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Epilepsy, one of the most common serious neurological conditions, is 

characterized by spontaneous recurrent seizures, the catastrophic synchronization of 

brain activity.  While anti-epileptic drugs are used as the first-line treatment, they fail in 

approximately 20 – 30% of patients.  Further, this failure rate is dependent on the type 

of epilepsy and its cause.  Malformations of the cortex have been highly correlated with 

epilepsy, with an estimated 75% of patients having a cortical malformation presenting 

with epilepsy at some point.  Further, cortical malformations are typically less 

responsive to drug therapies.  Although estimated to only exist in 14% of epilepsy 

patients, cortical malformations account for between 25 – 40% of all medically 

intractable childhood epilepsies. 

While the normally laminated cortex has been studied for over 100 years, only 

more recently has attention been devoted to the malformed cortex.  In order to study the 

role that cortical malformations play in epileptogenesis, animal models of cortical 

dysplasia, such as the in utero irradiated rat model, have been employed by 

researchers.  Unfortunately, the bulk of this work has been focused on histological and 
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intrinsic neuron property differences with little consideration given to the emergent 

network properties in dysplastic slices. 

In this work I utilized the in utero irradiated rat model to induce cortical dysplasia 

and compared electrophysiological differences between normal and dysplastic cortex 

using microelectrode arrays (MEAs).  Several metrics were used in the analysis and 

were categorized as classic, spatial, and novel.  Classic metrics were those used by 

previous researchers to compare epileptiform activity in dysplastic and normally 

laminated cortices and included ictal event lengths, ictal event distributions, and number 

of field potentials per ictal event.  Spatial metrics were those used by previous 

researchers to analyze normally laminated cortical slices but have not been applied to 

dysplastic slices or used to compare the two.  New metrics consisted of the application 

of Granger Causality methods to the data, which have been used previously in 

neuroscience, but not to compare functional differences between normal and dysplastic 

tissue.  

Results supported and expanded upon previous counter-intuitive and anecdotal 

evidence that low dose irradiated subjects are functionally more dissimilar from controls 

than high dose irradiated subjects.  This was evidenced by key classic and spatial 

metrics, such as mean number of ictal events per recording time, mean event length, 

mean inter-event interval, bias in LFP extrema peaks during events, and wave speed 

propagation through cortical layers.  Surprisingly, and of most potential clinical 

relevance, results from novel application of Granger Causality analysis to in vitro slice 

suggests that localized areas drive ictal activity when a dominant initiation site is absent 

and do not coincide with dominant initiation sites when present.  
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CHAPTER 1 
INTRODUCTION AND BACKGROUND 

Introduction 

Epilepsy is a chronic neurological condition characterized by spontaneous, 

recurrent seizures, the catastrophic synchronization of brain activity.  One of the 

common serious brain disorders (Hirtz et al., 2007), epilepsy is estimated to afflict 

nearly 1% of the population, including over 2.3 million Americans (Begley et al., 2000; 

Garnett, 2000) and approximately 50 million people worldwide (Scott et al., 2001). 

 Anti-epileptic drugs (AEDs), such as carbamazepine and phenytoin, serve as the 

first-line treatment of epilepsy (Chisholm and WHO-CHOICE, 2005).  In most cases, 

these pharmacological agents are able to reduce both the frequency and severity of 

seizure events.  Unfortunately, between 20-30% of patients are unresponsive to 

pharmacological treatment. (Leppik, 1992; Kwan and Brodie, 2000; French et al., 2004).  

Additionally, a significant portion of patients who do respond to AEDs suffer from 

intolerable side effects, such as cognitive problems, liver toxicities, severe rash, and low 

white blood cell or platelet counts  (Greenwood, 2000; French et al., 2004).  In severe 

cases of intractable, pharmacologically unresponsive or intolerable epilepsy, additional 

treatments are employed.  These treatments include highly restrictive ketogenic diets, 

electrical stimulation of the nervous system, and surgery to remove epileptogenic 

portions of the brain. 

 The success rate of these treatments is heavily dependent on the type of 

epilepsy, its cause, and region of the brain in which the seizures originate.  For 

instance, epilepsies originating in the neocortex, or outer layer of tissue surrounding the 

brain, are typically the least responsive to pharmacological agents and even surgical 
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outcomes are far less favorable than other types of epilepsy.  Post-surgical seizure-free 

rates for patients with neocortical epilepsy range between 20 and 40%, compared to 

between 70 and 80% for epilepsies that have a clearly defined lesion causing the 

seizures (Aykut-Bingol et al., 1998; Mosewich et al., 2000; Sisodiya, 2000). 

Causes of Epilepsy 

Approximately 70% of epilepsy cases are classified as idiopathic or cryptogenic, 

meaning the cause is not known  (Hauser and Hesdorffer, 1990). The remaining cases 

are caused by a number of factors, both exogenous and endogenous.  Exogenous 

causes include brain trauma, hypoxia, exposure to certain toxins, and infection.  

Endogenous causes include congenital conditions like Down’s or Angelman’s 

syndrome, brain tumors, and genetic factors. 

Cortex Anatomy and Physiology 

In order to better understand previous experiments and interpret their findings on 

activity propagation, a brief overview of cortex anatomy and physiology is first required. 

For a more in-depth description of the human cortex, see Nieuwenhuys et al. (2008).  

For the rat cortex, see Kolb and Tees (1990). 

 The cerebral cortex is the outer most tissue surrounding the cerebrum and is 

classified into three regions based upon the number of layers formed by 

cytoarchitecture, or distribution of neuron cell bodies: the archicortex, the paleocortex, 

and the neocortex.  The archicortex includes the hippocampal formation and is 

comprised of three distinct cell layers.  The paleocortex includes the olfaction, 

entorhinal, and periamygdaloid cortices and varies between three to five cell layers.  

The paleocortex and archicortex together are referred to as the allocortex.  The third 

region, which accounts for approximately 90% of the cerebral cortex, is classified as 
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neocortex or isocortex.  The neocortex is evolutionarily the youngest portion of the 

mammalian brain and is the location where higher brain functions, such as spatial 

reasoning, language processing, and conscious thought, arise.  Two main structural 

features are present throughout the neocortex  (Lynch, 1997; Nieuwenhuys et al., 

2008). 

 The primary structural and most visible feature of the neocortex is its laminar 

organization. First reported by Brodmann  (Brodmann, 1909) in his seminal work, 

Vergleichende Lokalisationslehre der Grosshirnrinde in ihren Prinzipien dargestellt auf 

Grund des Zellenbaues, six distinct horizontal cytoarchitectual layers of cells are 

present throughout the entire neocortex.  These six cell layers are denoted by Roman 

numerals, with layer I denoting the outermost layer and layer VI denoting the basal 

layer.  Although a number of neuron types are present, the pyramidal cell is by far the 

most common and is almost the sole output pathway for information out of the cerebral 

cortex, with other cell types serving as interneurons.  Further, pyramidal neurons within 

the cortex project to specific locations depending on which layer the cell body resides.  

Typically, cell bodies in layers II and III have axons that either terminate on cortical cells 

in the same hemisphere or run through the corpus callosum and synapse on neurons in 

the opposite hemisphere.  Layer V neurons project to subcortical structures.  Finally, 

layer VI neurons terminate on multiple areas, such as the thalamic nuclei or other 

cortical regions. 

 The second structural feature of the neocortex is its columnar organization.  

Across the neocortex, neurons are grouped together into modular and repeating vertical 

columns that run perpendicular to the surface and span cell layers II – VI (Mountcastle, 
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1978).  Mountcastle, who studied the somatosensory cortex of behaving cats and 

monkeys, first observed these cortical columns.  He discovered that a small area of 

cortex received information from one location, such as a finger, while a nearby area of 

cortex received information from a different area, such as the palm.  Further, it was 

shown that different columns that received information from the same location were 

responsible for processing different sensory submodalities, such as light touch on the 

skin or heavy pressure on deeper tissues. 

Cortical Dysplasia and Epilepsy 

Cortical dysplasia refers to abnormal deviations in the structure of the cortex.  First 

examined as a causative factor of epilepsy by Taylor et al. (Taylor et al., 1971), a strong 

correlation between cortical dysplasia (CD) and epilepsy has been found. Both during 

and after embryological development, a number of factors such as genetic mutations 

(Granata et al., 1997; Fox et al., 1998; Gleeson et al., 1998; Kato et al., 1999), in utero 

injuries  (Palmini et al., 1994; Roper et al., 1995; Roper et al., 1997; Roper, 1998; 

Kondo et al., 2001), and postnatal insults (Sarnat, 1987; Lombroso, 2000) can lead to 

malformations of cortical development (MCD).  These malformations interrupt the 

regular laminar and/or columnar structure of the cortex and have been classified 

extensively using different schemes, such as the timing of the insult leading to the 

malformation (Barkovich et al., 2001; Leventer et al., 2008; Abdel Razek et al., 2009) 

and causative genes leading to the malformation (Barkovich, 2005).  Depending on the 

cause, malformations may focal, or localized to one small area of the cortex; multi-focal; 

or generalized throughout the entire cortex (Barkovich et al., 1996). 

Although cortical dysplasia alone does not assure epilepsy and animal models of 

cortical malformations, such as the reeler mouse, that neither present nor display an 
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increased propensity for seizures exist (Schwartzkroin and Walsh, 2000), it is estimated 

that a striking 75% of patients having a cortical malformation will have epilepsy 

(Leventer et al., 1999) and that a cortical malformation is present in at least 14% of all 

epilepsy cases (Meencke and Veith, 1992; Walsh, 1999).  Further, epilepsies occurring 

in the presence of cortical malformations tend to respond poorly or not at all to AEDs 

and other therapies.  An estimated 25% to 40% of all intractable or medically resistant 

childhood epilepsies are due to a cortical malformation (Hardiman et al., 1988; Farrell et 

al., 1992; Guerrini et al., 2002; Barkovich, 2005).  Finally, full removal of the dysplastic 

tissue is the only predictive factor for seizure-free surgical outcomes for these epilepsies 

(Krsek et al., 2009) and differs from other forms of epilepsy, which are highly correlated 

to demographics, risk factors, and natural histories (Seino et al., 2000).  The need to 

fully resect affected tissue for the best surgical outcomes becomes exceedingly 

problematic in cases where the dysplasia has multiple focal points, is generalized, or 

involves tissue in necessary areas, such as the motor cortex. 

Models of Epilepsy 

 The exact mechanisms by which cortical dysplasia contributes to or causes 

epilepsy and other neurological problems remain unknown. Advanced imaging 

techniques, such as magnetic resonance imaging (MRI) and positron emission 

tomography (PET), and electrophysiological recordings, such as EEG, subdural 

electrodes, and microwire arrays, are used to localize cortical malformations and 

seizure origin in patients.  While beneficial, these techniques are limited in their utility to 

elucidate the underlying mechanisms and more invasive methods must be employed. 

 Due to patient safety and ethical concerns, animal models are frequently 

employed by researchers to study the underlying causes of human epilepsy and 
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epileptogenesis, the processes by which a normal brain develops epilepsy (McNamara 

et al., 2006).  A large number of animals, from drosophila to non-human primates, and 

epilepsy inducing protocols, such as electrical stimulation (kindling) (McIntyre, 2006) or 

injection of kanic acid (Dudek et al., 2006), have been chosen to investigate the 

mechanisms underlying epilepsy and to ascertain the safety and effectiveness of AEDs 

and other treatments prior to use in human subjects.  In the last decade, at least two 

books, Models of Seizure and Epilepsy (2006) and Animal Models of Epilepsy (2009), 

and two detailed reviews on animal models of epilepsy have been published. Sarkisian 

(Sarkisian, 2001) presented a general overview of various epilepsy types and animal 

models used to study them, while Wong (Wong, 2009) focused specifically on animal 

models of focal cortical dysplasia and tuberous sclerosis complex.  In the following 

sections, I give a brief overview of the animal selection and epilepsy induction protocol 

used in this study and refer more detailed discussion to these reviews. 

Animal selection 

Although a wide range of animals are used to model human epilepsy, research 

has been focused on mammals due to the structural similarities found across all 

placental mammal brains (Kolb and Tees, 1990).  Due to its small size and ease of 

being housed and trained, the rat has been the principle choice of all mammals used 

and is by far the best studied.  This has produced a rich corpus of information about the 

rat nervous system, including in-depth atlases (Zilles, 1985; Paxinos and Watson, 1997; 

Swanson, 1998; Paxinos et al., 1999; Ashwell and Paxinos, 2008; Altman and Bayer, 

1995; Foster, 1998; Cooley, 2005), comprehensive books (Kolb and Tees, 1990; 

Paxinos, 2004), and countless peer reviewed publications either focusing specifically on 

the neurobiology of the rat or utilizing a rat model for neuroscience research. 
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Epilepsy induction protocols 

 In addition to animal selection, a valid epilepsy induction protocol must produce 

epileptogenesis whose presentation and underlying mechanisms most closely match 

the specific class of human epilepsy being studied is necessary.  Since Goddard first 

published the effect of low intensity electrical stimulation, or kindling, on the rat brain  

(Goddard, 1967), a number of in vivo protocols that induce epilepsy in the rat and/or 

produce hyperexcitibility or decrease inhibition in vitro have been identified. However, 

there is a fundamental difference between seizure models and epilepsy models.  While 

a seizure is defined as a catastrophic neurological event due to the synchronization of 

brain activity, epilepsy is defined as a chronic condition marked by multiple recurrent 

seizures (Fisher et al., 2005).  Thus, a protocol that produces an isolated seizure event, 

such as the administration of the neurotoxin, flurothyl, but does not cause recurrent 

seizures is not a viable model of epilepsy (Engel, 1992; Mody and Schwartzkroin, 

1997). 

Animal models of cortical dysplasia 

Since cortical malformations are associated with epilepsies that are notoriously 

pharmacologically and surgically resistant, a number of animal model are aimed at 

inducing cortical dysplasia to examine the correlation with epilepsy. Many of these 

models have been described by previous researchers and can be categorized based 

upon when the protocol initiates the malformation: genetic, in utero insults, and neonatal 

manipulations (Schwartzkroin and Walsh, 2000; Najm et al., 2007). 

Although the number of genetic based models that accurately mimic human 

cortical dysplasia is limited, a few popular ones do exist.  These include the 

telencephalic internal structural heterotopia (tish) rat, the p35 knockout mouse, and 
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Ihara’s genetically epileptic rats (IGERs) (Schwartzkroin and Walsh, 2000).  Tish rats 

display a characteristic “double cortex”, or band heterotopia, and a layer of gray matter 

below the normal gray matter in the frontal and parietal cortices (Lee et al., 1997).  

Some of these rats exhibit spontaneous seizures.  The p35 gene is key in the 

development of normal cortical structure.  Loss of this gene causes the cortical structure 

to be inverted, which is similar to that of the reeler mouse (Chae et al., 1997) but 

caused by a different mechanism.  Additionally, while the reeler mouse does not exhibit 

seizures or an increased propensity for seizures, one study has shown that a quarter of 

p35 knockout mice exhibit seizures and an additional 50% of them display aberrant 

electrical activity (Wenzel et al., 2001).  Finally, IGERs exhibit spontaneous seizures 

starting at around 5 months of age (Amano et al., 1996) 

Two main classes of in utero insults exist: exposure to chemicals and radiation.  

Intraperitoneal injection of various drugs, such as the DNA alkylating agents 

methylazoxymethanol (MAM) and carmustine (1-3-bis-chloroethyl-nitrosourea or 

BCNU), into pregnant rats has been shown to induce cortical dysplasia, in vitro 

hyperexcitaility, and in some models spontaneous epilepsy (Baraban et al., 2000; 

Benardete and Kriegstein, 2002; Harrington et al., 2007; Wong, 2009). The in utero 

irradiated rat model is discussed in more detail in the following section. 

Cortical dysplasia models based upon manipulations to the neonate have also 

been examined.  Closed head injury was first reported to have caused focal cortical 

dysplasia by Cowen et al. (1970).  Subsequently, a number of other protocols have 

been studied.  The more popular of which include cranial injection of ibotenate and 

freeze lesioning.  Ibontenate is an analogue of the excitatory neurotransmitter 
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glutamate.  When injected intracortically into the neonate rat it induces localized 

abnormal cortical lamination, heterotopic neurons, and deviant sulcus formation, thus 

approximating focal cortical dysplasia (Marret et al., 1995; Redecker et al., 1998a; 

Redecker et al., 2005; Wong, 2009).  Freeze lesioning uses a freezing probe placed on 

the surface of the neonate’s skull, thus killing cortical cells near the probe.  Over time, a 

four-layered microgyrus appears at the site of insult (Jacobs et al., 1996; Jacobs et al., 

1999b; Wong, 2009).  In both of these models, slice recordings show increased 

hyperexcitability (Redecker et al., 1998b; Jacobs et al., 1999a; Kellinghaus et al., 2007) 

but no spontaneous epileptic activity has been observed in living animals. (Redecker et 

al., 1998b; Holmes et al., 1999; Kellinghaus et al., 2007) 

The in utero irradiated rat model of cortical dysplasia 

 The original motivation behind irradiating rats during gestation was to study the 

process of normal cortical development by interrupting the process at various points in 

time (McGrath et al., 1956; Hicks et al., 1959).  Noting that radiation induced cortical 

dysplasia and the correlation between cortical malformations and intractable epilepsy, 

Roper began utilizing the model for use in the study of epilepsy (Roper, 1998). While I 

subsequently present an overview, it is to his 1998 review and Models of Seizures and 

Epilepsy that I refer the reader to for a detailed analysis of the model (Roper, 1998; Lin 

and Roper, 2006). 

The protocol used for this model is among the most simple and easy to perform.  

Timed-pregnant rats are exposed to radiation from an external source.  Doses typically 

range from between 150 to 250 cGy in most laboratories, and no significant differences 

between linear accelerators or cobalt sources have been noted  (Roper, 1998). Animal 

care and handling is otherwise no different from controls.  Aside from reports of learning 
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deficiencies and hyperactivity (Hicks et al., 1959), irradiated litters birth, wean, and feed 

normally, and live long life spans (Lin and Roper, 2006). 

In early studies, it was discovered that the development of the cortex was 

drastically altered by radiation and is highly dependant on the time of exposure (Hicks et 

al., 1959).  Over the last 50 years, subsequent studies have pieced together the exact 

histological effects that irradiation at different timings play.  Exposure early in the 

process of cortical development, such as embryonic day 12 (E12), produces a 

significantly thinner but otherwise regularly laminated cortex.  Exposure on E13 through 

E14 generates large clumps of subcortical grey matter in the white matter beneath a 

thinned cortex  (Ferrer et al., 1993b).  The greatest dysplasia is caused due to exposure 

on E16, which causes loss of laminar and columnar structure and abnormal orientation 

of pyramidal cells.  As development continues, the effects of irradiation diminish.  

Exposure on E17 and E18 are similar to, but less severe than, E16.  Finally, the effect 

of exposure on E19 and E20 are limited to the superficial layers, which are the last to 

develop  (Roper, 1998). 

In addition to timing, the degree of dysplasia has been correlated to the amount of 

radiation administered (Jensh and Brent, 1987; Fukui et al., 1991; Fushiki et al., 1996; 

Miki et al., 1999).  More recently, Kellinghaus et al. (Kellinghaus et al., 2004) analyzed 

the histological and electrophysiological effects that different amounts of radiation 

caused.  In this study, rats were irradiated with either 100, 145, or 175 cGy on E17.  

While increased dysplasia was correlated with higher radiation doses, only animals in 

the group receiving 145 cGy displayed spontaneous seizures.   
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The basic mechanism by which in utero irradiation induces cortical dysplasia is 

through to consist of a two-step process  (Roper, 1998).  First, cells are initially 

damaged or killed due to exposure to radiation.  Cell death of mitotically active and 

immature cells in the cerebral cortex and hippocampus have been shown to be 

mitigated by cycloheximide, indicating that protein synthesis is a deterministic factor in 

cell death (Ferrer et al., 1992; Ferrer et al., 1993a).  Cell death is also highest in regions 

where precursor cells are synthesizing DNA (Bayer and Altman, 1991).  Early studies 

also indicated that immature migrating neurons were severely damaged by radiation 

(Hicks et al., 1959), and later studies showed that the most important factor in 

determining a cell’s sensitivity to radiation was migration (Altman et al., 1968).  Second, 

after the initial insult, cortical development proceeds in an altered cellular environment, 

which disturbs the complex embryological cascade, ultimately leading to cortical 

dysplasia (Marín-Padilla et al., 2003). For instance, prior work has shown that radial 

glia, which act as important guidance structures for migrating neurons, are also 

vulnerable to radiation (Rakic, 1972; Rakic, 1988).  Roper et al. (1997) showed that 

irradiation on E17 disrupted glial fibers that did not recover during the perinatal period 

and that the dorsomedial cortex was the site of both the most severe glia disruption 

postnatal and cortical dysplasia as adults (Roper, 1998). 

In order to verify its utility, a number of comparisons between human cases of 

cortical dysplasia and this model have been made.  Several critical similarities between 

the two are present, but some minor differences do exist.  Foremost, this model has 

been shown to produce acute tissue preparations that are both disinhibited and 

hyperexcitable in vitro (Roper et al., 1995; Roper et al., 1997; Zhu and Roper, 2000; 
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Chen and Roper, 2003), as well as animals that seize spontaneously in vivo  (Kondo et 

al., 2001; Kellinghaus et al., 2004).  Therefore, this model properly meets the 

requirements of an epilepsy model.  The technical fulfillment of this definition is crucial 

since other frequently utilized models, such as freeze lesioning, produces 

hyperexcitable tissue in vitro but does not produce spontaneous epileptogenicity in vivo 

(Kellinghaus et al., 2007).  Next, this model produces histological abnormalities similar 

to those seen in human patients.  While attempts to provide a universal classification of 

human cortical dysplasia have yet to be successful (Roper, 1998), Michel et al. (1995) 

produced a list of nine pathological features present.  This model consistently provides 

three of these histological features: loss of normal laminar structure, neurons present in 

cortical layer I, and white matter neuronal heterotopia (Roper, 1998).  Three prominent 

differences between the animal model and human model have been noted.  Although 

the in utero irradiated rat model does produce cortical dysplasia, it is diffuse and is 

therefore does not accurately model focal or multifocal dysplasia like other protocols, 

such as freeze lesioning (Lin and Roper, 2006).  Additionally, while irregular neuron 

morphology is produced, no giant neurons or balloon cells have been reported.  Thus, 

this model more closely approximates mild to moderate, but not severe or Taylor’s type 

cortical dysplasia or cortical tubers (Mischel et al., 1995; Roper, 1998; Lin and Roper, 

2006).  A final striking difference between the model and human cortical dysplasia is 

that irradiated animals also have abnormal cell dispersions in the CA1 and CA3 regions 

of the hippocampus, which has yet to be seen in humans (Roper et al., 1995; Kondo et 

al., 2001). 
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in vitro Techniques 

Although much has been learned about epilepsy from behaving animals exhibiting 

chronic recurrent seizures, underlying mechanisms responsible require more in depth 

study.  Due to the limitations on what information can be obtained from subjects in vivo, 

tissue samples from animals have been studied in vitro.  To accomplish this, animals 

are deeply anesthetized, sacrificed by decapitation, and their brains quickly removed 

and placed in an oxygenated nutrient medium.  The brains are then sliced into thin 

sections and then studied, often in the presence of various pharmacological treatments 

such as bicuculline methiodide, 4-AP, and picrotoxin.  Three primary techniques have 

been utilized for studying epileptiform activity from living brain slices.  These techniques 

allow real-time monitoring and/or stimulation of single neurons or neuron populations in 

vitro. 

Whole-cell patch recording 

The workhorse of modern neuron electrophysiology, whole-cell patch recording is 

a technique that evolved from voltage clamping to achieve intracellular recording from a 

single neuron.  In this technique, a glass micropipette filled with an ionic solution similar 

to the intracellular matrix with an approximately 1-μm opening serves as an electrode 

and is placed on the surface of the cell.  Suction is then applied to remove a small 

section of the cell membrane, allowing access to the intracellular matrix.  This allows 

recording of the total current through all ion channels across the cell membrane (Dhillon 

and Jones, 2000; Kandel et al., 2000; Yang and Benardo, 2002). 

 While the patch clamp method provides the most information possible about 

activity of a cell, there method has some limitations.  The primary drawback is the 

difficulty in recording from more than one cell at the same time.  Due to space 
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limitations, the technique does not scale, and it is not possible to obtain information from 

more than three or four neurons within a slice at the same time.  

Being limited to two or three electrodes leads to reliance on signal processing 

techniques, such as triangulation based on waveform delays and propagation velocity 

estimation, (Tsau et al., 1998) or multiple stimulations and recordings at different 

locations (Telfeian and Connors, 1998) to ascertain information about the initiation 

location of epileptiform activity and propagation patterns.  These techniques may be 

unreliable since signals in different cortical layers may propagate at different velocities. 

Optical imaging with voltage and calcium sensitive dyes 

Due to the physical constraints of monitoring activity at more than a few neurons 

simultaneously with patch clamp methods, new methods to ascertain neural activity 

were sought.  The application of voltage sensitive dyes to electrophysiology has allowed 

researchers to observe changes in membrane potentials and neuron activity both in 

vitro (Cohen and Lesher, 1986; Yuste and Katz, 1991; Tsau et al., 1999; Baker et al., 

2005; Trevelyan and Yuste, 2009) as well as in vivo (Grinvald et al., 1984; Kleinfeld and 

Delaney, 1996; Petersen et al., 2003). 

 In this technique, a voltage or calcium sensitive dye is added to the ACSF.  

Changes in voltage or calcium ion concentration cause a conformational change in the 

dye, which in turn changes the absorbance spectrum of the dye.  A light source with a 

known spectrum is continuously passed through the tissue.  Absorbance changes are 

obtained by a photo diode array or charged coupled device (CCD), which detects the 

light transmitted through the tissue. (Trevelyan and Yuste, 2009) 

 While this technique allows a much greater amount of activity of the slice to be 

observed, three primary drawbacks exist.  First, although activity over a large area of 
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the tissue can be observed, stimulation cannot and must be performed by other means.  

Second, a great deal of experimental calibration and optimization is necessary to 

achieve a high signal to noise ratio.  Finally, prolonged optical recording is limited due to 

dye bleaching and because the dyes may have an effect on the cells, such as 

modulating activity or damaging them. (Wu et al., 1993; Momose-Sato et al., 1995; Tsau 

et al., 1999; Baker et al., 2005) 

Microelectrode arrays 

The microelectrode array (MEA) was developed in the late 1970s using 

semiconductor fabrication techniques and was designed to circumvent the problems 

inherent with patch-clamp methods of recording from or stimulating multiple neurons 

simultaneously while also allowing for a far greater number of sites to be recorded from 

than previously possible (Thomas, 1972; Gross et al., 1977; Pine, 1980).  While the first 

device possessed only 30 electrodes, MEAs have benefited greatly from advances in 

electronics and fabrication techniques, increasing the number of electrodes and 

sampling rate.  The current standard MEA system in use at most research facilities 

consists of a 60 or 64 channel system, although commercial MEA systems can be 

purchased capable of acquiring data from 256 electrodes simultaneously (Ayanda 

Biosystems, Lausanne, Switzerland). 

 Fundamentally different than the intracellular recordings gained by the patch-

clamp method, the MEA records changes in extracellular potentials caused by changes 

in ion concentrations due to cellular activity.  As illustrated in Figure 1-1, MEAs are 

capable of detecting a wide array of dynamic activity, including population spikes (PS), 

local field potentials (LFP) such as field excitatory post synaptic potentials (EPSP) and 
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field inhibitory post synaptic potentials (IPSP), interictal, ictal events, and occasionally 

single-unit action potentials, also known as spikes. 

Although chiefly used in neuroscience research, MEAs have been utilized on a 

broad array of cell and tissue types exhibiting electrical properties, cardiac (Thomas, 

1972; Israel et al., 1984; Connolly et al., 1990; Natarajan et al., 2006), retinal (Wong et 

al., 1993; Meister et al., 1994; Grumet et al., 2000; Stett et al., 2000), and even cancer 

cells (Rothermel et al., 2006; Wolf et al., 2008).  Within neuroscience applications, 

MEAs are used primarily to study dissociated neuron cultures, but have gained 

considerable traction by researchers using cultured organotypic tissue and acute slices 

of neural tissue (Novak and Wheeler, 1988; Egert et al., 1998; Oka et al., 1999; Egert et 

al., 2002; Heuschkel et al., 2002; Beggs and Plenz, 2004).  In order to increase signal 

transduction between the tissue slice and electrodes, adaptations to the planar MEA 

have been made in which the electrodes are cones measuring on the order of 30 μm at 

the base and a height on the order of 60 μm (Heuschkel et al., 2002).  The electrodes of 

these “3D” MEAs are able to pierce the outer layer of cells in the slice, which are 

typically dead or damaged during the specimen preparation process and insulate the 

active cells from planar electrodes. Figure 1-1 shows electrophysiological recordings 

from an acute rat cortical slice collected with a “3D” MEA, while Figure 1-2 shows an 

acute rat hippocampal slice on a “3D” MEA.  Due to these advances, MEAs are now 

being employed to examine slice-wide activity of acute cortical rat and hippocampal 

slices (Egert et al., 2002; Beggs and Plenz, 2004). 

Previous Work and Literature Review 

Here I present a brief overview of the electrophysiological activity that has been 

reported to occur in both normally laminated and in utero irradiated induced dysplastic 
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acute rat cortical slices.  Topics covered include stages of epileptiform events, 

propagation patterns and velocities, signal amplitudes, and waveform features. 

Normally Laminated Slices 

In order to understand the functional abnormalities caused by in utero irradiation 

induced cortical dysplasia, a review of electrophysiological activity in normal cortical 

slices is necessary.  Although the role of the neocortex in pharmacologically resistant 

epilepsies has been increasingly apparent over the last two decades, the functional 

connectivity of the hippocampus structure has garnered the bulk of investigation 

(Borbély et al., 2006). Recently, significant efforts have increasingly been focused on 

characterizing epileptiform activity in the neocortex.  Broadly, the results of these efforts 

can be placed into one of the following four categories: salient anatomical structures 

and physiologic properties, initiation of an epileptiform event, propagation of the activity 

to other neuron populations, and event termination. 

Salient anatomical structures and physiological properties 

The foundations on which all neocortical processing, oscillations, and epileptiform 

activity are built is the anatomical and physiological properties of the neocortical 

neurons.  Used frequently for both in vitro and in vivo epilepsy experiments, the 

structural organization of the rat somatosensory cortex has been fairly well examined 

(Woolsey and Van der Loos, 1970). More recently, a number of journal articles have 

elucidated several cytoarchitectural features of the neocortex, which are thought to be 

specifically related to the formation and maintenance of epileptiform activity. 

First, two main types of pyramidal neurons have been described in the neocortex: 

the intrinsically bursting (IB) neuron and the regularly spiking (RS) neuron (Connors et 

al., 1982; McCormick et al., 1985; Chagnac-Amitai et al., 1990; Larkman and Mason, 
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1990; Amitai, 1994; Williams and Stuart, 1999; Hefti and Smith, 2000).  These two 

pyramidal neuron types differ in their distribution throughout the neocortical layers, 

electrophysiological properties, and connectivity.  Although both neuron types are found 

in layer V of the neocortex, RS neurons are also found in layers II and III (Gottlieb and 

Keller, 1997).  Electrophysiologically, the IB neuron type is capable of high frequency 

bursts of action potentials (Kasper et al., 1994), while the RS neuron type produces 

more regular discharges (Chagnac-Amitai et al., 1990).  The cell types also show 

significant morphological and functional connectivity differences.  IB cells are typified by 

large somas, thick apical trunks, and heavily branched dendrites, while RS cells have 

smaller somas, thinner apical trunks, and less branched dendrites (Chagnac-Amitai et 

al., 1990; Larkman and Mason, 1990).  IB cells have extensive horizontal axonal 

projections within the infragranular layers (Kasper et al., 1994), while layer V RS cells’ 

horizontal afferents project more strongly into layer VI and more weakly to layers II/III 

and V (Gottlieb and Keller, 1997).  Both cell types receive excitatory and inhibitory 

inputs from all cortical cellular layers, although the laminar distribution of inputs differs 

between the two types.  Layer VI serves as the predominant source of excitatory input 

into IB cells whereas layer V is for RS cells (Schubert et al., 2001).  Inhibitory inputs 

onto IB cells arrive from layers II/III, IV, and V but exhibit far less control on these cells 

than the inhibitory inputs arriving from layers II/III and V on RS cells (Schubert et al., 

2001).  

Second, electrophysiological properties intrinsic to different cortical layers, which 

in healthy tissue are thought to be responsible for cortical information processing, may 

play a significant role in the prevention and control of epileptiform activity.  A strong 



 

35 

dichotomy between the electrophysiological action of superficial and deeper cortical 

layers has been documented (Barkai et al., 1995; van Brederode and Spain, 1995; 

Yang et al., 1998; Dhillon and Jones, 2000; Yang and Benardo, 2000; Yang and 

Benardo, 2002).  Specifically, superficial cortical layers appear to have a primarily 

inhibitory action whereas deeper cortical layers appear primarily excitatory (Barkai et al., 

1995; Yang and Benardo, 1997; Yang et al., 1998). Yang and Benardo performed a 

series of experiments on intact and laminar strips of cortical slices that reaffirmed and 

expanded upon previous reports  (Yang and Benardo, 2002). First, it was shown that 

isolated superficial layers are the only layers capable of glutamate-independent 

synchronized activity and that the synchronization was due to GABAergic activity.  

Second, excitatory activity in the superficial layers was weak, even though the tissue 

was bathed in the convulsant 4-AP.  Third, activity in the middle and deep layers is 

primarily excitatory, since it is mediated through glutamatergic transmission.  And finally, 

that the superficial inhibitory network can exert considerable control over the deeper 

layers. 

These intrinsic laminar properties have been postulated to play a significant role in 

epileptiform activity. The excitatory / inhibitory stratification of the cortex has led some to 

postulate that the deep layers may be seizure sensitive while the superficial layers may 

be seizure resistant (Lopantsev and Avoli, 1998; Dhillon and Jones, 2000).  It has been 

suggested that ictal events in rat neocortical slices are initiated by excitatory neurons 

isolated in the deep layers and then spread to the superficial layers (Connors, 1984; 

Hoffman and Prince, 1995; Lopantsev and Avoli, 1998).  For instance, Connors (1984) 

used 400 – 500 μm thick slices of guinea pig sensorimotor neocortex and measured the 
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amount of focally applied L-glutamate or increased K+ concentration to each layer 

necessary to evoke a paroxysmal field potential in the slice.  It was found that a 

drastically smaller quantity applied to Layer IV or upper Layer V was necessary to 

evoke a slice-wide response, as compared to the other layers.  In another experiment, 

Connors found that focally applied bicuculline applied to the superficial and deep layers 

caused no effect or a marginal increase in amplitude from the recording site nearest the 

application.  However, when applied to the middle layers, the same amount of 

bicuculline caused field potentials of prolonged and variable latency.  Further, one study 

documented that ictal discharges from the deep cortical layers are attenuated in layer II 

and hypothesized that this layer actively filters and controls epileptiform activity 

(Lopantsev and Avoli, 1998) 

Initiation of epileptiform events 

Initiation is the first phase of an epileptiform event. Having particular clinical 

relevance to epilepsy, knowing the causes and locations of initiation are imperative to 

designing treatments and preventative measures.  Earlier studies have pointed towards 

IB neurons located in layer IV or V as potential “pacemakers” for these events 

(Connors, 1984; Chagnac-Amitai and Connors, 1989b; Silva et al., 1991).  However, it 

was unknown whether the initiation process was dependent on a small number of cells 

or was an emergent property due to the interactions of a large number of cells 

throughout tissue. 

Tsau et al. (1998) sought to solve this question using optical imaging and two 

electrodes to monitor spontaneous epileptiform activity in acute cortical slices.  They 

reasoned that if events were initiated by a small number of cells, the initiation site would 

be confined to a localized area of tissue.  While if events were initiated by the 
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interactions of a large number of cells, the initiation site would be a large, diffuse area 

with no apparent localized point (Tsau et al., 1998).  Three interesting phenomena 

about initiation of epileptiform activity were discovered.  First, every observed event 

began in a confined spot measuring less than the area of one of the photodetector 

elements used (0.141 µm2) and subsequently propagated throughout the rest of the 

tissue.  Second, all spontaneous events were initiated from a few confined initiation foci, 

further lending credence to the idea that initiation is started by a small localized 

grouping of “pacemaker” neurons. Finally, it was always found that one focus dominates 

over the other foci for a period of time before yielding to one of the other foci.  

Unfortunately, the locations of these foci were estimated from data obtained using only 

two electrodes, estimated horizontal and vertical propagation speeds, and clustering 

upon latency times.  Using other techniques to verify the existence and location of 

initiation foci is desirable. 

While Tsau reported that ictal events were always generated from two to three 

focal sites within a slice and these sites exhibited temporal dominance, other 

researchers have reported conflicting findings.  For instance, using organotypic slices 

on microelectrode arrays and either BIC or kainic acid, Jimbo and Robinson (Jimbo and 

Robinson, 2000) reported that ictal events initiated in the superficial cortical layers and 

did not arise from a dominant focal point.  Further, others have noted that the dominant 

layer of ictal generation depends on the type of treatment used.  In most preparations, 

the deep layers serve as the ictal generation zone, but it has been observed that the 

upper layers are responsible when treated with kainic acid (Flint and Connors, 1996) 
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Propagation of epileptiform activity 

Once a successful initiation event occurs, the activity propagates from the focus to 

surrounding tissue.  Similarly as important as initiation in clinical relevance and a 

potential target for therapeutic advancements, propagation of epileptiform activity 

through the neocortex has received considerable study.  Previous researchers have 

described the process of propagation not as a series of sequential initiations 

(Ermentrout, 1998), but as the transmission of synchronous activity from one population 

of neurons to another (Chervin et al., 1988; Chagnac-Amitai and Connors, 1989a; 

Golomb and Amitai, 1997; Ermentrout, 1998).  Studies focusing on propagation 

consistently have been focused upon three main features: the pattern and speed by 

which the activity spreads, the importance and necessity of certain cortical laminae to 

support propagation, and mechanistic dependencies on which propagation relies. 

Studies evaluating the propagation of neuronal activity in acute cortical slices have 

primarily observed evoked response to white matter electrical stimulation.  Though 

distinctively different than endogenous activity, they provide key insight into the 

underlying functional architecture by which spontaneous activity also travels.  For 

instance, Contreras and Llinás (2001) described propagation patterns, calculated 

velocities, and showed propagation dependency on stimulation frequency.  In their 

study, acute slices of guinea pig somatosensory cortex were electrically stimulated in 

the white matter and evoked responses were observed using voltage sensitive dyes and 

intracellular recordings.  During single stimulation, imaging revealed that tissue in layer 

VI immediately above the stimulation electrode was activated.  Activity from this 

activation site immediately propagated vertically towards the pial surface and, nearly 

simultaneously, horizontally through layers V and VI.  Once the wave front reached 
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layers II and III, activity propagated through those layers as well, although at a slightly 

slower velocity than in the infragranular layers. 

Although the majority of studies observing propagation of evoked activity through 

cortical tissue stimulate sites in the white matter, similar propagation patterns are 

generated when stimulating any layer of cortex.  For instance, Tsau et al. (1999) used a 

microelectrode and progressively stimulated each cortical layer and observed the 

evoked with response with voltage sensitive dyes.  In every case a response was 

evoked, activity propagated vertically from the site towards the pia and almost 

simultaneously horizontally through the laminae. 

Interestingly, propagation patterns display a strong dependency on stimulation 

frequency.  Two experiments by Contreras and Llinás (2001) clearly demonstrated this 

frequency dependency by stimulating the white matter with different pulse trains, one at 

10 Hz and one at 40 Hz.  These frequencies were chosen due to their biological 

relevance.  During slow-wave sleep, EEG is dominated by low frequency oscillations 

less than 15 Hz (Steriade et al., 1993; Contreras et al., 1996; Contreras et al., 1997), 

while high frequency oscillations in the range of 30 – 50 Hz dominate while awake 

(Steriade et al., 1993; Destexhe et al., 1999).  In the first experiment, five pulse trains 

were applied at each frequency and the optical response measured.  When the 10 Hz 

pulse train was applied, there was no appreciable difference in activity propagation 

between the first and fifth stimulation sequence.  However, when the 40 Hz pulse train 

was applied, the activation profile gradually shrank, and by the fifth stimulation the wave 

propagation was restricted to a small, columnar area directly above the stimulation 

electrode.  In the second experiment, one or both of two sites 1.5 mm apart were 
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stimulated with the pulse trains.  When only one or the other site was stimulated, the 

response was as previously described.  When both sites were stimulated 

simultaneously at 10 Hz, two waves spread from each site and coalesced in the middle 

of the slice.  However, when both sites were stimulated at 40 Hz, activity propagation 

was limited to two separated columnar areas over both electrodes. 

Intrinsic to propagation patterns, the velocity at which activity propagates has also 

been studied in neocortical slices.  Estimates of propagation velocity vary widely by 

activity type, pharmacological treatments, and direction of propagation.  Wu et al. (2001) 

reported velocities from two types of activity, ensemble activity and a “fast response” to 

stimulation that precedes ensemble activity, and compared them with literature reports 

of a third type, interictal spikes in pharmacologically disinhibited slices.  Using optical 

imaging to observe evoked activity propagation, they reported ensemble activity 

propagated horizontally through cortical laminae much slower than fast response or 

literature reported interictal spikes at 1 – 20 mm/s, compared to 40 – 160 mm/s and 40 

– 160 mm/s, respectively (Chervin et al., 1988; Wadman and Gutnick, 1993; Tanifuji et 

al., 1994; Golomb and Amitai, 1997; Tsau et al., 1998; Demir et al., 1999).  Noting that 

ensemble activity propagation velocities were drastically slower than interictal spikes in 

disinhibited slices, Wu et al. directly compared the velocity of these two activity types in 

the same slice.  Each slice was first perfused with normal ACSF and the velocity of 

ensemble activity was measured with optical imaging.  Then, a modified ACSF 

containing 10 – 20 µM of bicuculline was perfused for 20 – 30 minutes and the velocity 

of interictal spikes was measured.  It was found that the ensemble activity propagated 

over an order of magnitude slower than the disinhibited interictal spikes (11 ± 6 mm/s 
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vs. 125 ± 24 mm/s).  The extreme change in propagation velocity within the same slices 

when treated with bicuculline further corroborated earlier reports that suggested 

inhibition is essential for controlling propagation velocity (Tanifuji et al., 1994). 

Direction of propagation also strongly affects velocity and signal amplitude.  As 

previously discussed, activity propagating from an initiation site moves both vertically 

towards the white matter and pia and almost simultaneously horizontally through the 

cortical laminae.  Contreras and Llinas (2001) measured the propagation speed and 

showed velocity dependencies on both direction of propagation and cortical layer.  

Activity propagating vertically from layer VI to layer I was fastest and measured at 265 ± 

48 mm/s.  Horizontal deep layer propagation was faster than superficial propagation 

and was measured at 217 ± 53 mm/s and 181 ± 44 mm/s, respectively.  Similarly, 

activity amplitude also is dependent on cortical layer.  While activity propagates more 

quickly through the deep cortical layers, larger signal amplitudes are observed in the 

superficial layers (Connors, 1984; Connors and Amitai, 1993; Shepherd and Koch, 

1998; Telfeian and Connors, 1999; Bai et al., 2006). 

In addition to playing pivotal roles in the initiation of epileptiform activity, 

propagation velocity, and signal amplitude, specific cortical layers are required for 

sustaining epileptiform discharges.  Three sets of experiments conducted by Telfeian 

and Connors (1998) showed that layer V is central to epileptiform activity propagation in 

mildly disinhibited cortical slices.  In these experiments, neocortical slices were bathed 

in ACSF containing either high (35 µM) or low (1.0 – 2.5 µM) concentrations of 

picrotoxin and activity was evoked by electrical stimulation of the white matter. 
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In the first experiment set, partial vertical cuts (perpendicular to laminae) were 

made, leaving bridges of intact tissue.  Sites in the white matter were stimulated and 

two recording electrodes placed at opposite ends of the slice in layer II/III monitored if 

propagation across the slice was successful.  In slices bathed in high concentrations of 

picrotoxin, epileptiform activity successfully propagated across the slice as long as an 

intact tissue bridge at least 350 µm wide existed, independent of the layer the bridge 

was in.  However, in slices bathed in low doses of picrotoxin, propagation across the 

slice was only successful if the tissue bridge was in layers IV and V or V and VI. 

In the next set of experiments, propagation was compared between intact slices 

and slices in which horizontal cuts (parallel to laminae) were made to section the 

superficial, middle, and deep cortical layers.  Intact and sectioned slices were able to 

successful propagate activity in the presence of both high and low doses of picrotoxin.  

In the presence of low doses of picrotoxin, only intact and sectioned middle layers 

(layers IV and V) were able successfully propagate activity.  This suggested that layer V 

is necessary for propagation if considerable inhibition is still present. 

To further test this notion, intact slices were stimulated in the white matter and a 

recording electrode was placed in either layer I or layer VI to measure the horizontal 

distance of propagation.  When the recording electrode was in layer I, horizontal cuts 

were progressively made between layers starting with the layer VI-V interface and 

moving upwards. When the recording electrode was in layer VI, horizontal cuts began at 

the layer I-II/III interface and moved downward.  In both cases cuts were not complete 

and an intact vertical strip with all layers always remained above the white matter 

stimulation site.  Other than one exception, none of these horizontal cuts, which 
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eliminated successive lower or upper layers, had any effect on lateral propagation 

distance unless part of layer Va (the superficial strata of layer V) or Vb (the deeper 

strata of layer V) was involved.  When cuts were near the layer Va-Vb border, 

propagation distance was severely affected.  Additionally, propagation was never 

entirely successful unless part of layer Vb remained intact. 

In the final set of experiments, one recording electrode was placed in layer II/III 

above the stimulation site and another recording electrode was laterally at least 2 mm 

away.  A series of focal GABA applications was made starting at the pia and moving 

downward in 200 µm increments. One second after focal GABA application, the white 

mater was stimulated and propagation was monitored. Trials were spaced at 1-minute 

intervals to allow for complete recovery.  GABA application to layer V caused the 

greatest effect on propagation latency.  Further, dosages of GABA applied to layer V 

that completely blocked propagation were unable to similarly block propagation when 

applied to other layers. 

Event termination 

The third and final phase of an epileptiform event is termination.  Although logically 

and functionally different from the processes of initiation and propagation, termination 

has received considerably less attention.  Studies examining termination have been 

almost completely focused on underlying cellular mechanisms, nearly ignoring the 

interactions among neuron groups and the emergent properties that may contribute 

extensively to the process. 

A number of intrinsic neuron properties and cellular mechanisms are evidenced to 

play key roles in the termination process.  For instance, Bikson et al. (2003) 

demonstrated that epileptiform activity in hippocampal slices does not depend on 
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continuous somatic neuron firing.  This may be attributed to the fact that although the 

neurons enter a depolarization block arresting the soma, the axon terminals may still be 

active (Gutnick and Prince, 1972; Noebels and Prince, 1978).  Another example is the 

importance of synaptic interactions in the formation of secondary waves, which is 

demonstrated by effectively blocking them with NMDA receptor antagonists (Miles et al., 

1984; Lee and Hablitz, 1991; Traub et al., 1993; Telfeian and Connors, 1998).  Finally, 

since glial cells play a role in the clearance and maintenance of neurotransmitters in the 

extracellular space, they may have a significant function in all three stages of 

epileptiform events (Duffy and MacVicar, 1999; Kettenmann, 1999; Schousboe, 2003). 

Pinto et al. (2005) presented one of the few works examining termination at both 

cellular and network levels.  Here, the concept of termination was examined in two 

different ways.  Spatially, termination was approached as propagation failure (Bressloff, 

2001).  Temporally, it was approached as the process by which secondary activity 

patterns following an initial wave front eventually return to rest (Miles et al., 1984; Traub 

et al., 1993).  Utilizing a linear microwire array placed in layer II/III to record LFPs and 

whole-cell patch techniques to record individual neurons in layers II/III and V, evoked 

responses to layer IV stimulation were observed.  Network-level results showed that, 

like initiation, termination occurred at discrete locations that remained constant from trial 

to trial.  Moreover, in two-thirds of trials, termination coincided with the end of the initial 

depolarization wave.  However, in one-third of trials, complex secondary patterns arose.  

Compared to secondary waves in the disinhibited hippocampal slices (Miles et al., 1984; 

Traub et al., 1993), the secondary activity in the neocortex was much less uniform from 

trial to trial.  Cellular-level results showed that termination coincided with the patched 
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neurons entering a depolarization block.  Further, individual neurons in both layers II/III 

and V were active during secondary activity. 

In Utero Irradiated Induced Dysplastic Slices 

Although increasingly used to study human epilepsy, animal models of cortical 

dysplasia have yet to receive the amount or depth of study of normally laminated slices.  

Little work has been done in understanding the emergent properties of neuronal 

populations in dysplastic cortex.  Of the few studies conducted, nearly all utilized 

dysplasia models other than irradiation, particularly freeze lesioning.  Since the freeze 

lesioning model aims to replicate polymicrogyria, while the in utero irradiated model 

causes generalized cortical dysplasia, and since freeze lesioning fails to produce 

animals that are epileptic, applicability of results from these studies to the in utero 

irradiated model is questionable.  Further, no literature currently exists examining 

differences in the three logical phases of epileptiform events in the in utero irradiated rat 

model of cortical dysplasia.  The overwhelming majority of experiments conducted on 

the in utero irradiated model have been primarily focused on in vivo EEG features, 

individual in vitro epileptiform waveforms, differences in neuron distributions, and 

functional differences of neurons in dysplastic cortex.  

In vivo EEG 

Roper et al. (1995) reported differences in EEG signals between controls and in 

utero irradiated animals in the first analysis of the model.  In this study, EEG recordings 

from surgically placed skull screws were taken from control and E17 pups irradiated 

with 196 cGy of gamma radiation.  Neither group displayed ictal activity under normal 

conditions, but one experimental animal exhibited interictal activity at 0.8 spikes per 

minute.  Once the anesthetic agents acepromazine or xylazine were administered, 
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experimental animals displayed ictal activity, while controls did not.  Further, both 

control and experimental animals displayed interictal activity under these anesthetic 

agents, but the mean frequency of interictal discharges was higher in experimental 

animals than controls, 2.7 ± 0.79 Hz and 1.1 ± 0.42 Hz respectively. 

Later, Kondo et al. (2001) expanded on these finding by performing the first 

continuous EEG monitoring of the in utero irradiated rat model, an injury-based cortical 

dysplasia model.  The experimental group was composed of rats that were exposed to 

145 cGy of radiation on E17.  Recording electrodes were implanted into 7 control and 7 

experimental rats at P45 and EEG signals were monitored for 71 – 297 hours (mean 

174.1 hours) beginning 24 hours after electrode implantation.  During the monitoring 

periods, interictal discharges were observed only in one of seven control rats, but all 7 

of the irradiated rats.  Further, while none of the control rats exhibited spontaneous 

seizures measured with EEG, four of the irradiated rats did. 

Most recently, Kellinghaus et al. (2004) compared the effects of varying radiation 

doses and performed long-term video and EEG recordings.  Three experimental groups 

were formed by exposure to 100, 145, or 175 cGy of radiation on E17 and EEG 

electrodes were surgically implanted on P60.  No interictal epileptiform discharges were 

observed in the control rats, but occurred at a median frequency of 0.89 per hour in the 

100 cGy-dosed group, 0.83 per hour in the 145 cGy-dosed group, and 0.29 per hour in 

the 175 cGy-dosed group.  Interestingly, spontaneous seizures were observed only in 

the 145 cGy-dosed group, even though a positive correlation between radiation dose 

and the dysplasia severity was found. 
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In vitro epileptiform waveforms 

After the first study demonstrating that in utero irradiated rats displayed ictal EEG 

recordings and may serve as a model of epilepsy, Roper et al. (1997) examined 

whether the protocol generated a greater propensity for epileptiform activity than 

normally laminated slices in the presence of the GABAA antagonist bicuculline 

methiodide (BMI).  The experimental group was exposed to 225 cGy of radiation on day 

E17.  After weaning on day P21, 400 µm thick coronal in vitro brain slices were 

prepared with a vibraslicer.  Electrical stimulation was delivered at the white matter 

interface and extracellular field potentials were recorded from the superficial layers of 

the somatosensory cortex.  Slices were then disinhibited with 10 µM BMI and the 

median number of negative field potentials per epileptic event (NFP/EE) was compared.  

In the absence of BMI, both normally laminated and dysplastic slices only produced a 

single negative field potential in response to stimulation.  However when slightly 

disinhibited with BMI, control and experimental slices displayed epileptiform activity both 

in response to stimulation and spontaneously.  While the total number of epileptiform 

events was not significantly different between groups, dysplastic slices displayed a 

greater number of NFP/EE (4.1 ± 1.03 vs. 1.6 ± 0.4 for evoked events and 5.1 ± 1.2 vs. 

1.5 ± 0.5 for spontaneous events). 

Following the finding of in vitro hyperexcitability of in utero irradiated cortical slices 

by Roper et al. (1997), subsequent studies began to seek out the underlying 

mechanisms responsible.  These studies primarily have focused on examining the 

differences in neuron distributions and the intrinsic cellular properties of neurons in 

dysplastic cortex. 
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Neuron distributions 

Since many theories of epileptogenesis are based on an imbalance in the normal 

distribution of excitatory and inhibitory neurons and their connections, Roper et al. 

(1999) proceeded to measure the excitatory/inhibitory neuron distribution in dysplastic 

slices.  The experimental group was created by in utero irradiation to 225 cGy of 

radiation on day E17.  Controls and animals were sacrificed as adults (age > P90), and 

immunohistochemical studies were performed on brain slices.  Results were consistent 

with previous studies (McGrath et al., 1956; Cowen et al., 1970; Roper et al., 1995; 

Roper, 1998), with experimental animals displaying features including cortical dysplasia, 

a thinned neocortex lacking lamination, subcortical grey matter, heterotopic neurons, 

heterotopic neurons in the hippocampus, and absence of the corpus callosum.  After 

application of staining techniques, it was found that two types of cortical inhibitory 

neurons (interneurons) were reduced by 40 – 50% in irradiated animals, but that overall 

neuron density was unchanged.  These data suggested that interneurons are 

preferentially reduced by in utero irradiation.  

Deukmedjian et al. (2004) performed a follow-up study aimed at better 

understanding the progression by which the irradiation protocol preferentially reduced 

the neocortical GABAergic system.  To chart the process of the reduction, experimental 

animals exposed to 225 cGy of radiation on day E17 and controls were examined using 

immunohistochemical techniques at two different time points: E21 and P6.  In irradiated 

rats, the total number of neurons was about 50% of controls at both time points.  During 

the time interval, the total number of neurons doubled in both groups.  Surprisingly, 

during the doubling, the distribution of neurons changed.  While GABAeric neurons 

increased by an order of magnitude in control animals, no change was reported in 
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irradiated animals.  This led to a drastic shift in the distribution of inhibitory neurons in 

the experimental group, from 18% at E21, down to 9% at P6.  Thus, it seems 

neocortical GABAergic neurons are less capable at recovering from radiation-induced 

injury. 

Functional differences of neurons in radiation induced dysplastic cortex 

More recent studies have been focused on identifying the functional differences of 

neurons in in utero radiation induced dysplastic cortex. Zhu and Roper (2000) 

performed the first of such studies.  Spontaneous events and evoked responses were 

obtained from pyramidal neurons in neocortical slices from control and rats irradiated 

with 225 cGy at E17 using whole-cell techniques.  Spontaneous IPSCs (sIPSCs), 

miniature IPSCs (mIPSCs), sEPSC, and mEPSCs were examined and illustrated 

several functional changes leading to reduced inhibition in the dysplastic cortex.  First, 

both the amplitude and frequency of sIPSCs were reduced, 35% and 70% respectively 

in dysplastic cortical neurons.  However the decay time constant and 10 – 90% rise 

times were unchanged between the groups.  Second, the frequency of mIPSCs was 

reduced in dysplastic cortex by 86%.  Third, monosynaptic evoked IPSCs in dysplastic 

cortex showed a 48% decrease in mean maximal amplitude compared to controls.  

Fourth, evoked EPSCs from dysplastic cortex showed both greater peak amplitude and 

averaged area than controls.  Finally, spontaneous EPSC in dysplastic cortex showed a 

42% increase in amplitude and 77% increase in frequency.  Combined, these data show 

considerable inhibitory system impairment in the in utero radiation induced cortex. 

A follow-up study conducted by Chen and Roper (2003) examined the properties 

of heterotopic cortex, gray matter residing deep within the subcortical white matter of 

irradiated slices, and corroborated the selective impairment of the inhibitory system in 
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dysplastic cortex.  Whole-cell voltage clamp recordings showed a similar reduction in 

the average frequency of sIPSCs in heterotopic cortex compared to normal pyramidal 

neurons in layer II/III (4.1 ± 0.4 Hz vs. 7.4 ± 0.6 Hz) (Zhu and Roper, 2000).  However, 

sIPSC amplitudes and kinetic properties, such as 10 – 90% rise times, were not 

significantly different between groups.  Similarly to sIPSCs, the frequency of mIPSCs 

was also reduced in dysplastic cortex (2.2 ± 0.4 Hz vs. 3.3 ± 0.3 Hz), while the 

amplitude and kinetic properties were unchanged. 

Differences in short-term plasticity in inhibitory and excitatory neurons were also 

examined.  This was done by stimulating near the cells with a 5-pulse train at 10 or 20 

Hz and observing the response.  The IPSC responses evoked from cells at 10 Hz 

behaved similarly in both groups and depressed over successive pulses in the train.  

However, the EPSC responses evoked at 20 Hz differed.  In control cortex, successive 

EPSC responses were greater than the first response, with the second pulse in the train 

causing the largest amplitude response, while in dysplastic cortex subsequent 

responses gradually decreased in amplitude.  While this study effectively demonstrates 

impairment in the function of interneurons on pyramidal neurons in heterotopic cortex, it 

was unable to tell if it was due to a decreased number of interneurons or other changes 

in presynaptic release mechanisms. 

Subsequent studies have continued to illustrate the intrinsic differences between 

individual neurons in in utero irradiate rats and controls.  These differences include a 

decreased response of interneurons to excitatory drive (Xiang et al., 2006; Zhou et al., 

2009) and supporting evidence for arrested neuron development (Chen et al., 2007). 
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Objectives and Central Hypothesis 

In order to further characterize the in utero irradiated rat model of cortical 

dysplasia for use in epilepsy research, a greater emphasis on network-level interactions 

must be given.  In this study, I utilize MEAs to analyze spontaneous epileptiform 

discharges in cortical slices from animals exposed in utero to one of two different 

radiation doses on E18 and compare results with normally laminated slices.  By using 

MEAs to acquire electrophysiological data, both classic and novel statistical techniques, 

notably Granger Causality, can be utilized. 

Through these techniques, I seek to achieve two main goals.  First, since previous 

work devoted to studying the spatial properties of ictal propagation in acute rat cortical 

slices has focus solely on normally laminated slices, I aim to begin providing a 

comparable understanding about epileptiform activity in in utero radiation induced 

dysplastic slices.  Second, utilizing new metrics, such as Granger Causality, I aim to 

gain deeper insight into the spatial regions driving ictal activity in both normally 

laminated and dysplastic cortical tissue. In particular, it is currently unknown whether 

the origination of ictal events, as defined by the location that has the first local field 

potential peak, is also the region responsible for driving the ictal event.  The answer to 

this question potentially has high clinical relevance, since methods of surgical resection 

in cases of intractable epilepsy often focus removal of the seizure initiation site localized 

by scalp or sub cranial EEG recordings.  Due to the poor surgical outcomes in cases of 

intractable neocortical epilepsy unless the entire dysplastic region is removed, I 

hypothesize that the location of ictal initiation does not coincide spatially with the 

location responsible for driving the ictal event. 
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Figure 1-1.  Data collected in the DeMarse lab from acute rat cortical slices treated with 

4-AP (140 μM) and KCl (7.5 mM) using 60-channel 3D MEAs. A) Data 
recorded during an interictal period.  Each window represents activity on one 
channel over the course of the previous second.  The amplitude of each 
window is 150 μV.  This is an example of a spontaneous population spike 
recorded from multiple channels throughout the tissue with individual spikes 
embedded on four of the waveforms. B) Later during recording, the activity 
progresses to an ictal event.  Time and amplitude scales the same as A. 
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Figure 1-2.  An acute rat hippocampal slice with CA1 and the dentate gyrus placed over 

the electrodes of an Ayanda Biosystems MEA60 200 3D. The electrodes are 
pyramid-shaped with a square base measuring 40 µm by 40 µm, and have a 
height of 50 to 70 µm with a center-to-center spacing of 200 µm.  
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CHAPTER 2 
EXPERIMENT AND METRICS 

Experimental Protocol 

Animal acquisition, irradiation, housing, and brain slice preparation were 

performed by the Roper Laboratory (Epilepsy Neurophysiology Lab, University of 

Florida Department of Neurosurgery, Gainesville, FL) as previously described (Roper et 

al., 1997; Zhu and Roper, 2000; Chen et al., 2007) and is briefly discussed in the 

following text. 

Animals and Irradiation Protocol 

Timed pregnant Sprague Dawley rats were acquired from Harlan (Indianapolis, IN, 

U.S.).  The day of insemination was designated as embryonic day 0 (E0).  Pregnant rats 

were split into one control group and two experimental groups.  The two experimental 

groups were further classified as either low dose irradiated or high dose irradiated.  On 

E17, pregnant rats from the experimental groups were placed in a well ventilated acrylic 

glass (poly(methyl methacrylate)) box and exposed to either 145 cGy or 225 cGy, 

corresponding to low dose or high dose respectively, of external radiation from a linear 

accelerator source.  Otherwise, all litters were housed identically. 

 Offspring were born naturally and weaned on postnatal day 21 (P21). All animals 

were kept on 12-hour dark/light cycles and received food and water ad libitum.  All 

procedures followed guidelines approved by the Institutional Animal Care and Use 

Committee at the University of Florida. 

Brain Slice Preparation 

Rats were anesthetized via isoflurane inhalation and sacrificed by decapitation. 

Their brains were quickly removed and placed in chilled (0-4 °C) dissection artificial 
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cerebrospinal fluid (ACSF) thoroughly saturated with 95% O2 and 5% CO2 (carbogen) 

and containing the following solute concentrations in mM: 124 NaCl, 2.5 KCl, 1.25 

NaH2PO4, 6.0 MgSO4, 1.0 CaCl2, 26.2 NaHCO3, 10.0 glucose. A low potassium 

concentration and high magnesium concentration were chosen to block activity during 

dissection and slicing. 

 Brains were allowed to cool for approximately 90 seconds and then were 

removed from the dissection ACSF, affixed to a Vibratome (Leica VT1000s, Leica 

Microsystems, Wetzlar, Germany) stage with superglue, and covered with chilled 

carbogen saturated dissection ACSF. Coronal brain slices (400 μm thick) were taken 

from 8.7 to 4.8 mm anterior to the interaural line (Paxinos and Watson, 1997), which 

contains motor and somatosensory cortex  (Lehohla et al., 2000).  Finally, slices were 

allowed to equilibrate in room temperature (~22 °C) dissection ACSF constantly 

oxygenated with carbogen for at least 1 hour prior to recording. 

 Following slice equilibration, slices were bisected along the medial longitudinal 

fissure and individually transferred to a 3D MEA (Ayanda Biosystems, Lausanne, 

Switzerland) and positioned under visual guidance using an inverted microscope (Nikon 

Eclipse TS100, Nikon Instruments Inc., Melville, New York) so that the electrodes were 

beneath the cortical layers.  Recording locations ranged medially from M2, the 

secondary motor cortex, to the barrel field of the primary somatosensory cortex 

 After tissue positioning, a mesh harp (ALA Scientific Instruments, Farmingdale, 

New York) was placed on top of the slice to increase slice contact with the electrodes 

and prevent slice movement during recording.  The MEA was then placed into the 

recording system (MEA1060, Multichannel Systems, Reutlingen, Germany). Carbogen 
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saturated and warmed (35 °C) recording ACSF containing the following solute 

concentrations in mM: 124 NaCl, 5.0 KCl, 1.25 NaH2PO4, 0.5 MgSO4, 2.0 CaCl2, 26.2 

NaHCO3, 10 glucose, and 0.14 4-aminopyridine (4-AP), was continuously perfused into 

the MEA recording chamber at a rate of 2-3 ml/min via a microfluid chamber level 

controller (LeveLock LL-2, ALA Scientific Instruments).  Increased K+ and Ca2+ 

concentrations, decreased Mg2+ concentration, and 4-AP were administered in the 

recording ACSF to encourage spontaneous epileptiform activity, which is uncommon in 

submerged slice preparations (D'Arcangelo et al., 2001; Meierkord et al., 1997). 

Recording 

A ground electrode was connected to the system and submerged in the MEA 

recording chamber.  Electrophysiological signals were amplified, band pass filtered from 

1 Hz - 10 KHz, and digitized by a data acquisition card (Multichannel Systems, 

MEA1060BC, Reutlingen, Germany) at a sampling rate of 25 kHz with 12 bit resolution. 

Real-time monitoring of voltages on all 60 channels was performed using internally 

developed software built upon the Open Source MEABench suite (Wagenaar et al., 

2005).  Recordings were started immediately upon the onset of the first ictal event for 

each slice and continued for at least 15 minutes.  However, if an ictal event was not 

observed within 20 minutes, the slice was discarded. In total, data from 11 slices from 7 

control animals, 7 slices from 4 low dose animals, and 11 slices from 5 high dose 

animals, ranging in age from P12 to P32 (median age P19), were analyzed. 

Post Processing and Data Analysis 

After recording, the raw signals were post processed by software to identify and 

separate ictal events into a single file for each slice.  Information stored for each ictal 

event included: time of the event, the channel that triggered the event, the length of the 
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event, and voltages throughout the event at the 60 electrodes.  To detect ictal events, a 

voltage threshold of 2.8 – 3.5 times the standard deviation of the mean voltage 

measured in the absence of activity was used.  If at any time any channel had a voltage 

exceeding the threshold for more than 150 ms, a local field potential (LFP) event was 

declared on that channel and data from 100 ms prior to the time of peak voltage and 

500 ms after was collected.  During the 500 ms after the peak other LFP events could 

occur. If three or more contiguous LFP events were detected an ictal event was 

declared. Recording of the ictal continued until no LFPs had occurred for 500 ms. At this 

time, the end of the ictal event was declared and the event was stored to disk.  Figure 2-

1 gives a visual representation of the automated post-processing algorithm.  After 

automated post processing, data from every channel of each ictal event was plotted 

with custom software written in Objective-C and verified by visual inspection to be 

genuine. Events were required to have at least three successive super-threshold peaks 

on at least one channel to distinguish them from LFPs. Since ictal events were typically 

measured simultaneously across the entire 8x8 electrode grid they were easy to 

distinguish.   Events that were erroneously classified as ictal events (e.g.: electrical 

noise produced by the perfusion system) by the automated program due to recording 

artifacts or that did not have at least three successive super-threshold peaks were 

removed from analysis.  Subsequent data processing and analysis was performed using 

programs written in MATLAB and Objective-C. 

Definition of Metrics 

The two questions that I aim to answer are, “What are the differences between in 

vitro cortical ictal, or seizure-like, activity in control and irradiated animals?” and, “Does 

the initiation site of ictal events coincide spatially with the region driving ictal activity?”  
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In order to answer these questions, a set of metrics must be defined to measure and 

quantify the ictal activity recorded.  I first present a simple test to ascertain if the slice 

activity is stable with respect to time.  This simple test provides a solid foundation 

necessary for all subsequent qualitative and quantitative analysis performed.  Next, I 

present the actual metrics, which are subdivided into three groups based upon their use 

by previous researchers and their complexity.  First, I introduce and define a set of 

classic metrics used by previous researchers that do not incorporate spatial or 

topological information and do not vary over time.  Second, I progress to more complex 

metrics, which capitalize on the rich spatial information about the slice provided by the 

MEAs.  Finally, I present a brief overview of Granger Causality and its application to 

quantifying causal interactions during propagation within and across the cortical layers 

during ictal events. 

Verification of Slice Stationarity 

In order for any of the metrics or statistical analysis performed to have meaningful 

results, the electrophysiological activity of the slice must be stable with respect to time.  

This is especially important for metrics that depend on temporal components.  If 

electrophysiological activity is not sufficiently stable over the recording period, results 

from statistical analysis will become meaningless. 

Specifically, two important scenarios exist which could invalidate temporally 

dependent metrics.  First, there is an amount of time the recording solution, which 

contains 4-AP, an elevated KCl concentration, decreased Mg2+ concentration, and is 

heated to 35 °C, must sufficiently “wash in” the tissue and begin to have a physiological 

effect.  This could cause an increase in activity during the wash-in period.  Second, 

gradual cell/slice death over the course of the recording could result in a decrease in 
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activity over the course of the recording. In order to ensure that neither of these 

phenomena plays a significant role, two provisions were made. 

The first provision was the experimental protocol, which was designed to mitigate 

the effects of “wash-in”.  Recording was only started after the first observed ictal event.  

This typically took between 5 and 15 minutes.  I modeled the change in concentrations 

of solutes in the recording chamber by assuming the chamber initially held 1 ml of 

dissection ACSF, the average in and out flow rates were 2.5 ml/minute, and the fluids 

mixed perfectly. Next, I constructed a differential equation based on these assumptions 

to approximate the solute concentrations in the recording chamber over time as follows: 

The number of moles of solute in chamber at time t is equal to the initial number of 

moles plus the amount of solute flowed in at time t minus the amount of solute flowed 

out at time t.  This gives Eq. 2-1, the general differential equation for recording chamber 

solute concentration as a function of time. 

 

 

C'(t) =  [solute]in  -  flowout *C(t) (2-1) 

where C’(t) is the change in the number of moles of solute in the chamber with respect 

to time, [solute]in is the number of moles of solute flowing into the chamber per minute, 

flowout is the number of moles leaving the chamber per minute, and C(t) is the number 

of moles of solute in the chamber at time t. 

For 4-AP, the specific equation is 

 

 

C'(t)4-AP  =  0.35 *10-6   -  2.5 *C(t)4-AP  

with an initial condition of 

 

 

C(0) = 0  

Using the general solution method gives 
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C(t)4 -AP  =  e-2.5*t ( 0.35*10−6 *e2.5*tdt + k∫ )  

Solving the indefinite integral gives 

 

 

C(t)4 -AP  =  e-2.5*t (0.14 *10−6 * e2.5*t + k) (2-2) 

Reducing Eq. 2-2 yields 

 

 

C(t)4-AP  =  0.14 *10−6 + k *e2.5*t  

Finally, solving for the constant k using the initial condition produces 

 

 

C(t)4-AP  =  0.14 *10−6 *(1− e2.5*t ) 

Similarly, Eq. 2-3 through Eq. 2-5 gives the amount of K+, Mg2+, and Ca2+ present in the 

chamber at a given time, respectively. 

 

 

C(t)
K+  =  (-2.5 *e−2.5*t + 5.0)*10−6  (2-3) 

 

 

C(t)
Mg2+  =  (5.5 *e−2.5*t + 0.5)*10−6

 (2-4)
 

 

 

C(t)
Ca 2+  =  - 0.00025 *e−2.5*t + 0.000005  (2-5) 

Using these equations to plot the concentration of each solute as a function of time 

gives the graphs shown in Figure 2-2. 

In the case of Mg2+, which has the longest delay, the chamber concentration 

reaches within 5% of the final concentration within 131 seconds and within 0.5% of the 

final concentration within 186 seconds.  This shows that complete wash-in should be 

completed well before the 5 – 15 minutes before the first ictal event is observed and 

recording is started. 

The second provision made to ensure that wash-in and necrosis had no 

appreciable effect was examining the rate at which ictal events occurred over time. It is 

hypothesized that ictal events should occur more or less linearly over time.  The ictal 

event number versus event start time for each recording was plotted and a linear fit was 
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performed to ascertain the level of linearity. An initial, rapid increase in activity could be 

attributed to wash-in, while a gradual decline throughout or rapid decline in activity later 

in longer recordings could be attributed to necrosis.  Should such an increase or 

decrease in activity be seen, data from only the linear region should be included for 

further statistical analysis (e.g.: after any rapid initial activity increase and before any 

noted activity decrease). 

Classical and Non-Spatial Metrics 

Ictal events per recording time 

The first, and most fundamental metric used is the number of ictal events per unit 

of recording time.  For the purposes of this document, an ictal event or ictal is defined 

as at least three consecutive local field potentials (LFPs) exceeding 3.2 standard 

deviations above the noise floor recorded on at least one of the sixty channels and 

includes 100 ms before the first LFP breaks the threshold and continues 500 ms after 

the activity levels return to the noise floor.  Since recording lengths vary between slices, 

normalizing by recording length is necessary. 

 This metric has widespread use and has been used by previous researchers to 

characterize epileptiform activity in different in vitro models (Gulyás-Kovács et al., 

2002), compare the effectiveness of protocols aimed at mitigating spontaneous ictal 

activity in slice (Albensi et al., 2004), and quantify the increased hyperexcitability 

caused by cortical dysplasia (Kondo et al., 2001; Zhou et al., 2009). 

 In this study, an elevation in the number of ictal events per time is expected with 

dysplastic slices, due to a loss of laminar structure and regulatory inhibition networks, 

thus lowering the ictal threshold and allowing for more synchronous activity to occur.  
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Further, in line with results reported by Kellinghaus et al. (2004), it is expected that low 

dose irradiated subjects will have a greater increase than high dose irradiated subjects. 

Average event length 

Employed by previous researchers to quantify the effectiveness of various 

pharmacological and electrical stimulation protocols aimed at lessening epileptiform 

activity, the average event length is the second fundamental metric used to quantify 

electrophysiological activity differences between groups (D'Arcangelo et al., 2005; 

D'Antuono et al., 2002; de Guzman et al., 2008).  Dysplastic slices are expected to have 

a longer average event length, due to loss of regular morphology and impeding 

inhibitory networks that would normally terminate synchronous events. 

Distribution of event lengths 

Expanding further on the average event length metric, I present histograms of 

event lengths, normalized by recording time.  This provides a more descriptive metric 

than average event length, since information about the presence of clusters of event 

lengths would be hidden by a simple average. Decreased inhibition is expected to lead 

to distributions tending towards longer event lengths in irradiated subjects as compared 

to control subjects. 

Average burst integral 

The epileptiform field potential (EFP) burst integral has been used to quantify the 

hyperexcitabilty of dysplastic cortex due to freeze lesioning in the rat model (Kellinghaus 

et al., 2007) and human patients (Möddel et al., 2005).  This metric was employed using 

data collected from intracellular methods and is dependent on the amplitude of the 

signals collected.  Since our protocol used extracellular recording techniques, namely 3-

D MEAs, to acquire electrophysiological signals, this metric becomes less reliable. 
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Amplitude variations arise due to a number of factors, including differences in slice 

placement on the array, tissue contact with the 3-D electrodes, thickness of the 

insulating dead-cell layer caused by the tissue slicing process, and distances between 

active neuron populations and the electrodes.  Due to the average burst integral’s 

reliance on uniform signal amplitude collection and variability in this due to our 

experimental protocol, I chose not to include incorporate this metric into our analysis. 

Average inter-event interval 

The inter-burst interval (IBI) metric is frequently used by in vitro experimenters 

using dissociated cultures and computer models (Canepari et al., 1997; Chiappalone et 

al., 2003; Chiappalone et al., 2006), and it has been adapted by researchers using 

acute slices (Slutzky et al., 2001; Slutzky et al., 2003) and in vivo experiments with EEG 

(van Putten and van Putten, 2007).  In this study, I define the IBI as the length of time 

between the end of one ictal event and the beginning of the next.  Due to cortical 

dysplasia leading to a loss of inhibition, normal oscillatory activity, which normally would 

terminate via inhibitory networks, are expected to more effectively recruit neuron 

ensembles, resulting in a lower IBI for irradiated subjects.  Further, it is hypothesized 

that the mean IBI from the low dose group will be shorter than the mean IBI from the 

high dose group. 

Distribution of inter-event intervals 

Also expanding on the average IBI metric, I present histograms of IBI lengths, 

normalized by recording time.  This provides a more descriptive metric than average IBI 

length, since information about the presence of clusters IBI lengths would be hidden by 

a simple average. Decreased inhibition is expected to lead to distributions tending 

towards shorter IBIs in irradiated subjects as compared to control subjects.  Further, it is 
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anticipated that the IBI distribution from the low dose group will tend towards shorter 

lengths than the high dose group. 

Recovery ratio 

Tying event duration and IBIs together, I seek to quantify the “recovery ratio” after 

an ictal event.  I define the recovery ratio as the inter-event interval divided by the 

duration of the immediately preceding event.  I expect three main trends in the recovery 

ratio.  First, it is expected that longer events will be followed by a longer IBI, due to 

depletion of neurotransmitters.  Second, it is hypothesized that due to loss of lamination 

and inhibitory networks, irradiated subjects will, in general, have a decreased recovery 

ratio.  Finally, I expect a larger decrease in recovery ratios from low dose group than 

recovery ratios from the high dose group. 

Number of local field potentials per epileptic event 

Modifying the number of negative field potentials (NFP) and NFP per epileptic 

event (NFP/EE) metrics previously employed by researchers such as Roper et al. 

(1997), I developed MATLAB software based on the public domain peakdet program 

(Billauer, www.billauer.co.il) to down sample the signals from 25 kHz to 250 Hz and 

then count the number of positive and negative local field potentials appearing on each 

channel during each ictal event to assess if there are differences between experimental 

and control groups.  Due to previous studies, I expect to find a greater number of field 

potentials per ictal event in dysplastic tissue (Roper et al., 1997). 

Spatial Metrics 

A great deal of research has been devoted to exploring the spatial properties of 

seizure like activity in acute rat cortical and hippocampal slices.  However, this previous 

work has focused solely on normally laminated tissue.  Here I describe the previously 

http://www.billauer.co.il/�
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used and expanded spatial metrics I applied to normally laminated and dysplastic 

cortical slices to compare seizure like events.  

Initiation site 

Previous studies using 1-D electrode arrays and optical imaging have shown that 

the initiation for spontaneous epileptiform activity is a localized process usually 

constrained to a few localized groups of neurons in layer V of the neocortex with most 

preparations (Flint and Connors, 1996). Further, literature reports conflicting views on 

the existence of dominant initiation foci.  Some researchers indicate that there is no 

dominant initiation site (Jimbo and Robinson, 2000), while others claim that typically two 

or three initiation foci exist and the dominant foci changes over time (Tsau et al., 1998).  

Here, I denote the initiation location as the first channel to reach its first peak in each 

ictal event.  It is anticipated that control slices will have a few dominant initiation foci 

contained chiefly in the lower cortical layers, while the irradiated slices will have a 

greater number of initiation foci spread throughout cortical layers due to loss of 

lamination. 

Ictal wave propagation speeds and pattern  

Modifying metrics employed by previous researchers (Bakker et al., 2009; Chervin 

et al., 1988; Demir et al., 1999; Golomb and Amitai, 1997; Pinto et al., 2005), I analyzed 

the propagation of ictal activity through the tissue.  This was done quantitatively by 

calculating wave propagation velocities through the tissue slices both horizontally 

through layers and vertically across layers.  Further, I qualitatively analyzed wave 

propagation patterns originating from dominant initiation foci using color gradients 

generated from event first peak times.  Results from these metrics were then compared 

between groups. 
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Termination site  

Previously examined in normally laminated slices by Pinto et al. (2005)using a 

linear array of electrodes, I define the termination site as the electrode with the last peak 

in an ictal event. In accordance with the findings of Pinto et al., I expect termination to 

be confined to a few foci in the upper layers in normally laminated slices.  As with event 

initiation, due to loss of lamination in dysplastic slices, I expect less regular termination 

sites as compared to control subjects. 

New Metrics 

Overview of Granger Causality 

While classic and spatial metrics allow for characterization of ictal events, it is 

possible that these observations are the result of more complex and unobserved 

underlying processes.  For instance, although a dominant initiation focus may be 

present in a slice, this may not be the location actually driving the seizure event.  This 

has particular clinical relevance in cases of intractable epilepsy where surgical resection 

of brain tissue is employed.  Therefore, it is desirable to utilize a technique, such as 

Granger Causality, that allows analysis into underlying processes. 

Although originally used for economic data, Granger Causality has gained 

significant traction in the neuroscience community over the last half decade.  

Specifically, it has been most attractive in instances where researchers wish to gain 

greater insight into causal interactions between neuron populations or brain region in 

behaving animal or human subjects and where experimental physical or ethical 

boundaries limit data collection to EEG or MRI (Goebel et al., 2003; Hesse et al., 2003; 

Bollimunta et al., 2008; Roebroeck et al., 2005; Roebroeck et al., 2009). 
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First, it provides a mathematical quantification of causal relationships, providing an 

effective means to compare the strength of causal interactions among groups.  

Secondly, it separates causal relationships from merely coincidental occurrences.  

Third, using an improved technique, known as conditional Granger causality, it allows 

for the elimination of mediating and confounding influences.   

The fundamental idea behind Granger Causality can be tracked back to Wiener 

(1956).  He proposed, given two simultaneously measured time series A and B, that A 

can be said to be causal to B if past information about A allows a more accurate 

prediction about the future behavior of B.  Granger later formalized this idea in 1969 

(Granger, 1969) for linear regression models of stochastic processes.  This is 

accomplished by evaluating whether or not the variance of the prediction error for B at 

the present time is reduced by including past measurements from A in a linear 

regression model.  If it is reduced, then A is said to have a causal, direct, or driving 

influence on B.  Granger Causality analysis has three main advantages over traditional 

cross-correlation metrics.  First, GC is less sensitive to changes in overall activity rate.  

Second, it provides a directional measure of the “causal” influence, whereas cross-

correlation does not.  Finally, GC may require less data to successfully complete a 

meaningful analysis. 

Pairwise Granger Causality 

Here I present an overview of the mathematical underpinnings of Pairwise 

Granger Causality in both the time and frequency domains which closely follows the 

Geweke (1982; 1984) and Ding et al. (2006) treatment of the subject matter. 



 

68 

We begin with autoregressive (AR) modeling of neural time series.  Consider two 

simultaneously acquired stationary time series: 

 

X , given by 

 

X1,X2,...,Xn , and 

 

Y , given 

by 

 

Y1,Y2,...,Yn .  The single variable autoregressive (SVAR) model representations of 

these time series based on  previous samples can be given by: 

 

 

X(t) = ax ( j)X(t − j) + εt
j=1

p

∑  

 

 

Y (t) = ax ( j)Y (t − j) + εt
j=1

p

∑  

where the variance of each error series, 

 

εX ( t ) and 

 

εY ( t ) respectively, is a measure of the 

linear prediction accuracy.  Combining these into a bivariate autoregressive (MVAR) 

model, 

 

W (t) , where 

 

X  and 

 

Y  are calculated on previous values of both time series 

gives 

 

 

W (t) =

X(t) = aXX ( j)X(t − j) + aXY ( j)Y (t − j) + ηt
j=1

p

∑
j=1

p

∑

Y (t) = aYX ( j)Y (t − j) + aYY ( j)Y (t − j) + γ t
j=1

p

∑
j=1

p

∑

 

 

 
 
 
 
 

 

 

 
 
 
 
 

 (2-6) 

Using Wiener’s idea, Granger formulated that if the 

 

X  prediction is improved by 

using past information about the 

 

Y  series, then 

 

Y  can said to have a “causal” influence 

on the 

 

X  time series.  This influence can be quantified by 

 

 

FY →X = ln var(εt )
var(ηt )

 

The variance of the prediction error for the AR model of 

 

X  is compared to the 

variance of the prediction error when 

 

Y  is included in the model.  Evaluating whether or 

not there is a causal influence in the opposite direction, from 

 

X  to 

 

Y , merely requires 

reversing the roles of the two time series. 
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Since natural time series, such as economic data, contains oscillatory 

components, Geweke (1982; 1984) later developed the mechanics to handle a spectral 

version of Granger Causality, thus allowing the quantification of causal influences at 

specific frequencies.  This method compares the power of a time series generated by 

the stochastic processes intrinsic to that time series, or its intrinsic power, to the total 

power of the same time series.  Since the total power of the time series includes any 

causal influences from other time series in the frequency domain, there may be a 

difference in the intrinsic power and total power.  Thus, when no causal influence exists 

upon the time series, the total power is equal to the intrinsic power and the log ratio of 

the total to intrinsic power is equal to zero. 

Before being able to compare the total and intrinsic powers of a time series, a 

number of steps must be taken.  In order to generate the frequency domain function 

 

W ( f ) , a Fourier transform is performed on the MVAR 

 

W (t)  defined in Eq. 2-6 yields, 

and yields 

 

 

A( f )W ( f ) = E( f )  (2-7) 

where 

 

A( f ) is the spectral coefficient matrix and 

 

E( f ) is the spectral noise vector 

resulting from the Fourier transform.  Next, Eq. 2-7 is rearranged by setting the transfer 

function 

 

H( f )  equal to 

 

A( f )−1, which produces 

 

 

W ( f ) = H( f )E( f ) 

Next, the spectral matrix 

 

S( f ) , containing the auto spectra and cross spectra of 

 

W (t) , 

can be calculated, as shown in Eq. 2-8. 

 

 

S( f ) = H( f )Σ3H
*( f )  (2-8) 
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Where 

 

H*( f ) is the transpose and conjugate of 

 

H( f )  and 

 

Σ3 is the covariance matrix 

of the noise terms from 

 

W (t) . 

Spectral Granger causality is based upon decomposing the total power (variance) 

of a given frequency 

 

f  for one time series into the sum of the intrinsic power and 

causal power from an influencing series.  Each time a new spectral matrix is calculated 

in the same manner, except both sides of Eq. 2-7 are left multiplied by Geweke’s 

normalization transform 

 

 

P =
1 0

−
cov(ηt ,γ t )

var(ηt )
1

 

 
 
 

 

 
 
  

The normalization transform isolates the intrinsic power of 

 

X by calculating the 

intrinsic power component of the total power separately from the causal power 

component (Geweke, 1982).  The 

 

X  component of the new transfer function, shown in 

Eq. (2-9), is then used to calculate the intrinsic power of the 

 

X  time series. 

 

 

H
~

xx ( f ) = Hxx ( f ) +
cov(ηt ,γ t )

var(ηt )
 

 
 

 

 
 Hxy ( f )  (2-9) 

The Granger Causality spectrum is then calculated by taking the logarithm of the ratio of 

the total power over the intrinsic power 

 

 

Fy →x ( f ) = ln
Sxx( f )

H
~

xx ( f ) var(ηt )Hxx
*

~

( f )

 

 

 
 

 

 

 
  

Finally, Using the value of the causality spectrum, it is then possible to evaluate how 

much of the variance of a signal at 

 

f  is due to the second signal exerting a causal 

influence.  
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Conditional Granger Causality 

 While useful at determining connections between time-series, Pairwise Granger 

Causality (PWGC) has two notable limitations at ascertaining network topology, 

particularly in networks where mediated connections exist: false-positive connections 

and over estimated connection strengths.  These shortcomings are illustrated in Figures 

2-3 and 2-4. 

Suppose I have the simple three-neuron network with connectivity as shown in 

Figure 2-3A. Neuron X is connected to Neuron Y and Neuron Y is connected to Neuron 

Z.  No other connections exist.  Performing a traditional PWGC Analysis on this network 

will likely describe the network shown in Figure 2-3B.  The most obvious difference 

between the actual network and the one reconstructed through PWGC analysis is the 

erroneous direct connection from Neuron X to Neuron Z.  This is due to the fact that 

Neuron X has a mediated connection to Neuron Z through Neuron Y.  In other words, 

the firing of Neuron X induces Neuron Y to fire, which then induces Neuron Z to fire. 

 Secondly, in the PWGC reconstructed network, the connection strength between 

Neuron Y and Neuron Z is over estimated.  This connection over-estimation is the sum 

of two components: the “actual” endogenous firing of Neuron Y causing Neuron Z to fire 

and the mediated connection from Neuron X to Z through Y, in which Neuron X fires, 

“evoking” a response from Neuron Y, causing Neuron Z to fire.  False-positive 

connection inferences and over-estimated connection strengths are compounded in 

networks possessing a cascade of mediated connections, such as the network shown in 

Figure 2-4.  As the length of the neuron chain increases, the estimated PWGC 

reconstructed connection weights towards the end of the chain approach 1. 
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 In order to tease out these mediated connections, a modification of PWGC 

Analysis, known as Conditional Granger Causality (CGC) Analysis, which can identify 

and remove mediated connections erroneously interpreted as direct connections, can 

be performed.  Algorithms have been developed to perform this analysis in both the 

time and frequency domains (Ding et al., 2006).  For brevity, I only present the time 

domain case and use the simple three-neuron network shown in Figure 2-3A for our 

discussion. In the time-domain, CGC compares the prediction of Z including Y in a 

bivariate MVAR model, V(t)  shown in Eq. 2-10, with the prediction of Z including Y and 

X in the trivariate MVAR model, U(t)  shown in Eq. 2-11. 

 V (t) =

Y (t) = aYZ ( j)Z(t − j)
j =1

p

∑ + aYY ( j)Y (t − j)
j =1

p

∑ +κ t

Z(t) = aZZ ( j)Z(t − j)
j =1

p

∑ + aZY ( j)Y (t − j)
j =1

p

∑ + α t



















 (2-10) 

 U(t) =

X(t) = Axx ( j)X(t − j)
j =1

p

∑ + Axy ( j)Y (t − j)
j =1

p

∑ + Axz ( j)Z(t − j)
j =1

p

∑ + λt

Y (t) = Ayx ( j)X(t − j)
j =1

p

∑ + Ayy ( j)Y (t − j)
j =1

p

∑ + Ayz ( j)Z(t − j)
j =1

p

∑ + µt

Z(t) = Azx ( j)X(t − j)
j =1

p

∑ + Azy ( j)Y (t − j)
j =1

p

∑ + Azz ( j)Z(t − j)
j =1

p

∑ + ν t



























 (2-11) 

Since the influence of Neuron X on Neuron Z is entirely mediated through Neuron 

Y, the trivariate model prediction of Z is no more accurate than the bivariate model.  

This is determined by taking the log of the ratio of the variance of the prediction error of 

Z fromV(t)  to the prediction error of Z from U(t)  and is shown in Eq. 2-12. 

 FY →Z X = ln
var(α t )
var(ν t )

 (2-12) 
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Thus yielding a value of zero in the case where the influence of Neuron X on 

Neuron Z is completely mediated through Neuron Y, but a value greater than zero when 

Neuron X has a direct, non-mediated influence on Neuron Z. 
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Figure 2-1.  Visual representation of the automated post-processing algorithm.  Here 

four seconds from one channel of raw data in which an ictal event occurred is 
plotted.  The two black horizontal lines centered about 0 µV are the 
thresholds.  Together, the three shaded areas represent the packaged ictal 
event.  The red-yellow interface is the peak of the threshold-crossing event.  
The red area denotes 100 ms of data prior to the event peak that is collected, 
yellow represents the main part of the event, and green is the last 500 ms of 
data collected after the voltage on the channel returns within threshold. 
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 A  B 

 C D 
 
Figure 2-2.  Concentration of solutes in the recording chamber vs. time.  Since the 

concentrations of some solutes differ between the dissection and recording 
ACSF, there is a delay at the beginning of each experiment when the 
recording fluid is “washing in”.  Blue indicates the solute concentration within 
the recording chamber and the red indicates a concentration within 5% of the 
final concentration. A) 4-AP Concentration vs. Time, B) K+ Concentration vs. 
Time, C) Mg2+ Concentration vs. Time, and D) Ca2+ Concentration vs. Time 
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 A  B 
 
Figure 2-3.  Example of an erroneous direct causal connection generated by Pairwise 

Granger Causality on a network in which a mediated connection exists.  A) 
The actual network possessing a mediated connection from Neuron X to 
Neuron Z through Neuron Y.  B) The PWGC reconstructed network, which 
possesses an erroneous direct connection from Neuron X to Neuron Z due to 
the aforementioned mediated connection.  Note: differences in connection 
weights were omitted from B for clarity. 
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 A 
 

 B 
 
 
Figure 2-4.  Example of erroneously increasing connection weights generated by 

PWGC in which a series of mediated connections exists.  A) The actual 
“chain” network possessing a series of mediated connections from Neuron V 
to Neuron Z.  B) The PWGC reconstructed network in which the connection 
weights are erroneously over emphasized progressively down the chain of 
mediated connections.  Note: erroneous direct connections, as described in 
Figure 2-3, would also be inferred by PWGC but were omitted from B for 
clarity. 
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CHAPTER 3 
VERIFICATION OF SLICE STABILITY 

Although the experimental protocol was designed to limit the potential effects of 

chemical wash-in and tissue necrosis, and was validated with mathematical models in 

Chapter 2, further validation of the protocol is required to ensure that our subsequent 

statistical analysis will be meaningful.  I verify slice stability by plotting the ictal event 

number versus the start time of the event.  A linear trend is expected, indicating that the 

activity is stable—or stationary—with respect to time.  However, if wash-in of K+ or 4-AP 

and wash-out of Mg2+ is gradual, a super-linear trend of ictal onset would be observed.  

Additionally, if tissue slowly dies over the course of a recording session, a sub-linear 

trend would be observed. 

Control Slice Stability 

The stability of the control slices was first assessed.  In order to evaluate stability, 

a series of three plots was generated from the electrophysiological data collected for 

each slice.  Initially, the ictal event number was plotted versus the start time of the event 

using MATLAB.  A simple linear fit was performed on the data and superimposed on the 

graph.  One such plot, which is representative of the normally laminated control slices, 

is presented in Figure 3-1.  As illustrated, the data show that the ictal events occur at a 

fairly regular, rhythmic rate.  This indicates that wash-in of the recording ACSF and 

simultaneous wash-out of the dissection ACSF have no appreciable effect on the rate of 

ictal events. 

While Figure 3-1 is representative of the data for nearly all of the control slices, 

one appears to have a change in ictal event generation rate over the course of the 

recording.  Figure 3-2 presents this slice.  The plot appears to consist of three linear 
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phases.  The first phase occurs from 0 to 6 minutes.  Beginning around 6 minutes into 

the recording, the slope of the linear trend appears to increase drastically.  After 

approximately 2 minutes of this increased linear activity, a near instantaneous drop 

occurs where the frequency of ictal events returns to the earlier rate.  This pattern 

warranted further investigation.  The data from the recording were split into each of the 

three phases and analyzed separately.  All three phases demonstrate linear trends.  

The slopes of the linear fits are 6.5, 25, and 7.6 for the first, second, and third phases, 

respectively.  It is unlikely that this change of slope can be attributed to ACSF wash-

in/wash-out for a number of reasons.  First, although there is a marked change in slope 

between the phases, the trend within each phase is always linear.  An effect from wash-

in/wash-out and tissue necrosis would be expected to be an exponential rise early in the 

recording or asymptotic decrease late in the recording, respectively.  Second, the 

increase in slope occurs after almost 5.5 minutes, well after the effect of wash-in/wash-

out would be expected from the models discussed in Chapter 2.  Third, the second 

change in slope reverts back to a state very similar to the first phase of the recording 

and does so after around the 7-minute mark.  Tissue necrosis is unlikely after only 7 

minutes.  Finally, no other control slices display appreciable non-linear phases. Thus, it 

is unlikely that only one of 11 such slices is affected by these phenomena. 

In order to further verify that the changes in linear slope demonstrated in Figure 3-

2 were not attributable to wash-in/wash-out and tissue necrosis, two further plots were 

constructed.  In addition to the rate of ictal event generation, the duration of ictal events 

could be modified by wash-in/wash-out and tissue necrosis.  If these processes have an 

appreciable effect, ictal events durations should become longer during the period while 
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the dissection ACSF is replacing the recording ACSF.  Additionally, as neurons die, ictal 

events should shorten in duration because a monotonically decreasing number of 

neurons would be able to sustain activity.  To address this issue, I first plotted ictal 

event length vs. the event number; the results are shown in Figure 3-3.  No reliable 

trend in ictal durations is evident from this plot.  I also compared ictal event durations vs. 

ictal event start times; the results are shown in Figure 3-4.  Although the rate of event 

generation elevates around 5.5 minutes into the recording and returns to the earlier rate 

near the 7-minute mark, there is no significant change in ictal durations.  These plots 

were generated for all slices.  Figure 3-5 and 3-6 present these plots for the 

representative data set initially plotted in Figure 3-1. 

Finally, three slices from three different control animals exhibited an interesting 

“stair-step” trend.  Figure 3-7 illustrates one such stability plot.  Although not strictly 

linear, the stair-step pattern is consistent over the recording period and does not 

appreciably change. Next, plots of event duration vs. event number and event duration 

vs. event start time for these slices were inspected to see if there was a correlation 

between the stair-step pattern and event lengths.  These plots are shown in Figure 3-8 

and Figure 3-9, respectively.  No apparent relationship between ictal event duration and 

the pattern is seen and neither wash-in/wash-out nor tissue necrosis appears to affect 

ictal activity, indicating that the activity remains stable for these slices as well. 

Low Dose Slice Stability 

Initial stability analysis for low dose slices began with examining ictal event 

number vs. ictal event start time.  This analysis demonstrates a very pronounced stair-

step trend in five of the seven slices from four of the five animals. Further, the remaining 

animal and two low dose slices demonstrate a less pronounced stair-step pattern 
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instead of the simple linear trend present in the majority of control slices.  Figure 3-10 

shows one example of the more pronounced stair-step stability plots.  Again, although 

not simply linear, the stair-step pattern is consistent and does not appreciably change, 

even over an extended recording time exceeding 40 minutes. 

Next, plots of ictal event duration vs. ictal event number were generated for low 

dose subjects.  Figure 3-11 presents this plot for the data set used to construct Figure 

3-10.  Although the majority of events are short in duration (approximately 1 – 4 s), 

much longer event durations (approximately 25 – 40 s) appear to occur at a rate of 

every 20 – 30 events.  No increase in event duration early in the recording or decrease 

in event duration late in the recording was observed, indicating that activity remained 

stable. 

Finally, ictal event duration vs. ictal event start time plots were generated for low 

dose subjects.  Figure 3-12 presents this plot for the data set used to construct Figures 

3-10 and 3-11.  Again, no event duration increase early in the recording or event 

duration decrease in the recording was observed.  This further corroborates that the 

epileptiform activity generated is stable.  Surprisingly, the longer duration events occur 

at relatively periodic rates, with an approximate period of 6 minutes in this example.  

Further, these long events are followed by clusters of short-duration events, which are 

in turn followed by periods of no activity. 

High Dose Slice Stability 

Lastly, stability for high dose irradiated subjects was assessed.  Only one slice 

from this group exhibited a simple linear trend.  The stair step pattern was observed in 

six of the eleven slices and four of the seven animals.  The remaining four slices 

demonstrated a primary linear trend with a weak stair-step influence.  Figure 3-13 
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presents all three stability plots for the high dose subject demonstrating a linear trend 

and Figure 3-14 presents these plots for a slice demonstrating the stair step.  

Regardless of whether the pattern demonstrated was linear, stair step, or an amalgam 

of the two, the trend remained stable over the course of the recording period.  This 

indicates that electrophysiological activity from high dose subjects, like control and low 

dose subjects, was stable over time. 

Stability Conclusions 

Overall, analysis of slice stability revealed acceptable stationarity of slice 

electrophysiology during the recording periods.  Normally laminated control tissue 

demonstrated typically constant rates of activity.  A few control slices displayed changes 

in ictal initiation rate but maintained linearity.  Three of the eleven control slices from 

three of the seven control animals displayed a stair-step pattern in the occurrence of 

events.  Examining the duration of the ictal events over time further validated stability 

and corroborated initial results suggesting that neither wash-in/wash-out nor tissue 

necrosis played a significant role in epileptiform activity over the course of the recording 

periods. 

Five of seven slices from four of five low dose irradiated animals exhibited the 

stair-step pattern on their ictal event number vs. event starting time plot.  Further 

analysis showed that longer duration events occurred at relatively regular intervals, both 

in terms of event number and time.  Additionally, these long duration events preceded 

clusters of subsequent short duration events, which were in turn followed by periods of 

no activity.  These trends remained unchanged over recording periods exceeding 40 

minutes, thus indicating that the activity was stable. 
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Finally, high dose subjects displayed a simple linear trend in one slice and the 

stair-step pattern in six of eleven slices from four of seven animals.  The remaining high 

dose subject displayed a primarily linear trend with a weak stair-step influence.  

Regardless, the trends remained constant over the course of the recording.  This 

analysis suggests that neither wash-in/wash-out nor tissue necrosis had an appreciable 

effect on the electrophysiological activity of any slice over any of the recording periods. 
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Figure 3-1.  Ictal event number vs. ictal event start time for a normally laminated slice 

used to verify activity stability.  The blue plot is the ictal event number vs. the 
start time.  The red line is a linear fit of the data.  As expected, the data signify 
that the wash-in / wash-out process did not have an appreciable effect on ictal 
activity. 
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 C  D 
Figure 3-2.  Control slice demonstrating three linear phases.  A) Ictal event number vs. 

ictal event start time over the entire 13.3-minute recording.  The slice activity 
has three distinct linear phases and are color coded red, yellow, and green for 
phase 1, phase 2, and phase 3, respectively.  B) Enlarged plot of the first 
phase (red) from A, from the beginning until approximately 6 minutes into the 
recording.  The slope of the linear fit for this phase is 6.5.  C) Enlarged plot of 
the second phase (yellow) from A, from approximately 6 to 8 minutes during 
the recording.  The slope of the linear fit for this phase is 25. D) Enlarged plot 
from the third phase (green) of A.  Here the activity returns to a state similar 
to the first phase with a slope of 7.6. 
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Figure 3-3.  Ictal event duration vs. ictal event number.  Data are from the same 

recording used to generate Figure 3-2, which appeared to have three distinct 
activity phases.  No observable increase in ictal durations occur over the 
course of earlier events and no observable decreases occur over the course 
of later events, further suggesting ACSF wash-in / wash-out and tissue 
necrosis did not have an appreciable effect on epileptiform activity over the 
course of the recording period. 
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Figure 3-4.  Ictal event duration vs. ictal event start time, verifying epileptiform activity 

was stable over the course of the recording period.  Although an increased 
rate of event occurrence was observed during the second phase of the 
recording period (Figure 3-2 panel A (yellow), and Figure 3-2 panel C), no 
trend in event duration exists. 
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Figure 3-5.  Ictal event duration vs. ictal event number for the same normally laminated 

slice data used in Figure 3-1.  Again the data do not indicate a trend 
attributable to wash-in / wash-out. 
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Figure 3-6.  Ictal event duration vs. ictal event start time number for the same normally 

laminated slice data used in Figure 3-1 and Figure 3-5.  This plot factors in 
the start time of the ictal event rather than just the event number.  Again, the 
data suggest that wash-in / wash-out has no appreciable effect on activity.  



 

90 

 
Figure 3-7.  Plot of ictal event number vs. ictal event start time for a control slice subject 

illustrating stair-step pattern.  Although not strictly a linear trend, the trend 
was maintained for a 20-minute period without significant deviation, 
suggesting stable activity during the recording period.  
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Figure 3-8.  Ictal event durations vs. ictal event number for a control subject.  Data used 

are the same used to generate Figure 3-7.  No definite trend was seen for 
ictal durations, indicating that wash-in/wash-out and tissue necrosis were not 
factors leading to the stair-step pattern.
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Figure 3-9.  Ictal event duration vs. ictal event start time for a control subject.  Data are 

from the same subject used to generate Figure 3-7 and Figure 3-8.  This 
clearly makes the periodic event clustering more apparent. 
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Figure 3-10.  Plot of ictal event number vs. ictal event start time for a low dose irradiated 

subject illustrating characteristic pronounced stair-step pattern.  Although not 
simply linear, the trend was maintained for over 40 minutes without significant 
deviation, suggesting stable activity during the recording period. 
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Figure 3-11.  Ictal event durations vs. ictal event number for a low dose irradiated 

subject.  Data used are the same used to generate Figure 3-10.  As expected, 
an increasing trend early in the recording period and decreasing trend late in 
the recording period were absent, signifying stability over the recording 
period.  Interestingly, long events appear to occur every 20 – 30 events.
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Figure 3-12.  Ictal event duration vs. ictal event start time for a low dose irradiated 

subject.  Data are from the same subject used to generate Figure 3-10 and 
Figure 3-11.  This more clearly illustrates the periodic trend.  Interestingly, the 
events with long durations occur at a relatively periodic rate and precede 
series of subsequent short duration events. 
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Figure 3-13.  Characteristic stability plots for the high dose subject exhibiting a simple 

linear trend.  A) The ictal event number vs. ictal event start time plot.  This 
plot demonstrates a linear trend and was observed in most control slices. B) 
The ictal event duration vs. ictal event number plot for this subject, displays 
no trends in event duration over time, suggesting stability.  C) The ictal event 
duration vs. ictal event start time plot also displays no trends over the 
recording period.  Together, these data suggest that high dose slices, like 
control and low dose slices, display stable activity. 
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Figure 3-14.  Characteristic stability plots for high dose subject exhibiting the stair-step 

trend.  A) The ictal event number vs. ictal event start time plot, demonstrating 
the stair-step pattern also seen in nearly all low dose slices and over half of 
high dose slices.  B) The ictal event duration vs. ictal event number plot for 
this subject displays no trend in event duration over time, suggesting stability.  
C) The ictal event duration vs. ictal event start time plot also displays trend 
changes in event duration over the recording period.  However, as seen with 
low dose slices, long duration events appear to precede clusters of short 
duration events, which are then followed by periods of inactivity.  Together, 
these data suggest that high dose slices, like control and low dose slices, 
display stable activity. 
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CHAPTER 4 
CLASSICAL AND SPATIAL RESULTS AND ANALYSIS 

Results of Classical Analysis Techniques 

In this section I present the results of the experiments and analyze the data using 

classical, non-spatial metrics.  These metrics have previously been employed by 

researchers to quantify the differences in seizure-like activity in a number of 

experimental protocols, such as the comparing the efficacy of different AEDs or 

electrical stimulation protocols. 

Ictal Events per Recording Time 

The occurrence of ictal events were modeled as being generated by a Poisson 

process, a stochastic process that counts the average number of events occurring per a 

unit time interval, where the events are generated independently at a constant average 

rate. I assumed this Poisson process to be homogeneous, with each class having a 

fixed-but-unknown rate parameter.  The maximum-likelihood estimator for this 

parameter is simply the mean number of events per minute for each class, and the 

standard error is the square root of the sample mean. Control subjects produced an 

average 3.2298 ± 1.7972 events per minute, low dose subjects produced an average 

4.0957 ± 2.0238 events per minute, and high dose subjects produced an average 

2.6091 ± 1.6153 events per minute. 

These results partially confirm the hypothesis that dysplastic tissue would have a 

higher mean rate of ictal events per time and low dose subjects would present a greater 

increase in ictal rate than the high dose subjects.  Although low dose subjects 

presented an elevated mean rate of ictal events compared to control subjects, high 

dose subjects produced a lower mean rate of ictal events.  However, this decline in ictal 
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rate generation in high dose subjects is not completely surprising, as behaving high 

dose subjects have not been shown to display epilepsy in vivo. 

Average Event Length 

Because event lengths are always positive, a distribution over event lengths with 

probability mass on negative values is inappropriate.  Thus, data were modeled using a 

log-normal distribution.  First, the lowest and highest 2.5% of samples were discarded to 

remove outliers.  Then the event duration mean and standard deviation were calculated 

for each group, as well as the 95% confidence interval for the event length, according to 

Equations 4-1, 4-2, and 4-3 respectively.  These results are shown in Table 4-1. 
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where µ and σ are the mean and standard deviation of the natural logarithm of the event 

durations, respectively.  These calculations show that the low dose group had both a 

shorter mean event length and smaller standard deviation than either the control or high 

dose groups. 

Distribution of Event Lengths 

To further investigate differences in event durations between groups, the 

distributions of event lengths were compared.  Again, the lowest and highest 2.5% of 

samples from each group were discarded.  Then normalized histograms were 

generated and are shown in Figure 4-1.  Visually, three observations are apparent.  

First, the minimum event lengths generated by high dose subjects was longer than the 

minimum lengths generated by either the low dose or control subjects. Second, over 
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12% of the low dose events were of minimum length. Finally, the high dose and control 

groups contain a larger portion of longer events than the low dose group.  

Next, the event lengths were fit to a log-normal distribution; the resulting fits are 

shown in Figure 4-2, along with a rug plot for reference.  Although the most likely event 

duration was similar for all three groups, the fitted probability density functions show that 

events from low dose subjects are much more likely to be shorter in duration that either 

control or high dose events.  Further, events from high dose appear to likely be longer in 

duration than control events. 

Finally, two simple two-sample t-tests were performed.  The first was done to 

investigate whether the measured event durations have significantly different means 

across groups.  It was found that the mean ictal duration in low dose subjects was 

different than control and high dose subjects (pcontrol, low dose = 2.746 x 10-52, plow dose, high 

dose = 6.997 x 10-55), but high dose was similar to control (pcontrol, high dose = 0.1650).   The 

second two-sample t-test was to investigate whether the mean of the measured low 

dose events was less than the high dose or control events.  The second two-sample t-

test did not assume the classes had equal variances.  The results indicate that there is 

significant evidence that mean ictal duration of the low dose group was lower than both 

the control and high dose group (p ≈ 0, for both). 

Together, these results reject the hypotheses that events generated by dysplastic 

tissue would have a longer mean duration and have a distribution of event lengths 

tending towards longer event lengths compared to controls.  Surprisingly, low dose 

subjects, the only group to display epilepsy in vivo, have the lowest mean event 

duration, standard deviation, and 95% confidence interval, and have a distribution of 
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event lengths that tends towards shorter events compared to the other two groups.  

Additionally, control and high doses groups have a similar mean event duration, 

standard deviation, and distribution of event lengths. 

Average Inter-Event-Interval 

The inter-event-intervals were modeled using an exponential distribution, which is 

commonly used to model the time between event occurrences that are generated 

independently with a constant rate.  First, the lowest and highest 2.5% of samples were 

discarded.  Then, the event duration mean and standard deviation for each group were 

calculated, as well as a 95% confidence interval for the mean, according to Equations 4-

4, 4-5, and 4-6, respectively.  Results are shown in Table 4-2. 
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where λ is the reciprocal of the sample mean and χ2
k;x is the critical value of the chi-

squared distribution with k degrees of freedom at the level specified by x.  From these 

calculations, the low dose group had shorter mean inter-event intervals, a smaller 

standard deviation, and smaller confidence intervals than the control or high dose 

groups.  The control and high dose groups had similar means, standard deviations, and 

confidence intervals. 

Distribution of Inter-Event Intervals 

To further investigate potential differences in inter-event intervals between groups, 

the distributions of intervals were compared.  Again, the lowest and highest 2.5% of 
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samples from each group were discarded.  Then normalized histograms were 

generated and are shown in Figure 4-3.  As with the event duration histograms, three 

observations are apparent.  First, the histograms appear to follow an exponential 

distribution for all groups.  Second, a higher percentage of inter-event intervals from low 

dose subjects are much smaller than those from control or high dose subjects.  Finally, 

with the exception of the shortest bin, the normalized histograms for inter-event intervals 

from high dose and control subjects appear to be similar. 

Next, the inter-event durations were fitted to an exponential distribution; the 

resulting fits are shown in Figure 4-4, along with a rug plot for reference.  The fitted 

probability density functions show that inter-event intervals from low dose subjects are 

much more likely to be shorter in duration than either control or high dose events.  

Further, inter-event intervals from high dose and control subjects appear to be very 

similar.  The two-sample Kolmogorov-Smirnov confirmed that the inter-interval 

distribution of the low dose subjects is significantly different than the control and high 

dose subjects (pcontrol, low dose = 3.552 x 10-14, plow dose, high dose = 1.985 x 10-11) and that the 

control and high dose subjects are not significantly different from one another at the 5% 

confidence level (pcontrol, high dose = 0.0603). 

These results partially confirm the hypotheses that the mean inter-event intervals 

in dysplastic subjects tend to be shorter in irradiated subjects and that the inter-event 

interval distribution of irradiated subjects tends towards shorter lengths.  Although the 

mean inter-event intervals from the low dose group is significantly lower than the control 

and high dose groups, the mean inter-event intervals of the control and high dose 

groups are not significantly different from one another. 
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Recovery Ratio 

After the lowest and highest 2.5% of samples from the three groups were discarded, 

scatter plots of inter-event intervals vs. event durations were generated and are shown 

in Figure 4-5.  Because the points for the groups frequently overlapped, multiple scatter 

plots were necessary for readability.  Although some points from control and high dose 

subjects are distal from the central group, the vast majority of points for all groups 

cluster near the origin.  No linear trend is observed in the groups, which was verified by 

calculating the correlation between event duration and inter-event interval for each 

group (ρevent duration, inter-event interval = 0.0725, 0.2367, and 0.0088 for control, low dose, and 

high dose groups, respectively). 

Next, the recovery ratios for each group and their mean and standard deviations 

were calculated and are shown in Table 4-3.  The sample means of the three groups 

are within 7.23% of each other, although the standard deviations of the groups vary 

much more.  To gain insight into the distribution of recovery ratios, histograms of the 

recovery ratios were generated and are shown in Figure 4-6.  Recovery ratios in all 

groups tend to be short (less than 5).  However, control subjects tend to have a more 

uniform recovery ratio distribution than the experimental groups.  Additionally, the decay 

in recovery ratios from low dose subjects is the most rapid, with over 59% being less 

than 3. 

Finally, because the variables were not independent, no attempt was made to fit 

these data to a distribution.  Instead, two nonparametric two-sample Kolmogorov-

Smirnov tests were again performed.  All groups are statistically different from one 

another at the 5% confidence level (pcontrol, low dose = 3.8237 x 10-5, pcontrol, high dose = 
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0.0018, plow dose, high dose = 0.0023).  Next, tests were performed to ascertain whether the 

distributions of irradiated group recovery ratios were less than the distribution from the 

control group.  Only the distribution from the low dose group was found to be statistically 

likely to be smaller than the high dose group (p = 0.0054). 

These results mostly reject the three hypotheses made about recovery ratios.  

First, no linear trend indicating an increased recovery ratio with increasing event lengths 

is observed.  Second, both low and high dose groups have longer mean recovery ratios 

than the control group.  Finally, the mean recovery ratio of the low dose group is greater 

than the high dose group. 

Number of Field Potentials per Epileptic Event 

The rates of positive, negative, and total field potentials among each group were 

assessed.  First, the number of extrema occurring on each channel for every event was 

calculated and divided by the event duration.  Next, since poor tissue-electrode contact 

could cause a large number of channels to register significantly fewer or no extrema, 

but not an elevation in the number of local field potentials, the extrema rate of the top 

six channels were averaged together for each event.  This mean was used as the 

extrema rate for the event.  The mean and standard deviation for the positive, negative, 

and total extrema rate were calculated and are presented in Tables 4-4, 4-5, and 4-6, 

respectively. 

Next, the distributions of the positive extrema rate, negative extrema rate, and total 

extrema rate between each group were compared.  After discarding the upper and 

lower 2.5% of samples, normalized histograms were generated and are shown in Figure 

4-7, 4-8, and 4-9 for control, low dose, and high dose groups, respectively.  The 
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extrema rates were then fitted to a normal distribution and the resulting fits are shown in 

Figure 4-10, along with a rug plot for reference. 

Finally, a series of two-sample t-tests were performed to investigate whether the 

measured number of positive, negative, and total extrema rates during ictal events had 

significantly different means across groups.  These results are presented in Table 4-7 

and show that both the mean positive and negative extrema rates are significantly 

different among groups.  Similarly, the mean total extrema rate of the control group is 

significantly different than the high dose group.  However, there are not significant 

differences between the total extrema rates of the control and low dose groups or the 

high dose and low dose groups. 

The hypothesis that dysplastic tissue would exhibit a higher extrema rate was 

partially confirmed.  Low dose subjects displayed an elevated mean positive extrema 

rate compared to the control group, and the mean positive extrema rate in high dose 

subjects was lower than in the control group.  The low dose group also displayed the 

lowest mean negative extrema rate, and the control group had the highest.  Finally, the 

mean total extrema rate was found to be statistically different only between the control 

and high dose groups.  Thus, the low dose group produced a disproportionately higher 

positive extrema rate and disproportionately lower negative extrema rate, compared to 

the other groups. 

Summary of Classical Analysis 

The results from classical analysis provide quantitative results that greatly expand 

upon the previous counter-intuitive anecdotal findings that high dose irradiated animals, 

which exhibit severe cortical dysplasia, are functionally more similar to control animals 

than low dose irradiated animals, which exhibit milder cortical dysplasia.  Specifically, 
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low dose irradiated animals differ notably from control and high dose animals in that 

they have a higher mean number of ictal events per recording time, lower mean event 

length, smaller mean inter-event interval, greater number of positive extrema per 

epileptic event, lower number of negative extrema per ictal event.  These findings 

suggest that a “Goldilocks Principle” applies to the amount of cortical dysplasia 

necessary to generate epilepsy. In other words, there may exist an ideal degree of 

dysplasia necessary to generate epilepsy, while dysplasia that is too minor or too 

severe fails to do so.  Further, the combination of a higher mean number of ictal events 

and smaller inter-event interval in low dose subjects may be act to saturate the 

inhibitory networks, allowing seizure events to occur in vivo. 

Results of Spatial Analysis Techniques 

In this section I present further results of the experiments and analyze the data 

using spatial metrics.  Previously, these spatial metrics were used exclusively on 

normally laminated slices to study the phases of ictal events and propagation of 

epileptiform activity. 

Initiation Site 

After calculating the initiation location for each event in all slices, two types of plots 

were generated for each recording to analyze the data.  The first plot generated was a 

“heat map,” which shows the percentage of ictal events starting at each location on the 

MEA.  If one or more dominant initiation foci were observed, the cell layer at which it 

existed was estimated using micrographs of the slice placed over the MEA.  The second 

type of plot used was a graph of initiation channel number vs. event number.  Dominant 

initiation foci are only observed in three control subjects (two from one animal and the 

third from a second animal), three low dose subjects (all from different animals), and no 
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high dose subjects.  Of these, all of the control subjects and one of the low dose 

subjects demonstrate a strongly dominant focus; the other foci are weakly dominant.  

No other subjects displayed localized initiation foci.  Figure 4-11 displays both plot types 

and the associated micrograph for one of the control subjects displaying dominant 

initiation foci, and Figure 4-12 displays both plot types and associated micrograph for a 

different control subject without dominant initiation foci. 

In all control subjects, the dominant initiation foci are located in the deep (or 

infragranular) layers.  Due to severe delamination in irradiated groups, estimation of the 

initiation focus location was based upon the layers that would be present in normally 

laminated subjects.  Initiation foci are located in the approximated deep layers for one of 

the low dose subjects and in the upper, or supragranular, layers in two low dose 

subjects. 

A final property observed in some slices displaying more than one dominant 

initiation focus was temporal dominance.  Figure 4-11 part C illustrates this property.  

Here, two dominant initiation foci are present.  Initially, electrode 40 serves as the 

dominant initiation focus.  However, after approximately one-sixth of the events occur, 

electrode 42 becomes the dominant initiation focus and remains so throughout the 

experiment. Temporal dominance of initiation foci was observed in one control subject 

and one low dose subject.  All other slices exhibiting dominant initiation foci merely had 

a higher number of initiations occurring at that location and did not display any temporal 

dominance. 

Propagation 

Two previously employed metrics for propagation were utilized: wave speed, a 

quantitative measure, and propagation pattern, a qualitative analysis of the flow of 
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epileptiform activity throughout the tissue.  Because complex wave patterns could arise 

from phenomena, such as reflected waves, I chose to only include the first 500 ms of 

each event in the analysis.  Next, the time of the first peak on each channel for all 

events was calculated.  These data were then used to calculate the wave speeds and 

generate a visual representation of the wave propagation pattern. 

Wave speed 

Using the first peak times, a number of wave speed metrics were utilized.  First, 

the horizontal and vertical wave speeds through the three groups were calculated.  

Wave speeds slower than 1 mm/s and faster than 275 mm/s were discarded from 

analysis.  After discarding the upper and lower 2.5% of samples, the means for each 

group were calculated and two-sample Kolmogorov-Smirnov tests performed. Mean 

speeds are presented in Table 4-8 and results of the two-sample Kolmogorov-Smirnov 

tests between groups are presented in Table 4-9. 

In all groups, and in accordance with literature, the mean speed of vertical wave 

propagation was greater than horizontal propagation within the same group.  These 

results were also found to be statistically significant by the two-sample Kolmogorov-

Smirnov test (p = 2.0475 x 10-83, 1.1113 x 10-28, and 8.3396 x 10-24 for control, low dose, 

and high dose, respectively).  Again, the high dose group appeared to be more 

functionally similar to controls than the low dose group, with high dose subjects having 

the lowest mean wave speeds in both horizontal and vertical directions.  The low dose 

group presented the fastest mean wave speed times, and the mean horizontal speed 

was faster than the mean vertical wave speed for either the control or high dose groups. 

Next, using micrographs for registration, the mean horizontal wave speed through 

the three categories of cell layers (supragranular, granular, and infragranular) was 
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calculated and two-sample Kolmogorov-Smirnov tests were performed.  As with 

initiation sites, estimation of cell layer in delaminated subjects was based upon 

approximation to normally laminated slices.  Mean horizontal wave speeds through 

each layer grouping are presented in Table 4-10 and results of the two-sample 

Kolmogorov-Smirnov tests are presented in Table 4-11 and Table 4-12. 

Interestingly, and differing from the experiments performed by Contreras and 

Llinás in guinea pig cortex  (Contreras and Llinás, 2001), the horizontal waves 

propagated fastest through the supragranular layers.  Additionally, a key functional 

difference in the low dose group was that the propagation speed in the infragranular 

layer was slowest, while in the control and high dose groups, wave propagation through 

the granular layer was slowest. Results from two-sample Kolmogorov-Smirnov tests 

showed strong statistical significance between mean propagation speeds through each 

layer classification within each group and corresponding layers across groups. 

Propagation pattern 

In slices in which dominant initiation foci were present, colored gradients were 

used to qualitatively assess the propagation pattern originating from the foci.  As 

previously mentioned, only three control and three low dose irradiated slices 

demonstrated dominant initiation foci.  To create the colored gradients, the first peak 

times for all the ictal events originating from the dominant foci were averaged together, 

while events originating at other locations were discarded for this analysis. 

Two main differences were observed between the control and low dose groups.  

First, wave propagation in control slices was typically uniform from the initiation site and 

the wave front eventually was observed at all locations.  In low dose slices, the wave 

front did not move uniformly throughout the slice and some areas did not observe a 
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peak until far later in time, even though the sites were adjacent to one another.  Second, 

wave propagation originating from a dominant focus in low dose slices appeared to 

move much more quickly through the slice than in control slices.  Figure 4-13 illustrates 

these findings. 

Termination Site 

The procedure used to analyze termination locations was similar to the initiation 

location analysis.  After calculating the termination location for each event in all slices, 

three types of plots were generated for each recording to analyze the data.  The first 

two plots were the same type used in the initiation analysis: a “heat map,” which shows 

the percentage of ictal events terminating at each location on the MEA, and a graph of 

termination channel number vs. event number.  If one or more dominant termination foci 

were observed, the cell layer at which it existed was estimated using micrographs of the 

slice placed over the MEA.  The final plot type plotted both initiation and termination 

channel locations vs. event number.  This was used to ascertain whether a dominant 

initiation focus was coupled to a dominant termination focus. 

In general, a dominant termination focus was present in subjects also having a 

dominant initiation focus.  Dominant termination foci were observed in two of the three 

control subjects that displayed dominant initiation foci and in two of the three low dose 

subjects with dominant initiation foci.  However, one control subject that did not display 

a dominant initiation focus displayed two dominant termination foci.  No dominant 

termination foci were observed in any high dose subject.  Figure 4-14 displays 

termination analysis plots from the control subject used in Figure 4-11, and Figure 4-15 

displays termination analysis plots for a control slice displaying no dominant termination 

foci. 
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Termination foci were found in all anatomical layers in control subjects, in the 

infragranular or granular layers in low dose subjects, and were not observed in high 

dose subjects.  Again, estimation of cell layer in delaminated subjects was based upon 

approximation to normally laminated slices.  One control subject had a single dominant 

termination focus located in the supragranular layers, one control subject had a single 

termination focus in the infragranular layers, and one control subject had one dominant 

termination focus in the granular layer and another in the infragranular layers.  A 

dominant termination focus was seen in the infragranular layers of one low dose slice 

and the granular layer of another low dose slice. 

Like initiation foci, termination foci also demonstrated temporal dominance.  Only 

one control subject, shown in Figure 4-14 panel C, and one low dose subject had a 

termination focus displaying strong temporal dominance. Two control slices and one low 

dose slice displayed weak termination temporal dominance.  The other low dose slice 

with a dominant termination focus merely had a higher percentage of events ending at 

that location and did not display temporal dominance. 

Finally, coupling of a termination focus to an initiation focus was examined.  Figure 

4-14 panel D illustrates this occurrence.  Here the dominant initiation focus, located at 

column 8 row 2, is strongly coupled to the dominant termination focus, located at 

column 1 row 2.  Strong coupling was observed in only one control subject and one low 

dose subject.  Weak coupling was observed only in one control dose slice. 

The hypothesis that normally laminated subjects would display highly focused 

initiation and termination sites while dysplastic slices would display more diffuse 

initiation and termination sites was partially rejected.  Dominant initiation foci were 
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observed in a minority of control and low dose (mildly dysplastic) subjects, while no high 

dose (severely dysplastic) subjects displayed dominant initiation or termination 

locations.  The majority of slices in all groups displayed diffuse initiation and termination 

sites throughout the tissue. 

Summary of Spatial Metrics 

The three phases of epileptiform activity: initiation, propagation, and termination 

(Pinto et al., 2005) in both normally laminated and dysplastic cortex were analyzed.  As 

with conflicting reports in literature about the existence of dominant initiation foci, some 

control and low dose subjects displayed such a phenomena, while the majority of 

subjects and all high dose irradiated subjects displayed diffuse initiation sites.  In 

agreement with literature, wave propagation speeds were found to be faster traveling 

vertically across cell layers than horizontally through them.  Wave velocities and 

propagation pattern in dysplastic cortex was provided and compared to normally 

laminated tissue, further showing functional similarities between high dose irradiated 

and control slices.  Finally, dominant termination foci were observed in a small minority 

of control and low dose subjects, but not in high dose subjects. 
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Table 4-1.  Ictal duration mean, standard deviation, and 95% confidence interval 
Group  Mean (s) Standard deviation (s) 95% Confidence interval (s) 
Control  2.5623 1.1783 0.9866 – 5.4930 
Low dose  1.7541 0.6459 0.8183 – 3.3111 
High dose  2.7853 1.5925 0.8526 – 6.8573 
 
Table 4-2.  Inter-event interval mean, standard deviation, and 95% confidence interval 
Group  Mean (s) Standard deviation (s) 95% Confidence interval (s) 
Control  12.1508 12.1508 11.2180 – 13.2055 
Low dose  7.8289 7.8289 7.2921 – 8.4277 
High dose  11.7032 11.7032 10.8879 – 12.6141 

 
Table 4-3.  Recovery ratio mean and standard deviation 
Group  Mean Standard deviation 
Control  4.6889 5.8627 
Low dose  5.0280 9.1528 
High dose  4.8501 7.5043 
 
Table 4-4.  Positive extrema rate mean and standard deviation 

Group  Mean (positive 
extrema / s) 

Standard deviation 
(positive extrema / s) 

95% Confidence interval 
(positive extrema / s) 

Control  4.8246 1.5838 4.6967 – 4.9296 
Low dose  5.4449 1.7579 5.3008 – 5.5199 
High dose  4.5027 4.5028 4.3742 – 4.5884 
 
Table 4-5.  Negative extrema rate mean and standard deviation 

Group  Mean (negative 
extrema / s) 

Standard deviation 
(negative extrema / s) 

95% Confidence interval 
(negative extrema / s) 

Control  4.6345 1.5287 4.5024 – 4.7218 
Low dose  3.9797 1.1564 3.8969 – 4.0373 
High dose  4.5028 2.2451 4.2656 – 4.5437 
 
Table 4-6.  Total extrema rate mean and standard deviation 

Group  Mean (extrema / s) Standard deviation 
(extrema / s) 

95% Confidence interval 
(total extrema / s) 

Control  8.8641 2.7362 8.6364 – 9.0389 
Low dose  8.6512 2.2476 8.4994 – 8.7769 
High dose  8.4680 3.1588 8.2192 – 8.6286 
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Table 4-7.  Results of two-sample t-tests on measured extrema rate means 
 Positive extrema rate Negative extrema rate Total extrema rate 
Control vs. 
Low dose 

5.3335 x 10-13 1.7433 x 10-18 0.0993 

Control vs. 
High dose  

4.1827 x 10-5 0.0262 0.0052 

Low dose vs. 
High dose  

4.7256 x 10-32 3.2117 x 10-8 0.0876 

 
Table 4-8.  Mean horizontal and vertical wave speeds through tissue 
Group  Mean horizontal speed (mm / s) Mean vertical speed (mm / s) 
Control  33.7410 43.0345 
Low dose  45.8539 52.9533 
High dose  30.9584 34.2324 
 
Table 4-9.  Results of two-sample Kolmogorov-Smirnov tests on wave propagation 

speeds between groups 
 Mean horizontal speed Mean vertical speed 
Control vs. Low dose 8.8093 x 10-116 1.7101 x 10-66 
Control vs. High dose  3.3318 x 10-81 9.0150 x 10-131 
Low Dose vs. High dose  8.0999 x 10-143 2.4330 x 10-169 
 
Table 4-10.  Mean horizontal propagation speed through cell layers 

 Mean supragranular 
layer speed (mm / s) 

Mean granular layer 
speed (mm / s) 

Mean infragranular 
layer speed (mm / s) 

Control 33.7783 29.9520 33.0372 
Low Dose  48.2533 45.9235 40.0221 
High Dose  30.8285 22.4406 23.3160 
 
Table 4-11. Results of intra-group two-sample Kolmogorov-Smirnov tests on horizontal 

wave propagation speeds between cell layers 
 p-value 
Control supragranular vs. Control granular 9.5269 x 10-40 
Control supragranular vs. Control infragranular 4.2351 x 10-14 
Control granular vs. Control infragranular 1.3191 x 10-12 
Low dose supragranular vs. Low dose granular 2.7296 x 10-13 
Low dose supragranular vs. Low dose infragranular 8.2805 x 10-62 
Low dose granular vs. Low dose infragranular 1.3214 x 10-9 
High dose supragranular vs. High dose granular 5.9380 x 10-11 
High dose supragranular vs. High dose infragranular 1.4839 x 10-31 
High dose granular vs. High dose infragranular 1.3852 x 10-12 
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Table 4-12. Results of inter-group two-sample Kolmogorov-Smirnov tests on horizontal 
wave propagation speeds between cell layers 

 Supragranular layer Granular layer Infragranular layer 
Control vs. 
Low dose 

2.3866 x 10-29 4.4604 x 10-38 2.3577 x 10-22 

Control vs. 
High dose 

6.3804 x 10-53 5.8648 x 10-35 2.0605 x 10-167 

Low dose vs. 
High dose 

2.2467 x 10-78 2.0162 x 10-75 2.0494 x 10-130 
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Figure 4-1.  Histograms of event duration normalized by number of events.  For 

readability, events over 10 s in length have been omitted.  A) Normalized 
histogram of event durations in control subjects.  B) Normalized histogram of 
event durations in low dose subjects.  C) Normalized histogram of event 
durations in high dose subjects. 
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Figure 4-2.  Log-normal fits of the event durations for each group.  The ticks below the 

x-axis correspond to events occurring with the respective duration. For 
readability, this figure omits events greater than 20 s.  The mean event 
duration from control and high dose subjects are significantly different from 
low dose subjects (p ≈ 0 for both), while control subjects have a statistically 
insignificant higher probability of having shorter events than high dose 
subjects (p = 0.1650).  Further, the mean duration of events from low dose 
subjects was statistically lower than the mean from either high or control 
groups (p ≈ 0 for both). 
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 C 
Figure 4-3.  Histograms of inter-event intervals normalized by number of event intervals.  

For readability, intervals over 50 s in length have been omitted.  A) 
Normalized histogram of inter-event intervals in control subjects.  B) 
Normalized histogram of inter-event intervals in low dose subjects.  C) 
Normalized histogram of inter-event intervals in high dose subjects. 
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Figure 4-4.  Exponential fit of the inter-event intervals for each group.  The ticks below 

the x-axis correspond to event intervals occurring with the respective 
duration. For readability, this figure omits intervals greater than 45 s.  The 
mean inter-event interval from low dose subjects was statistically different 
from the means of either control subjects or high dose subjects (p ≈ 0 for 
both), while the mean inter-event interval from control subjects was not 
statistically different from high dose subjects (p = 0.0603). 
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Figure 4-5.  Recovery scatter plots.  The recovery scatter plot is a plot of inter-event 

intervals vs. time.  A) All events from all groups plotted, with the control group 
plotted last.  B) Zoomed in view of lower left portion of A to show detail.  C) 
Zoomed in region with low dose group plotted last.  D) Zoomed in region with 
high dose plotted last. 
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Figure 4-6.  Histograms of recovery ratio for subjects.  Recovery ratios larger than 20 

were omitted for visual readability.  A) Histogram of recovery ratios from 
control subjects.  B) Histogram of recovery ratios from low dose subjects.  C) 
Histogram of recovery ratios from high dose subjects. 
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Figure 4-7.  Histograms of positive extrema rates in control, low dose, and high dose 

groups. 
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Figure 4-8.  Histograms of negative extrema rates in control, low dose, and high dose 

groups. 
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Figure 4-9.  Histograms of all extrema rates in control, low dose, and high dose groups. 
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Figure 4-10.  Normal fits of the positive, negative, and total extrema rates for each 

group.  A) Normal fit of the positive extrema rate for each group.  B) Normal fit 
of the negative extrema rate for each group.  C) Normal fit for the total 
extrema rate for each group. 
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Figure 4-11.  Analysis plots for a control subject displaying a strongly dominant initiation 

focus.  A) Heat map of initiation events showing that the electrode located at 
row 8, column 2 was strongly dominant.  B) Micrograph of the slice, using a 
Teflon harp to ensure good tissue-electrode contact.  The dominant focus 
appeared to arise from the infragranular layer.  C) Plot of initiation channel vs. 
event number illustrating that initially, a second focus was strongly dominant 
for the first sixth of the events before the primary focus became dominant. 
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 Figure 4-12.  Analysis plots for a control subject without a dominant initiation focus.  A) 

Heat map of initiation events showing diffuse initiation pattern.  B) Micrograph 
of the slice, using a Teflon harp to ensure good tissue-electrode contact.  C) 
Plot of initiation channel vs. event number illustrating absence any dominant 
initiation foci, including temporally local dominant initiation foci. 
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 Figure 4-13.  Wave propagation analysis plots.  A) Control slice heat map showing the 

dominant initiation focus located at row 8, column 2.  B) Colored gradient 
formed from averaging first peak times for events originating at row 8, column 
2.  Note that the wave propagates rather uniformly from the origination point 
and the wave front is observed at all locations.  C) Low dose slice heat map 
showing the dominant initiation focus located at row 1, column 2.  D) Colored 
gradient formed from averaging first peak times for events originating at row 
1, column 2.  Note that the wave does not propagate uniformly throughout the 
slide.  Additionally, the wave appears to propagate much faster to the 
preferred areas as compared to the control slice. 
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Figure 4-14.  Analysis plots for a control subject displaying a dominant termination 

focus.  A) Heat map of termination events showing that the electrode located 
at row 1, column 2 was dominant.  B) Micrograph of the slice, using a Teflon 
harp to ensure good tissue-electrode contact.  The dominant termination 
focus appears to arise from the supragranular layer.  C) Plot of termination 
channel vs. event number illustrating that the termination focus was dominant 
throughout the recording.  D) Plot of initiation (blue) and termination (red) 
locations as a function of event number.  From this plot, the dominant 
termination focus appears to be strongly coupled to the initiation focus. 
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Figure 4-15.  Analysis plots for a control subject displaying diffuse termination locations.  

A) Heat map of termination events showing that the absence of a dominant 
termination focus.  B) Plot of termination channel vs. event number illustrating 
a lack of temporally dominant termination focus.  C) Plot of initiation (blue) 
and termination (red) locations as a function of event number.  From this plot, 
there appears to be no coupling between initiation and termination sites. 

  



 

131 

CHAPTER 5 
GRANGER CAUSALITY RESULTS AND ANALYSIS 

Results From Pairwise Granger Causality Analysis 

In this section I present the results of pairwise Granger Causality analysis in an 

attempt to uncover previously unobserved localized driving regions within slice during 

ictal events. While these analysis techniques, originating in the economics field, have 

recently gained prominence in the neuroscience community, their application to acute 

slice data is novel.  Both quantitative comparisons, such as differences in PWGC values 

and distributions between experimental groups and anatomical cell layers, and 

qualitative comparisons, such as the spatial locations of driving PWGC sites, are made. 

Analysis Methods 

Pairwise Granger causality was calculated using a custom program written in our 

laboratory using the C programming language.  The recorded data, which were post-

processed with custom automated tools I wrote and visually verified as discussed in 

Chapter 2, were used.  In order to reduce computation time, data were first down-

sampled from 25 kHz to 250 Hz.  Pairwise Granger causality then was calculated using 

a moving window of 200 ms with a 50% overlap. 

The output of pairwise Granger causality produces a single complex-valued 

spectral matrix based upon the total number of trials, or in this case ictal events.  Three 

steps were taken to simplify analysis.  First, the magnitudes of the complex values were 

taken to provide real number values.  Second, spectral information was collapsed 

through summation to provide the total PWGC values across all frequencies.  Finally, 

since events could have varying lengths, all events were at least one second in 

duration, and previous literature reports that the first part of an ictal event is the most 



 

132 

reliable and repeatable (Pinto et al., 2005), only the first 1000 ms of time windows were 

used in the analysis.  Subsequent calculations were then performed using custom 

programs I wrote in MATLAB. 

PWGC Mean Values and Distributions 

The mean PWGC source value for each group was calculated by first averaging 

over the first 1000 ms of time windows and all channels then truncating the top and 

bottom 2.5% of values.  Results are shown in Table 5-1. PWGC sink mean values were 

not calculated separately since the total PWGC source and sink values are equal. 

  Differing from the trend of control and high dose subjects being functionally 

similar using classic and spatial metrics, I found that control and low dose subjects have 

similar PWGC values, differing by less than 0.5%, while high dose subjects were found 

to have an approximately 9% decrease.  

Next, probability density estimates of PWGC source and sink values by group 

were generated and are shown in Figure 5-1.  Two-sample Kolmogorov-Smirnov tests 

were performed on the total PWGC source and sink distributions.  Results are 

presented in Table 5-2.  Significant differences exist between both the PWGC source 

and sink distributions generated by control and high dose subjects and low dose and 

high dose subjects.  However, the distributions of PWGC source values generated from 

the control and low dose subjects are far more similar in comparison (source pcontrol, low 

dose = 0.0335) and that the PWGC distribution of sink values among these two groups is 

not statistically significant (sink pcontrol, low dose = 0.0694). 

Although these results initially suggest a greater functional similarity between the 

control and low dose groups, a marked departure from the results of both classic and 

spatial metrics discussed previously, careful examination indicates that these findings 
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are not unexpected.  As previously discussed, a greater degree of cortical dysplasia is 

generated in high dose subjects than in low dose subjects.  Therefore, the morphology 

of low dose subjects is more similar to the control subjects and more “organized” 

compared to the high dose subjects.  Since PWGC provides a measure of the causality 

between the neuron ensembles (more precisely the causality of the voltages recorded 

at the electrodes which are generated by neuron ensemble activity), higher mean 

PWCG values can be interpreted as the occurrence of a more ordered system.  This is 

because a system that is more organized, with units that deliberately cause the activity 

of other units, produces a higher mean PWGC value, while a more random system, 

where no units exert influence over the activity of other units, produces a low mean 

PWGC value.  Thus, the mean PWGC values verify that the control subjects exhibit the 

most organized structure, the high dose subjects exhibit the most random, and the low 

dose subjects are structurally far more similar to the controls.  These findings are 

reinforced by the results of the two-sample Kolmogorov-Smirnov tests and visual 

inspection of the PWGC source and sink probability density estimates presented Figure 

5-1. 

Mean PWGC Values by Cell Layer 

As set forth in Chapter 1, literature suggests that the infragranular layers are the 

site of initiation and driving force behind ictal events, while the supragranular layers are 

thought to mitigate epileptic activity.  In order to examine this notion further, the PWGC 

source and sink values of each of the gross cell layers across all groups were 

calculated and are presented in Table 5-3.  Next, probability density estimates based on 

these distributions were plotted and two-sample Kolmogorov-Smirnov tests were 
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performed on the distributions.  Results are presented in Figure 5-2 and Table 5-4, 

respectively. 

While the magnitude of the PWGC values varies among groups, four trends are 

maintained across all groups.  First, the supragranular layers have the lowest PWGC 

source values.  Second, the infragranular layers have the highest PWGC source values.  

Third, the infragranular layers have the lowest PWGC sink values.  Finally, the granular 

layers have the highest PWGC sink values.  While these trends hold for all groups, 

results from the two-sample Kolmogorov-Smirnov tests show that the PWGC sink 

distributions are not statistically significant among any cell layers in low dose subjects or 

between the supragranular and infragranular layers in high dose subjects.  Additionally, 

the PWGC source distributions are not statistically significant. 

The first three observed trends were expected from previous reports.  As 

discussed earlier, literature indicates that the infragranular layers are necessary for ictal 

event propagation.  Thus, it was expected that the infragranular layers would act as 

both the chief PWGC source and weakest PWGC sink.  Similarly, since the 

supragranular layers are thought to mitigate ictal activity once it has begun and only the 

first 1000 ms of the ictal events were included in this analysis, it was unsurprising that 

supragranular layers served as the weakest PWGC source.  Had a later or longer time 

segment of ictal activity been included in the analysis, it may have been shown that the 

supragranular layers were activated to a greater extent and acted as a stronger PWGC 

source. 

While it was initially surprising that the granular layers served as the site of 

strongest PWGC sink values, closer analysis provides a reasonable rationale.  It was 
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expected that the supragranular layers would be the site of greatest PWGC source 

values for three main reasons.  First, as presented in the overview of PWGC, mediated 

connections generate an artificial increase in PWGC values.  Second, literature reports 

that ictal waves propagate from the infragranular layers to the supragranular layers 

through the granular layers.  Third, experimental results in this work discussed in 

Chapter 4 confirm the literature and demonstrate that ictal waves propagate from the 

infragranular layers to the supragranular layers through a connection mediated by the 

granular layers.  One possibility for the apparent discrepancy may be that while the 

infragranular layers exert an ictal-prone effect to the granular layers, the supragranular 

layers simultaneously exert a controlling signal.  Thus, the granular layers are effectively 

caught in the “crossfire” between ictal-inducing and ictal-controlling regions and their 

associated signals. 

Finally, results from the two-sample Kolomogorov-Smirnov tests performed on the 

PWGC distributions by cell layer further corroborate anatomical and functional 

differences between the three groups.  In control slices, both source and sink 

distributions for all cell layers are significantly different, suggesting that these three 

regions are anatomically and functionally distinct.  Meanwhile, the two irradiated groups 

show a lost of significance in some PWGC distributions, indicating that some areas are 

affected, both anatomically and functionally, by the protocol.  This is expected due to 

the loss of regular cortical morphology.  Further leading credence to the notion of a 

“Goldilocks” principle applying to the amount of cortical dysplasia necessary to cause 

differences leading to epilepsy, low dose subjects, which exhibit less cortical dysplasia, 

had more distributions become homogeneous than high dose subjects, which exhibit 
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greater cortical dysplasia.  This loss of significance in experimental groups is seen 

almost exclusively among PWGC sink distributions, which may arise from literature 

reports that the model preferentially induces changes in the inhibitory network.  

PWGC Changes Over Time 

Finally, since ictal events are dynamic processes, I examined changes in PWGC 

driving regions over time.  In order to simplify analysis, I compared between PWGC 

source values between the supragranular and infragranular layer.  This was done by 

plotting the ratio of the mean PWGC source values of the supragranular layers divided 

by the sum of the PWGC source values of infragranular layers and the PWGC source 

values of the supragranular layers for each time window.  Thus, a value greater than 0.5 

means that the supragranular layers were exerting greater control on activity than the 

infragranular layers and a value less than 0.5 means that the infragranular layers were 

dominant over the supragranular layers.  A combined plot was generated for all three 

groups and is shown in Figure 5-4. 

As shown from the graph, control and high dose subjects do not have a change in 

dominant driving region during the first 1000 ms of ictal activity, but differ in the layer of 

dominance.  Infragranular layers serve as the dominant driving region in control 

subjects, while supragranular layers serve as the dominant driving region in high dose 

subjects.  Low dose subjects, on the other hand begin being driven by the infragranular 

layers and at some point between 400 and 600 ms transition to being driven by the 

supragranular layers. 

All three of these results were unanticipated.  In the case of control subjects, and 

to a lesser extent the high dose subjects, it was expected that the infragranular layers, 

known to be necessary for ictal event propagation, to drive activity early in the event.  
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As the event progressed in time, it was expected that the supragranular layers, thought 

to mitigate ictal activity, would activate and contribute a greater role in driving the event.  

Since low dose subjects are the only ones to exhibit epilepsy in vivo and only the first 

1000 ms was included in the analysis, it was expected that the supragranular layers 

would be the chief driving force throughout.  A possible explanation for these 

aberrations may be due to the aforementioned errors in PWGC analysis. 

Initiation Site vs. PWGC Source Focus 

One of the prime questions I seek to answer through the use of Granger causality 

analysis is whether the observed initiation sites and dominant foci, if present, 

correspond to areas of maximum source values of Granger causality.  To perform this 

analysis, total PWGC source was calculated at each electrode for the first 1000 ms of 

time windows and averaged together.  Data were normalized and used to generate 

“PWGC source value heat maps”.  These images were then compared to the plots used 

to ascertain if and where dominant initiation foci existed.   

In total, eight control slices, five low dose slices, and five high dose slices 

exhibited PWGC source foci.  Of these, one control and one low dose slice had their 

dominant PWGC source in the upper layers, each of the three groups had one PWGC 

in the middle layers, and the rest of were in the deep layers.  Further, all but one low 

dose slice displaying a single dominant initiation focus also displayed a localized PWGC 

source focus.  However, in the two control slices displaying two dominant initiation foci, 

a more diffuse PWGC source pattern was seen.  It is possible that, in these slices, two 

separate processes generated the distinct foci, thus confounding the PWGC source 

image analysis. 
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In support of my central hypothesis that ictal driving regions do not coincide 

spatially with ictal initiation sites, two interesting phenomena were observed and are 

illustrated in Figure 5-3.  First, the PWGC source foci do not correspond to the dominant 

initiation focus.  Second, slices without dominant initiation foci often have concentrated 

PWGC source foci.  These findings may hold significant importance in a clinical setting 

when resorting to surgical resection of brain tissue to deal with intractable epilepsy.  

Specifically, if applicable in vivo, localization and removal of Granger source areas, 

which may not correspond to seizure epicenters residing within dysplastic regions, may 

mitigate the loss of brain tissue while simultaneously improving surgical outcomes.  

Further, the finding that a localized ictal driving region can exist in tissue without a 

dominant initiation focus may be beneficial at targeting cortical areas for surgical 

resection in patients who present with cortical epilepsy in the absence of an area of 

dysplastic tissue. 

Results From Conditional Granger Causality Analysis 

Finally, conditional Granger causality analysis was performed on the ictal event 

data.  The main goal of incorporating CGC analysis was an attempt to remove mediated 

connections that could have confounded the aforementioned PWGC analysis.  In this 

section I apply the same techniques performed on PWCG data to CGC data, report the 

results, and note salient differences between Granger causality methods. 

Analysis Methods 

The same post-processed and manually verified data were used for CGC analysis.  

Processing methods and parameters similar to those described above with PWGC was 

performed with some modifications.  As with PWGC, data were first down-sampled from 

25 kHz to 250 and then processed through the CGC algorithms using a custom program 
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written in the C programming language.  Again, a 200 ms window with 50% overlap 

parameter was used.  However, CGC is a more complex analysis technique than 

PWGC and requires a far greater number of calculations to tease out mediated 

connections.  Due to its intensive computational requirements, spectral information was 

not computed using CGC.  Even omitting spectral calculations, the custom CGC 

program took over a week to finish processing the data on a 24-node computing cluster. 

Again, only the first 1000 ms of time windows were used in the analysis.  

Differing from PWGC, the output of the conditional Granger causality program 

produces only real values and additionally generates an accompanying matrix indicating 

the statistical p-values of the corresponding CGC value obtained.  For analysis, only 

CGC values with associated p-values less than 0.001 were used.  Subsequent 

calculations were performed using custom programs I wrote in MATLAB. 

CGC Mean Values and Distributions 

The mean CGC value for each group was calculated by averaging over the first 

1000 ms of time windows and all channels, then truncating the top and bottom 2.5% of 

values.  Results are shown in Table 5-5. Next probability density estimates of CGC 

source and sink values by group were generated and are show in Figure 5-5.  Finally, 

two-sample Kolmogorov-Smirnov tests were performed on the total CGC source and 

sink distributions.  Results from the statistical tests are shown in Table 5-6. 

The mean CGC values show three marked differences when compared to the 

mean PWGC using the same data.  First, the overall mean CGC values are dramatically 

smaller, over four orders of magnitude, than the mean PWGC values.  Second, instead 

of the control and high dose groups being similar to one another, the two dysplastic 

groups have much greater commonality with each other.  Specifically, the mean CGC 
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values of the low dose and high dose subjects are within approximately 30% of each 

other, while the control group mean CGC value is over 226% times larger.  Third, the 

low dose group has the lowest mean CGC value while the high dose group had the 

lowest mean PWGC value. 

The departures from the earlier discussed PWGC values may be the result of the 

removal of CGC values having an associated p–value of greater than 0.001, differences 

between CGC and PWGC processing (such as the removal of confounding mediating 

connections generating erroneous values), or a combination of the two.  Thus, CGC 

may be giving a more accurate result of mean causality in the groups. 

Mean CGC Values by Cell Layer 

The mean CGC source and sink values of each gross cell layer of all groups were 

calculated and results are presented in Table 5-7.  Probability density estimates based 

on the CGC value distributions of each cell layer were plotted and two-sample 

Kolmogorov-Smirnov tests were performed on the distributions.  Results are presented 

in Figure 5-6 and Table 5-8, respectively. 

The trends observed in the results from PWGC were not preserved.  Instead, the 

infragranular layers exhibit both the lowest mean CGC source and sink values, and with 

the exception of the low dose source group, the greatest mean CGC values are found in 

the supragranular layer.  The statistical tests indicate that the CGC source value 

distributions are not significantly different between the infragranular and granular layers 

in low dose and high dose groups and the granular and infragranular layers in the high 

dose group.  Similarly, the CGC sink value distributions are not significantly different 

between the supragranular and granular control group and granular and infragranular 

layers in the high dose group. 
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Thus, CGC results differ greatly from the PWGC results and suggest that the 

supragranular layer is the chief driving region of activity during ictal the early phase of 

ictal events, rather than the infragranular layer.  Although appearing to directly defy both 

literature and PWGC results indicating that the infragranular layers are necessary for 

ictal event propagation, there are at least two possible reasons the CGC results may be 

complimentary, rather than conflicting.  First, it is possible that the infragranular layers 

trigger a region in the supragranular layers that then continue to drive the event.  

Second, the supragranular layers may be responding to ictal activity in an attempt to 

abate the event.  Additionally, the differences in observed dominant source values with 

CGC may be attributable to the fact that the process successfully removed the influence 

of the mediated connections that were artificially inflating the infragranular layer source 

values in PWGC analysis.  

CGC Changes Over Time 

Finally, the changes in dominant CGC driving layers over time were assessed.  As 

with PWGC, analysis was simplified by comparing the ratio of the mean CGC source 

values of the supragranular layers divided by the sum of the CGC source values of 

infragranular layers and the CGC source values of the supragranular layers for each 

time window.  A combined plot was generated for all three groups and is shown in 

Figure 5-8. 

Likely due to CGC removing the confounding effects of mediated connections, the 

CGC changes over time more closely follows the expected pattern previously 

discussed.  The control and high dose subjects exhibit a functionally similar pattern, with 

the high dose subjects displaying an apparent lag. In these groups, the supragranular 

layer appears to be the driving region early during the ictal events, however as time 
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progressed, processes shift and the infragranular layers serves as the dominant region 

before being once again usurped by the infragranular layers.  Meanwhile, the low dose 

subjects began ictal events with a slight bias towards the supragranular layers as the 

driving region.  Dominance quickly shifts to the infragranular layers and continues 

throughout the analyzed time window.  This functional difference in the low dose group 

is also expected, since it suggests that the supragranular layers, thought to suppress 

ictal activity, are unable to sufficiently activate and thus abate the event. 

Initiation Site vs. CGC Source Focus 

In order to provide deeper investigation into whether dominant driving regions 

within slice correspond to dominant initiation foci, heat maps were generated from total 

CGC source values in the first 1000 ms of time windows and compared to initiation 

plots.  In total, four control subjects, two low dose subjects, and four high dose subjects 

demonstrated strong localized CGC driving foci.  Again, as with PWGC, CGC shows 

strong driving foci in locations other than the dominant initiation focus and localized 

driving foci in slices that do not have a dominant initiation focus.  Figure 5-7 provides 

two such examples.  Two expected differences are observed between the CGC analysis 

and the PWGC analysis.  First, some slices do not display dominant driving CGC foci, 

but do display dominant driving PWGC foci.  Second, some slices absent of dominant 

PWGC foci display strong CGC driving foci.  Additionally, an unexpected change from 

the PWGC also is noted.  PWGC driving regions often appeared to be located towards 

the middle of the electrode array, while CGC driving regions were not restricted to the 

center region of the array.  This discrepancy may arise due to two possible 

mechanisms.  First, mediating connections may confound PWGC analysis.  Since 

waves propagate from the lower layers to the upper layers through the middle layers, 
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PWGC may erroneously over estimate the causal values of the center layers.  Second, 

CGC may be able to successfully remove the over estimated value of the mediated 

connections towards the center of the array, while electrodes on the border of the array 

have less possible connections to remove.  As with PWGC analysis, results from CGC 

analysis provide further evidence that the central hypothesis is correct. 

Summary of Granger Causality Analysis 

Pairwise and Conditional Granger Causality were used to analyze spontaneous 

epileptiform activity recorded from both normally laminated and dysplastic cortical acute 

rat cortical slices.  Some conflicting results arose from the two techniques, but were 

likely due to known shortcomings with PWGC.  Both techniques provided evidence 

suggesting key functional differences, almost certainly arising from morphological 

changes, between normally laminated and dysplastic slices.  Most importantly, the 

findings from this analysis suggest that the central hypothesis was confirmed. 
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Table 5-1.  Mean pairwise Granger Causality values of each group 
 Mean PWGC Value 
Control 344.4622 
Low dose 342.9090 
High dose  311.3465 
 
Table 5-2.  Results of two-sample Kolmogorov-Smirnov tests on pairwise Granger 

Causality distributions between groups 
 PWGC Source Values PWGC Sink Values 
Control vs. Low dose 0.0335 0.0694 
Control vs. High dose  2.4679 x 10-79 1.4588 x 10-64 
Low Dose vs. High dose  1.8455 x 10-81 1.1910 x 10-51 
 
Table 5-3.  Mean PWGC in each cell layer 

 Mean supragranular 
PWGC Value 

Mean granular layer 
PWGC Value 

Mean infragranular 
PWGC Value 

Control source 295.9778 344.6329 370.4592 
Control sink  352.3007 372.7259 318.5575 
Low dose source  266.6269 326.1246 351.9793 
Low dose sink 328.2719 334.2669 317.7433 
High dose source  274.0517 327.9370 405.4087 
High dose sink 354.9639 409.3771 326.6135 
 
Table 5-4.  Results of two-sample Kolmogorov-Smirnov tests on pairwise Granger 

Causality distributions between cell layers 
 PWGC Source Values PWGC Sink Values 
Control supragranular vs. Control 
granular 

0.0140 0.0300 

Control supragranular vs. Control 
infragranular 

4.1510 x 10-6 0.0224 

Control granular vs. Control 
infragranular 

0.0068 0.0018 

Low dose supragranular vs. Low dose 
granular 

0.0290 0.0875 

Low dose supragranular vs. Low dose 
infragranular 

2.3955 x 10-6 0.2163 

Low dose granular vs. Low dose 
infragranular 

0.2704 0.0825 

High dose supragranular vs. High dose 
granular 

0.0187 0.0364 

High dose supragranular vs. High dose 
infragranular 

1.6708 x 10-9 0.0754 

High dose granular vs. High dose 
infragranular 

0.0064 0.0045 
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Table 5-5.  Mean conditional Granger Causality values of each group 
 Mean CGC Value 
Control 0.1764 
Low dose 0.0538 
High dose  0.0778 
 
Table 5-6.  Results of two-sample Kolmogorov-Smirnov tests on conditional Granger 

Causality values between groups 
 CGC Source Values CGC Sink Values 
Control vs. Low dose 2.6076 x 10-20 7.9976 x 10-23 
Control vs. High dose  7.6837 x 10-5 0.0023 
Low Dose vs. High dose  3.2594 x 10-33 3.0699 x 10-13 
 
Table 5-7.  Mean CGC in each cell layer 

 Mean supragranular 
CGC Value 

Mean granular layer 
CGC Value 

Mean infragranular 
CGC Value 

Control source 0.1519 0.1343 0.1118 
Control sink  0.1475 0.1422 0.1190 
Low dose source  0.0775 0.0815 0.0592 
Low dose sink 0.0993 0.0569 0.0418 
High dose source  0.1088 0.1080 0.0921 
High dose sink 0.1287 0.0992 0.0957 
 
Table 5-8.  Results of two-sample Kolmogorov-Smirnov tests on conditional Granger 

Causality values between cell layers 
 CGC Source Values CGC Sink Values 
Control supragranular vs. Control 
granular 

0.0160 0.0908 

Control supragranular vs. Control 
infragranular 

2.0765 x 10-4 0.0211 

Control granular vs. Control 
infragranular 

0.0331 0.0310 

Low dose supragranular vs. Low dose 
granular 

0.5618 0.0033 

Low dose supragranular vs. Low dose 
infragranular 

3.8213 x 10-4 4.0837 x 10-10 

Low dose granular vs. Low dose 
infragranular 

0.0198 0.0406 

High dose supragranular vs. High dose 
granular 

0.9427 0.0044 

High dose supragranular vs. High dose 
infragranular 

0.0075 0.0012 

High dose granular vs. High dose 
infragranular 

0.0533 0.5434 
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 A  B  
Figure 5-1.  Probability density estimates of pairwise Granger Causality values by 

group.  A) Probability density estimate of PWGC source values.  B) 
Probability density estimate of PWGC sink values. 
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 E  F  
Figure 5-2.  Probability density estimates of pairwise Granger source and sink values 

among groups by cell layer.  A) Probability density estimates of PWGC 
source values in control subjects.  B) Probability density estimates of PWGC 
sink values in control subjects.  C) Probability density estimates of PWGC 
source values in low dose subjects.  D) Probability density estimates of 
PWGC sink values in low dose subjects.  E) Probability density estimates of 
PWGC source values in high dose subjects.  F) Probability density estimates 
of PWGC sink values in high dose subjects. 
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Figure 5-3.  Comparison between initiation focus and PWGC source.  A) Initiation site 

heat map of a control slice exhibiting strongly dominant initiation focus in the 
infragranular layer.  B) Normalized total PWGC source plot of slice in A 
demonstrating that the causal driving focus is separate from the dominant 
initiation site.  C) Initiation site heat map of a control slice showing a diffuse 
initiation pattern.  D) Normalized total PWGC source plot of slice in C 
demonstrating that even though a dominant initiation site is absent, a strongly 
localized PWGC source is present. 
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Figure 5-4.  PWGC driving region over time.  Values greater than 0.5 indicate that the 

supragranular layers are driving the ictal event while values less than 0.5 
indicate that the infragranular layers are driving the event. 
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Figure 5-5.  Probability density estimates of conditional Granger Causality values by 

group.  A) Probability density estimate of CGC source values.  B) Probability 
density estimate of CGC sink values. 
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Figure 5-6.  CGC Source and Sink values by layer.  A) Probability density estimates of 

CGC source values in control subjects.  B) Probability density estimates of 
CGC sink values in control subjects.  C) Probability density estimates of CGC 
source values in low dose subjects.  D) Probability density estimates of CGC 
sink values in low dose subjects.  E) Probability density estimates of CGC 
source values in high dose subjects.  F) Probability density estimates of CGC 
sink values in high dose subjects.  
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Figure 5-7.  Comparison between initiation focus and CGC source.  A) Initiation site 

heat map of a control slice exhibiting strongly dominant initiation focus in the 
infragranular layer.  B) Normalized total CGC source plot of slice in A 
demonstrating that the CG driving focus is may be a diffuse process even if a 
dominant initiation site is present.  C) Initiation site heat map of a control slice 
showing a diffuse initiation pattern.  D) Normalized total CGC source plot of 
slice in C demonstrating that strongly localized CGC sources may be present, 
even though a dominant initiation site is absent. 

  



 

153 

 
 
Figure 5-8.  CGC driving region over time.  Values greater than 0.5 indicate that the 

supragranular layers are driving the ictal event while values less than 0.5 
indicate that the infragranular layers are driving the event. 
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CHAPTER 6 
CONCLUSIONS 

Conclusions 

This work provides a detailed analysis and comparison of electrophysiological 

activity during seizure-like events in normally laminated and in utero irradiation induced 

dysplastic acute rat cortical slices.  Novel application of spatial metrics were performed 

on dysplastic tissue and compared with normally laminated controls.  Further, pairwise 

Granger causality and conditional Granger causality analysis were applied to data 

collected using MEAs from both normally laminated and dysplastic cortical slices. 

In general, the results indicate that the activity from low dose irradiated subjects, 

or mildly dysplastic tissue, is functionally more dissimilar from controls than from high 

dose irradiated subjects, or severely dysplastic tissue.  This was observed particularly 

with classic metrics, such as the mean number of ictal events per recording time, mean 

event length, mean inter-event interval, bias in LFP extrema peaks during events, and 

spatial metrics, such as wave speed propagation through cortical layers.  These results 

are consistent with previous reports that in utero exposure to lower doses of radiation 

generates spontaneously epileptic animals, while higher doses of radiation, although 

generating more severe dysplasia does not. 

A number of novel contributions to the field were provided, including providing 

wave speed calculations and qualitative comparisons of wave propagation in dysplastic 

cortical tissue to that of normally laminated.  Most notable was the application of 

Granger causality analysis to acute in vitro slice recordings.  Holding the most promise 

for potential clinical applications were the findings suggesting that the central 

hypothesis: that localized areas may serve to drive ictal events in the absence of a well 
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defined dominant ictal initiation focus and that even if a well defined dominant initiation 

focus exists, its location does not necessarily coincide with the location of the driving 

region—is true. 

Future Work 

The focus of this work was to further characterize differences in seizure-like 

activity in normally laminated and dysplastic cortical slices caused by in utero 

irradiation, which has been demonstrated to generate epileptic animals in vivo.  These 

techniques could be employed to compare other current models of epilepsy, including 

those that have also been observed to generate epileptic animals, such as in utero 

application of MAM and kindling, and those that have not, such as neonatal freeze 

lesioning model, to one another. 

Additionally, this body of work has produced a rich source of data that can later be 

mined.  A number of other data analysis methods could easily be applied to this data 

set.  Recommendations include using principle component analysis coupled with 

clustering algorithms to characterize and compare individual ictal events between one 

another and experimental groups, spectral analysis of the ictal events using power 

spectral density or spectrograms, and finally PWGC and CGC spectral analysis to see if 

causality measures differ at known brain oscillations frequencies (e.g.: the alpha, beta, 

and gamma rhythms). 

Expanding on the theme of using MEAs to examine hyperexcitable cortical tissue, 

additional experiments could be performed on neural tissue.  Recommendations include 

comparing electrophysiological activity in control, in utero irradiated, and “second-hit” 

animals, or animals which have suffered two distinct insults and has been demonstrated 
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to have a higher success rate at generating spontaneously epileptic animals than 

singular insults. 

Finally, future work should focus on if the central hypothesis holds for in vivo 

animals and whether or not the distances separating ictal initiation site and driving 

region are clinically significant.  This should be approached on three fronts.  First, more 

detailed and computationally intensive Granger Causality analysis of the present data 

set should be performed.  This includes the aforementioned spectral analysis, as well as 

processing the data with less (or no) downsampling and a finer temporal resolution.  

Second, in vivo studies on animal models should be performed.  Finally, analysis of 

electrophysiological data from human patients should be analyzed with these 

techniques.  
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