronization and event synchronization, together with

linear cross correlation to quantify neuronal synchronization and propagation.

Various antiepileptic drugs (AEDs) are widely used and are primarily intended to

treat epileptic seizures [17]. The ultimate goal of antiepileptic drugs is to eliminate

seizures while minimizing side effects [18, 19]. Intensive studies have been done in

vitro to discern the mechanisms by which different AED’s function in vitro [18–20].

However, it is still unknown how, or even if, antiepileptic drugs change neuronal
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synchrony in vivo.

The aim of this project was to understand the dynamic properties of neuronal

firings and to evaluate the synchrony between simultaneously-recorded neuronal

activities. The experiments are divided into three parts. First, we examined the

dynamic properties of neuronal firing and developed methods to quantify synchrony

between neuronal firings. Second, neuronal synchronization and propagation

patterns, in both the lamellar and septotemporal directions of the hippocampus

CA1 region, were studied in freely moving rats in an electrical kindling model of

temporal lobe epilepsy. Third, two antiepileptic drugs were tested for their effects

on neuronal synchrony and propagation along the lamellar axis in CA1 region.

In this dissertation, we extended the existing body of research in several ways.

Firstly, seizure propagation was examined in the hippocampus of anesthetized and

freely moving rats, rather than in brain slices. Secondly, seizure synchronization and

propagation were investigated in both the lamellar and septotemporal directions of

the CA1 region in order to create a two dimensional synchrony and propagation

structure in the hippocampus. Third, two antiepileptic drugs were tested for their

effects on neuronal synchronization and propagation during kindling.
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Chapter 2

Background

2.1 Hippocampal Seizures

The hippocampus belongs to the limbic system and plays an important role in

the consolidation of information from short-term memory to long-term memory, as

well as spatial navigation [21]. The majority of neurons in the hippocampal layers

are densely packed pyramidal cells and granule neurons. Hippocampal seizures

are believed to be synchronized tonic-clonic bursts of action potentials riding on a

prolonged wave of depolarization through a network of neurons [21–23]. Seizures

appear to arise from a perversion of normal physiological characteristics of neurons

and neuronal networks [24, 25].

2.2 Microelectrode Array

For decades, epileptologists have been relied on macroscopic electroencephalo-

gram (EEG) recordings from the scalp (non-invasive) to produce global and local

measurements of scalp potentials [26–31]. However, hippocampal seizures some-
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times cannot be satisfactorily recorded with non-invasive techniques [32]. Depth

electrodes are capable of recording signals from buried cortex region, such as the

hippocampus, which can be hard to detect with other types of electodes [33]. They

have been used to find dysfunctional brain regions and onset of seizures [34]. With

the development of depth recording, a new technique called microelectrode array is

used for extracellular neural recording [6, 35–39]. In this dissertation, a microelec-

trode array was incorporated into our recording system to investigate the dynamics

of neuronal firings during the development of electrically evoked seizures in vivo.

The microelectrode array simultaneously recorded from several local groups of cells

neighboring each other during evoked seizures. The spatial scale of our experiment

was limited to a local hippocampal CA1 cell layer. This technique helps us analyze

the complicated circuit.

Seizures are composed of high frequency firing superimposed over the low

frequency waveforms [21]. In this study, we were interested in the high frequency

firing which constitutes the bursts during seizures. These bursts represent neuronal

firings from local fields. In order to capture the fast firings, the sampling rate (Fs)

must be large enough to ensure that multiple samples are recorded during the most

rapid extracellular voltage swings. Empirically, measured extracellular waveforms

show significant frequency content at values up to about 8 kHz [40]. According to

Nyquist sampling theorem, the minimum sampling rate to record 8 kHz is about 16

kHz. Sanchez et al. showed a pronounced increase in high frequency oscillations

(like bursts) during seizures when the sampling rate was 24 kHz [41]. Therefore we

used a sampling rate of 25 KHz for our experiments.
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2.3 Electrical Kindling and Hippocampal Circuits

Kindling was originally discovered by Graham Goddard [3]. Kindling refers

to a dynamic process during which prolonged afterdischarges are induced by

repeated administration of electrical stimulation [42]. Conventional kindling, i.e.

electrical stimulation of the amygdala for 1 second once daily, induces secondary

after-discharges in the hippocampus. However, this process is time and labor

consuming. In contrast, rapid kindling, i.e. electrical stimulation of the CA3 region

for 10 seconds every 30 minutes 12 times per-day, is characterized by delivering

long stimulus trains at short intervals to elicit a reliable series of seizures [43]. The

repetition of the stimulus every other day leads to electrographic and behavioral

advancements, hence the fully kindled state (more details in 3.1.2).

The electrically kindled rat model is widely used in studies of hippocampal

seizures [44]. With electrically kindled rats, the focus of the seizure is controlled

by the placement of the stimulating electrode, and the occurrence of seizures is

controlled by the investigator [3]. As kindling is much less neurologically insulting

than the status epilepticus models, electrical kindling is ideal for studying the

process of epileptogenesis and testing the effectiveness of antiepileptic drugs on

temporal lobe epilepsy [45]. Electrical kindling involves both the pyramidal cells of

the CA1 region and granule cells in the dentate gyrus [42]. The hippocampus is a

key structure in kindling and limbic systemic epileptogenesis, and different regions

in the hippocampus serve different roles. The hippocampal CA1 region is known

for its innate capacity for generating seizures, and the CA3 region is especially

suited to the development of interictal spikes, which are highly correlated with the

occurrence of spontaneous seizures [46].

The main pathway in functional hippocampus anatomy is the trisynaptic pathway
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Figure 2.1: (Left) The anatomical organization of the hippocampal forma-
tion; (Right) Functional anatomy of hippocampal circuits in epileptogenesis.
Figure adapted from Schultz[49].

(see Figure 2.1), which involves three consecutive excitatory synapses (Perforant

pathway, Mossy fiber pathway and Schaffer collateral pathway) [46]. The first

synapse is the perforant pathway, between the entorhinal cortex neuron axons and

the granule cells of the dentate gyrus. The second is the mossy fibers, from granule

cells and terminating on CA3 cells. The third is the Schaeffer collateral, from CA3

pyramidal cells and ending on CA1 pyramidal cells.

Even though kindling does not cause a large loss of neurons in the hippocampus

[47], it induces neuronal circuit reorganization (mossy fibers sprouting from pre-

existing axons within the hilus of the dentate gyrus and along the dorsal-ventral

hippocampal axis) and a variety of cellular alterations [45]. The hippocampal

circuitry damage, which is caused by kindled seizures, induces memory dysfunction

and deficits. Therefore, kindling might be potentially relevant to mechanisms of

learning and memory formation [48].
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2.4 Seizure Propagation

The generation and propagation of epileptiform activity in the hippocampus has

been studied extensively. The lamellar hypothesis was first introduced in the early

1970s by Andersen et.al [50] from studies of anesthetized rabbits. They hypothe-

sized that the hippocampal cells were activated in a lamellar fashion and that the

principal excitatory pathways of the hippocampus were organized in a lamellar

fashion. In Andersen’s study, a lamellar, a group of cells in a transverse band, was

used to represent a functional unit of the hippocampus (Figure 2.2). The lamellar

hypothesis had tremendous influence on the study of hippocampal information

processing. However, other researchers demonstrated that the connection between

CA3 neurons and CA1 pyramidal cells, the Schaffer collateral, was heavily branched

in a markedly diverging pattern [51]. Amaral and Witter [4] proposed that the major

projection from CA3 to CA1 would be more divergent than is consistent with a strict

interpretation of the lamellar hypothesis. From the physiological and anatomical

data, they concluded that it is more reasonable to consider the hippocampus as a

three-dimensional cortical region with important information processing taking

place in both the transverse and longitudinal axes. Recently, with the development

of intact in vitro hippocampal preparation, the propagation of intra-hippocampal

epileptiform activity in both the longitudinal and transverse directions has been

studied [1, 5, 52]. These studies concluded that the epileptiform wave propagation

pattern is three dimensional. Andersen et al. [52] further proposed that, in spite

of the fact that the Schaffer collateral originates and radiates from CA3 neurons

within a wide fan-shaped area, the amplitude of the action potential was largest in

transverse band across the CA1.

Most of the previous work on the propagation of such epileptiform activity has
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been done with brain slices [50, 53]. With the development of multi-electrode

arrays, many studies have been done to map firing patterns during seizures in

vitro. It has been shown that ictal discharges at seizure onset may fail to recruit

adjacent territories in vitro [54]. There are some limitations in the slice studies,

such as neuronal connectivity might be interrupted by slicing the tissue. Seizure

propagation along the lamellar and septotemporal directions has not been tested in

freely moving animals. Quantitative methods are needed to measure propagation.

2.5 Synchronization Measurements

In 1954, Penfield and Jasper [56] first reported that seizures were characterized of

hypersynchronized neuronal firings. Ever since then, numerous experiments have

been done to prove this excessive synchronization of activity in a large population

of neurons [57–59]. It is yet unclear if seizures can be simply described as a

hypersynchronized state, or if there are more complex mechanisms underlying

seizure generation, maintenance and propagation. Several studies suggest that

seizures are very complex activities, and may even involve both synchronized and

desynchronized neuronal dynamics [2, 58, 60–64]. Schevon et al. [54] suggested

that the core area within the seizure onset zone had intense, hypersynchronous

tonic/clonic ictal patterns in human seizures; while the surrounding area showed

heterogeneous and unstructured firings.

In a review article published earlier in 2013, they showed that synchronization

in seizures depends on several factors, such as the spatial scale, which signals

were processed and the definition of synchrony [65]. Existing methods to measure

synchronization include cross-correlation, mutual information, spectrum-based

coherence, nonlinear interdependence, and phase synchronization [66–75]. The
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Figure 2.2: The rat hippocampus is indicated in yellow in the upper figure.
The lower part shows the hippocampus in both the lamellar and septotem-
poral directions. Figure adapted from Amaral and Witter [55].
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methods that give useful information about the interdependency of the signals are

chosen based on experience of the researches. This indicates that the definition

of synchronization needs to be clarified before application. Generally speaking,

synchronization measurements fall into two categories, linear and non-linear. Linear

correlation evaluates a linear relationship, while non-linear synchronization reveals

a non-linear functional relationship between the dynamics of two systems [76].

The most commonly used linear measurement of synchrony is cross correlation

[77–85]. Cross correlation studies the similarity of two waveforms; it has been used

to calculate the correlation between local feild potentials [66]. Two most commonly

used non-linear methods are time delays and phase synchronization. In recent

years, several phase synchronization methods have been proposed and applied

successfully to different types of data [17, 86]. Event synchronization, which is

based on time delays, has been used as a tool to determine seizure severity, as well

as the underlying network dynamics of seizures [17]. Schiff et al. [73] explained

that non-linear synchronization is a better candidate for complex neuronal systems,

such as seizures, than linear methods. However, the comparison of which method

(linear or non-linear) is better at detecting synchronization in epilepsy remains an

active and open area.

In this study, we were particularly interested in three different methods for the

measurement of synchrony (cross correlation, theta phase synchronization and

event synchronization). Since the neurons do not fire periodically like chemical

oscillators, the actual application of the phase model to neuronal firing data is

vastly more difficult. As we are interested in seizure activity in the hippocampus,

an underlying clock for our phase model was needed. Theta oscillations are a

prominent 4-10 Hz rhythm in the hippocampal local field potential [87], and it

play an important role in modulating spiking and act like the internal clock of
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the hippocampal circuit[88–90]. Theta phase synchronization was designed to

use theta oscillations to investigate the synchrony of hippocampal high frequency

firing. Theta phase increases linearly from the trough of one spike in the theta

oscillations to the next. The firings during the seizures are assigned with theta phase

values, which are between 0 and 2π. A phase distribution is created for each seizure.

Shannon entropy is used to calculate the order of a phase distribution, which is

then used to describe the synchrony of the system. If the temporal relationship

between the neuronal firings and theta rhythm is random, then phase distribution is

uniformly distributed. However, if the firings have a preferential relationship with

the theta rhythm, the phase distribution is unimodal, bimodal or multimodal. For

the simplest cases, if the neurons fire strictly at a specific theta phase, the neurons

are said to be phase locked [91]. For more complicated cases, if the neurons oscillate

faster than the frequency of the theta rhythm, a progressive phase precession of

firing is observed [92]. Due to this phase precession phenomenon, two cells with

partially overlapping fields will fire at specific but different phases of the ongoing

theta oscillation.

The definition of event synchronization is less stringent, where synchronization

only implies that defined events are occurring simultaneously, or near simulta-

neously, in time. Action potentials are defined as discrete events in time and

synchronization is calculated from the near-simultaneous occurrence of action

potentials within a small time window. The advantage of event synchronization is

that it is not affected by frequency changes during bursting activity.
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2.6 Anti-Epileptic Drugs

In the past decade, the mechanism and behavioral effects of various antiepileptic

drugs (AEDs) have been studied intensely. We were particularly interested in two

drugs, phenytoin (PHT) and levetiracetam (LEV).

Phenytoin was introduced in the 1930s [93]. It is a very effective anticonvulsant

drug in controlling a wide variety of seizure disorders [94]. Phenytoin obstructs

recurrent action potentials by blocking voltage-dependent sodium channels [20, 94].

In the electrical kindling model, phenytoin is a powerful suppressor of limbic

behavioral seizures and afterdischarges that are elicited by brief stimulation trains

[46].

Levetiracetam (LEV) is a relatively new antiseizure drug. It is an effective and

well tolerated adjunctive therapy for refractory focal seizures [95, 96]. LEV has

multiple mechanisms of action [97, 98]. Relevant to this research, it has been shown

to bind to synaptic vesicle protein 2 (SV2) [99]. Loss of SV2 reduces the release

probability of action potentials, which means that synaptic strength is decreased

specifically during high frequency firing, like bursting activity [100]. It has been

shown in some in vivo kindling models to reduce the severity and duration of

seizures [101, 102].

Although, previous works have revealed changes in the behavioral seizure scores

and duration of after-discharges after phenytoin and levetiracetam treatments [46,

101–103], the changes in neuronal synchronization with anti-epileptic treatment

have not been fully investigated and are poorly understood.
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2.7 Scope and Outline of this Dissertation

The goal of this dissertation was to examine synchronization in the CA1 cell

layer in an electrical kindling model of temporal lobe epilepsy in rats.

Chapter 3 examined a technique called the microelectrode array, which was

used to record groups of neuronal firings during electrically evoked seizures in

anesthetized rats.

Chapter 4 studied synchronization in both lamellar and septotemporal directions

in hippocampus CA1 region in awake rats. The dynamic synchronization and

propagation of neuronal firings along both the lamellar and septotemporal axes

during evoked seizures were analyzed by the same methods. Distinct firing patterns

were seen along the lamellar axis of hippocampal CA1 region, but not along the

septotemporal axis. Both theta synchronization and event synchronization showed

that as kindling progressed, synchronization increased in the lamellar direction.

Chapter 5 demonstrated the effects of two conventional AEDs, with different

mechanisms, on synchronization. Both of the AEDs attenuated the synchronization

of neuronal firings. These changes were statistically significant changes in the

synchronization level after both AEDs treatments.
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Chapter 3

Experimental Methods

3.1 Subjects

All experiments were performed in accordance with the National Institutes of

Health’s Guide for the Care and Use of Laboratory Animals, and were approved by

University of Virginia Animal Care and Use Committee (ACUC).

Adult male Sprague-Dawley rats, weight 250-300g, were used for all experiments.

They were housed two per cage on a light/dark cycle in a temperature-controlled

room with access to water.

3.2 Electrode Design

Bipolar electrodes were constructed from two equal length 500 µm stainless-steel

coated wires (A-M System). The wires were twisted and cut at an angle to prevent

short-circuiting between the tips.

The microelectrode array was fabricated from 8 strands of 50 µm nichrome

coated wires (A-M System).
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The procedure used to fabricate the electrode array is as follows: All wires were

lined up with the tool, and then glued together (See Figure 3.1). Several hours were

allowed for the glue to harden. The tips were cut transversely with sharp scissors so

that the tips were at the same surface level. Adjacent electrodes were separated by a

spacing wire (50 µm nichrome coated wire). Before implantation, the electrodes

tips were examined under microscope to make sure no superglue was present at the

exposed surface. The impedance of each electrode was typically 25-40 KHz. Figure

3.1(bottom) shows the dimensions of the wire and resulting electrode configuration.

The common reference was a stainless steel wire placed in the skull or scalp, and

the potential difference was measured with respect to the common reference.

Each electrode was attached to a lightweight head-stage and connected to the in-

put of a customized operational amplifier. The outputs of the operational amplifier

were connected to the analog inputs of a recording amplifier.

3.3 Survival Surgery

During the electrode placement, the rats were anesthetized with urethane (1000

mg/kg) or isoflurane, placed in a Kopf stereotaxic frame, and maintained on a

heating pad (37 ± 0.5 ◦C). The surgical area was shaved, cleaned with povidone-

iodine, and prepared for aseptic surgery using the following protocol:

1. A single incision was made along the midline of the scalp to expose the skull,

and the skin was propped open. Small hemostats were used to hold the skin

open. The periosteum was removed from the scull by scalpel blade.

2. Four small holes were drilled for screws, which were in contact with dura

mater. Stainless screws were inserted into the skull to stabilize the electrodes.
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Figure 3.1: (Top) Drawing of the electrode construction. The tips were
cut transversely with a sharp knife and examined under microscope to
make sure no superglue was attached on the cross section surface. (Bottom)
Dimensions of the outer and inner diameters of the wire.

3. The cranium were drilled to accommodate the electrode arrays. The under-

lying dura mater was pierced to accommodate electrode insertion without

producing compression of the brain. The skull was dabbed with saline until

all the bone dust was removed.

4. A bipolar stainless-steel stimulating electrode was placed in the CA3 at the

coordinates described in the next section. The microelectrode array was then

implanted, and its final coordinates tuned to the appropriate site via the

method described in Electrode Placements.

5. A layer of dental cranioplastic was used to cement the electrodes, screws
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and cranium to each other, in order to prevent any shifting. The electrodes

outgoing connector was embedded in cranioplastic as well, in order to form a

mechanically stable cap.

6. The scalp was restored around the cap using a single staple at the rear of the

incision.

Recording began immediately after electrode implantation in the anesthetized rat

studies. In the freely moving studies, the animal received ketoprofen, 10 mg/kg,

i.p for analgesia following the surgeries and were allowed 7-10 days recovery after

surgeries before being used in an experiment.

3.4 Electrode Placements

A bipolar electrode (500 µm coated stainless-steel wires, A-M Systems) was

stereotactically implanted for stimulation in hippocampal CA3 region (A, -3 mm; L,

3.5 mm; V, 2.5-3.0 mm below dura). A microelectrode array was implanted in the

contralateral hippocampal CA1 region (A, 3.0 mm; L, 2.0 mm; V,2-2.5 mm below

dura) along the transverse or longitudinal hippocampal axis for field recording (see

Figure 3.2 (Left)). The microelectrode array was fabricated from 8 strands of 50 µm

coated nichrome wires (10 µm coating, A-M System). The recording sites are 100

µm apart from center to center. Responses to perforant pathway stimulation were

used to find the optimal microelectrode array position to record CA1 pyramidal

cell firing. Electrode positions were confirmed via histological examination, as

described below. A coated stainless steel wire (1 mm, A-M System) was placed in

the skull or scalpel to serve as a common reference electrode.
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Figure 3.2: (Left)Schematic figures of the microelectrode array placement in
the hippocampal CA1 cell layer. (Right)Diagram of the dynamic recording
apparatus. Stimulation from the pulse train stimulator is applied to the
animal. EEG signal is recorded and fed into the real time computer through
an amplifier.

3.5 Recording and Data Acquisition

The animals were enclosed in a metal mesh cage that was connected to the

ground of the system in order to decrease electrical noise. The signals from the

microelectrode array were buffered with an operational amplifier attached to a

lightweight head-set (gain=1). The operational amplifiers were connected to 4-

channel amplifiers (A-M systems, model 1700) via flexible cables, through a rotating

commutator. The analog output port of the amplifier was connected to an analog

input channel of the DAQ system. The DAQ system consisted of two computers, a

real-time controller and a LabVIEW-based host computer. The controller utilized
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a high-speed FPGA processor to acquire data at a 25 KHz sampling rate, yielding

a resolution of 40 µs. The LabVIEW-based host computer was used for the post-

processing and visualization of the experimental data (see Figure 3.2 (Right)).The

recording was continuous before, during, and after the electrically kindled seizures.

All channels of the microelectrode array were recorded from 1 Hz to 1 KHz and

later on passed through a high-pass filter of 300 Hz for off-line high frequency firing

analysis.

3.6 Seizure induction

For anesthetized rats, stimuli trains (10s, 50Hz, 0.5ms biphasic pulses) were

delivered at 15 minute intervals, for a total of 12 times. Recordings were obtained

continuously before, during, and after electrically evoked seizures.

A rapid kindling protocol was used for freely moving rats. According to the

protocol, stimuli trains (10 seconds, 50 Hz, 1 ms biphasic pulses) were delivered at

30 minutes intervals 10 to 12 times per day. The rats were stimulated every other

day to avoid artificial after-discharge threshold elevation. The kindling threshold

was determined for each animal by checking for the presence of an after-discharge

(ADD) and was varied from 400 µA to 800 µA. To determine the after-discharge

threshold, we started with a low intensity (400 µA). Intensity was then increased

until a seizure was trigged. ADDs were measured from the end of the stimulus

to the termination of the after-discharge. The five point behavioral seizure score

(BSS) system was utilized to rank the degree of seizure severity (see Table 3.1) [104].

The animals were required to demonstrate 3 to 6 Stage 5 seizures in succession to

be considered fully kindled. Recordings were obtained in the same manner as the

anesthetized animals.
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Table 3.1: The Racine five point behavioral seizure score

Stage Behavior
1 Mouth and facial movement
2 Head nodding
3 Forelimb clonus
4 Rearing with forelimb clonus
5 Rearing and falling with forelimb clonus (generalized motor convul-

sions)

3.7 Anti-epileptic Drugs

Before the treatment phase, it was verified that all the animals were fully kindled,

means that at least three kindled stage 5 seizures had occurred consecutively. Four

animals received 1 dose of phenytoin 75 mg/kg, and another four animals received

1 dose of levetiracetam 125 mg/kg. Drug doses were based on the basis of prior

studies on the behavioral effects of these drugs [53-55].

Phenytoin (Sigma Chemical Co., St. Louis, MO) was dissolved in Dimethyl

sulfoxide (Sigma Chemical Co., St. Louis, MO). Levetiracetam (Sigma Chemical Co.,

St. Louis, MO) was dissolved in 0.9% sodium chloride solution. Both drugs were

given i.p. 10 minutes after the fully kindled seizure and 30 minutes before the next

stimulation.

3.8 Histology

After the recording was completed, the animals were sacrificed via CO2 as-

phyxiation. The brains were removed and stored in a solution of 1% potassium

ferricyanide and 4% paraformaldehyde in 0.1 M phosphate buffer at 4 ◦C for at

least one night. Potassium ferricyanide was used because it reacts with residual

iron from the electrodes to form prussian blue, thus aiding in the confirmation of
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electrode placement. Brains were then frozen and sectioned perpendicular to the

septotemporal axis (on a sliding microtome) to a thickness of 40 µm. The electrode

locations appeared as azure spots on the slices. The location of the recording sites

was confirmed for all animals used in this study.

3.9 Synchronization and Propagation Measurement

In neuronal synchronization, firing events from different neurons occur at the

same time, or at least within a short time frame. Synchronization of the network of

pyramidal neurons can rapidly occur because of extensive positive feedback that

is mediated by recurrent axon collateral in the CA3 region. Synchronization in

the CA1 region occurs when inhibition is suppressed. Pyramidal neurons have

intrinsic bursting properties and can rapidly synchronize and propagate bursts,

resulting in seizures [22]. This makes the CA1 region a good target for the study of

synchronization of neuronal firings. In this study, we implant the microelectrode

array in the CA1 region. The microelectrode array enables simultaneous recording

in multiple sites, which can be analyzed for their functional interactions, such as

synchronization and propagation [7]. Neurons are connected to each other through

sprawling and interwoven networks. Many studies have shed light on synchroniza-

tion and seizure propagation within such neuronal systems [6–9, 54]. However,

there is no consensus as to which quantitative measurement of synchrony is the

best way to define relationships within brain regions. Existing methods include:

cross-correlation, mutual information, spectrum-based coherence, nonlinear inter-

dependence, and phase synchronization [6–9, 54]. In this study, various techniques,

including phase synchronization and event synchronization, are compared in order

to find the most robust measurement of synchrony.
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3.9.1 Cross Correlation

Conventional approaches to identify the synchronization of firings are based on

the use of cross correlation techniques, applied to groups of neuronal activities. In

this dissertation, cross correlation represents a time-averaged correlation among the

firing events of the participating neurons. Cross correlation is a standard method of

estimating the degree to which two time series are correlated. Consider two time

series x(i) and y(i) where i=0,1,2...N. The cross correlation coefficient r is defined as

r =

∑
i

(xi −mx)(yi −my)√∑
i

(xi −mx)2
√∑

i
(yi −my)2

(3.1)

where mx, my are the means of the corresponding time series, and N is the

number of samples in the time series. The analysis is based on field potentials that

are produced by synchronous activity in groups of neurons close to each recording

electrode of the microelectrode array. Correlation coefficients for two channels of

firings were calculated across the duration of the seizure. The correlation between

two groups of firing was measured by the value of coefficients.

3.9.2 Theta Phase Synchronization

The theta rhythm, a hippocampal network pattern in the 4-10 Hz frequency band,

is often recognized as the defining electrophysiological signature of hippocampal

activity during temporal coding/decoding of active neuron ensembles. The extracel-

lular currents underlying theta waves are generated mainly by the entorhinal input,

CA3 Schaffer collateral, and voltage-dependent Ca2+ currents in pyramidal cell

dendrites [105]. It is important to reveal the relationship between synaptic activity

(as reflected by field theta oscillation) and local high frequency neuronal firings
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Figure 3.3: The top trace is EEG signal and the bottom trace is theta oscilla-
tion.

[105, 106].

The EEG signal was band-pass filtered between 4-10 Hz to extract the theta

oscillation. The theta cycle is defined as the time between two adjacent negative

peaks in the theta oscillation (Figure 3.3). Theta phase is linearly increased from

0 to 2π from the peak of one negative peak to the next. For this definition of

synchronization, the change in the phase is of interest, and amplitude is largely

irrelevant.

In the case of neuronal firings, the peaks of action potentials were assigned

with theta phase values that were determined by the firing time within that phase

window (Figure 3.4).The propagation pattern in hippocampus CA1 region was

evaluated by calculating the phase differences between groups of firing. The phase

difference can be any value from 0 to 2π.
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Figure 3.4: The waveform is the theta oscillation. The red dotted lines
indicate the negative peaks of the theta oscillation. The theta cycle is
defined as the time between two negative peaks. Each time point is assigned
with a theta phase value from 0 to 2 π via linear interpolation.

The Shannon entropy is a standard measurement of the order state of a sequence

of data (in this case, the theta phase data during a seizure). It quantifies the degree

of skew in the distribution. Therefore, Shannon entropy was used to quantify the

order of theta phase distributions.

The phase synchronization between two oscillating elements was calculated by

Shannon entropy (S):

S = −
∑
i

pi lnpi (3.2)

with Smax = lnM, where M is the number of bins and pi is the probability of the

phase difference being in the i-th bin. For complete desynchronization, the value is

zero.
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3.9.3 Event synchronization

This measurement of synchrony is less stringent, it only implies that defined

events are occurring simultaneously or near simultaneously in time. Event synchro-

nization (ES) is used to quantify the degree of synchronization of events in two time

series, such as rat EEG signals [17]. ES quantifies the number of times an event

occurs in two time series within a small window and does not require the notion

of phase. Given recordings from two electrodes of the microelectrode array, time

series x and y, the event times are defined as txi and tyj . Action potentials that occur

in both signals within a time interval ±τ are considered to be synchronized. The

number of times an event appears in x shortly after it appears in y is defined as

cτ(x|y) =
nx∑
i=1

ny∑
j=1

Jτij (3.3)

with

Jτij =


1, if 0 < txi − t

y
j ≤ τ

1/2, if txi = tyj

0, else

(3.4)

where nx is the number of action potentials in neuron x, and ny is the number of

action potentials for neuron y, with i = 1, . . . ,nx and j = 1, . . . ,ny . The values of

cτ (x|y) and cτ (y|x) are then combined symmetrically (Q) and antisymmetrically (q):

Qτ =
cτ(y|x) + cτ(x|y)
√
nxny

(3.5)

where Qτ is the strength of the ES. Qτ varies from 0 to 1 with 0 being no synchro-

nized events and 1 being completely synchronized events.



CHAPTER 3. EXPERIMENTAL METHODS 27

3.10 Statistics

The minimum level for determining significance was p <0.05 for all statistical

tests performed. Different numbers of stars (∗, ∗∗, and ∗∗∗) represent the levels of

statistical significance. ∗ denotes p <0.05; ∗∗ denotes p <0.01; and ∗∗∗ denotes p

<0.001. Data was reported as mean ± SD unless noted otherwise. The statistical

tests used were the Student’s t-test (MATLAB), ANOVA (MATLAB) and the Kruskal-

wallis test (MATLAB) as noted in the text and figures. Post-hoc multicomparison

tests were done using the Tukey method (MATLAB). The Kolmogorov-Smirnov test

(MATLAB) was used to test whether the difference in spike rate during different

epochs was significant.
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Chapter 4

Synchronization along the CA1

Lamellar Axis in Anesthetized Rats

The purpose of this study was to test the effectiveness of the microelectrode array

at recording neuronal firings during electrically evoked seizures in anesthetized

rats. Additionally, we used three measurements of synchrony to understand the

dynamic properties of neuronal firings during seizures.

4.1 Microelectrode Array

To test this technique, a microelectrode array, which consists of a linear array

of four electrodes, was implanted in hippocampus CA1 in depth. This design was

based on the theory that extracellular field potentials are local current sinks, or

sources, that are generated by the collective action potentials of many neurons [108].

A negative wave corresponds to a current sink, which is caused by positive charges

entering cells through postsynaptic glutamate receptors, while a positive wave is

generated by the current that leaves the cell (at the cell body) [109, 110].
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Figure 4.1: Waveform information is necessary for electrode placement.
(A) Four channels of band-pass filtered data (300-4000Hz): An electrically
evoked seizure was immediately recorded after 10s of stimulation. (B) Wave-
form of a single spike recorded by the microelectrode array. (C) Schematic
figure of the microelectrode array placement along the somatodendritic axis.
The figure was adapted from frontalcortex.com [107]

As shown in Figure 4.1 C, the microelectrode array was placed in a vertical

manner along the somatodendritic axis along the hippocampal CA1 cell layer. The

top trace shows a seizure recorded by a microelectrode array. The field potentials

recorded at various positions along the soma and dendritic tree are shown on the

bottom. The waveform of the spike varied as a function of distance from the cell

body. The population of spikes (star) was negative when recording from the cell

body layer. This observation supports the assumption that the waveform of a single

spike can be quite different depending upon the recording site. Also, the fact that
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the waveform changes with electrode advancement along the somatodendritic axis

can be used as a guide for the electrode placements. The electrode array was placed

in the cell body layer for following experiments.

4.2 Electrically Evoked Seizures

For anesthetized rats, firing activity was rarely seen in baseline EEG data. After

several hours of kindling, varying with the individual rat (n=6) and its response

to anesthesia, recurrent seizures were observed. The first recording started after

2 hours of kindling. EEG was recorded at 25 KHz by a microelectrode array in

hippocampal CA1 along the lamellar axis. As shown in Figure 4.2, a 10s stimulation

train was followed by 21 seconds of bursting activity. The duration of this bursting

activity is called after-discharge duration (ADD). When the synchronous spiking

died out, the EEG signal returned to the baseline amplitude.

Among 72 seizures recorded in six rats, the average ADD increased slightly as

additional stimuli were delivered (see Figure 4.3). However, there was a slight

increase of ADD over the time. There are several reasons why we did not observe a

rapid increase in the ADD. Firstly, since the rats were under anesthesia, the kindling

threshold varied substantially from rat to rat. This means that several rounds of

testing stimulus were required to reliably evoked seizures. Secondly, we started

to record after repeated seizures were observed, which about 1 to 2 hours into

kindling was. Some of the rats generated relatively stable and consistent seizures

after only a few exposures to the stimulus; while others were comparatively hard

to kindle. The ADD was found to vary considerably from rat to rat, despite using

the same kindling protocol. This was not surprising because the ADD is dependent

upon the metabolic state of the neurons, which varies between rats. In general,
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Figure 4.2: EEG of an evoked seizure in anesthetized rats (Top) EEG record-
ing : A seizure recorded in the anesthetized rat. (Bottom) Expanded segment
of the top trace. The bursting activity has a characteristic spike-and-wave
shape. A high amplitude fast wave (spiking) was followed by a much lower
amplitude slow wave.

the stimulation protocol successfully generated seizures whose ADD progressively

lengthened with recurrent exposures to the stimulus.

4.3 Synchronization

Seizures are believed to represent synchronized neuronal activity. The most

relevant features to quantify synchrony are phase and frequency. As for our syn-
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Figure 4.3: ADD increased over a number of stimuli.

chronization analysis, we were interested in the high frequency components during

seizures. In order to measure these features, the raw signal was first band-pass

filtered between 4-10 Hz to extract theta oscillations. The microelectrode array

signals were passed through a band-pass filter between 300 to 4000 Hz for high

frequency firing analysis (Figure 4.4). Expanded segments of a single spike are

shown in the bottom; the waveforms of three firing events are on the same time

scale. Similar waveforms were observed in all channels. During the early and

middle phases of seizures, the waveform of a given spike displayed small variations

between the four channels. By the end of a seizure, the amplitude of the firings

was smaller, and more waveform variations were seen in different channels. The

differences in amplitude and waveform observed from different channels suggest

that the four closely spaced electrodes record from different groups of neurons. The
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Figure 4.4: High frequency firing during an electrically evoked seizure in an
anesthetized rat. (Left top) An electrically evoked seizure was recorded by
the microelectrode array. All channels were filtered between 300 and 4000
Hz. The 10 seconds of stimulation is not included in this figure. The EEG
recording began immediately after stimulation. (Left Bottom) Expanded
view of the top trace. Waveforms did not change much until the end of the
seizure. (Right) Schematic figure of the microelectrode array placement
along the hippocampal CA1 lamellar axis.

amplitude difference also suggests that different numbers of neurons are recorded

by each electrode.

4.3.1 Cross Correlation

To start the analysis, correlation coefficients were calculated between every two

channels of the recording which was filtered between 300 and 4000 Hz. Cross

correlation coefficients were plotted as a function of time (See Figure 4.5). The

correlation coefficients started out at 0.61, fluctuated in the range of 0.61 to 0.82 then
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dropped to 0.53 at the end of the seizure. Figure 4.6 shows the cross correlogram

of pairs of channels during an evoked seizure. The mean correlation coefficients

between channels varied from 0.66 to 0.92. The cross correlation coefficients

increased from a relatively low value and deviated around the mean during the

middle phase of the seizure. For 5 out of the 6 pairs, the correlation coefficients

attenuated towards the end of the seizure, which indicates that the correlation

between the two time series became disrupted. Cross correlation successfully

demonstrates how the correlation level changes during a single seizure. Additionally,

it reveals that the correlation level varies as a function of the distance between the

recording sites. Pair 1-2, 2-3, 3-4 were next to each other, hence they were more

correlated than other pairs. Pair 1-4 was the furthest apart out of all pairs, and

consequently channel 1 and channel 4 were the least correlated. The differences

between different pairs’ correlation coefficients also lessened as the seizure carried

on. This suggests that the firings become more synchronized as the seizure continued

within the area local to the microelectrode array.

4.3.2 Theta phase Synchronization

The temporal relationship between neuronal firings and theta oscillations was

investigated to determine the structure of synchrony and propagation in the CA1 re-

gion. Theta oscillations function as a unique solution to the temporal segregates and

links neuronal assemblies. The temporal relationship of high frequency neuronal

firing to the hippocampal theta rhythm in electrically evoked seizures is illustrated

in Figure 4.7. Different color marks in the figure correspond to peaks of the firing

events in all four channels. The timing of the peaks varied from channel to channel.

Some peaks only appeared in certain time series, which indicates the neurons seen

by each electrode are different, but have some overlap. As mentioned in section 3.9,
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Figure 4.5: An example of the correlation profile between two channels
of the microelectrode array recording during a seizure in an anesthetized
rat.(A) Two channels of band-pass filtered data (300-4000 Hz) (B) Correla-
tion coefficients between the two channels are plotted with time.

Figure 4.6: An example of the correlation profile between all channels of
the microelectrode array recording during a seizure in an anesthetized rat.
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Figure 4.7: The top trace is the EEG signal of an electrically evoked seizure
recorded by one channel of the microelectrode array 5 seconds after stimu-
lation. The second waveform is the theta rhythm, which is the EEG signal
band-pass filtered between 4 and 10 Hz. The bottom dots are the raster of
peaks of the firings. Each vertical tick mark represents a peak of a spike, and
each row of tick marks represents the peaks of firing events in one channel
over 5 seconds.

theta cycle was defined as the time between two adjacent negative peaks in the theta

oscillation. Theta phase linearly increases from 0 to 2π, from one negative peak of

the theta oscillation to the next. Each mark in the figure was assigned with a phase

value between 0 and 2 π. During an evoked seizure, theta phase distribution spread

between 0 and 2 π for each channel (See Figure 4.8). The high frequency firing had

a preferential relationship with the theta oscillations, with firings clustering around

1.8 π. This indicates the hippocampal CA1 neurons tend to fire around the troughs

of the theta oscillations.
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Figure 4.8: Theta phase distributions during an evoked seizure. For each
channel of the microelectrode array, the theta phase distribution is spread
between 0 and 2 π around a preferred theta phase. The theta phase distribu-
tion did not vary from channel to channel.

In order to understand the propagation pattern along the lamellar axis, phase dif-

ferences between channels were investigated. Figure 4.9 shows the phase difference

distributions between different channels. Firstly, the values of the phase differences

are very small. Secondly, all the phase difference distributions were negatively

skewed, which suggests that the firing recorded by one channel leads the other.

Peaks of the firings in channel 1 were always earlier than in the other channels.

By calculating the phase difference for all pairs, the firing pattern was shown to

propagate in a linear fashion, channel 1 → channel 2→ channel 3 → channel 4

(Figure 4.10). The major source of input to the hippocampus is the hippocampus

itself. The hippocampal CA3 is connected to CA1 by Schaffer collateral connections

(See Figure 2.1). Each CA3 pyramidal cell gives rise to highly collateralized axons

that follow both the transverse and oblique orientations of the CA1. This firing

pattern indicates the seizures were evoked by stimulating the hippocampal CA3
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Figure 4.9: The distributions of the phase difference between different
channels. Each histogram is the distribution of the theta phase difference
between two channels. All the distributions are skewed with a negative
mean and median, indicating that the high frequency firing recorded by one
channel proceeds the other.

and they propagate along the CA1 lamellar layer- starting from the part close to

CA3 and spreading out from there. The neuronal firings in CA1 were shown to be

synchronous, with a propagation pattern along lamellar direction from proximal to

distal in CA1 region.

4.3.3 Event Synchronization

The event synchronization was evaluated between all channels. A colormap of

the average event synchronization level was shown in Figure 4.11. The average Q

for each pair of channels is 0.77 ± 0.03(channel 1-2), 0.67 ± 0.02 (channel 1-3), 0.70

± 0.02 (channel 1-4), 0.69 ± 0.02(channel 2-3), 0.73 ± 0.02 (channel 2-4) and 0.81 ±

0.03 (channel 3-4). Synchronization was the highest between channel 1 and channel

2, channel 3 and channel 4. Other combinations did not show significant differences
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Figure 4.10: Schematic plot of the firing propagation pattern in hippocam-
pal CA1. The arrow indicates the direction of propagation, from channel 1
to channel 4 along the lamellar axis.

between each other (ANOVA). The event synchronization suggests that the degree

of neuronal firing synchrony in the small recording region is not homogeneous in

the lamellar direction.

4.4 Conclusion

The microelectrode array has shown that it has the ability to simultaneously

record from different groups of neurons. The underlying assumption is that each

electrode recorded from one small local group of neurons. The electrodes are
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Figure 4.11: An example of the event synchronization level of high fre-
quency neuronal firing. This is a 4 × 4 event synchronization strength
matrix. The columns and rows are indexed by the channel number 1-4 of
the microelectrode array.

spaced 50 µm from each other, which is the diameter of a pyramidal cell soma. The

firing figure showed that some neurons are recorded by two or more channels in

the recording. Because of this, it cannot be said that the recording is a single unit

recording. However, the goal of this experiment was not to count how many neurons

were represented by each electrode. What interested us was how high frequency

firing interacts and synchronizes in a small local region in the hippocampus CA1

cell layer. So, knowing that each electrode represents a small group of neurons was

sufficient for our analysis.

The kindling protocol successfully generated recurrent seizures in anesthetized

rats. The ADD of the evoked seizures increased with the number of stimulus

exposures for each rat. The average ADD varied substantially from animal to
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animal.

We also studied neuronal synchronization during electrically evoked seizures

in anesthetized rats. Three different synchronization measurements were applied

to examine different aspects of high frequency neuronal firing. (1) The cross

correlation showed that the firings was maximally correlated in the middle phase of

a seizure. Both the beginning and the end stage of a seizure were less correlated.

(2) Theta phase synchronization quantifies the synchrony level of each channel.

Shannon entropy is an indicator of the synchrony of the theta phase distribution.

All channels share a very similar theta phase distribution with a preferred firing

phase during kindled seizures. The phase distributions indicated that hippocampal

CA1 neurons tended to fire around the negative peaks of the theta oscillations.

Similar results were reported by Holmes et al. [9], who found that the hippocampal

pyramidal cells fired preferentially on the peaks of the CA1 theta oscillation. The

theta phase difference distribution reveals the propagation pattern in hippocampal

CA1 cell layer. We tested the lamellar hypothesis in this anesthetized animal

experimental setup and found that high frequency firing of hippocampal neurons in

the CA1 cell layer propagated along the lamellar axis and activated in a stripe-like

fashion. The propagation direction is from proximal to distal in CA1 region. (3)

Event synchronization determines the synchrony levels between channels in a small

recording area. It demonstrates that synchrony is a function of distance between

recording sites. Therefore the synchrony level was higher between the two closest

recording sites, and lower between the others.

Overall we proved that in the anesthetized rat, electrically evoked seizures

were not hypersynchronized along the lamellar axis because the synchronization

level varied temporally and spatially within a small local area. However, there

are several limitations to this experimental setup. Because the rats were under
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anesthesia, it is difficult to quantify the severity of the seizures through commonly

used methods, with the exception of the ADD. Additionally, both normal EEG

baseline and seizure activity were suppressed by the anesthetic drug. In order to

overcome these problems, the kindling protocol was altered for awake animals in

Chapter 5.
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Chapter 5

Synchronization along the CA1

Lamellar and Septotemporal Axes in

Awake Rats

The purpose of this study was to understand the structure of synchronization

and propagation in the hippocampal CA1 cell layer during electrical kindling

in awake rats. Multiple simultaneous extracellular recordings were performed

along the lamellar and septotemporal axes in the hippocampal CA1 cell layer. The

dynamic synchronization and propagation of neuronal firings along both axes

during evoked seizures were analyzed by using theta phase synchronization and

event synchronization. More details on these two methods are in section 3.9.

5.1 Evoked Seizures

We were interested in the temporal relationship between synchrony and seizure

severity. We were interested in determining how synchrony varies across a single
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seizure, and how synchrony changes during the kindling. Compared to chemocon-

vulsive methods, the kindling protocol was designed to electrically evoke seizures

periodically over a relatively long period of time in order to evoke epileptogenesis.

This method allows synchrony changes as kindling progresses to be investigated.

We delivered 10 minute long electrical pulse train stimulus to the hippocampal

CA3 region every half an hour. The evoked seizures were detected and recorded

immediately after the stimulus. After the first stimulus, an electroencephalographic

seizure was evoked and high amplitude rhythmic seizure activity was clearly visible

on all channels. Low-noise and artifact-free EEG recordings were selected for future

analysis. The morphology of the firings changed throughout the seizure. Particular

features of this EEG recording were enlarged to show temporal details (Figure 5.1).

The amplitude of the firing events attenuated at the end phase of the evoked seizure.

The electrodes in the microelectrode array were spaced by the placement of a 50

µm wire between each electrode, which is about the diameter of a pyramidal cell

body. There was also a thin layer of superglue applied to each electrode in order

to fix the electrode wires in place. The spike waveform changes between channels

during the evoked seizures showed that it is possible for the electrodes to record

from different groups of neurons in the densely packed CA1 pyramidal cell layer.

Our interpretation of our data is based on the assumption that each channel of the

microelectrode array recorded from a largely unique set of neurons, with minimal

crosstalk.
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Figure 5.1: (Top) An example of an electrically evoked seizure was recorded
in an awake rat immediately after 10 seconds of stimulation. The EEG was
filtered above 1 Hz. (Bottom a and b)Expanded views of two segments of
the EEG data, taken from the sections indicated by the arrows beneath the
top trace.

5.2 Behavioral Seizure Scores and After-discharge Du-

ration

In order to quantify the severity of the evoked seizures, two commonly accepted

measurements were used. One method was human categorization of the behavioral

seizure stage (in this case Behavioral Seizure Score). During the seizures, behaviors

were scored based on the Racine five-point method (see section 3.6). The other

measurement used was after-discharge duration.

Figure 5.2 showed an example of ADD and BSS progression across a four-day
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Figure 5.2: Behavioral seizure scores and after-charge duration increased in
severity during kindling.

kindling for one animal. Animals were kindled until they reached BSS 5. The

amount of time it took to accomplish this varied from rat to rat, averaging around

2-5 days (approximately 24-60 sets of electrical stimuli). However, behavioral

seizure stages demonstrated considerable volatility- sometimes relapsing to prior

stages and at other times temporarily leaping ahead. The kindling protocol was not

100% effective either, with 3 out of 23 rats failing to reach or maintain stage 5.

ADD increased rapidly on the first day of kindling, increasing from 57.5 to 92

seconds (60% increase). On days 2 and 3, the ADD did not substantially change,

averaging 92.3 ± 7.4 seconds. On day 4, when this rat was fully kindled, the mean

ADD was 93.8 ± 13.6 seconds. The relatively large variation was due to the fact

that after a long seizure, neurons need time to recover- hence longer seizures were
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typically followed by comparatively shorter ones.

5.3 High Frequency Firing

The signal from the microelectrode array was filtered between 300 and 4000 Hz

prior to synchronization analysis. In figure 5.3 and figure 5.4, segments taken

from microelectrode arrays in both the lamellar and septotemporal configurations

are shown. The neuronal firings taken from seizures that were recorded in both the

lamellar and septotemporal configurations were organized topographically. The

different recordings sites, which correspond to different electrodes of the microelec-

trode array, varied accordingly in their response latencies to the stimulation. In the

lamellar configuration, seizures showed a growing preference for high frequency

activities as the seizure progressed. Stage 5 seizures had substantially more high

frequency activities than the lower stage seizures. We observed high frequency

firing events throughout the seizure. While in the septotemporal direction, the

firing frequency of stage 5 seizures seemed to remain the same as that of stage 1

seizures. The firing frequency during seizures was quantified in next section.

5.4 Spike Rate

A peak finder (run by MATLAB) was applied to the filtered data to find all of the

peaks and troughs of the spikes. The code is attached at the end of this dissertation.

The peak finder was coded to find the local maximums and minimums. Spike

rate (the number of spike events in one second) was calculated during the evoked

seizures.

Figure 5.5 shows the spike rate distributions of stage 1 and 5 seizures in both the
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Figure 5.3: High frequency firing along the lamellar axis. EEG was filtered
between 300 to 4000 Hz to extract high frequency firing data. High fre-
quency firing during a stage 1 seizure (A) and a stage 5 seizure (B). The top
traces are one channel of the filtered seizure data. Bottom a and b traces are
expanded views of the top traces indicated by the arrows. The schematic
figure of the microelectrode array placement along the lamellar axis is on
the right.
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Figure 5.4: High frequency firing along the septotemporal axis. High
frequency firing during a stage 1 seizure (A) and a stage 5 seizure (B). The
top traces are one channel of the filtered seizure data. Bottom a and b traces
are expanded views of the top traces indicated by the arrows. The schematic
figure of the microelectrode array placement along the septotemporal axis
is on the right.
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Figure 5.5: Spike rate distributions during kindling. Spike rates of stage 1
and stage 5 seizures in the lamellar configuration (a, b) and the septotempo-
ral configuration (c,d).

lamellar and septotemporal configurations. The high frequency component (above

300 Hz) increased as the seizure stage advanced in both the lamellar and septotem-

poral configurations. For the lamellar configuration, the spike rate distribution of

the stage 1 seizures was significantly different from that of the stage 5 seizures (p

<0.05, Kolmogorov-Smirnov test). Conversely, in the septotemporal configuration,

there was no significant difference between the spike rates of the stage 1 and the

stage 5 seizures (p=1, Kolmogorov-Smirnov test).
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Figure 5.6: An example of the correlation profile between two channels of
the microelectrode array recording during seizures in awake rats. EEG data
and correlation coefficients are shown in (a and b) lamellar configuration
and (c and d) septotemporal configuration.
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5.5 Cross Correlation

Cross correlation coefficients were calculated between each channel, as described

in chapter 4. For a visual example of cross correlation, Figure 5.6(a) for the sake of

comparison, plotted two time series next to each other. And Figure 5.6 b graphed

the correlation coefficient against time. During an electrically evoked seizure,

the correlation coefficients rapidly increased from 0.42 to 0.84 during the first 8

seconds of seizure, stayed between 0.68 and 0.9 for the middle stage and dropped

to about 0.21 at the end of this seizure. Correlation was disrupted at the end of the

electrically evoked seizure, much like what was shown in anesthetized rats in last

chapter. This may suggest that correlation is an important factor in gauging both

the development of a seizure, and its natural inhibition.

In the septotemporal configuration, the correlation coefficients fluctuated ran-

domly between -0.29 to 0.33 throughout the duration of the seizure, as shown

in Figure 5.6 c and d. The negative correlation coefficients indicated that when

the voltage of one channel increased, the voltage of the other channel decreased.

Since these coefficients were quite small when compared to those of the lamellar

configuration, it is not surprising that that there was little-to-no correlation in the

septotemporal direction.

5.6 Theta Phase Synchronization

5.6.1 Oriented Along the Lamellar Axis

We recorded 150 evoked seizures from 6 animals with the microelectrode array

placed along the lamellar axis. Theta phase analysis of these seizures robustly

demonstrated that neuronal synchrony increased in the lamellar direction as kin-
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Figure 5.7: Shannon entropy attenuated as kindling progresses in the lamel-
lar configuration.

dling progressed. Shannon entropy was calculated to quantify the degree of order

in the theta phase distributions.

Temporally, figure 5.7 shows that Shannon entropy decreased significantly as

kindling progressed (p >0.05, ANOVA). As the BSS stage advanced from 1 to 5, the

entropy level dropped for all four channels. Shannon entropy was significantly

different between stage 1 and stage 5 in 3 out 4 channels (ANOVA, post-hoc)(See

Figure 5.8). The mean Shannon entropy was 1.95 ± 0.03 for stage 1 seizures, and it

decreased significantly to 1.51 ± 0.05 at the fully kindled stage (p <0.001, ANOVA).

The huge decrease in entropy quantitatively demonstrates that neuronal synchrony

increased in the small monitored area as kindling progressed. It shows that the

more severe the seizures are, the more synchronized the neurons are.

Spatially, Shannon entropy showed no significant differences between the four

channels during stage 1 and stage 5 seizures (p >0.05, both ANOVA and kruskalwal-

lis test). This indicates that the level of synchrony do not vary significantly within

the small recording area.
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Figure 5.8: Shannon entropy of stage 1 seizures are represented by the
black bar; and stage 5 seizures by the gray bar. Shannon entropy showed
no significant differences between four recording channels throughout the
kindling process. As the BSS stage advanced from 1 to 5, the entropy level
dropped for all four channels. Shannon entropy was significantly different
between stage 1 and stage 5 in 3 out 4 channels. (ANOVA, post-hoc)

The theta phase distributions of stage 1 and stage 5 seizures are shown in Figure

5.9. They showed that during the early stage of kindling, the phase value was

randomly spread between 0 to 2π, which indicates that the relationship between

CA1 cell firing and theta rhythm wadfs random. This even distribution suggests

that the likelihood that a given neuron will fire at arbitrary phase value x, is the

same as for any other values between 0 and 2π, which means that local neuronal

firings are unaffected by the underlying theta oscillations. For stage 5 seizures,

the phase distribution showed a preferred value of around 1.8π, which is close to

the troughs of the theta oscillations. This is very similar to the distribution seen

in anesthetized rats. The development of a preferred firing phase indicates that

local neuronal firings became more strongly influence by the slow theta oscillations.

Additionally, the marked transition from unaffected to strongly affected indicates

that firings have become more organized as the animal was kindled.
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Figure 5.9: Theta phase distribution showed a preferred firing phase for
stage 5 seizures. Theta phase distribution in the early stage of the kindling
(a) and late stage of the kindling (b). Circle plot of the data in a and b (c and
d respectively), graphed from 0 to 2π. All the dots represent firings during
seizures.

Theta phase differences were calculated between all pairs of the channels, which

in this case is 6 pairs. For the early stage seizures, all six distributions were

negatively skewed (see Figure 5.10). The median and mean were negative for all

distributions, which indicate that the firing recorded by one channel led the other

channel. The microelectrode array channels were marked from 1 to 4 when the

array was fabricated. The entire array was then implanted along the CA1 lamellar

axis, and placed so that channel one was close to the hippocampal CA3 region. The

neuronal firings recorded by the microelectrode array reveal propagation where
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Figure 5.10: In ealry stage seizures, theta phase difference distributions
among all pairs of the four channels are negatively skewed. This indicates
that there is a propagation pattern between the channels of the microelec-
trode array that progresses in a proximal to distal manner.

Figure 5.11: Theta phase difference distributions (a) in the early kindling
stage; (b) in the fully kindled stage. Both distributions are negatively
skewed, which means that the propagation pattern is sustained throughout
the kindling process.
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channel 1 leads channel 2 which leads 3 which leads 4. This pattern indicates that

the seizure originates in hippocampal CA3 as a result of direct CA3 stimulation,

and then propagates through the transverse extent of the monitored CA1 cell layer.

The direction of propagation is from proximal to distal. This result is similar to

what we have demonstrated in anesthetized rats.

The histograms of the theta phase difference distributions during both the

early and final stages of kindling are shown in Figure 5.11 as comparison. Both

distributions are skewed to the negative side. This implies that the propagation

pattern is preserved throughout the whole kindling process.

Theta phase difference is also an indicator of how synchronized the channels

are, because the distribution becomes progressively more skewed towards zero

as the animal is kindled. This means that fully kindled animals are much more

likely to exhibit simultaneous firing across all channels at the zero components of

the theta phase distributions. Because all channels share this increased preference

for, and probability of firing at, the zero component, this is evidence of increased

synchronized activity.

In conclusion, theta phase analysis shows that the neuronal firings along the

lamellar axis become more synchronized as kindling progresses, and that the firings

propagate from the proximal to distal electrode along the lamellar axis.

5.6.2 Oriented along the Septotemporal Axis

Seizures (n=145) were recorded within longitudinally placed microelectrode

arrays in 6 rats. In Figure 5.12, the average Shannon entropy did not show a linear

increase or decrease. Instead, it fluctuated up and down between 1.82 and 2.00.

The Shannon entropy was 1.9 ± 0.06 at the early kindling stage, and 1.88 ± 0.02 at

the fully kindled stage. There were no significant changes between the two stages (p
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Figure 5.12: Shannon entropy fluctuated as kindling progressed along the
septotemporal axis, but showed no significant changes between stages.

>0.05, ANOVA)(See Figure 5.13). Compared to the lamellar configuration, which

was 1.95 ± 0.03 for stage 1 seizures and 1.51 ± 0.05 for stage 5, the average Shannon

entropy remained relatively high throughout kindling along the septotemporal

axis. This means that the neurons did not become more synchronized as kindling

progressed.

In Figure 5.13, the Shannon entropy of the four channels did not show any

significant differences between each other during stage 1 or stage 5 seizures. (p

>0.05,both ANOVA and kruskalwallis test). This indicates that the synchrony level

was homogeneous in the small recording area throughout kindling. The neuron

groups recorded by each electrode were not distinguishable from each other.

The theta phase distributions were spread randomly between 0 and 2π at both

the early and fully kindled stage (Figure 5.14). The neuronal firings did not interact

with the underlying theta oscillations. Nor was a preferred firing phase observed in

the septotemporal direction.
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Figure 5.13: The shannon entropy of stage 1 seizures is represented by
the black bar, and the stage 5 seizures are represented by the gray bar.
There were no significant differences in Shannon entropy between stages or
channels.

Figure 5.14: Theta phase distributions were evenly distributed between 0
and 2 π, for both the early and fully kindled stages. A preferred firing phase
was not seen in either stage.

As for the theta phase difference distributions, all distributions were Gaussian

distribution regardless of stage (Figure 5.15). Theta phase difference distributions

did not reveal any rapid propagation in the septotemporal direction.

In conclusion, Theta phase analysis shows that synchrony between the neuronal

firings along the septotemporal axis did not show significant variation as kindling
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Figure 5.15: Theta phase difference distributions were Gaussian distributed
around zero, which means that there was no propagation pattern in the
septotemporal direction.

progressed. Also, there was no propagation pattern observed in the septotemporal

direction.

5.7 Event Synchronization

We analyzed all of the recorded seizures, and calculated the mean and standard

deviation of the event synchronization strength. It showed that neuronal firings

along the lamellar axis were more synchronized (ES strength=0.67 ± 0.19) compared

to septotemporal axis (ES strength=0.36 ± 0.18). They were significantly different

from each other (p <0.001, paired t-test) as shown in Figure 5.16

Event synchronization examined the synchrony between channels of high fre-

quency firing. In both the lamellar and septotemporal directions, channels 1 and

2, and channels 3 and 4 were more synchronized than other pairings (See Figure

5.17 and Figure 5.18). This was caused by the way the microelectrode array was
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Figure 5.16: Event synchronization was significantly higher in the lamellar
direction than septotemporal direction.

Figure 5.17: Event synchronization increased as kindling progressed along
the lamellar axis. The rhombuses represent stage 1 seizures, while the
squares represent stage 5 seizures.

fabricated. Channels 1 and 2, as well as 3 and 4 were closer to each other, as

there was an extra layer of superglue between channels 2 and 3. Therefore the

synchronization was the highest between channels 1 and channel 2, and channels 3

and channel 4.

In the lamellar configuration (See Figure 5.17), the strength of event synchroniza-
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Figure 5.18: Event synchronization showed no significant difference as
kindling progressed along the septotemporal axis. The rhombuses represent
stage 1 seizures, while the squares represent stage 5 seizures.

tion in pairs 1-3, 1-4, and 2-3 during the early stages of kindling were significantly

different from that of the fully kindled stage (p <0.05, ANOVA). In the septotempo-

ral direction, no significant differences in synchrony strength were seen between

the different stages of kindling (Figure 5.18).

5.8 Conclusion

In this chapter, we investigated the dynamic neuronal synchrony in a two dimen-

sional surface in hippocampal CA1 cell layer during electrical kindling in awake

rats. The rapid kindling model was deliberately picked for this study as it enabled

us to study the development of synchronization processed as synchronization across

successive seizure stages.

First, two commonly used seizure severity measurements were utilized, BSS

and ADD. The former, the BSS, divides the seizures into five stages based on
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animal behavior during evoked seizures. We were able to show that the rapid

kindling protocol successfully kindled the rats, resulting in advancing behavior

scores. While the latter, the ADD, shows a rapid increase during the first day of

kindling. It increases at a slower rate for the rest of the kindling.

Three synchronization measurements were applied to the high frequency firing

data: cross correlation, theta phase synchronization, and event synchronization.

Cross correlation shows that the high frequency firings were highly correlated along

the lamellar axis, but not the septotemporal. Both theta phase synchronization and

event synchronization quantitatively demonstrate that neuronal synchrony along

lamellar axis increased in the small monitored area as kindling progressed; whereas

no significant variations in synchrony were observed along the septotemporal axis.

Event synchronization demonstrated that firings along the lamellar axis were more

synchronized compared to those of the septotemporal axis.

Theta phase synchronization also revealed a distinct propagation pattern in

the hippocampal CA1. High frequency firing propagated from proximal to distal

along the lamellar axis; while no propagation pattern was observed along the

septotemporal axis.
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Chapter 6

Synchronization during

Anti-epileptic Drug Treatment

The purpose of this study was to test the effects of two anti-seizure drugs on

synchrony during electrically evoked seizures in freely moving rats. EEG recording

was accomplished via a microelectrode array implanted along the lamellar axis

in the hippocampal CA1 cell layer. This was done in a total of 8 animals across

two treatment groups (Phenytoin, n=4; Levetiracetam, n=4). To ensure that the

animals were fully kindled before drug treatment testing, the animals were exposed

to the stimulus until a minimum of three stage 5 behavioral seizures had been

recorded. After the injection, the same stimulus was delivered 8 more times, once

every 30 minutes for 4 hours (when the recording ended) to the CA3 region of the

hippocampus. Synchrony was measured in the same manner as before.
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Figure 6.1: After the phenytoin treatment, BSS dropped from stage 5 to
stage 1 or 2.

6.1 Phenytoin Treatment

6.1.1 Behavioral Seizure Scores and After-discharge Duration

In order to quantify the severity of evoked seizures, BSS and ADD were recorded.

Thirty minutes after the phenytoin injection, behavioral seizure stage dropped

from stage 5 to stage 1 or 2. As shown in Figure 6.1, BSS stayed at this reduced

level for 4 hours (until the end of the recording).

The after-discharge duration also showed a similar decrease (Figure 6.2). The

mean ADD was 39.6 ± 9.1 seconds for fully kindled seizures. Thirty minutes

after the phenytoin treatment, the ADD declined significantly to 7.8 ± 3.2 seconds.

This level of seizure duration was maintained over the remaining 4 hours of the
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Figure 6.2: After the phenytoin treatment, ADD was reduced to a lower
value.

recording. It did not increase with successive applications of the stimulus.

Both BSS and ADD demonstrate that the severity of seizures reduces after the

phenytoin treatment, and does not recover within 4 hours.

6.1.2 Spike Rate

The first thing we looked at with the high frequency firing data was the firing

frequency. The spike rate of the seizures before treatment was significantly different

from that of the seizures afterwards (p <0.05, Kolmogorov-Smirnov test) (See

Figure 6.3). The low frequency component (under 10 Hz) was significantly reduced

as a percentage of the seizure’s total frequency construction after the phenytoin

treatment. Correspondingly, the high frequency component (above 300 Hz) gained
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Figure 6.3: Spike rate before(a) and after(b) the phenytoin treatment.

percentage share. These low frequencies typically occurred in the time periods

between bursts, while the high frequencies tended to occur within. Therefore these

frequency shifts demonstrate an increased preference for bursting activities during

seizures in the phenytoin treated rats.

6.1.3 Theta Phase Synchronization

Theta phase analysis robustly demonstrates that neuronal synchrony decreases

after phenytoin treatment. Order, and therefore synchrony, was quantified by

calculating the Shannon entropy of the theta phase distributions. The Shannon

entropy of the evoked seizures was significantly different from that of the stage

5 seizures (p <0.05,ANOVA), for the first 2 hours after phenytoin treatment (See

Figure 6.4). The mean Shannon entropy increased for the first one and a half hours,

which indicates that after the treatment, the evoked seizures became significantly

less synchronized than the stage 5 seizures. After 2 hours, the Shannon entropy

recovered to the pre-injection level.

We compared the synchrony change with BSS and ADD changes. The theta

phase synchronization returned to pre-treatment level before BSS and ADD. This
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Figure 6.4: Shannon entropy increased after the treatment for the first one
hour and half and returned to the pre-injection level after 2 hours. The
red bar represents the Shannon entropy of the stage 5 seizures, while the
blue bars represent the entropy of the evoked seizures after the phenytoin
treatment.

indicates that the seizure behavior and duration are suppressed by phenytoin. Even

when the behavioral score and after-discharge duration remain at a low value, the

synchronization between the firings starts to come back.

The preferred firing phase value, which occurred around the trough of theta

oscillation, was lost after the phenytoin treatment (See Figure 6.5), and the theta

phase distribution became evenly spread between 0 and 2 π as well. This indicates

that synchrony was destroyed by the phenytoin treatment. However, the preferred

firing phase returned 2 hours later as synchrony returned to the pre-injection levels.



CHAPTER 6. SYNCHRONIZATION DURING ANTI-EPILEPTIC DRUG
TREATMENT 69

Figure 6.5: Theta phase distribution (a) before and (b) after phenytoin
injection. The preferred firing phase was lost after the phenytoin treatment.

Figure 6.6: Theta phase difference distribution before(a) and after(b) pheny-
toin treatment. Both distributions were negatively skewed. Also, the popula-
tion around 0 was reduced in the distribution after the phenytoin injection.

Theta phase differences were calculated between all possible channel pairings (a

total of 6). Firstly, all of these distributions were negatively skewed before and after

the phenytoin treatment (see Figure 6.6). The median and mean were negative

for all distributions, which indicate that the firing recorded by one channel leads

the other channel. The firings propagated through the transverse extent of the

monitored CA1 cell layer, from proximal to distal, which suggests that phenytoin

does not affect this propagation pattern. Secondly, theta phase distribution showed
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Figure 6.7: Event synchronization before(a) and after(b) phenytoin injec-
tion. The synchrony decreased after treatment for the first two hours, then
returned to the pre-injection level. The red bar represents the event syn-
chronization strength of the stage 5 seizures; while the blue bars represent
synchronization of levels of successive, post phenytoin treatment evoked
seizures.

a reduced population around 0 after the phenytoin injection, likely because there

was a longer time delay between recording sites due to the decrease in neuronal

synchronization.

6.1.4 Event Synchronization

In Figure 6.7, thirty minutes after phenytoin treatment, the event synchro-

nization strength was not significantly different from that of the stage 5 seizures

(p=0.097, ANOVA). However, by 1-2 hours post injection, the change had became
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significant (p <0.01, ANOVA). The mean synchrony attenuated and reached its

lowest value at about 1.5 hours post injection. Starting around 2 hours post injection,

synchrony values slowly began to return to pre-injection levels. This return trend

was also seen in the theta phase analysis.

Both theta phase synchronization and event synchronization showed that syn-

chrony decreased within the first 2 hours of phenytoin injection and returned back

to pre-injection levels within 4 hours of treatment. Conversely, BSS and ADD

remained at significantly reduced levels for the duration of the recording.

6.2 Levetiracetam Treatment

6.2.1 Behavioral Seizure Scores and After-discharge Duration

As with the phenytoin treated animals, the animals that received an injection of

levetiracetam (n=4) displayed a marked and rapid decrease in behavioral seizure

stage, falling from stage 5 at the time of injection, to stage 2 at the next application

of the stimulus (30 minutes later) (See Figure 6.8). But while phenytoin treated

animals maintained these low behavioral seizure stages for the remainder of the

recording, the BSS of levetiracetam-treated animals began to increase approximately

one hour after injection. By the end of the recording, 3 out of 4 rats had recovered

to stage 5 behavioral seizures.

The ADD also decreased significantly after the LEV treatment (Figure 6.9). The

mean ADD was 91.6 ± 20.3 seconds for stage 5 seizures. Thirty minutes after LEV

injection, the mean ADD reduced to 50.1 ± 13.7 seconds. However, unlike BSS,

ADD remained at reduced levels, averaging 45.3 ± 17.2 seconds at the end of the

recording, 4 hours later.
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Figure 6.8: After the LEV treatment, BSS dropped from stage 5 to stage 2
before recovering back to stages 4 and 5.

Figure 6.9: After the LEV treatment, ADD fell to lower values.
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Figure 6.10: Spike rate before(a) and after (b) the LEV treatment.

6.2.2 Spike Rate

The firing frequency analysis yielded similar results to that of the phenytoin

experiments. That is, treatment with LEV significantly altered the spike frequency

composition of evoked seizures (p <0.05, Kolmogorov-Smirnov test) (Figure 6.10).

The low frequency component (under 10 Hz) was reduced by the LEV treatment,

while the high frequency component (above 300 Hz) experienced an increase. This

is the same frequency shift observed in the phenytoin treated rats.

6.2.3 Theta Phase Synchronization

Theta phase analysis robustly demonstrates that neuronal synchrony decreases

after LEV treatment. Shannon entropy was calculated to quantify the order in theta

phase distribution. The Shannon entropy of the evoked seizures was significantly

different from that of the stage 5 seizures (p <0.001, ANOVA), for the first 2 hours

after LEV, as shown in Figure 6.11. The mean Shannon entropy increased for

the first one and a half hours after the treatment, which indicates that the evoked

seizures become less synchronized than the stage 5 seizures. However, this was
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Figure 6.11: Shannon entropy increased after the treatment for the first one
and a half hours before returning to the pre-injection levels. The red bar
represents the Shannon entropy of the stage 5 seizures, while the blue bars
represent the entropy of the evoked seizures after the LEV treatment.

temporary, as the mean Shannon entropy started to decrease and returned to the

pre-injection level after 3 hours.

We compared the synchrony change with BSS and ADD change. The theta phase

synchronization and BSS returned to pre-treatment level around the same time,

while ADD remained suppressed by LEV.

The preferred firing phase value, which occurs around the trough of the theta

oscillations, was lost after LEV treatment (Figure 6.12). The theta phase distribution

became evenly spread between 0 and 2 π after the injection. This indicates that

synchrony was destroyed by the LEV treatment. The preferred firing phase returned

3 hours after injection as synchrony recovered to the pre-injection levels.
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Figure 6.12: Theta phase distribution before(a) and after(b) after LEV in-
jection. The preferred firing phase was initially lost aft the LEV treatment,
although it returned 3 hours after injection.

Figure 6.13: Theta phase difference distribution before(a) and after(b) the
LEV treatment.

Theta phase differences were calculated between all possible channel pairings.

All six distributions were negatively skewed before and after LEV injection. It

indicated that the propagation pattern was not affected by the administration of

LEV, and that high frequency firing propagated from proximal to distal along the

lamellar axis. The theta phase difference distribution did not show a significant

difference before and after the LEV treatment (Figure 6.13). Nor was there a

significant difference between the mean, median or skewness of the distribution (p

<0.05, ANOVA). This stands in stark contrast to the phase difference distributions



CHAPTER 6. SYNCHRONIZATION DURING ANTI-EPILEPTIC DRUG
TREATMENT 76

Figure 6.14: Event synchronization before(a) and after(b) the after LEV
treatment. The synchrony decreased after the treatment for the first two
hours and then returned to pre-injection levels. The red bar represents the
event synchronization strength of the stage 5 seizures; while the blue bars
represent after LEV injection.

of the phenytoin-treated animals, where there were significant differences between

the before and after of treatment of the phase difference distributions.

6.2.4 Event Synchronization

In Figure 6.14, event synchronization fell to a lower value over the course of the

2 hours immediately following the LEV treatment, before slowly returning to its

pre-injection value.

The initial decrease in the strength of event synchronization (Q) was significant (p

<0.05, ANOVA) when compared to the behavioral stage 5 seizures, and it remained

so for the duration of the first two hours post treatment. After which Q returned to
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its pre-injection levels. This return to baseline is also apparent in the theta phase

analysis.

6.3 Conclusion

In this chapter, we present our findings from investigating dynamic neuronal

synchrony before and after two commonly used anti-epileptic drugs, phenytoin and

levetiracetam. Theta phase synchronization and event synchronization were used

to quantify the synchrony of neuronal firing along the lamellar axis before and after

drug treatment. Both synchronization measurements demonstrated that synchrony

decreased within the first 2 (approximately) hours of the phenytoin/levetiracetam

treatment before returning to pre-injection levels. The disruption of synchrony

leads to the disruption of the preferred firing phase for both treatments. The

preferred firing phase comes back as synchrony returns to its pre-injection levels.

Neither antiseizure drug affected the propagation pattern along the lamellar axis,

from proximal to distal.
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Chapter 7

Discussion

The goal of this study was to characterize the dynamic properties of neuronal

firings during epileptogenesis and seizures, and to quantify the synchrony of high

frequency firing by a linear measurement of synchrony, cross correlation, and two

non-linear measurements, theta phase synchronization and event synchronization.

We described and characterized the complex spatial-temporal synchrony structure

of evoked seizures in both anesthetized and awake rats. We also tested the effects

of two antiseizure drugs, phenytoin and levetiracetam, on seizure severity and

neuronal synchrony.

Neuronal activity during a seizure is complex, high-dimensional, nonlinear,

nonstationary, and noisy [111]. It has been hypothesized that seizures are the result

of hypersynchronous firing of neurons [56]. However, recent studies have sug-

gested that seizures may involve both synchronized and desynchronized neuronal

dynamics [2, 58, 60–64]. It is still unclear whether a seizure can be described as a

completely synchronized state, or if the mechanisms underlying generation, main-

tenance and propagation are more complex. This study yielded some interesting

results. We found that in the lamellar direction, neurons are maximally correlated
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during the middle phase of a seizure, while both the beginning and the end of a

seizure are less well-correlated. This indicates that neurons are not synchronized

at the same level throughout evoked seizures. Also, we found that neurons were

more correlated along the lamellar axis than those along the septotemporal axis.

This suggests that the firings of neurons were not homogeneously synchronized

across locations. These results imply that in contrast to the commonly held view,

seizures are not hypersynchronized activities, not in time and space, and lamellar

configuration might still hold as a useful concept in synchronization analysis.

The lamellar hypothesis argues that hippocampal cells are activated in a stripe-

like fashion, and that the principal excitatory pathways of the hippocampus are

organized in a lamellar fashion [50]. Recently, with the development of intact in vitro

hippocampal preparation, the intra-hippocampal epileptiform activity was shown

to propagate in both the lamellar and septotemporal directions [1, 5, 52]. However,

the lamellar hypothesis had not previously been tested in whole animals. To further

study seizure propagation in the hippocampal CA1 cell layer, we investigated

neuronal synchrony in both lamellar and septotemporal directions in awake rats.

The complex structure underlying seizure propagation was explored by theta

phase synchronization. We discovered that neuronal firings in the hippocampal

CA1 propagate along the lamellar axis, which is from proximal to distal in the

hippocampus CA1 region. Proximal CA1 is the part of CA1 that is close to CA3.

This pattern indicates that seizures originate in the hippocampal CA3 as a result of

direct CA3 stimulation, and then propagate through the transverse extent of the

monitored CA1 cell layer. However, no propagation pattern was observed along the

septotemporal axis. These findings suggest that neurons primarily propagate along

the lamellar axis during evoked seizures. Even more interestingly, we revealed

that the propagation pattern is preserved in the lamellar direction throughout
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the kindling process, while no rapid propagation pattern is observed, or emerges,

in the septotemporal direction. Therefore, for the first time, a two dimensional

propagation structure of neuronal firing was discovered during kindling. We

conclude that the lamellar organization remains a useful concept for understanding

the propagation of hippocampal neuronal firings during kindling.

Kindling is known to increase the afterdischarge duration and contribute to

epileptogenesis [112]. Even though kindling does not cause a large loss of neu-

rons in the hippocampus [47], it induces neuronal circuit reorganization (mossy

fibers sprouting from pre-existing axons within the hilus of the dentate gyrus and

along the dorsal-ventral hippocampal axis) and a variety of cellular alterations [45].

However, there has not been any study showing whether or how the structure of syn-

chrony changes during kindling in awake animals. We studied the spatial-temporal

structure of synchrony during the epileptogenesis process in both the lamellar and

septotemporal directions. Our study revealed that the synchrony level along the

lamellar axis increases as kindling progresses, and that no significant variation in

synchrony occurs along the septotemporal axis. It quantitatively demonstrates that

the synchrony of neurons increases only along the lamellar axis during the process

of epileptogenesis. It also indicates that the lamellar structure is an important

concept in hippocampal synchrony analysis.

We developed a novel synchrony measurement, theta phase synchronization,

by using theta oscillations as underlying clocks to investigate the synchrony of

high frequency firing. Since the neurons do not fire periodically like chemical

oscillators, for those who do not understand the underlying firing mechanism, the

actual application of the phase model to neuronal firing data is vastly more difficult.

Theta oscillations are essential for the normal functioning of the hippocampus and

function as a clock for hippocampal activity during seizures [88–90]. Therefore,
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theta oscillations are the perfect underlying clocks for the new synchrony method.

Theta phase synchronization revealed that the hippocampal CA1 neurons tend

to fire around the negative peaks of the theta oscillations along the lamellar axis

at the end of kindling, while having no preference at the beginning of kindling.

However, the neuronal firings did not interact with the underlying theta oscillations

in the septotemporal direction. No preferred firing phase was observed during

kindling. The development of a preferred firing phase along the lamellar axis

indicates that local neuronal firings became strongly influence by the slow theta

oscillations. Additionally, the marked transition from unaffected to strongly affected

indicates that the firings became more organized along the lamellar axis as kindling

progressed. Also, as previously shown, theta phase synchronization successfully

demonstrated that the synchrony level changes in the lamellar axis, but not in the

septotemporal axis, during kindling. In conclusion, we presented a new approach

to measure synchronization that is based on theta oscillations. This method gives an

easy visualization of synchronization and firing patterns. Lastly, we gained insight

into the temporal relationship between low frequency theta oscillations and high

frequency firing during electrically evoked seizures. This approach is promising for

the study of epileptic seizures, where synchronization is important and analysis of

the firing pattern of neurons is needed.

Antiepileptic drugs are primarily intended to prevent epileptic seizures. To

exhibit antiepileptic activity, a drug must act on one or more target molecules

in the brain. These targets include ion channels, neurotransmitter transporters

and neurotransmitter metabolic enzymes. The ultimate effect of these interactions

is the modification of the bursting properties of neurons which is thought to

reduce synchronization. Phenytoin obstructs recurrent action potentials by blocking

voltage-dependent sodium channels [20, 94]. Therefore, phenytoin should be able
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to reduce synchrony after treatment. LEV has multiple mechanisms of action

[97, 98], though it has been shown to bind to the synaptic vesicle protein 2 (SV2)

[99]. Loss of SV2 means that synaptic strength is decreased specifically during high

frequency firing, like bursting activities [100]. Since levetiracetam inhibits synaptic

excitation, it might also have an effect on synchrony. LEV has been shown in some

in vitro models to decrease synchronization [113]. However, the changes in neuronal

synchronization and propagation with AEDs treatment in awake animals have not

been fully investigated and are poorly understood. In this study, we examined

the effects of phenytoin and levetiracetam on synchrony and propagation during

electrically evoked seizures in freely moving rats.

We found that synchrony decreases within the first 2-3 hours of the phenytoin or

levetiracetam treatment before recovering to pre-injection levels, and the preferred

firing phase value, which occurred around the trough of the theta oscillation, was

lost after both treatments. This indicates that the synchrony level of neurons is

reduced by phenytoin and levetiracetam. We also observed that both ADD and

BSS were suppressed after the phenytoin and levetiracetam treatments. Similar

results were already shown in the kindling model [46, 101, 102]. What is new is

that the synchronization measurements showed that synchrony returned to pre-

treatment levels long before BSS or ADD. Therefore synchronization measurements

may be a better indicator of seizure severity, and a superior measurement as to

the effectiveness of a treatment, than ADD or BSS. As for seizure propagation, the

results showed that the firing propagation pattern remained the same, which from

proximal to distal through the transverse extent of the monitored CA1 cell layer,

after both treatments. It suggests that both treatments do not affect the propagation

pattern. In conclusion, phenytoin and levetiracetam attenuate the synchrony level

as we expected, but do not affect the propagation pattern along the lamellar axis.
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Chapter 8

Future Work

8.1 Neuronal Firing Patterns in the Dentate Gyrus and

Hippocampal CA1 during Seizures

Previous studies have been proposed that dentate granule cells act as a gate,

regulating hippocampal excitation [86, 114]. In contrast with pyramidal neurons,

dentate granule cells generate single action potentials and do not generate bursts.

They lack the recurrent connections necessary to synchronize and propagate bursts.

The major input to the hippocampus is via the perforant path, arising from layer

II of entorhinal cortex, innervating dentate gyrus (DG). Thus, within the normal

hippocampus, pyramidal neurons can generate and propagate seizures while den-

tate granule cells resist their spread [115]. The dentate gyrus is hypothesized to

act as a gate that filters the flow of information from the entorhinal cortex to the

hippocampus [115, 116]. The breakdown of this gating function of the dentate

gyrus is considered crucial for the occurrence of seizures [53, 117]. Voltage sensitive

dye imaging technique is utilized to monitor function of the DG in slices prepared

from epileptic animals, as entorhinal cortical afferents to the dentate gyrus are
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activated [118, 119]. In vivo work shows that under normal conditions the resis-

tance of the dentate gyrus to the development of epileptic discharges enables it to

retard seizures. However, in vivo work also demonstrates that under appropriate

conditions the dentate gyrus can support and sustain a robust and unique type

of paroxysm (MDA)[120]. Data from these studies illustrated that in both non-

epileptic and epileptic animals, these strongly inhibited dentate granule cells act as

a gate, regulating hippocampal excitation. The relationship between the CA1 and

DG firings during seizures would be helpful in investigating propagation pattern

from the DG to CA1.

As mentioned before, recurrent seizures induce neuron loss and reorganiza-

tion of neuronal circuitry with newly sprouted synapses. In the normal dentate

gyrus, mossy fiber axons project a dense plexus into the hilus and extend a single,

prominent axon into CA3. In temporal lobe epilepsy (TLE), the dentate mossy

fiber axons undergo prominent sprouting and expand their terminal fields into the

supragranular region of the inner molecular layer [121]. It is possible that the mossy

fiber sprouting might alter the synchrony and propagation between the CA1 and

DG. Studies have investigated CA1 pyramidal neuron density, pyramidal cell axonal

morphology, location and types of sprouted mossy fibers [121, 122]. However,

neuronal firing synchronization and propagation pattern in the hippocampal CA1

and DG in chronic epilepsy model have not been studied.

The future work could focus on using phase synchrony methods to analyze

propagation and synchronization between the DG and the CA1 regions during

electrically kindled seizures and recurrent spontaneous seizures of chronic epilepsy.

Two microelectrode arrays will be incorporated into the existing dynamic brain

recording apparatus to allow multi-region simultaneous recordings in the hip-

pocampus. Neuronal firing synchronization and the propagation patterns in the
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hippocampal CA1 and the DG will be studied by applying theta phase analysis

and event synchronization. The propagation pattern from the DG to CA1 during

spontaneous seizures of chronic epilepsy will be compared with that obtained in

electrically kindled seizures. The effect of mossy fiber sprouting on synchrony and

propagation between the CA1 and DG will also be investigated.

8.2 Deep Brain Stimulation

Antiepileptic drugs provide satisfactory control of seizures for most patients

with epilepsy [18]. However, the development of rapid refractoriness to these drugs

in status epilepticus (SE) [123] precludes successful management of the condition.

It is estimated that about one third of patients do not respond favorably to currently

available drug treatments and up to 50% experience major side effects of these

treatments [124]. Currently, deep brain stimulation therapy is being tested as an

alternative method to terminate seizures by de-synchronizing groups of neurons

with an external electrical stimulus [125–128]. This experimental progress is greatly

encouraging; however, it is not yet known what types of dynamic stimulation will

be most effective in producing optimal results.

The current stimulation paradigm is based on a predetermined pulse-train stim-

ulation waveform with a fixed frequency, amplitude and duration. This paradigm

does not account for the complex relationship among individual neuronal behavior

(waveform and response to stimulation), overall collective behavior, and degree of

synchronization leading to seizure [2].

Based on what have been discovered in this study, building a precisely engineered

stimulation paradigm will be promising.
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Appendix A

MATLAB Code for EEG Data Analysis

A.1 Spike Detection

1 function [maxtab, mintab]=peakdet(v, delta, x)

%PEAKDET find peaks in a time series

% [maxtab, mintab]=peakdet(v, delta , x) finds the local maxiam

% and minima in the vector v.

6

maxtab = [];

mintab = [];

v = v (:) ; % Just in case this wasn’t a proper vector

11

if nargin < 3

x = (1:length(v)) ’;

else

x = x (:) ;
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16 if length(v)˜= length(x)

error( ’Input vectors v and x must have same length’);

end

end

21 if (length(delta (:) ) )>1

error( ’Input argument DELTA must be a scalar’);

end

if delta <= 0

26 error( ’Input argument DELTA must be positive’);

end

mn = Inf; mx = −Inf;

mnpos = NaN; mxpos = NaN;

31

lookformax = 1;

for i=1:length(v)

this = v(i ) ;

36 if this > mx, mx = this; mxpos = x(i); end

if this < mn, mn = this; mnpos = x(i); end

if lookformax

if this < mx−delta

41 maxtab = [maxtab ; mxpos mx];

mn = this; mnpos = x(i);
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lookformax = 0;

end

else

46 if this > mn+delta

mintab = [mintab ; mnpos mn];

mx = this; mxpos = x(i);

lookformax = 1;

end

51 end

end

A.2 Theta Phase Synchronization

A.2.1 Assign Theta Phase

function [phase data,phase ch1,phase ch2,phase ch3,phase ch4]=theta dist(binWidth,

new,theta spikes position,spikes position 1,spikes position 2,spikes position 3,

spikes position 4)

% Assign theta phase value to all the peaks.

3 % new−−filtered data

% theta spikes position −−define theta cycle

% spikes position 1 ,2,3,4−−all the peaks

phase data=[];

8 phase data(:,1)=(1:length(new))’;

%give each time point a phase value

for k=1:theta spikes position(1)

phase data(k,2)=2*pi/theta spikes position(1)*k;
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end

13 for i=1:(length(theta spikes position)−1)

for j=theta spikes position(i ) : theta spikes position( i+1)

phase data(j,2)=2*pi/(theta spikes position(i+1)−theta spikes position(i) ) *( j−

theta spikes position(i ) ) ;

end

end

18 for z=theta spikes position(length(theta spikes position)) :length(new)

phase data(z,2)=2*pi/(length(new)−theta spikes position(length(theta spikes position))

)*(z−theta spikes position(length(theta spikes position)));

end

phase ch1=phase data(spikes position 1,2);

phase ch2=phase data(spikes position 2,2);

23 phase ch3=phase data(spikes position 3,2);

phase ch4=phase data(spikes position 4,2);

%plot theta phase distribution

subplot(2,2,1)

28 sort phase ch1=sort(phase ch1);

binCtrs=0:binWidth:2*pi;

counts1=hist(sort phase ch1,binCtrs);

bar(binCtrs, counts1/sum(counts1));

xlim([0 2*pi]) ;

33 ylim([0 0.15]) ;

set(gca, ’FontSize’,20)

set(gca, ’XTick’,[0 pi 2*pi])
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subplot(2,2,2)

38 sort phase ch2=sort(phase ch2);

binCtrs=0:binWidth:2*pi;

counts2=hist(sort phase ch2,binCtrs);

bar(binCtrs, counts2/sum(counts2));

xlim([0 2*pi]) ;

43 ylim([0 0.15]) ;

set(gca, ’FontSize’,20)

set(gca, ’XTick’,[0 pi 2*pi])

subplot(2,2,3)

48 sort phase ch3=sort(phase ch3);

binCtrs=0:binWidth:2*pi;

counts3=hist(sort phase ch3,binCtrs);

bar(binCtrs, counts3/sum(counts3));

xlim([0 2*pi]) ;

53 ylim([0 0.15]) ;

set(gca, ’FontSize’,20)

set(gca, ’XTick’,[0 pi 2*pi])

subplot(2,2,4)

58 sort phase ch4=sort(phase ch4);

binCtrs=0:binWidth:2*pi;

counts4=hist(sort phase ch4,binCtrs);

bar(binCtrs, counts4/sum(counts4));

xlim([0 2*pi]) ;

63 ylim([0 0.15]) ;
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set(gca, ’FontSize’,20)

set(gca, ’XTick’,[0 pi 2*pi])

A.2.2 Shannon Entropy

function [mean 1, mean 2, mean 3,mean 4] = mean ShanEnt(phase ch1,phase ch2,

phase ch3,phase ch4,window size,slide,number bins)

% Calculate shannon entropy for each channel

% phase ch1,2,3,4−−theta phase value for all the peaks

% Shannon Entropy=−sum(P.*log(P)); P−−probability of each bin

5

ShanEnt=[];

for i=1:round((length(phase ch1)−window size)/slide)

sample window=phase ch1(1+slide*(i−1):window size+slide*(i−1));

P= hist(sample window,number bins)/window size;

10 index zeros = find(P==0);

P(index zeros) = [];

ShanEnt(i)=−sum(P.*log(P));

end

mean 1=mean(ShanEnt);

15 ShanEnt=[];

for i=1:round((length(phase ch2)−window size)/slide)

sample window=phase ch2(1+slide*(i−1):window size+slide*(i−1));

P= hist(sample window,number bins)/window size;

20 index zeros = find(P==0);

P(index zeros) = [];

ShanEnt(i)=−sum(P.*log(P));
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end

mean 2=mean(ShanEnt);

25 ShanEnt=[];

for i=1:round((length(phase ch3)−window size)/slide)

sample window=phase ch3(1+slide*(i−1):window size+slide*(i−1));

30 P= hist(sample window,number bins)/window size;

index zeros = find(P==0);

P(index zeros) = [];

ShanEnt(i)=−sum(P.*log(P));

end

35 mean 3=mean(ShanEnt);

ShanEnt=[];

for i=1:round((length(phase ch4)−window size)/slide)

40 sample window=phase ch4(1+slide*(i−1):window size+slide*(i−1));

P= hist(sample window,number bins)/window size;

index zeros = find(P==0);

P(index zeros) = [];

ShanEnt(i)=−sum(P.*log(P));

45 end

mean 4=mean(ShanEnt);

A.3 Event Synchronization

% Event Synchronization
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function [sum J] = event synch(action potentials 1,action potentials 2 ,lag index)

4 % action potentials 1 , action potentials 2 −−peaks in two time series

sum J = 0; % Initialize variable

for counter = 1:length(action potentials 1) %Look at every action potential

9 %Verify that lag index is smaller than half the interval between 2 action potentials

if counter <= length(action potentials 1)−1

min lag = min([lag index,(action potentials 1(1,counter+1)−action potentials 1

(1,counter))/2]);

else

min lag = lag index;

14 end

%Find a action potential of 2 that is between the action potential in 1 and the

lag index

ind = find(action potentials 2 (1,:) <= action potentials 1(1,counter)+min lag &

action potentials 2(1,:) > action potentials 1 (1,counter), 1) ;

if isempty(ind)

19 %See if the action potentials in 1 and 2 have the same index

ind = find(action potentials 2 (1,:) == action potentials 1(1,counter), 1) ;

if isempty(ind)

J = 0; %No action potential in 2 after action potential in 1

sum J = sum J+J;

24 else

J = .5; %Action potentials occur at the same time
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sum J = sum J+J;

end

else

29 %Recalulate lag index

if ind>=2 && counter>=2 && counter˜=length(action potentials 1) && ind˜=

length(action potentials 2)

min lag = min([lag index,(action potentials 1(1,counter+1)−

action potentials 1(1,counter))/2,(action potentials 2 (1, ind+1)−

action potentials 2(1,ind))/2,( action potentials 1 (1,counter)−

action potentials 1(1,counter−1))/2,(action potentials 2 (1, ind)−

action potentials 2(1,ind−1))/2]);

elseif ind>=2 && counter==length(action potentials 1) && ind˜=length(

action potentials 2)

min lag = min([lag index,(action potentials 2(1,ind+1)−action potentials 2

(1,ind))/2,( action potentials 1 (1,counter)−action potentials 1(1,counter

−1))/2,(action potentials 2 (1, ind)−action potentials 2(1,ind−1))/2]);

34 elseif counter>=2 && counter˜=length(action potentials 1) && ind==length(

action potentials 2)

min lag = min([lag index,(action potentials 1(1,counter+1)−

action potentials 1(1,counter))/2,(action potentials 1 (1,counter)−

action potentials 1(1,counter−1))/2,(action potentials 2 (1, ind)−

action potentials 2(1,ind−1))/2]);

elseif ind<2 && counter<2

min lag = min([lag index,(action potentials 1(1,counter+1)−

action potentials 1(1,counter))/2,(action potentials 2 (1, ind+1)−

action potentials 2(1,ind))/2]) ;

elseif ind<2 && counter˜=length(action potentials 1)
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39 min lag = min([lag index,(action potentials 1(1,counter+1)−

action potentials 1(1,counter))/2,(action potentials 2 (1, ind+1)−

action potentials 2(1,ind))/2,( action potentials 1 (1,counter)−

action potentials 1(1,counter−1))/2]);

elseif counter<2 && ind˜=length(action potentials 2)

min lag = min([lag index,(action potentials 1(1,counter+1)−

action potentials 1(1,counter))/2,(action potentials 2 (1, ind+1)−

action potentials 2(1,ind))/2,( action potentials 2 (1, ind)−

action potentials 2(1,ind−1))/2]);

elseif counter==length(action potentials 1) && ind==length(

action potentials 2)

min lag = min([lag index,(action potentials 1(1,counter)−

action potentials 1(1,counter−1))/2,(action potentials 2 (1, ind)−

action potentials 2(1,ind−1))/2]);

44 elseif counter<2 && ind==length(action potentials 2)

min lag = min([lag index,(action potentials 1(1,counter+1)−

action potentials 1(1,counter))/2,(action potentials 2 (1, ind)−

action potentials 2(1,ind−1))/2]);

else %counter at end and ind<2

min lag = min([lag index,(action potentials 2(1,ind+1)−action potentials 2

(1,ind))/2,( action potentials 1 (1,counter)−action potentials 1(1,counter

−1))/2]);

end

49

%Find a action potential of 2 that is between the action potential in 1 and the

lag index

ind = find(action potentials 2 (1,:) <= action potentials 1(1,counter)+min lag
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& action potentials 2(1,:) > action potentials 1 (1,counter), 1) ;

if isempty(ind)

J = 0; %No action potential in 2 after action potential in 1

54 sum J = sum J+J;

else

J = 1; %Action potential in 2 is within the lag index of 1

sum J = sum J+J;

end

59 end

end
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Appendix B

List of Publications Based on the

Dissertation

1. Xin Ren, J.L. Hudson and J. Kapur, “Dynamic Emergence of Neuronal Syn-

chrony during seizures” J. Physiol., (in preparation).
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