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ABSTRACT 
 
 This dissertation explores the role of brainstem structures in the development and 
expression of generalized tonic-clonic seizures. The functional consequences of brainstem 
seizures are investigated using the kindling paradigm in order to understand the behavioral and 
cognitive effects of generalized seizures. 
 
 I begin by investigating the general characteristics of brainstem kindling. The first 
experiment demonstrates that certain brainstem sites are indeed susceptible to kindling and 
begins to delineate the features that distinguish brainstem seizures from those evoked at other 
brain regions. Further investigation of the EEG signal features using wavelet analysis reveals 
that changes in the spectral properties of the electrographic activity during kindling include 
significant changes to high-frequency activity and organized low-frequency activity. I also 
identify transitions that include frequency sweeps and abrupt seizure terminations. The 
changing spectral features are shown to be critically associated with the evolution of the kindled 
seizures and may have important functional consequences. The surprising responsiveness of 
some brainstem structures to kindling forces us to reconsider the overall role of these structures 
in epileptogenesis as well as in the healthy dynamical functioning of the brain. 
 
 In order to study the functional consequences, a series of experiments examines the 
changes in behavior, cognition and affect that follow these brainstem seizures. Although the 
results show no effects on spatial learning or memory, there are significant and complex effects 
on anxiety- and depression-like behavior that appear to be related to motivation. In order to 
further study the cognitive effects, a second set of behavioral experiments considers how 
context (i.e., the environment) interacts with the behavioral changes. The results indicate that 
changes in affect may only be apparent when choice between seizure-related and seizure-free 
contexts is given, suggesting that the environment and choice can play key roles in the 
behavioral consequences of seizures. This thesis also includes an appendix that applies 
synchrotron imaging to investigate the anatomical consequences of electrode implantation in 
kindling and shows that significantly increased iron depositions occur even with purportedly 
biocompatible electrodes widely used in research and clinical settings. 
 
 Examination of the role of brainstem structures in generalized seizures in this 
dissertation offers new perspectives and insights to epileptogenesis and the behavioral effects 
of epilepsy. The changes in EEG features, behavior, affect and motivation observed after 
brainstem seizures and kindling may have important clinical implications. For example, the 
results suggest a need to reexamine the concept of psychogenic seizures, a potential 
connection to Sudden Unexplained Death in Epilepsy (SUDEP), and the contribution of 
environmental factors. It is hoped that these findings will help elucidate the complex issues 
involved in understanding and improving the quality of life for people with epilepsy.  
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1.1. Aims 

 How are brainstem structures involved in the expression of tonic-clonic 

seizures? Are there defining features of brainstem seizures that differ from forebrain 

seizures? Can brainstem seizures also affect the interictal behavior of individuals? 

 The purpose of my dissertation is to explore the role of brainstem structures in 

tonic-clonic seizures and kindling, as well as the potential consequences of the chronic 

expression of these seizures. The aim of Chapter 1 is to provide background on the 

characteristics of generalized convulsive epilepsy, how epilepsy is identified, and how 

we use kindling to experimentally examine the nature of seizures and precipitating 

changes in behavior. Chapter 2 takes a first look at the susceptibility of brainstem sites 

to kindling and establishes general characteristics that define a brainstem-triggered 

tonic-clonic seizure. Chapter 3 investigates the spectral properties of brainstem seizures 

in a search for clues that suggest mechanisms that sustain these seizures. Chapter 4 

surveys the changes in cognitive and affective behavior following brainstem seizures. 

Chapter 5 examines the impact of brainstem seizures and kindling on context 

conditioning. Finally, in the Chapter 6, I will discuss the significance of brainstem 

involvement in generalized epilepsies, its clinical relevance and its role in the healthy 

brain. 
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1.2. Epilepsy – General Features 

 Epilepsy is a group of neurological disorders characterized by spontaneous 

recurrent seizures. The current estimation of individuals with epilepsy is approximately 

3.8%, and over half of these cases are idiopathic (of unknown origin) in nature (Kanner, 

2010). Seizures are classified into two main categories: 1) partial seizures, which occur 

when seizure activity is limited to a specific area of the brain; and 2) generalized 

seizures, which occur when the seizure activity involves the entire brain. Seizure 

activity, or afterdischarge (AD) in evoked seizures, can be monitored with 

electroencephalographic recordings (EEG) of an individual’s brain (Browne and 

Holmes, 2004). AD is the synchronous paroxysmal discharge from a group of neurons 

that is used to identify a seizure episode triggered in an experimental setting (for a general 

review see: Lisak et al., 2010). In this dissertation, the focus will be on generalized tonic-

clonic seizures.  

 

1.2.1. Measuring Brain Activity - Electroencephalography (EEG) 

 Although imaging techniques such as functional magnetic resonance imaging 

(fMRI) and single photon emission computed tomography (SPECT) have facilitated the 

diagnosis of treatment for epilepsy, EEG remains the primary tool for identifying 

seizures. Indeed, convulsions which are not presented in conjunction with 

electrographic ictal activity are used to identify non-epileptic seizures (e.g., syncope, 

migraine, movement disorders, etc.) or are labeled as psychogenic (e.g., mimicking of 

seizures). I will return to the issue of psychogenic seizures and the role of the brainstem 

in Chapter 3 and the General Discussion. 
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 In humans, paroxysmal activity is commonly captured by scalp electrode 

recordings. For better localization of the seizure focus, the initial site of seizure 

development, dural electrodes or depth electrodes can be used. Scalp electrodes do not 

have good resolution of subcortical structures; however, the inherent risks of invasive 

electrode recordings minimize the use of intracranial electrodes (used mostly in surgical 

candidates). On the other hand, in experimental studies, we are able to examine the 

activity of subcortical deep structures with much greater detail using depth electrodes.  

 

1.2.2. Focal Seizure Propagation to Generalized Seizures 

 Penfield had originally proposed the "centrencephalic" theory, in which he 

suggested that the integration of generalized seizures included the critical involvement 

of the brainstem with its bilateral connections to cortical structures (Penfield, 1958). 

Since then, the theory has been largely retracted as the penicillin-induced generalized 

seizure model showed that cortical activity was sufficient to sustain these seizures and 

that activity did not reach subcortical areas (Quesney and Gloor, 1978).  

 Alternatively, it was suggested that recruitment of thalamic nuclei could 

modulate the response of generalized seizures of cortical origin (Avoli and Gloor, 

1981). However, it has been argued that although structures such as the central medial 

nucleus of the thalamus may be heavily involved, the thalamus may not necessarily be 

the site of a given seizure's origin or propagation. Instead the thalamus's connection to 

subcortical sites such as the laterodorsal tegmental nucleus (LDTg) or the 

pedunculopontine nucleus in the midbrain may regulate the generalized tonic seizures 
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through their cholinergic projections (Miller, 1992). Therefore, the debate continues as 

to the exact nature of propagation of generalized tonic seizures.   

 

1.2.3. Tonic-Clonic Seizures 

 Tonic-clonic seizures are the most common type of convulsive generalized 

seizures. The clinical manifestation of a tonic-clonic seizure characteristically involves 

an individual's loss of consciousness and, typically, falling to the floor. In the tonic 

phase, muscles stiffen and contract followed by the clonic phase in which extremities 

begin to jerk and twitch.  

 Tonic-clonic seizure may be primary generalized, wherein the paroxysmal 

activity begins spontaneously within the whole brain, or secondarily generalized, 

wherein the paroxysmal activity begins in one part of the brain and spreads to involve 

the entire brain. The mechanism by which the spread of paroxysmal activity occurs is 

unclear.  

 

1.2.4. Brainstem Involvement in Tonic-Clonic Seizures 

 One heavily debated hypothesis is whether the brainstem is a key component in 

the generalization of seizures given that treatments that do not involve the brain stem 

connectivity (such as corpus callosotomies) can be highly effective in disrupting seizure 

spread (Spencer, 1988). Nevertheless, evidence of brainstem involvement in the tonic 

phase of seizures has been reported in studies showing tonic elements in decerebrated 

cats (Esplin, 1959). In addition, lesions of the pontomescencephalic reticular formation 

can abolish tonic seizures in the maximal pentylenetetrazol model of tonic-clonic 
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seizures (Browning, 1985; Browning et al., 1985). Moreover, examination of 

metabolism in the brain during generalized tonic seizures elicited from the 

mesencephalic reticular formation (MRF) shows activation of the superior colliculus, 

frontal cortex, mediodorsal (anterior and anterodorsal) nuclei of the thalamus, caudate 

and globus pallidus and hippocampus (Hashizume et al., 2000). In addition, a recent 

study of tonic-clonic seizures in humans using SPECT to measure cerebral blood flow 

showed that during generalization of seizures, the midbrain and other subcortical 

regions are hyperperfused (Blumenfeld et al., 2009).  

 Thus, although seizures may generalize by means of cortical structures, there is 

ample evidence that subcortical structures, including the brainstem, are important for 

seizure spread and expression of motor seizures. These studies provide clues to the 

brainstem sites that may be involved in tonic-clonic seizures and motivate further 

investigation into how these brainstem sites are involved in epileptogenesis. 

 

1.3. Brainstem and Epilepsy 

 The brainstem is of interest to epilepsy researchers not only because of its 

possible role in seizure propagation but also for its role in regulating the convulsive 

components of the behavioral response during seizures (Browning et al., 1985; Paz and 

Reygadas, 1987; Applegate et al., 1991; Raisinghani and Faingold, 2003). Research has 

shown that administration of convulsive agents to thalamic and brainstem sites produce 

epileptic AD and convulsions in animals (Elazar and Feldman, 1987). Furthermore, 

systemic administration of convulsive agents elicits AD and greatly enhances neuronal 
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firing in the brainstem reticular formation earlier and more intensely than in cortical 

structures.  

 The following sections identify clinical instances in which the brainstem may be 

significantly involved in seizure disorders. These examples suggest that investigations 

of brainstem activity during seizures may yield a better understanding of their etiology 

and treatment.    

 

1.3.1. Reflex Epilepsies 

 Reflex epilepsies are seizure disorders triggered by sensory stimuli (e.g., visual, 

auditory). Reflex epilepsies have been studied in several species including baboons 

(Wada and Naquet, 1972), chickens (Batini et al., 2004), and rats (Browning, 1986). 

With the exception of rats, these studies focus primarily on photosensitive epilepsy 

which is the most common reflex epilepsy. However, audiosensitive epilepsy is also 

reported in humans (Guerrini et al., 1990; Avanzini, 2003; Michelucci et al., 2004), 

triggered by sudden noise or complex auditory stimuli. These auditory seizures can 

result in secondarily generalized tonic-clonic seizures and likely involve both cortical 

and subcortical sites.  

 

1.3.2. Hypoglycemic Seizures 

 Seizures may occur in diabetic patients in instances of significantly decreased 

blood-glucose levels (Davis et al., 1997). In the brainstem, the substantia nigra pars 

reticulata is one potential target that may trigger hypoglycemic seizures (Velisek et al., 

2008), but activation of other brainstem nuclei may be required to generate tonic-clonic 
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seizures. Curiously, these motor seizures are not correlated with paroxysmal activity in 

the forebrain (Del Campo et al., 2009), which raises the question of how seizures can 

occur without paroxysmal activity. These hypoglycemic seizures have been found to be 

associated with characteristic fast, low-amplitude spikes recorded in brainstem and 

forebrain structures (Velisek et al., 2008). Interestingly, the authors conclude that these 

low-amplitude spikes are not related to seizure activity. In Chapters 2 and 3, I will 

examine this low-amplitude phenomenon more closely using brainstem kindling. From 

the findings of my experiments I will argue that such activity may, in certain instances, 

be very much related to seizures and epileptogenesis.  

 

1.3.3. Infantile Spasms 

 Brainstem involvement is suspected in the occurrence of West Syndrome 

(infantile spasms). The onset of West Syndrome is in infancy (2 to 12 months) and is 

characterized by infantile spasms, hypsarrhythmic EEG during interictal periods, and 

severe cognitive deficits (Browne and Holmes, 2004). West Syndrome is considered 

one of the most difficult to manage and among the most debilitating seizure disorders.  

 Although many causes of West Syndrome are known (e.g., head trauma, 

tuberous sclerosis), a significant percentage of cases are cryptogenic. There is some 

evidence that infantile spasms are correlated to a decrease in REM-sleep (Hrachovy et 

al., 1981). Other observations include increased glucose metabolism in the brainstem 

during infantile spasms as seen in positron emission tomography (PET) studies 

(Chugani et al., 1992). Moreover, the levels of tyrosine hydroxylase, the enzyme that 

catalyzes the conversion of amino acid L-tyrosine to dihydroxyphenylalanine (DOPA), 
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were shown to be altered in the brainstem of Infantile Spasm patients (Hayashi et al., 

2000). Specifically, the levels were reduced in the periaqueductal grey (PAG), locus 

coeruleus, and dorsal vagal nucleus. The postmortem cases showed brainstem lesions 

with fibrillary gliosis in the PAG and secondary degeneration of the pyramidal tract. 

Indeed, Carrazana and colleagues have hypothesized that brainstem irregularities may 

result in the expression of infantile spasms, particularly as an interaction with cortical 

dysfunction (Carrazana et al., 1993). As such, additional evidence and a better 

understanding of how brainstem sites contribute to tonic-clonic seizures could provide 

valuable insight and new ways of deciphering and treating infantile spasms.  

 

1.4. Brainstem – Anatomy and Physiological Functions 

 The brainstem is the region of the brain lying below the thalamus and above the 

spinal cord. It is divided anatomically into three regions with the mesencephalon (also 

known as the midbrain) being the most rostral of the three, followed by the pons and the 

medulla. The brainstem is crucial for regulation of many functions such as respiration, 

alertness and attention. It also contains the motor pathways connecting the cortices to 

the spinal cord. Perhaps the most challenging of tasks is to describe not only the 

anatomical connections of the brainstem, but to also determine how the connectivity 

relates to function. The studies in this dissertation examine four midbrain nuclei. The 

section below is a brief introduction to these nuclei and to some of their important 

neuroanatomical connections. 
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1.4.1. Area 1 - Mesencephalic Reticular Formation (MRF)  

 The MRF plays a modulatory role in locomotion as demonstrated by 

microinjection of cholinergic agonists and electrical stimulation of the MRF (Garcia-

Rill and Skinner, 1987b). Focal injection of carbachol, a cholinergic agonist, in the 

MRF induces tonic-clonic seizures that generalize to the pontine reticular formation and 

also to the neocortex and hippocampus. Microinjections to the MRF also result in 

immobility and catalepsy (Elazar and Feldman, 1987).  

 This important connection to the motor system is further underscored by the fact 

that over 47% of the projections to the medioventral medulla originate from the MRF 

(Garcia-Rill and Skinner, 1987a), which, in turn, strongly connects to the ventral lateral 

funiculus of the spinal cord. Interestingly, the substantia nigra pars reticulata also has 

reciprocal non-dopaminergic connections with the MRF, thus presenting a second 

potential pathway for modulating locomotor activity (Imperato et al., 1981). 

 Paradoxically, studies by Garcia Rill et al. have shown that locomotion is not 

triggered with activation of glutamatergic or noradrenergic neurons in the MRF 

(Garcia-Rill et al., 1985). In contrast, studies using N-methyl-D-aspartic acid (NMDA) 

and α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) agonists have 

shown induction of tonic-clonic seizures with microinjection into the MRF (Ishimoto et 

al., 2000; Ishimoto et al., 2004). Thus, there may be a debate as to the whether a 

dissociation exists between typical locomotor activity and that which is observed during 

convulsive seizures. 

 In agreement with theories of the brainstem's role in locomotor control, the MRF 

has also been implicated in the acoustic startle reflex, a brief freezing reaction to 
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unexpected noise (Zhao and Davis, 2004). The purpose of the startle reflex can be, at 

least partially, attributed to a defensive response. Tract tracings have shown that the 

MRF projects to the fields of Forel in the subthalamus, and the nucleus pontis caudalis 

(RPF/PnC), which are part of the acoustic startle circuit (Vertes and Martin, 1988). 

 

1.4.2. Area 2 - Nucleus Reticularis Pontis Oralis (RPO) 

 The RPO, also known as the oral pontine reticular nucleus (PnO), has been 

shown to be necessary for the expression of audiogenic seizures in genetically epilepsy-

prone rats (GEPRs) (Browning et al., 1985) and in generalized tonic seizures in the 

maximal electroshock model (Browning, 1985). This process may be mediated by 

NMDA, or acetylcholinergic mechanisms (Peterson, 1995; Peterson and Armstrong, 

1999).  

 The RPO receives glutamatergic input from the dorsal periaqueductal grey 

(dPAG) (Beitz, 1989), but also projects strongly back to the PAG, dorsal raphe, 

interpeduncular nucleus, and nucleus pontis caudalis (Vertes and Martin, 1988). Vertes 

also showed that the RPO projects to the basal ganglia (e.g., retrorubral area, substantia 

nigra pars compacta and ventral tegmental area), which may suggest a contribution of 

the RPO through dopaminergic pathways in regulation of motivation.  

 The RPO has been linked to the regulation of the sleep/wake cycle and 

particularly in the modulation of rapid eye movement during sleep (Nuñez et al., 2006). 

This may be, in part, due to its GABAergic projections to the reticular thalamic and 

dorsocaudal hypothalamic nuclei in the diencephalon, and superior colliculus. Although 

the RPO's connections to the zona incerta, hypothalamus, central nucleus of the 
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amygdala and terminal stria bed nuclei, median preoptic nucleus are not GABAergic 

(Rodrigo-Angulo et al., 2008), they also appear to contribute to the regulation of the 

sleep/wake cycle.  

 

1.4.3. Area 3 - Ventrolateral Periaqueductal Grey (vlPAG) 

 The vlPAG is associated with regulation of pain (i.e., antinociception). It is 

proposed that the mechanism of action is through opioid or serotonergic projections of 

the vlPAG. De Luca-Vinhas and colleagues (2006) showed that antinociception was 

abolished with the injection of opioid and serotonin antagonists into the vlPAG. 

Another study, examining the connection between the basolateral nucleus of the 

amygdala and the vlPAG, suggested that regulation of antinociception is mediated by 

mu opioid containing neurons in the vlPAG (Tershner and Helmstetter, 2000).  

 The vlPAG also appears to modulate freezing behavior that is independent of the 

opioid and serotonergic pathways. Specifically, microinjection of a γ-aminobutyric acid 

(GABA) antagonist, bicuculline, into the vlPAG and dPAG evoked defensive responses 

(Coimbra et al., 2006). Defensive behavior was not attenuated with injections of mu-

opioid or serotonin antagonists into the PAG (De Luca-Vinhas et al., 2006).  

 

1.4.4. Area 4 - Dorsal Periaqueductal Grey (dPAG) 

 As we will see, the dPAG occupies an important role in this dissertation as it is 

found to be a site of brain stem kindling with significant behavioral implications. The 

reciprocal connections of the dPAG, MRF and superior colliculus may work together in 

modulating complex defensive responses. This may be facilitated by the substantial 
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glutamatergic projections from the cingulate cortex to the dPAG (Beitz, 1989). The 

dPAG has strong projections to the RPO and possibly a role in motivation (Shammah-

Lagnado et al., 1987). This may, in turn, be related to acquisition of fear regulated by 

the dPAG and modulated in its expression by the amygdala. The role of 

neurotransmitters are shown with selective activation of GABAergic neurons in nuclei 

during evoked fear-response in the conditioned place paradigm (Zanoveli and Brandão, 

2008), as well as by glutamatergic activation in the dPAG resulting in escape responses 

(De Oliveira et al., 2001). Therefore, increased prevalence of anxiety, panic, and 

depression associated with generalized seizures may very well be due to the recruitment 

of the dPAG and its downstream connections (e.g., hypothalamus and MRF) (Beitz, 

1989). 

 

1.5. Kindling 

 Kindling involves lasting changes in brain function, in particular an increased 

susceptibility to seizure activity, as a result of repeated focal stimulation (Goddard et 

al., 1969). In epilepsy, seizures are accompanied by paroxysmal discharge, often 

without a known precipitating event. In kindling the precipitating event is electrical 

stimulation, and thus the paroxysmal activity during seizures is termed afterdischarge 

(AD) (Racine, 1972b). To kindle sites within the brain, an electrode is inserted using 

coordinates determined by a stereotaxic atlas. The atlas maps out brain structures in 

relation to surface landmarks on the skull (bregma or lamba). The electrode, usually 

made of two twisted wires, is used to focally stimulate the brain and record the AD in 

the implanted site. One or more additional electrodes are inserted in the same manner in 
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other sites, and are used to record the AD that occurs as seizure discharge spreads 

outside of the stimulated region.  

 

1.5.1. Evoked Seizures – The Kindling Stimulation 

 Kindling can be induced by chemical or electrical stimulation. The experiments 

in this dissertation use electrical stimulation via macroelectrodes. Biphasic stimulation 

is commonly used to avoid anodal damage to surrounding tissue. The frequency and 

length of stimulation can dramatically alter the susceptibility to and the expression of 

kindling (Cain and Corcoran, 1981). In this dissertation, initial experiments examined 

the efficacy of 3Hz kindling stimulation, as it had already been shown to kindle non-

limbic areas such as the claustrum (Zhang et al., 2001; Sheerin et al., 2004). Although 

Stage 5 seizures (i.e., clonic seizures with loss of postural control) were evoked from 

brainstem sites using this paradigm, the 3Hz stimulation brainstem thresholds were 

found to be unstable and thus the subsequent kindling experiments were performed with 

the 60Hz stimulation more commonly used in the kindling literature. 

 

1.5.2. Expression of Motor Seizures in Forebrain vs. Brainstem 
Kindling  

 In Goddard's (1967) initial report of kindling he demonstrated that different 

brain sites show differences in the susceptibility to kindling. He also described a large 

difference in the number of stimulations to first occurrence of seizures between the 

rapidly kindled areas (e.g., amygdala and septal area) as compared to the slowly kindled 

areas (e.g., hippocampus and entorhinal cortex). Additionally, areas including the 

globus pallidus and caudate-putamen showed variability in that some subjects kindled 
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rapidly, while others did not kindle at all. Interestingly, Goddard also attempted to 

kindle the brainstem, but he saw no kindling.  

 In the intervening decades, brainstem kindling studies have been few while 

many studies have gone on to elucidate the characteristics and requirements of kindling 

in the forebrain. The forebrain has been shown to kindle across many species. The 

general sequence of motor seizures varies mostly in the number of stimulations before 

each component. These traditionally identified components include: staring, facial 

movement, head-nodding, clonus of limbs, loss of postural control, and tonus of the 

limbs (Delgado and Sevillano, 1961; Goddard et al., 1969; Racine, 1972a, 1975; Pinel 

and Rovner, 1978). In contrast, convulsions triggered from the brainstem result directly 

in powerful tonic-clonic seizures (Burnham, 1987). This dramatic departure from 

forebrain kindling may suggest complementary but distinct mechanisms of motor 

seizures and an indication of the susceptibility of brainstem sites to kindling. However, 

previous studies examining the susceptibility of brainstem sites to kindling have yielded 

conflicting results (Kreindler et al., 1958b; Burnham et al., 1981; Maton et al., 1992; 

Omori et al., 2001). In this dissertation I will attempt to resolve this ongoing debate 

regarding brainstem kindling.  

 

1.5.3. Transfer 

 An important measure of kindling is the transfer effect. Transfer occurs when 

initial kindling of a primary site reduces the number of stimulations required to kindle a 

secondary site. The current theory is that the kindling of the first site causes other 

regions to become more susceptible to seizure activity (Wake and Wada, 1977; Wada 
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and Hamada, 1999). Usually, investigations of transfer find that only the rate of seizure 

generalization is affected (Wake and Wada, 1977), but recent evidence has shown that 

parameters such as the AD threshold in the secondary site in prekindled rats may also 

differ from AD threshold of sham-kindled rats (Scott et al., 2010). In some cases with 

prekindling of sites such as the claustrum and cingulate cortex, there is even a negative 

transfer effect, in that the same number or more ADs are required to kindle as compared 

to naïve (i.e., not prekindled) rats (Wake and Wada, 1977; McIntyre and Stuckey, 1985; 

Sheerin et al., 2004; Wada and Hirayasu, 2004). In contrast, primary kindling of areas 

such as the amygdala, hippocampus, and neocortex generally produces positive transfer to 

secondary sites (Wake and Wada, 1977; McIntyre and Stuckey, 1985). Therefore, transfer 

may be an indication of a brain structure's pro- or anticonvulsant role in the healthy brain. 

 

1.6. Spectral Activity of Seizures  

 Although distinct EEG patterns can arise from many different mechanisms, the 

classification of patterns of seizure activity can be very useful in the diagnosis of certain 

types of seizures or epilepsy syndromes. For example, 3 Hz spike and wave discharges 

are characteristic of absence seizures, whereas rapid-polyspike-and-wave discharge is 

observed in juvenile myoclonic epilepsy (Browne & Holmes, 2004).  

 An increasingly common objective of spectral analysis is thus to develop better 

methods for seizure detection, categorization and intervention. Spectral analysis is a 

general term used to describe the examination of signal features such as frequency and 

intensity (e.g., amplitude and power) by applying mathematical transforms to identify 

its components. The particular methods used in this dissertation are described in detail 
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in Chapter 3. Spectral analysis of EEG in clinical and experimental settings is used to 

diagnose and understand the transitions between seizure and non-seizure states. As 

such, in Chapter 3, I use a type of spectral analysis to describe the frequency, amplitude 

and power of the seizure activity, as well as define the characteristics of the transitions 

of the electrographic brainstem seizure. In addition, spectral analysis also shows how 

the features interrelate on the temporal and spatial scales between two brain sites. 

 

1.7. Epilepsy and Behavior  

There is a growing understanding that epilepsy not only impacts individuals 

during the ictal period, but also that there may be associations between behaviors during 

seizures and the interictal periods. Individuals who are diagnosed with anxiety or major 

depressive disorders in addition to epilepsy self-perceive poor seizure control and 

increased seizure triggers (Sperling et al., 2008). Over and above the psychological 

determinants and possible interaction with medication, changes in behavior and 

cognition are serious concerns for the well-being of people with epilepsy. In this 

dissertation I thus explore the relations between seizures, affect and cognition. 

 

1.7.1. Effects of Kindling on Emotional Behavior 

 Emotions such as fear and anxiety can be examined in the rat using standardized 

behavioral tasks. It has been shown that there are changes in the response to tasks after 

forebrain kindling and that these effects are site-specific (Kalynchuk et al., 1998; 

Tatarczynska et al., 2004; Hannesson et al., 2005). 
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1.7.2. Effects of Kindling on Learning and Memory  

 Learning involves the acquisition of information and is reflected in changes in 

behavior. Memory can be divided into various types (e.g., declarative, procedural) and 

into different stages (e.g., working, short-term, long-term). Learning tasks are typically 

divided into two phases. The first is the training phase, in which the animal completes 

the objective of a task for a reward (e.g., food pellet or escape from a noxious stimulus). 

The second is the retention phase, in which the subject has been removed from the task 

for a period of time (e.g., minutes, hours, days) and then returned to test its memory. 

Kindling in certain brain sites including the perirhinal cortex, entorhinal cortex and 

dorsal hippocampus has been shown to impair performance in specific learning and 

memory tasks (Letty et al., 1995; Hannesson et al., 2001b; Hannesson et al., 2001a; 

Hannesson et al., 2005). However, presently, there is no literature that describes the 

chronic effects of brainstem kindling on behavior. 

 

1.8. Behavioral Tests 

Behavioral tasks have been used to help better understand the relation between 

brain sites that mediate behavior. For example, the effect of the amygdala on the septal 

modulation of anxiety and locomotor activity was explored by septal and septal-plus-

amygdaloid lesions in the elevated plus maze, open field, water maze and inhibitory 

avoidance tests among others (Decker et al., 1995). 

 The behavioral tasks used in this dissertation were the elevated plus maze, the 

open field, the object recognition test, the water maze and the conditioned place 

preference test. Here I will provide a brief overview of the tests and their application in 
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understanding behavior. Additionally, the tests are described in detail in Chapters 4 & 5. 

One of the greatest challenges of interpreting the results from behavioral tests is to 

reconcile the variability in study parameters (e.g., maze construction, maze size, trial 

length) in the literature. At times, this may even lead to conflicting results. However, 

the Corcoran lab has established a reliable behavioral testing protocol over a number of 

kindling studies which are applied here to study the potential effects on behavior from 

brainstem seizures. 

 

1.8.1. Elevated Plus Maze 

The elevated plus maze is a cross-shaped platform with two open arms and two 

enclosed arms. The platform is elevated and because rats instinctively avoid open 

spaces, they seek out the covered areas that provide the most protection. It is suggested 

that less anxious rats will explore the open arms at a higher frequency. This has been 

demonstrated after exposing subjects to fear conditioning paradigms. Indeed, 

correlating variables of the elevated plus maze and the open field can predict anxiety-

related behavior in mice (Carola et al., 2002). Also notable is the fact that rats that 

preferentially stay in the closed arms of the maze produce higher frequency components 

in their ultrasonic vocalizations than rats with lower preference of closed arms (Borta et 

al., 2006). The findings thus indicate that the exploratory activity in the elevated plus 

maze is predictive of other behaviors. The elevated plus maze has also been used as a 

primary stressor to identify anatomical regions that are altered due to fear- and anxiety-

related stimuli. Using Fos protein expression as a metabolic marker and an indicator of 

activity, the piriform cortex, septal nucleus and hypothalamic paraventricular nucleus 
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showed increased Fos protein expression after rats were exposed to the elevated plus 

maze for multiple sessions (Galvis-Alonso et al., 2010). 

 

1.8.2. Open Field 

With the open field, rats are placed in a large circular area and are allowed to 

explore the open space. Rats displaying less anxiety-like behavior will tend to venture 

out into the center of the exposed, open area. These tasks are also used to measure 

innate locomotor activity, because no external motivation, such as a food reward, is 

present in these novel environments. Often paired with the elevated plus maze, it is a 

commonly used task to dissociate the effects of pharmacological agents on cognitive 

and affective behaviors (Crawley, 1985; Brioni et al., 1993; Decker et al., 1994). 

However, some researchers have expressed caution about the use and the definition of 

"anxiety" and "anxiety disorders" (Prut and Belzung, 2003), which can include a broad 

spectrum of affective behaviors including panic, defense, and phobia, that may not be 

well assessed using this test. 

 

1.8.3. Object Recognition Test 

 The object recognition test is used to study non-spatial working memory. The 

essence of the test is to observe whether subjects can discriminate between a familiar 

object and a novel object. This is performed by a two-trial test with a short (10 min) 

inter-trial interval. In the first trial, the subject is scored for its exploration of two 

identical objects. In the second trial, one of the objects is replaced with a novel object 

and the subject's exploratory behavior of each object (old vs. new) is compared. Unlike 
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the water maze (described below), there are minimal external cues and thus the subject 

must employ a non-spatial learning strategy. 

 

1.8.4. Water Maze 

 The water maze is used to test spatial learning and memory. The test involves 

escape on to a submerged platform (e.g., the 'exit point') using external spatial cues. 

There are many variations of the water maze, which can test the extent of spatial 

learning impairment and interaction with non-spatial memory (Hannesson et al., 2001a). 

Training trials in the water maze also enable researchers to gauge any gross locomotor 

impairment (e.g., inability to swim), visual impairment (e.g., inability to locate a raised 

platform), and ability to learn a task with reward (i.e., rats are released from the water 

maze once the platform is reached). As in many behavioral tests, the water maze is used 

as a tool for testing the efficacy of novel drugs that alter cognitive function. 

 The water maze task, especially when paired with other behavioral tasks, is 

useful in determining whether cognitive and affective functions are dependent or 

independent of each other. For example, in studies determining the relation between the 

septal region and amygdala (Decker et al., 1995) the behavioral tasks reveal that deficits 

of spatial learning that accompany septal lesions can be exacerbated with disruptions to 

the amygdala. This is striking, because lesions of the amygdala alone do not impair 

spatial learning and memory. Similarly, results from water maze testing can provide 

insight into the development and decline of cognitive abilities (Radek et al., 1994), 

which may help uncover methods to improve the general fitness of individuals. 
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1.8.5. Place Conditioning Test 

 The place preference test is designed to examine reward-seeking behavior. 

Specifically it tests whether stimuli such as drugs of addiction, odors, and seizures are 

rewarding or punishing by observing behavioral differences in stimulus-related and 

stimulus-unrelated contexts. Thus, functional pathways of motivational behavior can be 

examined. Unsurprisingly, for example, the application of stimulants such as 

amphetamines to the pedunculopontine nuclei in the midbrain produces a conditioned 

place preference effect (Bechara and van der Kooy, 1989). The test is also useful in 

understanding interactions between multiple factors, such as environmental stressors 

and pharmacological stimulants (Haile et al., 2001). 

 

1.9. Structure of Dissertation 

 This dissertation contains four major studies that constitute the next four 

chapters. Each chapter contains an overview of the study and introduction, which builds 

on the topics discussed in Chapter 1. Due to the differences in certain parameters of 

kindling, as well as methods specific to each study, a separate methods section is 

provided in each chapter. After the presentation of results, there is a chapter-specific 

discussion. Finally, Chapter 7 is reserved for a more general discussion in which I will 

attempt to bring the studies into a larger context of the overall goals of the dissertation. 
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1.10. Previous Presentations and Papers 

 Work previously presented or published during this PhD program and the 

forming of this dissertation are noted in the "Previous Presentations and Papers" section 

in the introduction to each chapter and in the references. 

 

1.11.  Chapter Conclusions 

 In this chapter I have explored some of the questions and issues that surround 

the involvement of brainstem sites in seizures, epilepsy and behavior. I described the 

relevant anatomy and previous findings. I also describe tests that can be used to assess 

changes in behavior. I now proceed into the studies examining the expression of 

brainstem seizures and their far-reaching effects. In doing so, I will attempt to draw us 

back to the central purpose of this dissertation: to look deeper into brainstem 

mechanisms of epilepsy. 
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Chapter 2.  
Susceptibility of Brainstem to Kindling and Transfer to 

the Forebrain 
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2.1. Summary 

 Purpose: The kindling of seizures with stimulation of brainstem sites has been 

reported inconsistently in the literature. The high intensities of stimulation applied, and 

the immediate onset of generalized tonic-clonic convulsions, have raised questions 

regarding the susceptibility of brainstem sites to kindling. The goal of this chapter is to 

determine whether the brainstem can be kindled and, if so, to identify the characteristics 

of brainstem kindling. 

Methods: Chronic electrodes were implanted in either the nucleus reticularis 

pontis oralis (RPO), mesencephalic reticular formation (MRF), dorsal periaqueductal grey 

(dPAG), or ventrolateral periaqueductal grey (vlPAG) in male Long-Evans rats, with a 

recording electrode in the amygdala. Rats received conventional high-frequency kindling 

stimulation once daily for 30 days. To test for transfer, the amygdala was kindled 

beginning 7 weeks after the last brainstem kindling trial.  

Results: Tonic-clonic seizures were evoked by stimulation from all brainstem 

sites. Seizures were brief and were associated with characteristic low-amplitude high-

frequency afterdischarge (AD). Kindling of the dPAG resulted in the development of 

classic AD and increased AD duration. Prior kindling of the dPAG facilitated subsequent 

kindling of the amygdala; however, no transfer was observed with prekindling of other 

brainstem sites.  

Discussion: The variability in the response to kindling stimulation suggests that 

certain brainstem sites are resistant to kindling, whereas other sites are susceptible to 

kindling but are still relatively resistant in comparison to sites in the forebrain. The 
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development of classic AD in later trials of dPAG stimulation suggests that 

epileptogenesis can occur even in the initial absence of classic AD when low-amplitude 

high-frequency activity is present.  

 

2.2. Previous Presentations and Papers 

 
 Portions of this chapter have been presented at the Canadian League Against 

Epilepsy (2010), the American Epilepsy Society (2005b; 2006) and the Canadian Spring 

Conference on Brain and Behavior (2005a). Portions of this work have also been 

published in Epilepsia (Lam et al., 2010a) and as a book chapter in a collection entitled 

Pan-Brain Abnormal Network in Epilepsy (Lam and Corcoran, 2009). 
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2.3. Introduction 

 
Kindling was first described in studies whereby repeated application of short 

trains of electrical stimulation to the forebrain led to the development of increasingly 

complex convulsions and a permanent increase in seizure susceptibility. (Goddard, 

1967; Goddard et al., 1969). Later work revealed that the stimulation must trigger 

afterdischarge (AD) in order to produce kindling (Racine, 1972b), and hence kindling 

was characterized by additional criteria: 1) a long-lasting decrease in the AD threshold 

(ADT); 2) an increase in AD duration and propagation to distant sites; and 3) 

progressive changes in motor seizures (Racine, 1972b, a). Kindling also involves 

transfer, wherein kindling of one site can lead to facilitation of subsequent kindling 

from a secondary site.  

 

2.3.1. Characteristics of Kindling 

Variability in the characteristics of kindling occurs with stimulation of different 

structures within and outside of the temporal lobe. Examples of such patterns exist with 

kindling of the dorsal hippocampus (McIntyre and Kelly, 1993), olfactory bulb (Cain, 

1977), piriform cortex, and perirhinal cortex (Mohapel et al., 1996). In such cases 

progression through individual stages may be accelerated or absent altogether. 

Examination of the susceptibility to kindling of nonlimbic sites (e.g., claustrum) or sites 

outside of the forebrain (e.g., brainstem) may help us understand their potential role in 

seizures. 
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2.3.2. The Brainstem’s Role in Seizures 

The involvement of brainstem sites in seizure development and generalization 

has been investigated through a variety of interventions. For example, administration of 

convulsive drugs to thalamic and brainstem sites produces AD and convulsions (Elazar 

and Feldman, 1987; Peterson, 1995; Ishimoto et al., 2000; Raisinghani and Faingold, 

2003; Ishimoto et al., 2004). Furthermore, lesions of brainstem nuclei can disrupt 

development of audiogenic seizures (Browning, 1986). However, the responsiveness of 

brainstem sites to electrical stimulation is less clear, and previous studies examining the 

susceptibility of brainstem sites to kindling have yielded conflicting results. Some 

researchers (Chiba and Wada, 1995; Chiba et al., 1996; Omori et al., 2001) have reported 

that classic AD, similar to that seen with forebrain stimulation and conventional kindling, 

occurs with stimulation of brainstem sites in rats (e.g., periaqueductal gray, deep 

mesencephalic nucleus of the reticular formation). In contrast, others (Burnham et al., 

1981; Chiu and Burnham, 1982) have reported convulsions without classic AD and the 

absence of kindling with stimulation of brainstem sites. 

 

2.3.3. Purpose of Study 

In the present study, I investigated the susceptibility of various brainstem sites to 

kindling and examined the subsequent transfer to the amygdala. The goal was to resolve 

the inconsistencies in the literature by selecting the previously studied regions including 

the dorsal periaqueductal grey (dPAG) and the mesencephalic reticular formation 

(MRF). Both sites have been shown to project to the amygdala (Robbins et al., 1990; 

Vianna and Brandao, 2003), which is well known for its susceptibility to kindling. To 
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further examine the sensitivity of the brainstem to kindling two additional sites were 

selected. The first is the ventrolateral periaqueductal grey (vlPAG) because of its 

reciprocal connectivity to the dPAG and the amygdala (Krettek and Price, 1978; Li et 

al., 1990). The second site is the nucleus reticularis pontis oralis (RPO), which has been 

implicated in regulating convulsions in tonic-clonic seizures (Browning, 1986; 

Peterson, 1995). From this study, I hoped to obtain a better understanding of the 

brainstem’s involvement in development of generalized seizures. 
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2.4. Methods  

 Subjects were male Long-Evans rats from Charles Rivers Laboratories (St. 

Constant, Quebec, Canada), weighing 350g to 480g at the time of surgery. They were 

housed in groups of three prior to surgery, and individually thereafter. Food and water 

were freely available. Lights followed a 12h:12h light-dark schedule, with lights on at 

7am. Rats were individually handled for 3 to 5 min daily for five days before surgery. 

Housing and experimental procedures were in accordance with the guidelines of the 

Canadian Council of Animal Care, and procedures were approved by the University of 

Saskatchewan's Animal Care Committee.  

 

2.4.1. Surgery 

 Rats were anesthetized with 3% isofluorane and given a subcutaneous injection 

of a preoperative analgesic, ketoprofen (1 ml/kg). A bipolar nickel-chromium electrode 

127 μm in diameter was stereotaxically implanted into one of the following sites: the 

nucleus reticularis pontis oralis (RPO), 7.3 mm posterior, 2.0 mm lateral from bregma, 

7.5 mm ventral from the skull, n = 13; the mesencephalic reticular formation (MRF), 

5.8 mm posterior, 1.7 mm lateral from bregma, 6.6 mm ventral from the skull; n = 10 

(Ishimoto et al., 2000); the dorsal periaqueductal grey (dPAG), 6.8 mm posterior, 2.2 

mm lateral from bregma, 5.8 mm ventral from the skull; n = 10 (Omori et al., 2001); 

and the ventrolateral periaqueductal grey (vlPAG), 7.8 mm posterior, 3.0 mm lateral 

from bregma, 6.7 mm from the skull; n = 11. A second bipolar electrode was implanted 

in the contralateral amygdala, 2.6 mm posterior, 4.5 mm lateral from bregma, 9.1 mm 
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ventral from the skull. Four stainless steel screws were placed in the skull; EEG was 

recorded from one pole of the electrode referenced to a skull screw. Sham-kindled 

control rats carrying electrodes implanted in the brainstem and the amygdala were 

connected to stimulation leads but did not receive stimulation of the brainstem (n = 13). 

These rats were used for behavioral and transfer experiments. 

 

2.4.2. Electrical Stimulation and Kindling Procedure 

 One week after surgery, rats received a train of conventional high-frequency 

kindling stimulation in the brainstem once daily. ADTs were determined at the 

brainstem electrode. Electrical stimulation was generated on a Grass S88 stimulator and 

consisted of a 1 second train of balanced biphasic square-wave pulses; each pulse 

(positive or negative) was 1.0 msec in duration and delivered at 60 pulse-pairs per sec 

(pps). Data acquisition for qualitative assessment of EEG employed Polyview 2.3 

(Astro Med, Inc. Warwick RI, U.S.A.), collected at 100 samples per sec with filters set 

at 3 Hz to 3 KHz. Higher sampling rates are explored in Chapter 3. The initial 

stimulation current was set at 100 µA (base to peak) and increased in increments of 200 

µA at 1 min intervals until an AD was evoked or tonic forelimb extension was 

observed. ADT was defined as the minimal intensity of stimulation producing AD 

outlasting the stimulation by at least 5 sec. 

 Rats were stimulated once daily for thirty days at ADT. The ADT was measured 

again on the 10th, 20th and 30th stimulation. Behavioral components during the seizure 

were recorded in Polyview (Astro Med, Inc., Warwick, RI, USA). The experimenters 
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were trained to recognize the behavioral components and recorded their onset and offset 

using programmed markers on the keyboard. 

 

2.4.3. Transfer 

 The ADT of the amygdala was determined seven weeks after the last brainstem 

kindling session. During the seven weeks between brainstem kindling and amygdaloid 

kindling, the rats underwent a battery of behavioral tests. These tests included the 

elevated plus maze, open field, object recognition task and water maze task (See 

Chapter 4). With the exception of intensity, parameters of stimulation were the same as 

with brainstem kindling. The initial stimulation current was set at 30 µA (base to peak) 

and increased in increments of 10 µA at 2 min intervals until AD was evoked. If AD 

was triggered at 30 µA, the ADT was measured again the following day by setting the 

current at 10 µA and increased in increments of 5 µA until AD was evoked. Motor 

seizures were classified by the Racine scale (Racine, 1972a): Stage 1, mouth and facial 

movements; Stage 2, head nodding;  Stage 3, unilateral forelimb clonus; Stage 4, 

rearing and bilateral forelimb clonus; Stage 5, rearing and falling. 

 All rats were stimulated in the amygdala at ADT twice daily with an 

interstimulation interval of at least four hours. Stimulation was discontinued after rats 

expressed five stage 5 seizures or received 50 stimulations, whichever occurred first. 

Amygdaloid ADTs were again measured twenty-four hours following the last kindling 

session. 
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2.4.4. Histology 

 After completion of testing, rats were euthanized and their brains were sectioned 

at 40 m on a freezing microtome. Sections were mounted on gelatin coated slides and 

stained with the neuronal marker NeuN or with Cresyl Violet. Electrode placements 

were verified using a rat brain stereotaxic atlas (Paxinos and Watson, 1997). Only rats 

with correct placements were used for statistical analysis, and group sizes are reported 

in Figure 2-1.  
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Figure 2-1: Stereotaxic coordinates of brainstem stimulation. 

Electrode placements verified using a stereotaxic atlas. Black filled circles denote electrode 
placements of kindled rats. Red open circles denote electrode placements of sham-kindled rats. 
(A) Amygdaloid electrode placements. (B) Mesencephalic reticular formation (MRF) electrode 
placements, n = 9. (C) dorsal periaqueductal grey (dPAG) electrode placements, n = 8. (D) 
reticularis pontis oralis (RPO), n = 13, and ventrolateral periaqueductal grey (vlPAG) electrode 
placements, n = 11. (Figure adapted from: Paxinos and Watson, 1997) 
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2.5. Results 

2.5.1. Characteristics of Kindling 

  Certain characteristics of the seizures were common to all stimulated brainstem 

sites. During the stimulation train, rats would display a forced motor response. At 

intensities below ADT, the forced motor response could include freezing, rhythmic 

forelimb jerking, or jumping. At intensities at or above ADT, the rats displayed the 

strongest forced motor response (jumping). Following the offset of stimulation a low-

amplitude high-frequency AD occurred (Figure 2-2A), which was accompanied by 

generalized tonic-clonic seizures (GTCS). The AD differed from baseline EEG, with 

the AD containing high-frequency oscillations that coincided with the motor seizure. 

The motor seizures were scored for the occurrence of forelimb retraction, followed by 

forelimb extension, and either hindlimb extension, hindlimb kicking, or both. Hindlimb 

kicking was bilateral and synchronized, but occurred even after the end of AD. In all 

instances, retraction and extension of limbs was bilateral. The duration of these motor 

components was variable across stimulation trials and groups, and the change in the 

total duration of the motor seizures was found to be closely associated with changes in 

AD duration. The motor seizures resembled GTCS elicited by maximal electroshock 

(Kamei et al., 1978), pentylenetetrazol injection (Cain, 1980), and audiogenic 

stimulation (Browning, 1986). Initial and subsequent brainstem stimulations evoked AD 

in both the brainstem and the amygdala (Figure 2-2A, B) that appeared to terminate 

simultaneously. In cases where classic AD developed in later trials (Figure 2-2C, D), 

secondary classic AD or spindling also occurred simultaneously at both recording sites. 
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In rare cases, rats of the dPAG group displayed wet-dog shakes, after displaying classic 

AD.  

 

2.5.2. Ictal Measures I - Afterdischarge Threshold  

 Ictal measures included AD threshold, AD duration, development of hindlimb 

extension, and development of classic AD. The changes in these measures were 

calculated between the initial, 9th, 19th, and 29th stimulations.  

Although the initial ADTs differed between brainstem sites, the differences were 

not statistically significant: (all values are mean ± standard error of the mean) dPAG, 

1075 ± 276 µA; vlPAG 1536 ± 269 µA; MRF 1056 ± 191 µA; RPO, 1962 ± 272 µA, F 

(3, 37) = 2.79, p = 0.54. A repeated measures ANOVA indicated a significant effect of 

trial for the ADT measured on multiple days, F(3, 37) = 5.457, p = 0.008 (Figure 2-3). 

Post-hoc analysis using paired-samples t-tests showed that there was a significant 

difference between the initial and final ADT in the RPO group: 1961.54 ± 272.11 μA 

versus 1430.77 ± 175.92 μA; t(13) = 2.388, p = 0.034, and that ADTs in the RPO group 

declined over the course of kindling. There was no significant difference in ADT in the 

other groups, indicating that ADTs were stable in these groups and did not change 

during kindling.  
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Figure 2-2: EEG from a representative rat stimulated daily in the dorsal 
periaqueductal grey (dPAG). 

Upper trace: dPAG; lower trace: amygdala (Amy). Upward arrow denotes site of stimulation and 
onset of stimulation (1 sec train of 60pps square wave pulses). Downward arrow denotes end of 
afterdischarge (AD). (A) First day of stimulation. Stimulation of midbrain sites triggered low-
amplitude high-frequency AD and convulsions. (B) Enlargement of the boxed area in A, 1 sec. 
Low-amplitude high-frequency AD was recorded in midbrain and amygdala on first stimulation. 
(C) Ninth day of stimulation. No significant difference in seizure profile. (D) 19th day of 
stimulation. Appearance of classic AD. (E) Enlargement of the boxed area in (D), 1 sec. 
Representative shift from low-amplitude high-frequency AD to classic AD. (F) 29th stimulation. 
Increased amplitude of AD. (G) Enlargement of the boxed area in (F). Increased amplitude in 
classic AD. Small cap letters denote onset of convulsive elements: (a) forelimb retraction, (b) 
forelimb extension, (c) hindlimb kicking, (d) hindlimb extension. 
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Figure 2-3: Change in AD threshold over the course of kindling trials. 

Effect of daily stimulation on afterdischarge threshold (ADT) in midbrain sites, expressed as 
mean ADT on stimulation days 0, 10, 20, and 30. Asterisk denotes significant difference of ADT 
on the 30th stimulation compared to the 1st stimulation (P < 0.05).  
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2.5.3. Ictal Measures II - AD Duration  

A one-way ANOVA revealed a difference in initial AD duration between 

groups: dPAG, 16.38 ± 2.06 sec; vlPAG, 9.27 ± 0.98 sec; MRF, 13.44 ± 2.46 sec; RPO, 

9.31 ± 1.08 sec; F(3, 37) = 4.38, p = 0.01. Post-hoc Tukey’s HSD tests showed that the 

initial AD duration of the dPAG group was significantly longer than the vlPAG (p = 

0.024) and RPO (p = 0.019). A repeated measures ANOVA revealed a main effect of 

AD duration over the 30 stimulations, F(3, 37) = 2.966, p = 0.039 (Figure 2-4). In 

addition, there was a significant effect of groups, F(3, 37) = 4.821, p  0.001. Further 

analysis with paired-samples t-tests for each group revealed that the difference was due 

to a marked increase in AD duration in the dPAG group from the first AD compared to 

the 29th AD: 1st AD, 16.38 ± 2.06 sec; 29th AD 28.63 ± 4.17 sec; t(8) = -3.52, p = 0.01. 

Note, however, that in comparison to forelimb kindling (Racine, 1972a), seizures were 

still relatively short in duration. The increase in AD duration coincided with the 

development of classic AD in nearly all dPAG kindled rats after the 20th stimulation.  
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Figure 2-4: Effect of daily stimulation on afterdischarge duration. 

Asterisks denote significant differences of the 19th and 29th stimulations from the 1st stimulation 
in the dPAG group, (P < 0.01).  
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2.5.4. Ictal Measures III - Display of Hindlimb Extension.  

The display of full hindlimb extension was inconsistent across trials. For 

example, rats would display hindlimb extension after several trials and then in 

subsequent trials would display less intense patterns of convulsive behaviors (Figure 

2-5). Thus we sampled the percentage of each group that displayed hindlimb extension 

on the first, 9th, 19th, and 29th stimulation and analyzed the change in percentage within 

groups using the Wilcoxon-Sign ranks test. Only the dPAG group displayed a 

significant increase in percentage of rats with hindlimb extension by the 29th 

stimulation, p = 0.04. The percentage of rats with hindlimb extension remained 

unchanged for the other brainstem groups. 
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Figure 2-5: Percentage of hindlimb extension. 

Effects of daily stimulation on occurrence of hindlimb extension (HLE) during seizures, 
expressed as percentage of rats in each stimulation group displaying HLE on the 1st, 9th, 19th, 
and 29th stimulations. Asterisks denote significant difference between the 1st and 29th 
stimulation, (P < 0.01).  
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2.5.5. Additional Ictal and Postictal Behaviors 

In later trials, rats vocalized audibly and froze when placed in the kindling 

chamber. Porphyrin secretion was observed around the eyes and nostrils during the 

seizures. After the brainstem seizures terminated, rats failed to display the auditory startle 

response or sensory hyperreactivity seen postictally after forebrain seizures. Rats were 

monitored visually by the experimenter for 1 min after the last motor seizure component. 

Piloerection and limb rigidity were also noted after seizures. Although electrocardiograms 

(ECG) were not recorded, palpitations were apparent, both prior to and during handling, 

when rats were returned to their home cages. In instances in which hindlimb extension 

was present during the seizure, rats lost their righting reflex for up to 1 minute after the 

seizure. Because the postictal behaviors were unanticipated at the time of the experiment, 

the durations of these behaviors were not quantified. However, these qualitative results 

are reported here in order to raise the issue of possible effects of brainstem seizures on 

interictal behavior and symptoms of stress (see Discussion section 2.6.5:  Ictal and 

Postictal Behaviors).  

 

2.5.6. Transfer 

 Prekindling of the RPO, vlPAG, or MRF failed to produce transfer to the 

forebrain, in that subsequent amygdaloid kindling proceeded at the rate seen in control 

rats. However, prekindling of the dPAG produced positive transfer to amygdaloid 

kindling (Figure 2-6A). The number of amygdaloid stimulations to the first stage 5 
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seizure were: dPAG, 5.33 ± 2.49; vlPAG, 18.83 ± 4.4; MRF, 14.88 ± 2.15; RPO, 20.25 ± 

4.7; Control, 13.82 ± 1.22; F(4, 37) = -3.065, p = 0.017. 

The number of stimulations required for rats to develop AD from both the 

amygdaloid and the brainstem sites was also significantly less with prekindling of the 

dPAG compared to control rats: dPAG, 3.33 ± 1.33; vlPAG, 11.67 ± 2.51; MRF, 10.25 ± 

1.78; RPO, 11.25 ± 6.80; Control, 9.73 ± 0.97; F(4, 37) = 2.866, p = 0.038. Analysis of 

the first stage 5 seizure revealed that AD durations in the amygdala did not differ between 

experimental and control rats (Figure 2-6B): dPAG, 59 ± 13.98 sec; vlPAG, 67.38 ± 

10.87 sec; MRF, 56.5 ± 8.62 sec; RPO, 35.38 ± 8.26 sec; Control, 65.09 ± 10.61 sec; F(4, 

37) = 1.406, p = 0.178 (Figure 2-6B). 

Analysis of variance of the latency to clonus and duration of clonus of the first 

stage 5 seizures revealed no difference between prekindled rats and control rats (data not 

shown). However, the variance of the initial amygdaloid ADTs and the final amygdaloid 

ADTs in prekindled rats was consistently greater than control (Figure 2-7), despite similar 

electrode placements within the amygdala. Further analysis revealed that only control rats 

showed a decrease in ADT (p = 0.04) after amygdaloid kindling. Thus, prekindling of 

brainstem sites was unexpectedly associated with a failure of amygdaloid kindling to lead 

to a decrease in ADT. 

Transfer is usually observed after kindled seizures have reached generalization 

(Wake and Wada, 1977). However, when I visually inspected the EEG from some of 

the rats displaying immediate amygdaloid kindling (Figure 2-8C), I noticed a difference 

in the pattern of EEG, which involved more synchronized and orderly AD during stage 

5 seizures, in contrast to the asynchronous and complex patterns seen in control rats. I 
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hypothesize that this epileptiform activity is due to the strong driving of epileptiform 

activity in the secondary site by the brainstem site. Others have reported a similar effect 

(Racine, 1972a), though it may be more evident here with the distinctive patterning of 

classical AD with brainstem prekindling. 

Although there was positive transfer from prekindling of the dPAG, the motor and 

electrographic seizures triggered in the prekindled rats appeared to have the same profiles 

as those seizures triggered in sham-kindled rats (compare Figure 2-8A and B). Thus, 

despite the added factor of prekindling in the brainstem for some rats, the resultant signal 

features are similar to those observed in primary amygdaloid kindling, suggesting that the 

same systems are recruited. 
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A 

         
 
B 

 
 
Figure 2-6: Transfer effects in the amygdala after midbrain prekindling. 

(A) The mean number of stimulations to the occurrence of the first stage 5 seizure. Asterisk 
denotes significant difference compared to control (sham prekindled) group (P < 0.05). 
(B) Maturity of stage 5 seizures in groups prekindled in midbrain sites. There was no significant 
difference with the duration of AD during the first stage 5 seizure between groups kindled in the 
midbrain compared to control (P > 0.10). 
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Figure 2-7: Absence of change in amygdaloid ADT during secondary kindling.  

Change in ADT in the amygdala after prekindling in midbrain. Asterisk denotes significant 
difference between the initial mean ADT and the AD after five stage 5 seizures (P < 0.05). 
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Figure 2-8: EEG Features of transfer from the brainstem. 

EEG of first stage 5 seizure in (A) sham kindled rat, (B) dPAG prekindled rat, (C) dPAG 
prekindled rats with immediate transfer to the amygdala. Slash marks indicate omission of 20 
sec of EEG. The activity in (C) was markedly different from sham kindled in duration and EEG 
pattern. The AD durations were shorter and the activity recorded from the two sites was simpler 
and synchronous. 
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2.6. Discussion 

2.6.1. Low-Amplitude High-Frequency AD 

Stimulation of all sites was followed by a pattern of low-amplitude high-

frequency activity, similar to the pattern Wada and Osawa (1976) previously described 

in the bulbar reticular formation during amygdaloid kindling in baboons, by Burnham 

(1981) during MRF kindling in rats, and by Magoun (1950) in response to stimulation 

of the reticular formation in cats.  

Changes in EEG could be the result of shifts in non-epileptiform activity (i.e., 

arousal or motor activity), but several aspects of the behavioral events following 

stimulation suggest a stronger case for identifying the low-amplitude high-frequency 

activity as epileptiform activity. For example, Moruzzi and Magoun demonstrated that 

stimulation of the MRF in lightly anaesthetized cats would result in “low amplitude fast 

activity” (Moruzzi and Magoun, 1949); however, in fully awake cats there was no 

difference in EEG. The rats in our preparation were awake and alert, and hence I 

suggest that the low-amplitude high-frequency activity in response to the stimulation is 

not due to desynchronous activity associated with changes in arousal. Furthermore, 

stimulation at subthreshold levels could evoke running responses without low-

amplitude high-frequency AD, suggesting that the activity observed is not associated 

with motor artifacts. I therefore consider the low-amplitude high-frequency activity to 

be epileptiform AD, although it does differ markedly from the classic AD recorded in 

the forebrain.  
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2.6.2. AD Duration 

In the vlPAG, MRF, and RPO the AD duration appeared to remain stable over 

the course of the experiment, although small sample sizes may have contributed to the 

lack of difference across trials. In contrast, repeated stimulation of the dPAG resulted in 

significant increases in the duration of AD, and this was associated with development of 

classic AD. Classic AD therefore is correlated with, and may be necessary for, changes 

in AD duration. In contrast, the triggering of only low-amplitude high-frequency AD 

seems to signify the resistance of a site to kindling, at least insofar as a progressive 

increase in the duration of AD is a characteristic of kindling. Of interest, the AD 

duration of a brainstem seizure even in the presence of classic AD was also noticeably 

shorter than with seizures kindled from forebrain sites such as the hippocampus and the 

amygdala (Racine, 1972a). Even in comparison to audiogenic seizures the AD durations 

in this study were considerably briefer than audiogenic kindled seizures, which have 

been reported to have AD duration of up to 120 sec (Marescaux et al., 1987). 

Previous studies have reported a “silent” period during audiogenic seizures and 

brainstem seizures in the cortex (Omori et al., 2001). This period may be the low-

amplitude high-frequency AD previously observed in cortical recording during 

brainstem kindling (Lam and Corcoran, 2005b). In Chapter 3, I examine the spectral 

activity of the brainstem seizures in order to provide additional insight into the circuitry 

involved in generating very high frequency discharge, which has been implicated in 

epileptogenesis in other parts of the brain (Bragin et al., 1999a; Jirsch et al., 2006).  
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2.6.3. Afterdischarge Threshold 

 Stimulation of the RPO but not the MRF, dPAG, or vlPAG resulted in a significant 

decrease in ADT, a measure not examined in previous studies (Chiba and Wada, 1995; 

Omori et al., 2001). Smaller changes in ADT from the MRF, dPAG, and vlPAG may 

not have been detected, due to the large step-wise increases in intensities of stimulation. 

 One objection to this study might be that the high intensities of stimulation required 

to trigger AD are a product of neuronal damage or degeneration at the site of 

stimulation, thus resulting in no change in ADT. However, given that the initial ADT in 

the RPO was significantly higher than in the dPAG and that a decrease in ADT in the 

RPO was observed, the lack of ADT change is unlikely a product of damage or 

degeneration at the site of stimulation.  

 

2.6.4. Convulsions 

Stimulation of all brainstem sites at ADT triggered immediate and severe motor 

seizures that resembled electroconvulsive shock-induced seizures and audiogenic 

seizures. However, repeated stimulation led to increasingly severe motor seizures only 

in the rats receiving stimulation of the dPAG, as indicated by an increase in the number 

of rats displaying hindlimb extension. Thus, with the exception of the dPAG, most sites 

supported convulsive responses that were relatively implastic.  

 The convulsions and even the explosive force motor reactions with jumping and 

rolling (during the stimulation) are also reminiscent of Pinel’s Stage 7 and Stage 8 

seizures observed during long-term kindling of the amygdala (Pinel and Rovner, 1978), 
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which have been suggested to be due to the involvement of brainstem nuclei. However, 

the forced motor responses occurred during the 1 sec of stimulation and not during the 

seizure, and it is therefore unclear whether these reactions are driven by the same 

mechanisms responsible for Stage 7 seizures. On the other hand, the tonic responses 

appear to be sustainable during the seizures. This may therefore imply that the tonic 

responses observed in long-term amygdaloid kindling involve recruitment of these 

brainstem nuclei. Tonic extension is also observed during the severe audiogenic 

seizures of the genetically epilepsy-prone rat (GEPR-9), in which “rapid tonic firing 

greatly accelerated just prior to tonus” in the periaqueductal grey (Faingold, 1998). 

Thus these findings may provide further evidence of the importance of recruiting the 

periaqueductal grey to sustain tonic seizure components in a variety of tonic seizure 

types with or without brainstem origin. 

 

2.6.5. Ictal and Postictal Behaviors 

 Abnormal changes in heart rate or rhythmicity could be a sign of seizure effects 

on cardiovascular function, which could imply brainstem involvement in sudden 

unexpected death in epilepsy (SUDEP) (Stöllberger and Finsterer, 2004; Mukherjee et 

al., 2009). Thus studies examining the relation of ECG and EEG during the ictal and 

postictal periods of brainstem related seizures would be informative.  

 Porphyrin secretion (chromodacryorrhea) was not present in all rats, and those 

rats that did secrete porphyrin did not do so in every trial. However, this substance is a 

well described sign of stress (Buccafusco, 1990; Rommereim et al., 1990), and I believe 

that it is indicative of stressful effects on the chronic brainstem seizures or activation of 



 

53 
 

the autonomic nervous system, which receives input from brainstem nuclei, such as the 

periaqueductal grey. Many of the postictal behaviors were unexpected and have not 

been noted in the previous literature on brainstem kindling. I explore these behaviors in 

Chapters 4 and 5. These findings could be useful in the understanding of the behavioral 

comorbidities of epilepsy, especially those related to anxiety. 

 

2.6.6. Transfer 

Here I report that transfer to amygdaloid kindling is only observed with 

prekindling of the dPAG. Previous investigations of brainstem stimulation have not 

consistently indicated whether transfer occurs. The differences in the brainstem kindling 

literature in which transfer is present (Wake and Wada, 1977; Hirsch et al., 1992) or 

absent (Michalakis et al., 1998; Sheerin et al., 2004) appear to be due to variability in 

sites of stimulation. 

However, transfer with dPAG kindling was not observed by Omori et al. (Omori 

et al., 2001). One factor that may account for the difference is that, in the set of 

experiments described in this chapter, rats were kindled to 30 generalized seizures; that 

is 10 to 15 stimulations more than in previous brainstem kindling studies. 

In this study, one difference between the characteristics of dPAG kindling and 

the other brainstem sites is the consistent development of classic AD within the entire 

group over 30 stimulations. With stimulation of the MRF and vlPAG, some rats 

developed classic AD, but the effect was unstable and not present consistently. It is 

interesting then to note that the transfer is not dependent on induced tonic-clonic 

seizures, but rather the consistent presentation of classic AD. 
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Even with the case of transfer from the dPAG, I did not find an effect of 

stimulation of the brainstem on the duration of AD in secondary-site amygdaloid 

kindling, implying that there was no effect on the severity of the amygdaloid seizures, 

but rather only on the rate at which generalized seizures develop. 

An unexpected finding was the increased variability in the ADT in the amygdala 

after stimulation in all brainstem sites. It is known that there is variability in seizure 

threshold within any given population, possibly due to individual resistance to seizures. 

Stimulation of the brainstem might further accentuate the difference in which rats that 

have lower ADT in secondary sites are more susceptible to seizures.  

2.6.7. Intensity of Stimulation  

A feature of the response to brainstem stimulation worthy of comment is that 

relatively high intensities of stimulation are required to trigger the response. Current 

density at the tips of large-diameter electrodes, like the ones used in this study, is 

significantly lower than with smaller electrodes (Tehovnik 1996), which may explain 

this need for higher intensities. Also, it is possible that neurons in the brainstem are 

generally characterized by higher thresholds for ictal responses than neurons in the 

forebrain. 

 High intensities of stimulation can result in significant spread of the current 

field (Bagshaw and Evans 1976, Ranck 1975), and thus the anatomical specificity of the 

brainstem response could be questioned. The issue of current spread is indeed complex. 

However, I found that relatively small differences in placement of the electrode tips had 

large effects. For example, the dPAG vs. the vlPAG, are only 1.9 mm apart, but 

stimulations resulted in profound differences in the responses evoked. It is therefore 
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clear that some anatomical specificity is associated with the response to brainstem 

stimulation, regardless of the spread of current. 

 

2.6.8. Role of Structure and Connectivity 

The differential responses of brainstem nuclei to kindling stimulation may be a 

result of differences in afferent and efferent connections, or differences in network 

properties of the local cellular networks. The periaqueductal grey columns receive 

efferents from sites implicated in seizures, such as the superior colliculus [e.g., in 

audiogenic seizures: (Yang et al., 2003), and amygdala (Li et al., 1993)]. Furthermore, 

the dlPAG and vlPAG columns have strong output to motor pathways of the spinal 

cord. However, the lack of kindling from stimulation of the RPO is surprising, given its 

efferent connections to forebrain sites. For example, along with the pedunculopontine 

nucleus, the RPO has been implicated in the synchronized firing of ascending pathways 

to the medial septal nucleus, which in turn connects to the hippocampus, entorhinal 

cortex, and other limbic sites (Jackson and Bland, 2006). These sites are all susceptible 

to kindling, and our results therefore might suggest that kindling occurs not only by 

overexcitation of efferents at the site of stimulation, but likely also involves the 

changing of local network properties (e.g., neurochemical, gap junction, glial responses) 

to create a seizure focus.  

Nevertheless, the anatomical connections of these brainstem sites may play an 

important part in the chronic behavioral changes associated with epilepsy. For example, 

the vlPAG projects to the rostral ventral medulla, pontine adrenergic nuclei, the 

pontobulbar reticular formation (Odeh and Antal, 2001), and the central amygdala 
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(Adamec et al., 2001). These sites are implicated in the regulation of analgesia and 

defensive behaviors, which may be heightened with chronic stimulation.  

 

2.6.9. High-Frequency Activity and Sampling Rates 

It should be noted that high sampling rates and appropriate filtering are needed 

for quantitative analysis to properly capture the low-amplitude high-frequency activity 

observed in this study and to address potential issues of aliasing. In the next chapter, I 

describe a set of experiments with EEG acquired at very high sampling rates (1 KHz) 

and the application of wavelet analysis. It was confirmed that the epileptiform response 

associated with brainstem kindling comprises signals of a significantly higher frequency 

than background, and the response is qualitatively similar to the waveforms observed in 

this Chapter. 

 

2.7. Chapter Conclusions 

 In summary I conclude that kindling can occur at brainstem sites, but that the 

different brainstem nuclei are not equally susceptible. The presence of low-amplitude 

high-frequency AD together with the absence of classic AD in the early stimulation of the 

dPAG suggest that classic AD is not required for kindling but that it will eventually 

appear in brainstem kindling after many stimulations. In the next chapter I go on to 

further investigate the spectral features of brainstem kindling, which may provide 

additional insight into the features and mechanisms of generalized seizures. In the final 

chapters I will examine how this activity may be involved in behavioral changes 

observed in the interictal period. 
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Chapter 3. 
Spectral Analysis of Transitions  

in Brainstem Kindling 
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3.1. Summary 

 Purpose: The goal of this chapter is to describe, using wavelet analysis, the 

change in electroencephalographic (EEG) activity and the transitions within a single 

seizure and over the course of brainstem kindling. The spectral features of the seizures 

may help identify and further characterize the activity and dynamics of brainstem 

structures that contribute to the mechanisms that drive or facilitate kindling and 

epileptogenesis. 

 Methods: Rats were kindled in the dorsal periaqueductal grey (dPAG), by 

evoking seizures, once-daily for 30 days. Stimulation consisted of a one-second train of 

60 biphasic square wave pulse pairs. EEG was recorded simultaneously from the dPAG 

and amygdala at high sampling rates (10 kHz). Pre-ictal, ictal and post-ictal activity 

were analyzed using a calibrated amplitude wavelet transform (CAWT). The 

permanence of kindling was also examined by measuring afterdischarge duration (AD) 

and afterdischarge threshold (ADT) after a 30 day seizure-free period. 

  Results: Brainstem seizures had distinctive spectral activity, expressing both 

low and high frequencies with a wide range of amplitudes. The development of seizures 

and AD over time was reflected by spectral changes in the EEG. Initially, seizures 

exhibited predominately low-amplitude and high-frequency afterdischarge (LAHF-AD). 

Subsequently, two characteristic spectral patterns increasingly emerged on later trial 

days. The first pattern was sporadic in its occurrence and was described as high-

amplitude disorganized afterdischarge (HAD-AD). The second pattern was more 

orderly and was thus given the term organized classic AD (OC-AD). Spectral activity 
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also changed temporally and spatially. The signal became longer in duration with 

repeated kindling stimulation and there was also a change in signal strength from both 

the dPAG and the amygdala recordings. Transitions in frequencies within a given 

seizure included chirps-like frequency sweeps from the beta to alpha and lower 

frequencies before terminating, as well as exhibiting concurrent activity in gamma and 

ripple frequencies. Multiple sweeps could be present within a single seizure, but the end 

of seizure activity was generally abrupt and synchronized in both recording sites. The 

comparable measures of seizure severity, before and after the break from daily 

stimulations, illustrate the permanent nature of kindling in the brainstem.  

 Discussion: I have shown previously that kindling from the dPAG results in an 

increase in severity of tonic-clonic seizures. Here I show that seizures also change in 

their spectral properties and that these changes could help chart the progression of the 

severity of generalized seizures. The findings illustrate that although the occurrence and 

development of seizures are dramatic, the EEG may initially appear deceptively silent. 

However, as kindling advances, there is increasing order in the electrographic responses 

that may be a hallmark of epileptogenesis. Finally, I also discuss clinical implications 

and speculate about the network properties that may contribute to seizure development. 

 

3.2. Previous Presentations and Reports 

 Portions of this chapter were previously presented at the Society for 

Neuroscience Meeting (Lam et al., 2009), the American Neurological Association 

Meeting (Lam et al., 2010b), and the 2010 Canadian League Against Epilepsy Meeting 

(Lam, 2010). 
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3.3. Introduction 

 Can signal analysis help define overlooked patterns of activity that could be 

indicative of brainstem activity in tonic-clonic seizures? Brainstem structures are 

notable for producing very powerful behavioral seizures that are tonic-clonic in nature, 

but with EEG activity that initially bears little resemblance to the classic paroxysmal 

activity observed with forebrain kindling. In Chapter 2, I described the activity during 

brainstem seizures and kindling in the context of the changes in motor convulsions, 

afterdischarge duration, and amplitude shifts in EEG. Brainstem kindling appears to 

result in little change in the behavioral seizures, but there may be significant changes in 

electrographic properties during the ictal (i.e., seizure) period. Thus, development of 

classic AD may occur, which is observed in both the brainstem and forebrain 

(amygdaloid) recording sites (See Figure 2-2 in Chapter 2).  

 In this chapter, I elaborate on the results of Chapter 2 by using spectral analysis 

to define the changes in EEG activity in brainstem seizures and kindling. Specifically, 

the study applies new forms of analysis to quantify the EEG, and the short and long-

term temporal transitions that occur with kindling. In addition, it compares the activity 

between the amygdaloid and dPAG recording sites, thus exploring spatial transitions. 

These analyses may increase our understanding of the brainstem’s role in developing 

and sustaining seizures, as well provide insight into the function of the brainstem in 

regulating normal activity.  
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3.3.1. Electrographic Activity in Brainstem Structures 

The absence of classic features of epileptiform activity in brainstem kindling 

raises many questions regarding potential clinical implications that require further 

investigation and analysis. Specifically, the spectral analysis of the depth electrode 

recordings in brainstem kindling may relate to psychogenic seizures. Psychogenic 

seizures are seizures with no identifiable electrographic correlate that are therefore 

thought to be psychological in origin. However, there are known clinical cases in which 

scalp EEG showed no classic paroxysmal activity and seizures were misdiagnosed as 

"episodes of hysteria" despite underlying ictal activity (Williamson et al., 1985). In 

addition, clinical characteristics such as alternating deviation of convulsive onset are 

also considered to be signs of psychogenic seizures. As such, the identification of low-

amplitude high-frequency activity with variable onset properties in brainstem kindling 

warrants investigation into the prevalence of seizures without typical paroxysmal 

activity. 

 

(i) Clinical Studies 

As previously described in the General Introduction, although brainstem activity 

has been extrapolated from scalp-electrode sleep studies under non-epileptic conditions, 

little is known about the activity of deep subcortical structures during tonic-clonic 

seizures. The main source for electrographic activity research has been from recordings 

using depth electrodes, usually implanted for surgical purposes or for intervention, 

using Deep Brain Stimulation (DBS) (Dostrovsky and Lozano, 2002). However, due to 

the inherent risk of depth electrode surgery, the number of cases with electrographic 
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information from the brainstem in humans remains relatively low. Even in pre-surgical 

situations, the direct monitoring of the brainstem activity in seizure related-cases does 

not usually occur except for rare cases where a tumor is present or trauma has occurred 

(Freeman et al., 2003).  

 

(ii) Experimental Studies 

In experimental settings, EEG from brainstem sites has been recorded during 

generalized complex-partial or tonic-clonic seizures (Wada and Osawa, 1976; Dutra 

Moraes et al., 2000), and also during non-seizure states such as learning and sleeping 

(Elazar and Adey, 1967; Whishaw and Vanderwolf, 1973). In non-epileptic cases, the 

pattern of desynchronization is fairly well described (Moruzzi and Magoun, 1949). In 

forebrain seizures, the onset of paroxysmal activity observed in the brainstem appears to 

be indicative of widespread propagation. This activity is markedly different from the 

brainstem activity observed during arousal, and is also unlike the activity recorded from 

the amygdala and brainstem site during initial brainstem seizures described in this 

dissertation. Despite these peculiar features, there is a lack of studies of brainstem 

recordings during brainstem seizures, perhaps due to previous debates of whether 

kindling is possible with brainstem stimulation (Racine, 1972b). Thus, this study 

examines and aims to elucidate the nature of spectral activity during brainstem kindling.  

 

3.3.2. Frequency and Patterns of EEG Activity 

 The low-amplitude high-frequency activity observed during brainstem-triggered 

seizures is not widely reported. Indeed, the period during tonic extension of the fore- 
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and hindlimbs has been referred to as a "silent period" (Omori et al., 2001) or 

desynchronous activity (Kreindler et al., 1958a). A careful characterization of the 

activity allows for comparison to ictal activity in other brain structures that also present 

non-classic seizure discharge and expands our lexicon of seizure activity. The 

frequencies of activity observed in EEG have generally been categorized in bands, or 

ranges, outlined in Table 3-1. The presence, or absence, of specific patterns and 

frequencies can be very informative, as they are associated with a number of cognitive 

and physiological states such as slow-wave sleep, resting, awake with eyes open, 

attentive states, etc. The idea that electrographic activity may be indirectly correlated to 

specific brain function is the basis of EEG as a diagnostic tool in epilepsy. Although 

there are differences between the properties of scalp-referential recordings and depth 

electrode recordings, as well as between species (Bressler and Freeman, 1980), the 

spectral activity and transitions in activity remain highly informative about general 

functions of the brain. 

  
Frequency Band 

 
Approximate 

Range 
 

 
Examples of associated brain states 

 

 
Delta 

 
         <    4      Hz 

 
Sleep, abnormal, cerebral dysfunction 

Theta 4  -  7      Hz Background activity in REM sleep 
Alpha 8  -  13    Hz Relaxed and awake 
Beta  14  -  30    Hz Sensory-motor gating 
Gamma 30  -  100  Hz Cognitive processes 
Ripples 100  -  250  Hz Present during immobility and slow-wave sleep 
Fast ripples 250  -  500  Hz Abnormal? Epileptiform? 
 

Table 3-1: Frequency bands in EEG analysis 

Adapted from (Traub et al., 1999; Neville and Haberly, 2003; Rowan and Tolunsky, 2003; 
Brovelli et al., 2004; Foffani et al., 2005; Foffani et al., 2007) 
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3.3.3. High-Frequency Activity in Epilepsy 

Not only do waveform patterns enable the characterization of types of seizure 

activity, but characteristic EEG activity from depth electrode recordings has also been 

implicated in possible roles in epileptogenesis. For example, changes in the phase 

synchrony of gamma activity, recorded just prior to the onset of seizures in 

photosensitive epilepsies, have been suggested as one potential mechanism of 

ictogenesis (Parra et al., 2003). In addition, high-frequency oscillations ranging from 

250 - 500 Hz have been observed in patients with temporal lobe and extratemporal lobe 

epilepsy (Jirsch et al., 2006). These high-frequency oscillations, sometimes referred to 

as "fast ripples", have been recorded both in discreet areas of brain structures or 

diffusely over an area of several cm2 in the cortex and hippocampus (Traub et al., 

2009). Similar to the activity patterns we observe in brainstem seizures, fast ripples are 

characterized by low-amplitude high frequencies. These fast frequencies have gathered 

interest due to their possible association with structural and physiological changes to 

brain structures. For example, it is hypothesized that ripples occur in hippocampi with 

reduced volume or density (Foffani et al., 2007; Staba et al., 2007), changes in IPSPs of 

pyramidal neurons (Bragin et al., 1999a), or a combination between network synchrony 

and intrinsic membrane properties (Dzhala and Staley, 2004). For the purposes of this 

chapter, high frequency refers to frequencies of around 30 Hz and above; that is, 

frequencies including gamma, ripples, and fast ripple activity. 
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3.3.4. Spectral Analysis of Seizures and Kindling 

(i) Spectral Analysis: From Fourier Analysis to Wavelets 

 The analysis of digital signals was developed based on Joseph Fourier's work 

that showed how highly complex periodic functions can be represented as a sum of 

sines and cosines (Fourier, 1822). Beyond a myriad of applications in science and 

technology, Fourier analysis has been used to describe ictal activity during amygdaloid 

kindling (Adamec et al., 1981) and hippocampal kindling (McCarren et al., 1984). Its 

application has also been used to distinguish the changes in activity due to kindling and 

to handling in non-stimulated control rats (McIntyre and Chew, 1986). 

 Although Fourier's discovery was an astonishing breakthrough in describing 

previously unwieldy functions, in its original form it is ill-suited for the analysis of 

dynamic, non-periodic signals, with frequency components that change continuously in 

time. These non-periodic transient signals are ubiquitous within biological systems and, 

in particular, the brain (Friston, 2001; Jensen et al., 2007). Therefore, analysis of 

biological signals requires the ability to analyze signals simultaneously both in time and 

frequency.  

 An important step in this direction came with the development of Windowed 

Fourier Analysis (e.g., see: Gabor, 1946), which enabled the study of transient or time-

related dynamic signals. Essentially, Windowed Fourier Analysis, or Short-Time 

Fourier Transform (STFT) generates spectra by applying the Fourier transform to a 

small, fixed-size, temporal window and repeating this process along the entire length of 

an ever-changing signal. The application of such analysis has become an important tool 

in analyzing biological signals. For example it has been used in the clinical analysis of 
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electrographic activity (Schiff et al., 2000) and in the analysis of genetic models of 

epilepsy (Moraes et al., 2005; Çarçak et al., 2008). 

 However, STFT and similar techniques also have limitations. Most important, 

choosing the size of the window can pose challenges. If the temporal window is too 

small it cannot capture low-frequency activity (or worse, it can be reported incorrectly). 

Conversely, if the windows are too large, then there is insufficient resolution to properly 

identify fast, high-frequency signals.  

 The challenges of windowing have been partially addressed by wavelet analysis. 

In wavelet analysis, the signal is analyzed using a basis function called the "mother 

wavelet" whose size is changed (or "dilated") across frequencies. Thus, when the 

function is large, the wavelet template captures low frequencies and when the function 

is small the wavelet captures high frequencies.  

 Another important innovation that came with wavelets is the application of 

various types of basis functions in the analysis of signals. A basis function is essentially 

the template that is used to analyze or "decompose" the signal. Whereas Fourier and 

STFT decomposition rely on sine and cosine functions, wavelet analysis introduced a 

large collection of functions that can be applied depending on the type of signal studied. 

For example, a popular function often used to characterize biological signals is the 

Morlet wavelet. (For a detailed review of wavletes see: Hubbard, 1998) 

 

(ii) Calibrating Amplitude of Low- and High-Frequency Events  

 One problem common to many types of spectral analysis including STFT and 

wavelets is that activity in higher or lower bands can be masked depending on their 
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basis function and its application. For example, this frequency bias is often observed 

with wavelet analysis where low-frequency activity obscures the occurrence of high-

frequency events. This is particularly problematic in neuroscience because small, fast, 

high-frequency events may be fundamental to brain processing (Friston, 1997).  

 One way to address this issue has been with the development of a Calibrated 

Amplitude Wavelet Transform (Ohayon, 2000). This algorithm first calibrates the 

analysis against model functions of fixed amplitude prior to the analysis of the signal to 

be studied. This approach, which is a form of unbiased normalization, is therefore more 

likely to identify high-frequency events that occur simultaneously with low-frequency 

activity. Indeed, one of the first applications of this approach was to the occurrence of 

high-frequency activity with kindling (Ohayon, 2000; Ohayon et al., 2002). Additional 

support of wavelet analysis over STFT analysis can be found in detecting temporal 

features in cardiac pathologies and neurological disorders (Thurner et al., 1998; Akin, 

2002). The concurrence of low- and high-frequency activity in brainstem seizures 

reported in Chapter 2 of this dissertation prompted the need for further analysis and the 

application of wavelet analysis described in this chapter.  

 

3.3.5. Spectral Transitions in Epilepsy 

 In addition to characteristic frequency bands, EEG recordings enable 

investigators to visualize temporal transitions and provide some spatial localization of 

brain activity. Few studies have analyzed the spectral events during kindling and 

showed the presence of high-frequency transients (Ohayon, 2000). Studies using in 

vitro slice preparations to induce seizures have also shown transitions from very high 
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frequencies to lower paroxysmal activity ranging from milliseconds to seconds (Nyikos 

et al., 2003).  

Changes in spectral events could signify changes in neural network properties 

(e.g., size of focus, density, presence of gap junctions). Thus, their identification and 

classification may be useful in understanding mechanisms that drive and propagate 

brainstem seizures. Studying spectral transitions provides a wealth of information 

including: characterizing shifts in activity between dominant frequencies, and 

describing the postictal activity to help determine whether brain activity has returned to 

its pre-seizure state or is exhibiting distinct characteristics (Carlen et al., 2009). These 

details help support hypotheses about the types of network mechanisms that may 

contribute to brainstem seizures (Ohayon, 2010). Specifically the details provide data 

for us to model the characteristics of cells and their response to kindling stimulation. 

 



 

69 
 

 

3.3.6. Purpose of the Study 

 The purpose of this study was to 1) better characterize patterns of activity during 

dPAG seizures, and 2) describe specific transitions that occur during the onset of 

seizures, including shifts between low- and high-amplitude AD, and the offset of 

seizures. In Chapter 2, I showed that the dPAG is a site that reliably developed classic 

AD and had a relatively low seizure threshold (<1 mA); it was thus chosen as the site of 

brainstem kindling for this experiment. In this chapter, I will show that evaluating the 

brainstem activity at multiple time scales enables us to observe changes in spectral 

features that emerge both during the seizure and over the time course of kindling. The 

results may be useful for future comparison with similar extratemporal generalized 

seizures in epilepsy and provide insight into models of network dynamics based on 

structural parameters. 
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3.4. Methods 

 Subjects were eight male Long-Evans rats from Charles Rivers Laboratories (St. 

Constant, Quebec, Canada), weighing 410 g to 468 g at the time of surgery. They were 

housed in groups of two or three prior to surgery, and individually thereafter. Food and 

water were freely available. Lights followed a 12h:12h light-dark schedule, with lights 

on at 7 am. Rats were individually handled for 3 to 5 min. daily for five days before 

surgery. Housing and experimental procedures were in accordance with the guidelines 

of the Canadian Council of Animal Care, and procedures were approved by the 

University of Saskatchewan's Animal Care Committee.  

 

3.4.1. Surgery 

 Rats were anesthetized with 3% isofluorane and given a subcutaneous injection 

of a preoperative analgesic, ketoprofen (1 ml/kg). A bipolar electrode was 

stereotaxically implanted into the dorsal periaqueductal grey (dPAG); 6.8 mm posterior, 

2.2 mm lateral from bregma, 5.8 mm ventral from the skull; n = 8). A second bipolar 

electrode was implanted in the amygdala (2.6 mm posterior, 2.2 mm lateral from 

bregma, 9.1 mm ventral from the skull).  

 

3.4.2. Electrical Stimulation and Kindling 

 One week after surgery, rats received a train of conventional high-frequency 

kindling stimulation in the brainstem once daily. ADTs were determined at the dPAG 
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electrode. Electrical stimulation consisted of a 1 second train of balanced biphasic 

square-wave pulses of 1.0 msec duration and delivered at 60 pps (pulse-pairs per sec). 

The initial stimulation current was set at 100 µA (base to peak) and increased in 

increments of 200 µA at 1 minute intervals until an AD was evoked or tonic forelimb 

extension was observed. ADT was defined arbitrarily as the minimal intensity of 

stimulation producing AD outlasting the stimulation by at least 5 seconds. Rats were 

stimulated once daily for thirty days at ADT (Figure 3-2). The ADT was measured on 

the 1st, 11th, 21th and 31st trial day. The timeline was the same as the kindling procedure 

in Chapter 2. However, for the purpose of automated file-processing, the initial ADT 

testing day was labeled Day 1, thus shifting all the testing day labels by one day. 

 To test the permanence of the kindling effect, subjects received no stimulation 

for thirty days after the 31st stimulation. After the break, the ADT was determined in the 

dPAG (on the 32nd trial day) and seizures were evoked, once daily, for five consecutive 

days, followed by a final ADT testing day. 

 

3.4.3. EEG Recordings 

  EEGs were digitally recorded from both the stimulating electrode in the dPAG 

and at the distal recording electrode in the amygdala during every kindling trial 

(Polyview, Astro Med, Inc., Warwick, RI, USA). The sampling rate was set at 10 kHz, 

and analog filters set to 0.3 – 1,000 Hz. At time of stimulation (1 second), a control box 

silenced the amplifier connected to the stimulating electrode. After several seconds the 

control box turned on the amplifier and continued the recording. The amplifier 

connected to the amygdaloid recording electrode remained active during the entire 
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period. Two rats were excluded from the study. The first due to the loss contact of the 

stimulating electrode and the second was due to failures in the recording equipment. 

The recording captured at least 30 seconds of postictal activity for each of the 38 days. 

Motor components including forelimb retraction, forelimb extension, hindlimb 

retraction, hindlimb extension, hindlimb kicking and the end of clonus, were manually 

recorded by the experimenter and marked in the digital file.  

 

3.4.4. Histology 

At the end of the study, rats were euthanized with sodium pentobarbital and 

transcardially perfused with phosphate-buffered saline followed by 4% formalin in 

phosphate-buffered saline. The brains were sectioned at 40 µm on a sliding microtome, 

mounted on gelatin-coated slides and nissl stained using Cresyl Violet. Electrode 

placements were verified by comparison to coordinates of a stereotaxic atlas. Only 

subjects who finished the study and had correct electrode placements were included in 

the analysis.  



 

73 
 

 

3.4.5. Calibrated Amplitude Wavelet Transform (CAWT) Analysis 

EEG was examined using wavelet analysis based on the Morlet wavelet (see 

Figure 3-1). Recordings were digitally downsampled to 1,000 Hz. Analysis was carried 

out using the Calibrated Amplitude Wavelet Transform (CAWT) algorithm and a 

modified version of code previously described by Ohayon (2000). The algorithm was 

specifically designed for EEG and neural network analysis and has been applied to 

high-frequency analysis of kindling. The code was implemented in Labview (ver. 2010, 

National Instruments, Austin, TX).  

Briefly, the CAWT algorithm uses wavelet transforms in which the basis 

functions are first convolved with standard signals of fixed amplitude (e.g., sine waves). 

Thus, the calibration ensures that events of similar amplitude will register a similar 

response despite the differences in frequencies. This is done because the generic, 

uncalibrated, wavelet transforms can result in underestimating the presence of higher 

frequency events as compared to lower frequencies. In practice, the CAWT algorithm 

ensures that spectrograms are not biased to low-frequency signals (Ohayon, 2000).  

The algorithm was then applied to the EEG to visualize the spectral features for 

the entire seizure period. EEG files were batch processed for each rat, so that EEG 

could be rapidly accessed for visual inspection and analysis. Analysis included two 

seconds of the preictal period and 60 seconds following the stimulation (i.e., including 

the ictal and postictal period).  

The spectrograms presented in this study thus show changes in power for the 

given frequencies (in Hz) at a temporal resolution of 1 millisecond. The power of the 
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result is the product of the signal's convolution with the calibrated amplitude wavelet 

(i.e., power is in calibrated V2/Hz).  

 

3.4.6. Quantitative Analysis 

 Quantitative analysis included measures during single seizure episodes and over 

the course of kindling. The program designed for this project allowed the selection of 

specific measures (e.g., signal power) at a given frequency and time. Tools provided by 

the custom designed application also enabled the cross-sectional power analysis of 

specified frequencies across the duration of a seizure, as well as the power analysis of 

all frequencies at a given moment in time. Measures included both the general 

characteristics of EEG patterns at each site and comparisons between electrode 

recording sites. Although many specific single-trial examples are provided in this 

chapter, results also included calculations of daily averages and spectrogram 

subtractions. These analyses are further described in the specific results sections 

pertaining to these measures.  

 

3.4.7. Statistical Analysis 

 Spectral activity measures were analyzed within a seizure episode and also over 

the period of kindling. Data were analyzed using paired t-tests using SigmaPlot 11 

(Systat Software Inc., San Jose, CA). 
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Figure 3-1: Morlet wavelet dilations. 

The figure shows examples of the Morlet wavelet with dilations calibrated to identify (A) 10 Hz 
(B) 20 Hz and (C) 30 Hz signal components.   
 
 

 

 

 
Figure 3-2: Timeline of kindling in Chapter 3 study. 

Timeline of kindling sessions in this chapter's experiment. Days refer to stimulation day #. 
Afterdischarge Threshold (ADT) measurements took place on Days 1, 11, 21, 31, 32 and 38 
days. Note that there is a 30 day break between Stimulation Day # 31 and 32 to test for the 
persistence of kindling. 
 
 

 

 

Time (ms) 
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3.5. Results 

 In this section, I will discuss characteristics of the electrographic activity and its 

transitions both (i) within seizures and (ii) over the course of kindling. However, as I 

will demonstrate, these features are closely interrelated. That is, the nature of transitions 

within seizures can change as kindling progresses, and so it is not always possible to 

separate the two topics. The results thus illustrate the spectral characteristics, stages, the 

range and variability of afterdischarge and transitions in brainstem kindling by showing 

both individual examples as well as data averaged over subjects. 

 

3.5.1. General Characteristics of Ictal Period 

 The analysis and results in this chapter are conveyed primarily via time-

frequency figures generated using the Calibrated Amplitude Wavelet Transform 

(CAWT) of the EEG activity during the seizures. These spectrograms clarify the 

frequency components and power distribution of the ictal activity as it evolves over 

time. To illustrate this point, Figure 3-3 exemplifies a typical advanced seizure with 

prominent low-frequency components. However, it is important to note that the EEG 

observed during the ictal period included activity in the beta, gamma and ripple 

frequency bands. Indeed, the spectral analysis enabled a precise visualization of the 

time course of low-amplitude high-frequency seizure activity as will be described in the 

sections below. Unless otherwise indicated, the X-axis in these spectrograms is time, 

the Y-axis is frequency, and the Z-axis (color scale) represents the power (the product 

of the convolution of the wavelet with the signal). 
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Figure 3-3: Spectral analysis of brainstem kindled seizures.  

This figure illustrates main aspects of the calibrated amplitude wavelet analysis and features of 
brainstem kindling. All graphs are of the same temporal scale. (A) Markers for the motor 
elements of the tonic-clonic seizure corresponding to the electrographic seizures. The markers 
included the time of the stimulation as well as the components of the motor seizure including: 
forelimb (FL) retraction, FL extension, hindlimb extension (HLE), HL kicking and end of clonus. 
EEG activity was recorded simultaneously from (B) the amygdala and (D) the dPAG on the 24th 
day of stimulation. This section of EEG began 2 seconds prior to stimulation, which occurred at t 
= 0, and continued for 60 seconds post-stimulation. Note that in this figure, the activity in both 
sites showed features of organized classic afterdischarge (OC-AD). (C, E) are the wavelet 
analyses of their respective EEG recordings. The algorithm was scaled to capture the 1 to 50 
Hz components. Note that both low- and high-frequency components were present during the 
seizure. (F) A cross-section across time of power distribution in the spectrograms reflected the 
changes in high-frequency activity (20 Hz) in both sites corresponding to the AD (red trace is 
dPAG, blue trace is amygdala). (G) A cross section of the frequency distribution at 20 seconds 
showed the strong presence of periodic activity in both the low (< 5 Hz) and high frequencies 
(20-30 Hz), particularly in the amygdala. The first 6 seconds were not used in the analysis as 
these were contaminated by stimulation artifact which was observed in all traces. 
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3.5.2. Multi-Scale and Complex Frequency Distributions 

 To properly analyze the full range of frequencies, which included the low-

amplitude high-frequency AD first described in Chapter 2, as well as the organized 

classic AD (OC-AD), and to capture the even faster oscillatory activity, high sampling 

rates of up to 10 kHz were used in this study. Activity was initially categorized by 

grouping frequency ranges as reviewed in the introduction to this chapter (e.g., see 

section 3.3.2). The categories are presented in the following sections in the order of 

occurrence roughly corresponding to the course of brainstem kindling. These included 

the low- to mid-frequency bands of 1-20 Hz (i.e., delta, theta, alpha, beta), the higher 

frequencies of 20-50 Hz (i.e., high-beta, gamma), and the very high frequencies of 100 

Hz and above (i.e., high gamma, ripples, and fast ripples). However, these divisions 

were found to be somewhat arbitrary as events that are clearly continuous can sweep 

across these frequencies during the course of a single seizure, while a complex response 

to a given stimulation can simultaneously register at distinct frequencies. The analysis 

revealed three important types of AD that appeared to define three stages of AD 

development. These included:  

 
 Stage I - Low-Amplitude High-Frequency Afterdischarge (LAHF-AD) 
 Stage II - High-Amplitude Disorganized Afterdischarge (HAD-AD) 
 Stage III - Organized Classic Afterdischarge (OC-AD) 
 

Although these stages and their associated activity overlapped in time and spectral 

characteristics, their features were found to be important markers for the progress of 

kindling in the brainstem and are described in the following sections.  
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3.5.3. Stage I - Low-Amplitude High-Frequency Afterdischarge 
 (LAHF-AD): 10 - 50 Hz 

 As previously described in Chapter 2, high-frequency low-amplitude activity 

was observed during early kindling sessions. This fast oscillatory activity, generally in 

the 10 - 50 Hz range, will be referred to as low-amplitude high-frequency afterdischarge 

(LAHF-AD). The activity was observed in both the dPAG and amygdala recordings, 

although the power and the range of the high frequencies in the amygdala recordings 

tended to be equal to, or greater than, the brainstem recordings (Figure 3-4). Using 

wavelets analysis, detailed spectral features of the previously described LAHF-AD 

could be clearly visualized and recognized as a hallmark of early brainstem kindling 

(Stage I). For example, Figure 3-4 shows a distinct band of around 15 Hz starting in the 

early part of the seizure. The activity gradually dipped in a continuous fashion to as low 

as 5 Hz over the course of the recording (this frequency sweep, or chirp, will be 

described in greater detail in section 3.5.7). Moreover, when these observations were 

paired with analysis of even higher frequencies, the effect was even more striking (see 

section 3.5.6). Although the LAHF-AD was broadly present in early kindling trials, it is 

important to note that LAHF-AD persisted alongside the development of the low-

frequency high-amplitude signals seen in later kindling trials (e.g., Day 15 onward). The 

key distinction between early and late trials was the relative absence of the lower 

frequencies and organized signals in early seizures.  
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Figure 3-4: Low-amplitude high-frequency afterdischarge (LAHF-AD). 

Example of characteristic low-amplitude high-frequency afterdischarge (LAHF-AD) as observed 
during an earlier brainstem kindling trial (Stimulation Day 11). (D, E) The predominant dPAG 
activity ranged between ~ 10 - 20 Hz (green dashed box) and was present during the entire tonic-
clonic motor seizure as indicated in (A). (B, C) Ictal activity recorded from the amygdala was 
spread across a wider range, between ~ 10 - 40 Hz (green dashed box). (F) Furthermore, cross-
sectional analysis showed that an early peak frequency of around 15 Hz gradually transitioned to 5 
Hz at the end of the ictal period. Very short, intermittent, low-frequency activity was also observed 
(e.g., at about 16 seconds and 25 seconds post-stimulation). The wavelet spectrograms thus 
helped elucidate the complex nature of the LAHF-AD described in Chapter 2. 
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3.5.4. Stage II - High-Amplitude Disorganized Afterdischarge 
 (HAD-AD)  

 In Chapter 2, the change in amplitude of the AD served as a primary 

distinguishing feature. Specifically, all high-amplitude AD was considered, for the most 

part, to be classic AD similar to patterns observed in amygdaloid kindling. In this study, 

a further distinction was made between the high-amplitude disorganized afterdischarge 

(HAD-AD) and the organized classic AD (OC-AD). The rationale for this distinction is 

that HAD-AD appeared to occur more readily in the earlier kindling trials (Figure 

3-12b), whereas the OC-AD was predominantly a feature of advanced, well-kindled 

brainstem seizures (Figure 3-12c). The appearance of OC-AD, its variability and 

distribution are reported in later sections.  

 

3.5.5. Stage III - Low-Frequency EEG Activity (1-10 Hz) and 
 Organized Classic Afterdischarge (OC-AD)  

 Although low-frequency activity was apparent at all stages of kindling, the 

power in this band of activity was relatively lower and the duration shorter in early 

stages of kindling. The earlier seizures were characterized by the relative scarcity of 

continuous low-frequency activity below 5 Hz, especially in the amygdala. Indeed, the 

appearance of lengthy OC-AD as seen in Figure 3-3 was a major characteristic of 

advanced kindling. The difference in the changing prominence of low-frequency 

activity can be clearly seen by comparing the sparse low-frequency events in the early 

seizure depicted in Figure 3-4 (e.g., dPAG trace, seconds 11-14) with the powerful and 
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sustained low-frequency associated with OC-AD in the advanced seizure of Figure 3-5 

(e.g., dPAG trace, seconds 16-25). 

 In this chapter, the systematic analysis of ictal activity within and across trials 

helped to further characterize the development of OC-AD (2-5 Hz). For example, 

Figure 3-5 is representative of a later trial seizure in which OC-AD not only emerged, 

but also grew in amplitude and power over the course of a single seizure. Although the 

tonic-clonic motor seizure differed only in total duration, there were striking differences 

in the overall increase in the power of the ictal activity and AD organization. Note, for 

instance, that the power scale of Figure 3-5 is three times larger than that of the early 

spectrograms of Figure 3-4. OC-AD can thus be considered as the most severe type of 

electrographic activity in tonic-clonic seizures, potentially representing widespread 

recruitment and synchrony of brain structures. 
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Figure 3-5: Organized Classic AD (OC-AD). 

Spectral components of signals increased in amplitude and order in later trial seizures (the 
example shown here is from Stimulation Day 36) (A, C) The rhythmic, organized high-amplitude 
low-frequency AD (i.e., organized classic AD or OC-AD) was a more common occurrence in 
later trials, and high-amplitude activity was also more prevalent in the later part of the seizure 
(green dashed boxes, 19-25 sec). (B, D) The spectrograms show that these low-frequency 
sharp waves are reflected in the strong mid- to low-frequency component. These components 
can be seen to sweep from approximately 15 Hz (at t=11) to below 2 Hz at the point of seizure 
cessation. Note that the power scale ranges from 0 - 0.3, three times larger than that of Figure 
3-3, signifying the overall increase in power in the presence of OC-AD. (E) The increase in low-
frequency power can be seen in the power over time graph set here to track the 5 Hz 
component (F) Along with OC-AD, frequencies of 20-40 Hz and above were also present in 
later seizures (generally 16 stimulations and after) and corresponded to the peaks of the 
organized oscillations. Note the upward sweep in these high frequencies (D, seconds 18-24) 
signals which reflects an increasing sharpness in the oscillations. CAWT analysis showed a 
clear and abrupt end of the electrographic seizures at around 25 seconds followed by a 
quiescent period (seconds 25-30). A moderate level of sustained low-frequency activity also 
persisted after the end of the ictal period (in this case, at approximately 8 Hz in both the dPAG 
and amygdala from seconds 30 to end of EEG trace).  
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3.5.6. Very High-Frequency (VHF) Activity (> 100 Hz) 

 During brainstem seizures, activity in the gamma range, as well as very high-

frequency (VHF) activity in the range above 200 Hz, was present in both dPAG and 

amygdala recordings (Figure 3-6). It was notable that the levels of activity in the very 

high frequencies (ripple and fast ripple range) were substantially elevated during the 

seizure episode as compared to preictal or postictal periods. Indeed, in early trials of 

kindling, the activity in VHFs could easily rise and fall by 30-fold or more in the course 

of the seizure event. For example, in Figure 3-6 the power at the 300 Hz range rose 

from a preictal value of 0.002 to 0.153 at the apex of AD (t=12 sec) and then dropped as 

low as 0.004 postictally. The increases in VHF activity may thus offer one way of 

distinguishing the electrographic seizure activity from interictal brain activity. Also 

notable was a marked dip in power during the postictal quiescent period that lasted for 

approximately 10 seconds. Differences in the evolution of the activity in these higher 

ranges were also noted between the dPAG and amygdala, as described in Section 

3.5.10. 
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Figure 3-6: Very high-frequency (VHF) activity during ictal period. 

The figure illustrates the increases in (a) high power of very high-frequency (VHF) activity in the 
ripple and fast ripple ranges (200 - 450 Hz) in early seizures. This increased activity was 
observed in both the dPAG and amygdala, but only during the ictal period (in this case, for 
approximately the first 20 seconds post-stimulation). The VHF activity occurred regardless of 
the presence of OC-AD (2 - 5 Hz) or LAHF-AD (10 - 40 Hz) development during the ictal period. 
(b) After the electrographic and motor seizure subsided, there was a period of postictal activity 
in which the power of all EEG activity dropped dramatically (e.g., 38-fold change in 300 Hz 
power from ictal peak to post-ictal trough).  
 

 

a b 
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3.5.7. Transitions within a Seizure:  
Sweeps Across Frequencies (Chirps) 

 In Chapter 2, using visual inspection of EEG recordings of brainstem seizures, I 

described a distinctive shift from LAHF-AD to higher amplitude activity. In this 

chapter, using wavelet analysis, the spectrograms revealed a sweeping transition in the 

frequencies of activity (i.e., chirp activity) during the ictal period. The spectrograms 

enabled the observation that this sweeping transition appeared to be related to the 

termination of seizure activity. That is, the frequency of the signal decreased in the form 

of a sweep across frequencies towards ~5 Hz, with the offset of the seizure as its 

conclusion (Figure 3-7A). These sweeping transitions were observed from the outset of 

brainstem kindling, and persisted throughout the kindling trials. Similar to the 

variability in frequencies, chirps were also variable in their duration, range and shape. 

In later seizures, there was often increased complexity in the nature of the chirp 

transitions, even as the ictal activity itself tended to become more organized and 

simpler. For example, multiple sweeps could occur within a single seizure period (e.g., 

Figure 3-7B). These multiple sweeps appeared to emerge more readily in the dPAG site. 
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Figure 3-7: Spectral sweeps (chirps) during brainstem kindling. 

Representative spectral sweeps in frequency observed during brainstem kindling. Sweeping 
transitions generally ranged from 15 Hz – 8 Hz, with minor variation. (A). Example of early 
trials in which the sweep was from 15 - 5 Hz and lasted for approximately 12 seconds (e.g., 
Stimulation Day 3). Sweeps in other bands (e.g., 30 Hz to 20 Hz) were also observed within 
the same time interval. However, these secondary chirps were generally less defined and 
weaker in power. (B) In later seizures (e.g., Day 28), multiple chirps (b, c) could occur in the 
same seizure prior to seizure termination (t ≈ 21 sec).  
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3.5.8. Changes in Activity Over the Course of Kindling 

 The development of spectral features over the course of kindling was examined 

in each of the two recording sites and compared between the sites. The spectrograms in 

Figure 3-8 reflect the findings in Chapter 2, showing the shift away from LAHF-AD 

and the development of OC-AD. The spectrograms show the increase in AD duration 

over time and the presence of high-frequency components throughout kindling. The 

number of chirps during a brainstem seizure also increased over the course of kindling. 

Moreover, the spectral analysis also showed the generally abrupt offset (i.e., 

termination) of brainstem seizures in both sites, which became increasingly defined as 

kindling progressed. 
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Figure 3-8: Evolution of frequencies and transitions during brainstem kindling as 
seen in individual trials.  

Recordings at multiple time points illustrate the progressive development of seizure activity. The 
corresponding wavelet analysis is shown beneath each trace. Each row represents the activity 
for a given day. Left column traces are from dPAG recordings. Right column traces are from 
amygdala recordings. OC-AD activity is indicated within green dashed boxes. (A) Seizure 
recording from an early stimulation. A characteristic sweep, brief in duration, can occur 
immediately after stimulation. (B) Oscillations of frequencies in the higher range with early 
appearance of OC-AD. (C) Multiple sweeps emerged, with increased seizure duration and OC-
AD appearing with greater strength. (D) Sweeps become elongated. Seizure frequencies settle 
at the low-frequency range (<10 Hz) before shutting off. Thus, over the course of kindling, there 
is an increase in the occurrence of low-frequency activity in both sites, with progressively 
increasing organization in the signal toward the end of the seizure, with increased duration of 
sweeps (chirps) and, most prominently, increase in the length of the entire seizure. 
 
 

A. Stimulation Day 5

B. Stimulation Day 10

C. Stimulation Day 20

D. Stimulation Day 30
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3.5.9. Transitions in Low- and High-Frequency Activity:  
The Stages of Brainstem Kindling 

 Further analysis, using averaged-spectrogram subtraction, showed that there was 

a change in the power of frequencies across kindling trials (Figure 3-9). Specifically, 

graphs were created by first averaging all subjects for a given day (Figure 3-9A and B) 

and then subtracting one average spectrogram from another (i.e., in Figure 3-9, C = A - 

B). In this case, the spectral activity of Day 2 was subtracted from that of Day 37 (these 

days were the first and last non-ADT testing days). The difference is shown in Figure 

3-9C. Positive values thus reflect larger responses on the later day (e.g., Day 37) and are 

indicated in red. Negative values reflecting higher activity in the earlier day (e.g., Day 

2) are blue. Note that the early (blue) activity was largely present in the higher 

frequencies (10 - 40 Hz) and dominated the early post-stimulation period (~ 1 - 20 sec). 

That is, earlier seizures were characterized by LAHF-AD or HAD-AD. In contrast, with 

later kindling sessions, the lower frequency activity became dominant with the peak 

activity occurring later in the ictal period and the seizure lasting longer overall. 

Although the LAHF-AD persisted in later recordings, it also occurred later and 

concurrently to the low-frequency activity. As OC-AD appeared over kindling trials, 

frequencies in the 2 - 10 Hz range became stronger during the ictal period. This increase 

in the low-frequency activity over the course of kindling can be seen both in the 

individual traces of Figure 3-8 and the averaged spectrograms of Figure 3-9.   

 In addition to the features in the ictal period, I observed that the low- and high- 

frequency components were largely absent during the post-ictal periods of both early- 

and late-seizures as the activity dropped precipitously. For example, the average low-
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frequency activity in the dPAG on Day 37 (e.g., Figure 3-9A, 5 Hz band) dropped over 

13 fold (from 0.231 at 24 seconds to 0.017 at 45 sec). However, a variation of this sharp 

reduction in activity was observed with the mid-frequencies of the dPAG, in which a 

sustained 8 Hz activity band could be seen during the post-ictal period. 
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Figure 3-9: Change in average high- and low-frequency activity over kindling 
trials. 

The evolution of the frequencies of seizure activity over the course of kindling involved the 
reduction in power of the high-frequency components during the earlier time period (e.g., ≤ 15 
sec), accompanied by an increase in power of the low and high frequencies during the latter 
time period (e.g., > 15 sec). (A) The average activity on Stimulation Day 37. (B) Average on 
Day 2. (C) Subtraction of the average of the early kindling trial day from the late kindling trials 
(C=A-B). Black areas represent no change in frequencies. Blue areas represent a reduction in 
the expression of frequencies, and red areas represent an increase in expression of frequencies 
at the given time point. Thus, over the course of kindling, (a) the high-frequency activity 
observed in the early part of the seizures (orange dashed box) gave way to low-frequency 
activity (yellow dashed box). In addition, (b) both high-frequency and low-frequency activity 
persisted for a longer period of time during later kindling trials.  
 
 
 
 
 
 
 
 

B. Stimulation Day 2

A. Stimulation Day 37

C. Difference: Day 37 - Day 2

a b
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3.5.10. Contrasts Between dPAG and Amygdala Activity  

 In addition to subtraction of averaged activity across trials (time), I also 

examined the difference in averaged activity across brain sites (space). For example, in 

Figure 3-10 the images show the averaged CAWT spectrograms for each brain site on 

Day 3 and Day 37. The differences in spectral components were computed by 

subtracting the amygdala activity from the dPAG. Positive values (red), represent 

higher dPAG activity. Negative values (blue) represent higher amygdala activity. 

Although the amygdala activity often appeared to be greater than dPAG activity, 

caution should be exercised with the interpretation. Specifically, a direct comparison is 

challenging given the fact that the two sites have very different anatomical and 

physiological properties. For example, the population activity recorded from both sites 

could be highly affected by cellular density as well as by the type of cells, particularly 

around the electrode tip. Nevertheless, as a first approximation, the examined 

differences in the dPAG and amygdala signal component strength and wavelet 

transform features can be highly informative. For example, recordings of initial seizures 

generally showed the induction of far more defined and tighter signal responses from 

the dPAG (site of stimulation) than in the amygdala (Figure 3-10A). However, in later 

stimulations, responses in the amygdala also became more defined with both sites 

showing OC-AD accompanied by substantial increases in power and duration (Figure 

3-10B). More than simply a direct comparison of activity between locations, Figure 

3-10 also highlights the significant increase in the intensity of activity in the amygdala, 

which may suggest that the dPAG organization acts as a potential mechanism for the 

transfer phenomenon previously described in Chapter 2. 
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A (Day 3) 
  

 
 
B (Day 37)  

   
Figure 3-10: Differences in AD frequencies between dPAG and amygdala ictal 
activity. 

The two sites differed in frequency range, organization and power of the ictal activity, which can 
be observed in the subtraction of average spectrograms on a given trial day (i.e., dPAG - 
amygdala). Higher dPAG activity at a given time and frequency is represented in red. Negative 
values represent higher amygdala activity and are represented in light blue. (A) Spectrograms 
generated from averaging early kindling trial activity (Stimulation Day 3) across subjects. (B) 
Averaged spectrogram generated from late kindling trial (Day 37). Amygdala activity, when 
present, was generally more powerful than dPAG activity and with wider frequency spread. (a) 
Comparison of the early differences in activity (seconds 0-7) cannot be meaningfully assessed, 
due to the stimulation artifact which precludes accurate EEG recording. However, in later part of 
the ictal period (b) the amygdala activity can clearly be seen as present and predominating in 
power, particularly in the low-frequency range. The subtraction spectrogram also showed that 
(c) the seizure activity in both sites generally ended at the same time. The narrow post-ictal 
band of dPAG activity reported in earlier sections can also be seen here at approximately 8 Hz 
and persisting well beyond the termination of the ictal activity.  
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3.5.11. Permanence of dPAG kindling 

 Despite the variability, a significant increase in total AD duration over the 

course of kindling was observed in this group of dPAG kindled rats, which was 

expected given the findings of the previous chapter. Indeed, a comparison between the 

first non-ADT testing day (Day 2) and last non-ADT testing day prior to the break (Day 

30) revealed a significant rise in total AD duration. Specifically, a paired t-test 

confirmed that there was a significant increase in AD duration between stimulation days 

2 and 30; (initial duration, Day 2, 20.41 ± 3.06 sec; pre-break duration, Day 30, 28.75 ± 

3.61 sec; p = 0.005). The persistence was also apparent in a comparison between the 

pre-break and post-break durations. Figure 3-11A shows the persistence in power, 

duration and spectral characteristics before and after the break.  

 Interestingly, comparison of the pre-break and post-break durations (Days 30 

and 33) shows that after one month's rest the kindling effect not only persisted, but that 

AD severity (as measured by duration) actually increased significantly (Figure 3-11B, 

Day 30 and Day 33). That is, brainstem kindling resulted in increased AD duration and, 

even in the absence of daily stimulations for one month, brainstem-evoked seizures 

generally remained as severe, or were even more severe, as they were prior to the break. 

Beyond persistence in duration, there also appeared to be no change in AD threshold 

following the break.  

 In the case of the pre- and post-break AD duration comparison, the dependent 

variable was not normally distributed, thus a Wilcoxon Signed Ranks test was used for 

analysis (pre-break duration, Day 30, 28.75 sec; post-break duration, Day 33, 38.750 



 

96 
 

sec; z = 2.201, p = 0.031). Therefore, not only is there a permanent effect with 

brainstem kindling, but the results also suggest that additional development of these 

seizures can occur, possibly even during the non-kindled period. However, it is 

important to note that simple duration averages do not adequately reflect the extent of 

the changes that occur in brainstem kindling. To fully appreciate the changes taking 

place, the shifts in signal characteristics need to be examined. Thus, in the next two 

sections, I will examine the specific changes in classic AD properties, variability and 

distribution. 
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Figure 3-11: Persistent effects of brainstem kindling. 

After 30 days of no stimulation, rats remained sensitized to kindling effects. (A) Subsequent 
kindling resulted in strong tonic-clonic seizures accompanied by AD duration, organized activity 
and power that was as severe as, or more severe than, pre-break activity (B) Increases in AD 
duration, similar to those reported in Chapter 2, were measured using the spectrograms of the 
initial non-ADT stimulation day (Day 2) as compared to last non-ADT pre-break stimulation day 
(Day 30), and first non-ADT post-break stimulation (Day 33). The significant changes in AD 
duration show that dPAG kindling is similar to the kindling of forebrain sites, in the sensitization 
of the site to kindling and the permanence of the changes. Error bars are displayed in standard 
error of the mean. 
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3.5.12. Variability in the Ictal Features Across Subjects and Time 

 There were large differences in the development of seizure activity both over 

time and across subjects. Specifically, the appearance of OC-AD ictal activity was 

complex and variable both within subjects and between subjects. The variability was 

noted in AD duration as well as in spectral features. The initial appearances of OC-AD 

were often short occurrences of simple biphasic spikes of medium amplitude. Later 

occurrences of OC-AD showed large-amplitude stereotyped oscillations. Interestingly, 

after the 30-day break period, OC-AD appeared even larger in amplitude and 

maintained its organized patterns of activity (Figure 3-11A). 

  Variability in the rats' responses was apparent, particularly around the middle 

kindling trials in which OC-AD activity began to emerge. For example, on Day 15 

almost all types of activity-patterns could be observed in subjects' responses (Figure 

3-12). This variability decreased as OC-AD became more prevalent. The development 

of more ordered and uniform electrographic responses may thus be another way of 

measuring kindling. That is, a reduction in the variability of ictal activity within-

subjects and between-trials can be an indicator of the progression of kindling.  
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Figure 3-12: Between-subject variability of electrographic seizures. 

EEG traces from Stimulation Day 15 show variability in the amplitude, organization and duration 
of dPAG ictal activity. The illustrated traces (all same day, different subject, 5-60 seconds post-
stimulation), show the following types of activity: 
 
    (a) low-amplitude high-frequency afterdischarge (LAHF-AD), short seizure 
    (b) high-amplitude disorganized afterdischarge (HAD-AD), long seizure 
    (c) organized classic afterdischarge (OC-AD), short seizure 
    (d) OC-AD, long seizure 
 
The variability in ictal activity was not apparent in the motor seizure, which was consistently 
tonic-clonic. The motor activity was also not readily associated with any particular activity 
pattern. 
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3.5.13. Variability and Uncommon Early OC-AD 

 Although OC-AD occurred predominantly in mid to late kindling stages, it could 

occur even on the first day of stimulation. Figure 3-13 illustrates an example of an early 

occurrence of OC-AD. This early seizure was one of only eight examples that showed 

OC-AD in trials prior to Day 16 (i.e., probability of occurrence was 8 in 90 trials, or 

8.9%; see Figure 3-15). The EEG traces show the occurrence of an initial LAHF-AD, 

followed by OC-AD (Figure 3-13A, C). 

 Interestingly, the spectrogram of the early instances of OC-AD (Figure 3-13B, 

D, at 13 - 17 seconds post-stimulation) showed frequency components similar to the 

OC-AD observed during later seizures. However, the early OC-AD was significantly 

shorter than those occurring in later recordings. Compare, for example, the power in the 

5 Hz signal from Day 36 analyzed in Figure 3-5E with a similar 5 Hz component seen 

in Figure 3-13E. Although the two signals shared similar spectral features, the early 

OC-AD was less than half the duration of OC-AD in later trials (e.g., 4 seconds vs. over 

8 seconds). Thus, not only is there an increase in probability of occurrence of OC-AD 

later in kindling, but it is also more likely to last longer and be more organized in 

nature. This change in variability can also be observed in the spectral averages shown in 

Figure 3-14.  

 The existence of these uncommon, early occurrences of OC-AD points to the 

large variability in the spectral characteristics of brainstem seizures in response to 

kindling. It also shows that these systems are inherently multi-modal and produce a 

variety of patterns of activity at the outset, but that kindling can shift this distribution 

over time.  
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Figure 3-13: Early occurrence of Organized Classic AD (OCAD). 

Spectral analysis of a rare early EEG recording of a brainstem seizure (Stimulation Day 1) that 
showed organized activity. (A, B) Occurrence of LAHF-AD and sporadic bursts of OC-AD. 
(C, E) Spectrograms showed the relative high-powered OC-AD, but also HF activity, particularly 
in the dPAG. (F) The OC-AD (e.g., 13 - 17 seconds post-stimulation) was equivalent in power to 
OC-ADs observed in later seizures although it was shorter in duration. This figure thus 
exemplifies the variability in responses to kindling stimulation that can occur between-subjects 
even from the outset.  
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3.5.14. Change from High Variability to Organized Activity (OC-AD) 

 As I cautioned in Section 3.5.11, the simple examination of spectral averages is 

not sufficient to convey a complete or accurate picture of the changes that occur in 

brainstem kindling. Part of the challenge is due to the aforementioned variability in AD 

(e.g., Figure 3-12). Initial responses to kindling stimulation were extremely varied in the 

electrographic response (Figure 3-14). This was true with comparisons both between 

subjects and between the two recording sites. As such, a single or several occurrences of 

HAD-AD could distort the mean activity which is generally low-amplitude in nature, 

thus resulting in underestimation of the degree of change.  

 By the late kindling trials (e.g., after the 30-day break) the response was more 

homogeneous, both between trials and also between the dPAG and amygdala. This 

increase in regularity may suggest a significant reorganization of synaptic responses, 

which may in turn signify a process in brainstem kindling that is akin to 

epileptogenesis.  

 However, given that the motor seizures were tonic-clonic from the outset of the 

38 kindling trials, these observations highlight the fact that brainstem kindling is 

different from forebrain kindling in that severe seizures are immediately triggered. 

Moreover, these observations illustrate that rather than the mere appearance of seizures 

or their duration, the development and severity of brainstem kindling is marked by 

complex changes to the spectral form of EEG activity.  
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Figure 3-14: Development of consistently organized activity. 

Daily averages of wavelet spectrograms of the dPAG and amygdala activity. In both 
recording sites, early kindling trials (Stimulation Days 1-3) were highly variable in the 
distribution of frequencies, transitions of frequencies within seizures, and duration of 
seizures. In later kindling trials (Days 36-38), there was a major shift in (i) the consistency of 
seizures, (ii) the duration of seizures (often doubling in duration compared to early trials), (iii) 
increased organized high-amplitude low-frequency activity (OC-AD), (iv) increased similarity 
in activity patterns between the dPAG and amygdala recordings. Therefore, the extent of OC-
AD activity may be a hallmark of the progress of brainstem kindling. 
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3.5.15. Distribution of OC-AD Over Kindling  

 The spectrograms were used to further analyze the presence of OC-AD for each 

trial. Each day was scored for the presence or absence of OC-AD for each subject. 

Results showed that over the course of kindling, the number of occurrences of OC-AD 

increased significantly (Figure 3-15). In the early stages of kindling (Stimulation Days 

1-15) there were only 10 occurrences of OC-AD over all subjects (11.1%). In contrast, 

in the next 16 stimulation trials (Days 16-31) there were 45 occurrences of OC-ADs 

(46.9% of all trials). Finally, in the retest phase (Day 32-38), there were 28 occurrences 

of OC-AD (66.7%).  

 The increase in OC-AD was also reflective of a concurrent decrease in response 

variability. The change in the level of variability was particularly evident in the middle 

trials (Days 16 - 31), in which OC-AD began to emerge. Specifically, the well-defined 

low-frequency events displaced the LAHF-AD and disorganized HAD-AD. There was, 

however, notable variability within the OC-AD activity which tended to (i) grow in 

amplitude, (ii) increase in duration, (iii) drop in frequency of the rhythmic bursts, and 

(iv) become sharper in shape as kindling advanced.  

 This progressive increase in synchrony and loss of complex activity in brainstem 

seizures suggests that there are critical mechanisms that are altered during brainstem 

kindling, which may reflect the process of epileptogenesis. The analysis thus shows that 

simply examining AD duration is insufficient to uncover the full extent of changes in 

kindling.
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Figure 3-15: Distribution across trials of Organized Classic AD. 

The development of rhythmic and regular spiking ictal activity occurred in greater frequency with 
successive kindling trials. In the early stages (Stimulation Days 1-15) there were only 10 
occurrences OC-AD (11.1% of trials in the period). In contrast, the next 16 stimulation trials 
elicited 45 OC-AD occurrences (46.9%). Finally, in the retest phase, 28 trials resulted in OC-AD 
(66.7%).  
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3.6. Discussion 

 In this chapter, I applied wavelet analysis to examine the ictal activity of 

brainstem seizures and transitions both within individual seizures and over the course of 

kindling. I described the spectral features including the frequency bands, temporal 

characteristics and transitions (e.g., chirps). I also described the progressive 

organization of afterdischarge, as well as its stages, variability and persistence. These 

features and their metrics could help identify the occurrence of brainstem seizures and 

form a foundation for assessing its severity and the progression of epileptogenesis. The 

results from this study also provide a more in-depth perspective into the complex nature 

of brainstem seizures and raise questions regarding the definition of kindling. 

Moreover, the findings also raise questions regarding possible underlying mechanisms 

and potential clinical implications. In this discussion, I will begin to explore these 

questions which will form the foundation for the study of the functional consequences 

(cognitive, behavioral, affective) of brainstem seizures examined in subsequent 

chapters.  

 

3.6.1. General Characteristics of the Ictal Period 

 EEG traces and their corresponding spectrograms represent snapshots in time 

during brainstem kindling, revealing an array of features and charting the development 

of these features. Although the basic components of the dPAG and amygdala activity 

were discernable in the EEG traces, the complex frequency components and transitional 

elements were better defined and quantifiable with the help of the spectrograms. 
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Wavelet analysis thus enabled us to go beyond the previous limited analysis of AD 

occurrence and duration, to examine the variability and relations between the different 

spectral components and seizure stages.  

 

3.6.2. Low-Amplitude High-Frequency Afterdischarge (LAHF) and 
Very High Frequencies (VHF) 

 In Chapter 2, I characterized the period immediately following the kindling 

stimulation as low-amplitude high-frequency afterdischarge (LAHF-AD). However, 

because the amplitude of the LAHF-AD signals were similar to the peri-ictal states, it 

was difficult to determine the characteristics of this high-frequency activity or make a 

connection to potential mechanisms of kindling while relying solely on EEG traces. In 

this chapter, the spectrograms clearly showed the activity and evolution of the high-

frequency components within seizures and over kindling. In addition, given the higher 

sampling rates, I was able to demonstrate that very high-frequency (VHF) activity 

(<100 Hz) was related to the onset of the ictal period and persisted throughout the 

entirety of the tonic-clonic seizure (e.g., Figure 3-6a). The high-frequency activity was 

also shown to drop drastically with the termination of the seizure. The fact that the VHF 

activity persisted throughout kindling suggests that high levels of VHF may also be 

correlated more generally with brainstem seizures and pathology.  

 Indeed, fast ripple activity has been previously observed in the hippocampus, 

both in the human epileptic brain and in kainic acid treated rats (Bragin et al., 1999b). 

The findings of this chapter are the first report to capture this activity in the brainstem 

and the kindling paradigm. These findings, along with the observed co-occurrence of 

VHF in the dPAG and amygdala, demonstrate that brainstem nuclei can be involved in 
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the generation of temporal lobe very high-frequency activity and cannot be ruled out as 

epileptic foci.  

 

3.6.3. High-Amplitude Disorganized Afterdischarge (HAD-AD) 

 The analysis of a wide range of high frequencies, from the standard 10 - 50 Hz 

activity and beyond, revealed more variability in ictal activity than previously imagined. 

Specifically, the sporadic occurrence of HAD-AD and OC-AD in early and middle 

kindling trials showed the innate ability of the brain sites to produce a variety of 

responses. Note, however, that activity identified as HAD-AD has features that are very 

similar to artifact or 'noise' and thus utmost caution is needed in its interpretation. 

Nonetheless, as HAD-AD patterns occurred more consistently in later trials and 

increasingly gave way to more organized activity across all subjects (see Section 

3.5.15), the change in responses suggests that the observed activity is real and not 

artifact. That is, the signal is likely of neural origin and the changes reflect a functional 

reorganization of brain sites due to kindling. It is important to remember that as 

brainstem kindling advanced into the later stages, the predominant pattern of activity 

was OC-AD. I thus speculate that there may be transient molecular, cellular or network 

mechanisms involved in the generation of the higher amplitude activity. These 

mechanisms are then gradually overshadowed or modified as the permanent changes 

that drive the organization of activity (i.e., synchronization) in the brain begin to set in. 

 



 

109 
 

3.6.4. Low Frequencies & Organized Classic 
Afterdischarge (OC-AD) 

 OC-AD was a clear marker of seizure activity that resembles paroxysmal 

activity that is often recorded during forebrain kindling and other experimental seizure 

paradigms with depth-electrode recording. The definitional and key features of OC-AD 

were: 

1) It was characterized by low-frequency activity that often exhibited chirp-like 

sweeps 

2) It became increasingly organized within seizures and as kindling progressed 

3) It also became increasingly consistent in later kindling  

Thus, I speculate that OC-AD is tightly associated with changes in neural substrate that 

lead to increasing synchrony (i.e., the reorganization of activity to be phase-locked). 

 An additional, subtle, but distinct low-amplitude medium-frequency AD was 

present during the tonic-clonic seizure and, at times, persisted throughout the post-ictal 

period (Figure 3-4). Thus, there may be useful low-frequency clinical markers present 

both ictally and post-ictally. Indeed, low-voltage beta activity, similar to the kindling 

activity reported here, has also been observed during spasms in the case of West 

Syndrome (Carrazana et al., 1993).  

 

3.6.5. Very Low Frequencies 

 In addition to the low-frequency activity described in this study, there are also 

likely significant changes in very slow frequencies below 1Hz, either during the seizure 

and/or post-ictal period. To some degree, this might be said to be reflected in the 

presence of periods of quiescence following the seizure session. However, these post-
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ictal quiet events tended to be singular in nature rather than clearly oscillatory. 

Nonetheless, careful analysis of the slower changes both during and following seizures 

should be considered in future examination of brainstem seizures, given that very low-

frequency activity has been reported in other situations (Rick and Milgram, 1999). 

 

3.6.6. Differences in Frequencies and Power of Activity in dPAG 
and Amygdala 

 Stimulation in the brainstem generally triggered AD in both the dPAG and 

amygdala, even on the first stimulation. This finding contrasts with reports of kindling 

in the forebrain (Racine, 1972b), which usually require multiple stimulations before 

spreading to other sites. On the other hand, the phenomenon is similar to the reported 

seizure spread in audiogenically kindled seizures (Marescaux et al., 1987) as well as 

reports from other studies of brainstem kindling (Chiba and Wada, 1995). This instant, 

or near instant, propagation of AD to the distal site suggests that there is a close 

integration of brainstem and forebrain pathways that results in the development of a 

generalized tonic-clonic seizure. 

 Additional evidence for this tight integration is in the finding that ictal activity 

associated with brainstem seizures also ended almost simultaneously at both recording 

sites, a phenomenon that persisted throughout kindling. In fact, the activity in both sites 

was so similar that there was some question as to whether the similarity was truly due to 

the reverberation of activity in potentiated neural pathways or just an artifact. Although 

signal contamination is always a serious concern, the spectral features in the two sites 

were sufficiently different to indicate separate but interacting processes. Further 

investigation into the phase-relation between the two sites could be very informative in 
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this regard. The study of phase differences and the simultaneous, or nearly 

simultaneous, termination of AD could have implications for our understanding of the 

mechanisms involved in seizure termination (e.g., synchrony) and may point to clinical 

approaches.  

 

3.6.7. Transitions of Activity within Seizures: Sweeps and Chirps 

 When evaluating only the EEG traces, transitions in frequency or amplitude 

within the ictal period and also between the ictal and post-ictal period appeared abrupt 

and without warning. However, in this chapter I showed that even instances of sudden 

emergence or extinction of a spectral pattern were often accompanied by brief chirps or 

long sweeping transitions (Figure 3-7A). It is possible that these chirp-like transitions 

are due to changes in electrical capacitance or conductance after stimulation (either as 

an artifact in the recording equipment or within the neural milieu). However, the fact 

that multiple sweeps (Figure 3-7B) appeared long after the stimulation ended and that 

the chirps corresponded directly to observable changes in the spiking rate supports the 

position that these sweeps have actual correlates in the population activity. As such, the 

temporal scales and components of these transitions, both within seizures and across 

kindling trials, may hold clues to how seizures generalize and the mechanisms of 

seizure termination. 
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3.6.8. What is the Functional Significance of Sweeps and 
Quiescence?  

 What are the functional correlates of the chirps? What does it mean when chirps 

grow in duration over the course of kindling? Clearly chirps are related to seizure 

cessation either as epiphenomena or as causal factors. Some current hypotheses for 

seizure termination include: changes in transmembrane ion gradients, metabolic 

exhaustion (i.e., decreased glucose levels due to hypoxia or hypoglycemia), gap 

junction conductance, neuromodulator levels and tuning, and changes in excitatory-

inhibitory balance (for review, see: Lado and Moshé, 2008). A sustained change in any 

of these properties could possibly explain the increased duration of sweeps.  

  Another striking aspect of seizure termination was the abrupt shift in power of 

VHF activity in the post-ictal period (see Figure 3-6b) along with the period of 

quiescence (approximately 10 seconds) that immediately followed. This 'silent' period, 

together with the existence of the chirps, suggests a process in which these networks are 

undergoing parametric changes which are creating new temporary states (attractors) 

corresponding to the seizure state and the later quiescent state (For a review of epilepsy 

and dynamical systems theory, see: Lopes da Silva et al., 2003). In section 3.6.13, I 

further discuss potential network mechanisms that could explain these transitions. 

 

3.6.9. Evolution of Seizure Activity with Brainstem Kindling 

 In Chapter 2, the development of brainstem kindling was primarily identified via 

AD duration. In this chapter, I showed that there were changes not only in total duration 

of the seizure, but also in the emergence of various frequencies, longer durations of 
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sweeping transitions and increased organization in the patterns of activity. These 

spectral features may thus be markers of epileptogenesis, both in the brainstem, and 

more generally.  

 To elaborate, the LAHF-AD may represent an early stage of generalized seizure 

(e.g., Stage 1). The activity may involve small local cellular populations that are 

resistant to seizure activity. Thus, in the early kindling trials, tonic-clonic seizures and 

chirps are brief in duration (Figure 3-8A). Although some rats showed early-trial bursts 

of OC-AD (Figure 3-13) these occurrences were uncommon, brief in duration and 

uneven, suggesting that the mechanisms for generating such activity are already present 

in the brain but are normally shut down.  

 As kindling progressed, the power of the activity increased, but the activity 

remained high in frequency and disorganized. This disorganized activity, termed HAD-

AD, was not a common pattern in brainstem seizures and thus may be a transitional 

phase (i.e., Stage 2). Indeed, appearances of LAHF-AD were soon overshadowed by the 

emergence of the more powerful OC-AD (Stage 3). This transition through stages could 

be seen both in individual and averaged spectrograms (see Figure 3-8 and Figure 3-9 

respectively). The eventual appearance of OC-AD in the more advanced kindling, with 

its distinctive spiking activity, may be indicative of increased network synchrony or a 

potential increase in the number of cells recruited for the seizure, or both mechanisms 

combined. Either way, OC-AD represents an advanced stage of brainstem kindling, 

demonstrating the continuous manner in which generalized brainstem seizures can 

become more severe.  
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3.6.10. Seizure Stages: Variability, Complexity and Identification 

 Recognizing these potential stages may allow for a more accurate gauging of the 

severity of seizures which may, by traditional EEG and behavioral measures, seem 

indistinguishable. However, it is important to note the variability in seizure 

development and the overlap of complex features both within seizures and over the 

course of kindling. The stages are thus meant to be guidelines that highlight main 

trends. With this stipulation in mind, the identification of these stages may be a useful 

diagnostic tool. Moreover, identifying the mechanisms that drive the organization of the 

activity may help identify treatments that can reverse or mitigate epileptogenesis. 

 

3.6.11. Persistence, Smoldering and the Continued Development of 
dPAG Kindling 

 In Chapter 2, the long-term effects of brainstem kindling on a distal site (i.e., the 

amygdala) was the primary focus of study after the seizure-free period (seven weeks). 

In this chapter, the persistence of the effect of dPAG kindling at the site of origin was 

examined in order to provide a greater understanding of the kindling phenomena and its 

long-term effects on seizure susceptibility. Persistence is a characteristic that is 

observed in forebrain kindling and is at the core of the definition of kindling. Therefore, 

a central question was whether kindling of brainstem sites would result in the 

permanent sensitization of that site. 

 Spectral analysis clearly showed persistence of sensitization after kindling in the 

dPAG. In fact, there may even be a 'smoldering effect' in which the seizures were longer 

in duration (Figure 3-11B). That is, just as the kindling metaphor refers to the slow 

building of a fire, smoldering alludes to a suppressed or unseen state in which a fire 
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continues to burn and may even spread without smoke or flame, and can be fully 

reignited given the right conditions. Indeed, an increased percentage of rats showed OC-

AD after the break. This finding is significant because:  

1. It shows that brainstem kindling effect is persistent 

2. It demonstrates that kindling could actually continue where it left off and 

possibly result in more severe seizures 

3. Clinically, a smoldering effect could indicate that generalized seizures are not 

the end point and that by not stopping them, epileptogenesis and functional co-

morbidities may persist unseen  

These results showing persistence also highlighted the similarities in brainstem and 

forebrain kindling, which were the original reason for the phenomenon being reported 

in the context of seizure susceptibility (Goddard et al., 1969).  

   

3.6.12. Mechanisms I: Hypothesis for Presence of OC-AD 

 With OC-AD, there is decreased complexity as the signal drops in frequency 

and becomes sharper, which accounts for the accompanying oscillations in high-

frequency bands. This simplification of oscillations was reflected in wavelet analysis 

and could mean that more cells are being recruited to fire in synchrony. 

 

3.6.13. Mechanisms II: Hypothesis for how Sweeping Transitions  
are Generated 

 The spectral chirps during a seizure may be the result of multiple brain sites 

synchronizing, like reverberating waves, until there is total synchrony, which leads to 

the termination of the seizure. One mechanism behind these sweeping transitions could 
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be due to changes in synaptic weights. These could be changes in inhibitory 

connections, excitatory connections or the inhibitory-excitatory balance. The multiple, 

sequential sweeps would thus likely be indicative of a multisystem response.  

 Neural network models demonstrating how changes in connectivity could result 

in frequency sweeps have been demonstrated (Ohayon, 2000; Ohayon, 2010). For 

example the sweep could be the result of increased inhibition directed at stopping the 

seizure. Once this inhibition reaches a critical point all activity would stop which would 

account for the post-ictal silent period. 

 

3.6.14. Study Limitations and Future Directions  

 Without video-EEG, it was difficult to determine the precise temporal relation 

between the convulsions and electrographic seizure. I attempted to minimize the 

variability in manual scoring by using a single experimenter. Additionally, to help 

improve the discrimination of the signal it would have been informative to have 

electromyographic recordings of muscle activity given the powerful motor components 

associated with the dPAG seizure. 

 Neurocomputational models have been an important part in the development of 

theories for network activity in the brain. Models can help test the effects of single unit 

properties and changes to network structure. Ongoing studies are investigating the 

application of such models to investigate the sweeps and the other dynamical transitions 

(Lam et al., 2009).  
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3.6.15. Implications: A Case Against Psychogenic Seizures? 

 The LAHF-AD which accompanies early tonic-clonic seizures (e.g., Figure 3-4 

and Figure 3-6) encourages continued debate about the definition of ictal activity. 

Previous studies have reported a “silent” period during brainstem seizures (Omori et al., 

2001). The findings of the current study demonstrate that a detailed reexamination of 

such EEG is needed, in particular, at the higher frequencies of the early stages of 

epileptogenesis.  

 Moreover, the past tendency to overlook high-frequency activity (often due to 

the limitations of scalp EEG) suggests a broader reexamination of seizure categorization 

may be in order. In particular, it suggests that the classification of psychogenic episodes 

needs to be revisited by reconsidering previously omitted spectral activity. For example, 

it has been shown that clinical seizures may have been erroneously diagnosed as 

psychogenic using scalp electrode recordings, when seizure foci could actually be 

located in a number of structures such as the orbital frontal cortex (Williamson and 

Spencer, 1986) and occipital lobe (Sveinbjornsdottir and Duncan, 1993). Although 

complex partial seizures of extratemporal origin may only be one type of seizure not 

easily recognizable by scalp EEG monitoring, they are of particular interest because of 

their similar presentation as brainstem seizures in that they are brief in duration, include 

thrashing and kicking, are common, and end abruptly (Williamson and Spencer, 1986). 

Consequently, my description of LAHF-AD and brainstem involvement suggests that 

purported psychogenic seizures may have characteristic ictal activity that could be 

missed in scalp recordings and standard analysis, and should be further investigated. 

This issue will be revisited in the General Discussion. 
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3.6.16. Chapter Conclusions 

 Characterizing the stages and features of brainstem seizures provided an 

important perspective on the ictal signals. The spectral features of brainstem seizures 

and kindling suggest that high-frequency components may be most prevalent in the 

early stages of kindling and that increased organization may be a central feature of the 

progression. Also, given that seizures triggered from the brainstem result in both 

distinct motor and spectral activity in the brainstem as compared to seizures triggered in 

the forebrain, ictal activity that possesses high-frequency components and tonic-clonic 

elements should be considered as possibly brainstem-driven activity. Moreover, 

elevated levels of high-frequency may be a cautionary indicator that the generalized 

seizures could still become more severe. 

 In this Chapter, spectral analysis helped in understanding the transitions that 

occur during seizures. Analysis provides insight into mechanisms of seizure onset-

offset, such as potential shifts in inhibitory-excitatory balance driving frequency sweeps 

during the ictal period. These mechanisms could be further explored by examining 

possible reorganization of local circuitry and the cellular response of brainstem nuclei.  

 Finally, this chapter shows that patterns of activity develop and drastically 

change properties over even just 38 trials, which poses the following questions: What 

are the functional implications of this interictal activity and what are the long-lasting 

effects when the seizures are no longer present? More specifically, what are the effects 

on learning, memory, behavior and affect? I investigate these questions in the next two 

chapters. 
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Chapter 4. 
The Immediate and Long-Term Behavioral Effects of 

Brainstem Seizures and Kindling 
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4.1. Summary 

Purpose: Seizures can have a profound effect on behavior during the interictal 

(non-seizure) period. To date, the association has been primarily studied in the 

forebrain, and the effects of tonic-clonic seizures of brainstem origin remain largely 

unknown. This study examined the relation of brainstem kindling, a paradigm of 

epileptogenesis, to changes in affect and behavior. 

Methods: Adult male rats were kindled from one of four brainstem structures 

(dorsal periaqueductal grey; ventral periaqueductal grey; mesencephalic reticular 

formation; and nucleus reticularis pontis oralis). A battery of behavioral tasks was used 

to study the effects of chronic seizures on anxiety-like behavior (elevated plus maze), 

locomotor activity and habituation to a novel environment (open field), exploration and 

memory (object recognition), spatial learning and long-term memory (water maze).  

Results: Seizures triggered from all brainstem sites tended to increase anxiety 

and stress behaviors during the interictal period, in both familiar and novel 

environments. However, spatial learning and memory were preserved.  

Discussion: The results indicate that brainstem seizures and kindling affect 

behavior. The results also provide evidence that the effects are related to site of origin 

and are task-dependent. These observations of changes in affect and motivation may 

have significant implications for our understanding and treatment of affect changes in 

individuals with epilepsy.  
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4.2. Previous Presentations and Reports 

 Portions of this chapter have been previously presented at the 2nd Annual 

Meeting of the Canadian Association for Neuroscience (2008), the Society for 

Neuroscience Annual Meeting (2008), and the 2010 Canadian League Against Epilepsy 

Meeting (2010). Some results have been published in a book chapter in a collection 

entitled Pan-Brain Abnormal Network in Epilepsy (Lam and Corcoran, 2009) 
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4.3. Introduction 

 As previously described in the General Introduction, epilepsy can have a large 

effect on the quality of life of individuals. These burdens include the interrelated issues 

of lack of seizure control, social stigma, and changes to affect and cognition. For 

example, uncontrolled epilepsies have been shown to be associated with a higher 

prevalence of affective disorders (Mensah et al., 2007). Changes in behavior after 

seizures have been examined in a number of seizure paradigms in rats including status 

epilepticus induced by lithium-pilocarpine (Detour et al., 2005), genetic models 

(Garcia-Cairasco et al., 1998; Jones et al., 2008), and kindling (Henderson et al., 2009; 

Jones et al., 2009). In the case of kindling, the nature of the behavioral changes appears 

to be dependent on the site of stimulation (Hannesson and Corcoran, 2000; Leung and 

Shen, 2006). For example, kindling from the hippocampus is associated with 

impairment of learning and memory without changes in affect (Hannesson et al., 

2001b), whereas amygdaloid kindling results in increased anxiety-like behavior but no 

learning and memory deficits (Hannesson et al., 2008). The site-specificity of changes 

in behavior due to seizures raises the important issue regarding the effects of brainstem 

seizures on interictal behavior. 

 

4.3.1. Brainstem Anatomy, Seizures and Behavior 

The brainstem is a complex structure with various nuclei implicated in a range 

of behavioral changes (see Chapter 1 for review). Stimulation of brainstem sites can 

lead to many changes including defense behavior (Adamec et al., 2001), the startle 

reflex (Zhao and Davis, 2004), freezing, and antinociception (De Luca-Vinhas et al., 
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2006). Brainstem involvement in behavior has also been inferred from the anatomic 

connections between forebrain limbic areas and the brainstem (Adamec and Young, 

2000; Paredes et al., 2000; Adamec et al., 2001). Brainstem stimulations are known to 

consistently trigger tonic-clonic seizures, and increasing evidence indicates that some 

brainstem sites are susceptible to kindling (Chiba and Wada, 1995; Omori et al., 2001). 

These characteristics were also confirmed in Chapter 2 and Chapter 3. However, the 

effects of brainstem-origin seizures on interictal behavior have yet to be characterized in 

detail.  

 

4.3.2. Purpose of Study 

 This Chapter describes a series of behavioral tests that investigate the long-term 

behavioral effects associated with multiple seizures elicited at different brainstem sites. 

I examine changes in anxiety-like behavior (elevated plus maze), exploratory behavior 

(open field, object recognition task), and spatial learning and long-term memory (water 

maze). A background review of these tests is included in Chapter 1.  

 Brainstem sites were selected in accordance with previous evidence of their 

ability to support tonic-clonic seizures, as well as evidence of behavioral involvement in 

the non-seizure contexts. The sites included the dorsal lateral and ventral columns of the 

periaqueductal grey (PAG) which are known to be involved in regulation of analgesia 

(Odeh and Antal, 2001; Finnegan et al., 2005; Lam et al., 2010a), and defensive 

behaviors (Behbehani, 1995; Anglada-Figueroa and Quirk, 2005); and the nucleus 

reticularis pontis oralis (RPO) and nuclei within the mesencephalic reticular formation 

(MRF) which are associated with arousal (McNaughton and Gray, 2000). The MRF 
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remains a difficult area to study due to its diffuse neuronal projections; however, nuclei 

within the MRF have direct connections to limbic sites and are implicated in the 

freezing response in rats (Zhao and Davis, 2004). A detailed description of these nuclei 

is included in Chapter 1. This chapter thus examines the behavioral effects of seizures 

and kindling at different brainstem sites in order to better understand the brainstem's 

involvement in generalized seizures and behavioral changes in individuals with 

epilepsy. 
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4.4. General Methods 

 The subjects in this study were drawn from the same group used in the kindling 

experiments described in Chapter 2. The behavioral testing took place between the 

brainstem kindling sessions and the transfer experiment. 

 

4.4.1. Subjects 

 Subjects were adult male Long-Evans rats from Charles Rivers Laboratories (St. 

Constant, Quebec, Canada), weighing 350g to 480g at the time of surgery. Rats were 

housed in groups of three prior to surgery and individually housed thereafter. Food and 

water were freely available. Lights followed a 12h:12h light-dark schedule, with lights 

on at 7 am. Housing and experimental procedures were in accordance with the 

guidelines of the Canadian Council of Animal Care. Approval was also given by the 

University of Saskatchewan Committee on Animal Care and Supply. Beginning one day 

after arrival in the facility, rats were individually handled for 3 to 5 min daily for five 

days before surgeries to familiarize subjects with experimenters and reduce non-

experimental stress factors. 

 

4.4.2. Surgical Procedure 

 Rats were anesthetized with 3% isofluorane and given a subcutaneous injection 

of a preoperative analgesic, anafen (1 ml/kg). The bipolar electrode used to deliver the 

kindling stimulation and to record EEG was stereotaxically implanted into one of the 

following brainstem sites: RPO (7.3 mm posterior, 2.0 mm lateral from bregma, 7.5 mm 
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ventral from the skull, n = 13); MRF (5.8 mm posterior, 1.7 mm lateral from bregma, 

6.6 mm ventral from the skull; n = 10); dorsal PAG (dPAG; 6.8 mm posterior, 2.2 mm 

lateral from bregma, 5.8 mm ventral from the skull; n = 10); or ventrolateral PAG 

(vlPAG; 22, 7.8 mm posterior, 3.0 mm lateral from bregma, 6.7 mm from the skull; n = 

11). A second bipolar electrode used for recording EEG was implanted in the amygdala, 

contralateral to the brainstem electrode (2.6 mm posterior, 4.5 mm lateral from bregma, 

9.1 mm ventral from the skull). Sham-kindled control rats carrying electrodes implanted 

in the brainstem and the amygdala were connected to stimulation leads but did not 

receive stimulation of the brainstem (n = 13). Four ground screws were inserted in the 

skull to secure the electrode pedestal, with one screw acting as reference for EEG 

recording. Dental acrylic fixed the electrode pedestal in place. At the end of surgery rats 

were given an intraperitoneal injection of saline (10 ml/hour of surgery) to maintain 

hydration during recovery. 

 

4.4.3. Parameters of Kindling 

 One week after surgery, rats in the kindled groups received a train of 

conventional high-frequency kindling stimulation in the brainstem once daily. Electrical 

stimulation consisted of a 1-sec train of balanced biphasic square-wave pulses. Each 

pulse (positive or negative) was 1.0 msec in duration and delivered at 60 pulse-pairs per 

sec. EEG was collected digitally at 100 samples per sec (Polyview 2.3, AstroMed, Inc, 

Warwick RI). Afterdischarge thresholds (ADTs) were determined at the brainstem 

electrode. The initial stimulation current was set at 100 µA (base to peak) and increased 

in increments of 200 µA at 1 min intervals until an AD was evoked or tonic forelimb 
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extension was observed. ADT was defined as the minimal intensity of stimulation 

producing an AD outlasting the stimulation by at least 5 sec. 

 Rats were stimulated once daily for 30 days at ADT. The ADT was measured 

again on the 10th, 20th and 30th stimulation. Behavioral components during the seizure 

were also recorded in Polyview. The experimenters were trained to recognize the 

behavioral components and recorded their onset and offset using programmed markers 

on the keyboard.  

 Rats in the control groups received implantation of electrodes into the brainstem 

and amygdala, but did not receive stimulation. Each control rat was yoked to an 

experimental rat and placed in an identical kindling chamber for the same number of 

trials as its kindled partner. Sham-kindled rats served as controls for the behavioral 

tasks. 

 

4.4.4. Behavioral Testing Schedule 

 One week after their last kindling session, rats were tested in the elevated plus 

maze (Day 7) (Figure 4-1). Next, rats were tested in the open field (Days 8–10). 

Following one day of rest, rats were tested in the object exploration task in the open 

field (Day 12). After a day of rest, rats were trained in the water maze with the platform 

visible (Day 14) and with the platform hidden by submersion (acquisition, Day 15). 

Thirty days after acquisition with the hidden platform, rats were tested for task retention 

(Day 45). The use of this battery of tests to assess the effects of kindling has been 

previously described in detail by our group (Gilbert et al., 2000; Hannesson et al., 

2008). 
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 During the one week between the end of kindling and beginning of behavioral 

testing, rats were handled daily. Rats were assigned new designations for behavioral 

testing so that the experimenter was blind to the experimental condition of the subject. 

Behavioral tests were performed in a rectangular windowless room. During testing, the 

experimenter remained within the room at a computer station out of sight of the rat. 

Data from behavioral trials were collected by a camera mounted directly overhead of 

the testing apparatus. Video was collected and behaviors were digitally tracked using an 

image analyzer (EthoVision 2.3, Noldus, Leesburg, VA). 
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Figure 4-1: Timeline for behavioral tests. 

Seven days after the last kindling session, rats were tested in the elevated plus maze, open 
field, object recognition test, and water maze. The goal of these tests was to distinguish whether 
kindling from different brainstem sites would result in site-specific, long-lasting behavioral 
changes.  
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4.4.5. Elevated Plus Maze 

 The Elevated Plus Maze is used to measure anxiety-like behavior. The maze 

consisted of two sets of perpendicular interlocking arms 110 cm in length and 10 cm in 

width (Figure 4-2). The interlocking central region bisected the maze into two pairs of 

arms and served as the starting point for the trials. The pair of closed arms consisted of 

45-cm-high walls. The maze was constructed from 19-mm-thick plywood and white 

corrugated plastic and elevated on legs 45 cm high. 

Each rat was brought individually from the colony room to the test room. The 

rat was placed in the center area of the maze, nose facing towards the open arms. The 

tracking program initialized tracking 1 sec after the rat entered the center area. During 

the 5 min trial, total distance traveled and total duration in open and closed arms were 

automatically tracked by the program and other behaviors were manually recorded by 

the experimenter in the same tracking file. These behaviors included rearing, grooming, 

head pokes into open maze arms, immobility, and activity. At the end of the trial the rat 

was returned to its cage in the colony and the floor and walls of the maze were wiped 

down with 75% alcohol.  
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Figure 4-2: Schematic of the elevated plus maze. 

Overhead view of the elevated plus maze. ‘X’ denotes the position of the rat at the start of the 
test. Each rat was placed with its nose pointing towards an open arm (Right or Left). The maze 
was elevated 45 cm from the ground. The objective of the test was to observe the closed arm 
dwell ratio (duration of time spent in closed arms/total duration of the test).  
 

XX
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4.4.6. Open Field 

 This test measures locomotor activity as well as anxiety-like behavior. The open 

field was circular with a diameter of 150 cm, and had 45-cm-high walls made of white 

industrial plastic. Two identical objects, 500 mL glass beakers with rings of black and 

white tape, were placed in the center of adjacent quadrants of the open field at a 

distance of 40 cm from the wall (Figure 4-3).  

 The protocol for the open field was the same as for the elevated plus maze. The 

rat was placed with its nose facing the wall of the maze in the half of the maze opposite 

to the objects. The tracking duration of the trial was 5 min and began 1 sec after the rat 

was placed in the maze. Behaviors were again automatically and manually recorded in 

the same tracking file. 

 For analysis, the open field was divided into various regions: an outer ring (0–

15 cm from the wall), a middle ring (15–40 cm from the wall), an inner ring (40–75 cm 

from the wall), and two object zones (30 cm in diameter centered on each object). 

 

4.4.7. Object Recognition Task 

 The object recognition task was performed in the same arena as the open field 

task and was composed of two trials. The first trial was 5 minutes in duration and used 

two identical objects (Figure 4-3). The second trial was 3 minutes in duration, and one 

of the previous objects was replaced with a novel object. There was a 10 minute inter-

trial interval during which the rat was returned to the colony room. 

 The objects were made of non-porous plastic and were approximately 8 cm x 6 

cm x 6 cm. Each object was cleaned with 70% ethanol solution between trials. The side 
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on which the novel object was placed was randomly selected for each rat to account for 

any bias of object zone location. The ratio of time spent in the novel object zone 

compared to the time spent in the familiar object zone was used to further evaluate the 

rats’ ability to recognize and habituate to the environment. 
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Figure 4-3: Schematic of open field and object recognition tests.  

The outer circle represents the wall of the open field, which was 45 cm in height. The dotted 
circles represent the zone for which the time was tracked. Dotted red colored rings represent 
the boundaries of the open field zones. The zones were digitally superimposed by the tracking 
program and include the (a) center zone, (b) middle zone, and (c) outer zone. 
‘X’ denotes the starting point for each trial. Each rat was placed facing the wall of the open field. 
The two grey circles (i, ii) indicate the placement locations of the objects in the open field and 
object recognition tests. The dotted blue colored rings around the objects represent the object 
zones for the object recognition test. In trial 1, objects (i) and (ii) were identical. In trial 2, one of 
the two objects was randomly replaced with a novel object. 
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4.4.8. Water Maze 

 Spatial learning and memory were tested in the water maze, which was a pool 

made of white plastic, circular in shape with 45-cm-high walls and a diameter of 

200 cm. The maze was filled to a height of 26 cm with 22 ± 1 °C water, with its surface 

covered with opaque white beads. A clear Plexiglas platform 23 cm in height with a 

10 × 12-cm upper face was used throughout the study. On visible platform trials, a 

black-sided attachment was added to the platform, which caused the platform′s upper 

face to protrude 3 cm above the water′s surface. 

 Training with the Visible Platform: On the first day of training, the raised black 

platform was placed in one of the four quadrants of the pool: North, East, South, or 

West. The training consisted of six trials, in which the rat was released into the pool 

from one of three directions: Northwest, Southeast, or Southwest. In order to escape 

from the water, the rats had to swim to and climb on to the raised visible platform 

(Figure 4-4A). During the two min inter-trial interval the rat was placed in a clean cage 

with no bedding and under a warming lamp. The training with the visible platform 

ensured that rats were familiar with swimming to an escape point. 

 Acquisition: One day after training with the visible platform, rats were trained to 

locate and swim to a submerged hidden platform using extra-maze cues. These cues 

included a wooden parrot hung at the Northeast corner, a predominately green poster 

hung horizontally on the East Wall, and a predominately yellow poster hung vertically 

on the West Wall. During the water maze task the extra maze cues remained fixed. The 

hidden platform also remained in a fixed location in the middle of the Northeast 
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quadrant (Figure 4-4B). Rats were pseudo-randomly released from different points, so 

that the rat was never released from the same quadrant twice in a row. Sixteen 

acquisition trials were followed by a probe trial in which no platform was present. 

These were followed by three additional acquisition trials. The inter-trial interval was 

two min for all trials, and no trial exceeded 60 sec. Rats that could not find the hidden 

platform within the 60 sec trial were guided gently by hand to the platform. 

 Retention: After 30 days, in which no further behavioral testing occurred, rats 

were challenged in the water maze to test their spatial memory. Three trials were 

followed by a probe trial, with the same testing parameters as the acquisition day. 
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Figure 4-4: Schematic of the water maze used for the visible and hidden 
platform tests. 

Overhead view of water maze. Dashed lines represent the boundaries of the quadrants of 
analysis (e.g., NW, NE, SW, SE). Arrowheads show possible points of release for the rats. 
(A) Visible platform setup: The grey square represents the visible platform in one of the four 
possible locations for the trials. White squares depict alternate locations for the trials. Rats 
were always released at an ordinal location different from the location of the platform. 
(B) Hidden platform setup: Square depicts the fixed location of the hidden platform for all 
acquisition trials. 
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4.4.9. Histology 

 Rats were euthanized and perfused with phosphate buffer saline followed by 4% 

paraformaldehyde. The brains were sectioned at 40 m on a freezing microtome. 

Sections were mounted on gelatin coated slides and stained with the neuronal marker 

NeuN or with Cresyl Violet. Electrode placements were histologically verified at the 

end of the experiments by comparing to a stereotaxic atlas (Paxinos and Watson, 1997). 

Only the data from rats with correctly placed electrodes and those that exhibited AD 

were used for statistical analysis. 

 

4.4.10. Statistical Analysis 

 Experimental values are expressed as mean ± standard error of the mean (SEM). 

Statistical analysis was performed using statistical software package SPSS (SPSS, 

Chicago, IL). Group differences were evaluated by one-way analysis of variance 

(ANOVA) and in cases of analysis of multiple trials, repeated measure ANOVA were 

used. The significance value was set at p < 0.05. Multiple comparisons with post hoc t-

tests were accounted for and alpha values were adjusted using a Bonferroni correction 

(α/n comparisons). In cases in which ordinal data were presented (e.g., convulsion 

severity), the non-parametric Sign-Ranks test was used. 



 

139 
 

 

4.5. Results 

4.5.1. Kindling and Seizures 

 All brainstem sites were susceptible to triggering of tonic convulsive seizures. 

However, after 30 evoked seizures, only the dPAG group showed sufficient changes to 

permit the conclusion that classic kindling had occurred. The most striking evidence 

included the increase in afterdischarge (AD) duration, the presence of transfer, and 

changes in EEG. The detailed physiological findings on ictal changes are described in 

Chapter 2. This Chapter focuses on the behavioral effects of kindling stimulations in (1) 

different brainstem sites and (2) different environmental contexts. 

 

4.5.2. Behavior Test I: Elevated Plus Maze 

(i) Measures of anxiety-like behavior 

 Dwell ratio, the classical measure of anxiety in the elevated plus maze test, is 

calculated by the ratio of duration in closed arms to total duration of trial (Figure 4-5A). 

A one-way ANOVA showed that there were differences between group dwell ratios 

[F(4, 45) = 2.60, p = 0.05]. However, post hoc analysis showed that the group by group 

differences were not significant. Significant differences were observed when comparing 

the distances traveled during the test (Figure 4-5B). Rats with brainstem-evoked 

seizures traveled significantly less overall than controls [F(4, 45) = 6.86, p < 0.001]. 

Therefore, although there were no changes in classical measurements of anxiety, 

brainstem-evoked seizures did result in significant changes in other measures of 

activity.  
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(ii) Manually recorded behaviors 

 To further analyze the behavioral differences in brainstem kindled rats a number 

of other behaviors were examined, including: the duration of head pokes into the space 

of the open arms, rears in the closed arms, grooming, and immobility (Table 4-1). One-

way ANOVA indicated a significant difference in the duration of rearing, a measure of 

exploratory and anxiety-like behavior between groups [F(4, 45) = 5.14, p = 0.002]. 

Subsequent analysis with a Dunnett's 2-sided test showed that the RPO group (p = 

0.014) and the vlPAG group (p = 0.008) spent significantly less time rearing as 

compared to controls. However, there were no other significant differences in duration 

of grooming, head pokes and immobility in the elevated plus maze. 
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Figure 4-5: Measures of anxiety-like behavior in the elevated plus maze. 

Each rat was placed in the center of the maze ('X' in diagram) with its nose pointing 
towards an open arm (Right or Left). The maze was elevated 45 cm from the ground. 
(A) There was no significant difference in dwell ratio (time in closed arms/trial 
duration) between control and brainstem kindled groups. (B) However, brainstem 
stimulated rats showed decreased locomotor activity as measured by the total 
distance traveled (p < 0.01). * Significant mean difference p < 0.0125; ** p < 0.001. 
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Table 4-1: Total durations of manually recorded behaviors 

 

4.5.3. Behavioral Test II: Open Field  

(i) Behavior with novel exposure to the open field 

 The open field test evaluated the activity level and tendency to habituate to a 

novel environment. Anxiety-like behavior was indicated by reduced exploration of the 

inner zone, which in this study is the combined area of the center and middle zones 

(Figure 4-3). One-way ANOVA revealed significant differences between groups in the 

percentage of time exploring the inner zone, [F(4, 45) = 7.619, p = 0.001] (Figure 

4-6A). Post-hoc independent samples T-tests showed that the dPAG (p < 0.001), vlPAG 

(p = 0.006), and RPO (p = 0.006) groups spent less time in the inner zone than controls, 

but that the MRF group was not significantly different from controls. A Bonferroni 

correction adjusted the alpha value to α/4 = 0.0125. The results in the open field test 

thus suggest that increases in anxiety-like behavior follow kindling of dPAG, vlPAG, 

and RPO. 

 

Group Rears Grooming Headpoke Immobility 
Control (n = 10) 27.6 ± (4.73)) 9.45 ± (2.97) 8.24 ± (3.44) 32.42 ± (19.92) 
dPAG (n = 8) 31.75 ± (5.10) 20.34 ± (6.00) 9.08 ± (2.37) 21.58 ± (17.86) 
vlPAG (n = 11) 10.67 ± (3.03) ** 5.64 ± (2.11) 6.97 ± (2.75) 98.81 ± (28.64) 
RPO (n = 12) 12.36 (± 4.46) * 5.53 ± (2.61) 2.11 ± (0.97) 70.92 ± (17.72) 
MRF (n = 9) 18.15 ± (4.49) 14.70 ± (6.51) 6.89 ± (2.46) 76.85 ± (22.19) 
 
Values are mean ± standard error of the mean (SEM). * Significant mean difference p < 0.0125; 
** p < 0.001. 
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(ii) Manually recorded behaviors  

 There were differences between groups in some but not all of the manually 

recorded behaviors on Day 1 of the open field test. Figure 4-6B shows the total duration 

of rears, in which there was a difference between groups [F(4, 45) = 8.55, p < 0.007]. 

Similar to the findings in the elevated plus maze, the RPO group showed a reduction in 

rearing as compared to controls, p = 0.004. Figure 4-6C shows a difference in the 

overall grooming duration [F(4, 45) = 4.98, p = 0.007]. However, further post hoc 

analysis with independent samples t-tests revealed that the differences between 

individual groups in grooming duration were not significant. Figure 4-6D shows a 

difference in immobility between groups [F(4, 45) = 9.71, p < 0.001]. The increases in 

duration of immobility in the rats stimulated in the vlPAG (p = 0.004) and RPO (p = 

0.0040) were both statistically significant. 
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Figure 4-6: Measures of the open field. 

(A) Percentage of time spent within the inner zones: The dPAG, vlPAG and RPO groups spent 
significantly less time in the inner zones as compared to controls, p < 0.05. 
(B) Duration of rears: The RPO group showed a decrease in total duration spent rearing in the 
open field, p < 0.05. (C) Duration spent grooming: There was no significant difference between 
groups. (D) Duration of immobility: The RPO and vlPAG groups showed increased immobility 
(i.e., decreased movement), p < 0.05. 
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(iii) Behavior over multiple open field sessions 

 Rats in the brainstem-evoked seizure groups avoided the center as compared to 

controls. Furthermore, over the three consecutive sessions, controls spent increasingly 

more time exploring the inner zone whereas no similar change in inner zone exploration 

occurred in the brainstem seizure groups (Figure 4-7A). Specifically, repeated measures 

ANOVA yielded a significant difference in the dwell time over the three days (p = 

0.039). Five post-hoc paired-sample t-tests, comparing exploration of the inner zone 

between Day 8 and Day 10, showed that only the control group changed their 

exploration behavior to the open field (p = 0.007).  

 

(iv) Decreased locomotor activity 

 Analysis of the effect of brainstem seizures on locomotor activity, using 

repeated-measure ANOVA, revealed that the total distance traveled by each group did 

not significantly differ over the three consecutive daily sessions (Figure 4-7B). 

However, one-way ANOVA revealed that the distance traveled on each day differed 

significantly between groups: Day 1 [F(4, 45) = 13.72, p < 0.001]; Day 2 [F(4, 45) = 

11.29, p < 0.001]; Day 3 [F(4, 45) = 10.26, p < 0.001]. Further comparisons using 

Dunnett's t tests showed that brainstem groups collectively traveled less than controls (p 

< 0.05 in all comparisons). Therefore, in agreement with the findings in the elevated 

plus maze, rats with brainstem seizures consistently demonstrated lowered baseline 

levels of activity. 
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    A 
    
  

    B 

                  
 
Figure 4-7: Habituation over multiple days in the open field. 

(A) Exploratory activity over three consecutive days: Only controls spent an increased 
amount of time in center zone after three consecutive daily trials p < 0.01.
(B) Total distance traveled over three consecutive days: The brainstem groups 
demonstrated significantly lower levels of locomotor activity than controls, p < 0.05. The 
overall locomotor activity of the rats did not change over the three days of open field 
exposure in any group 
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4.5.4. Behavioral Test III: Object Recognition 

(i) Overall Exploration of Objects 

 Figure 4-8A illustrates the observation that the total time of exploration of the 

objects on the first trial was different between groups [F(4, 45) = 2.798, p = 0.037]. 

Specifically, the vlPAG group spent significantly less time exploring objects than 

controls (12.09 ± 4.43 sec vs. 39.20 ± 5.80 sec, p = 0.01). However, the total distance 

traveled during the trial did not differ between groups [F(4, 45) = 1.34, p = 0.27]. Thus 

the overall activity level of all groups appeared to be equivalent for this test. 

Furthermore, in Trial 2, the total exploration time of the objects did not differ 

significantly between groups (Figure 4-8B).  

 

(ii) Exploration of Novel Objects 

 There was no significant difference in exploration of the new object as 

compared to the familiar object (Figure 4-8C). Dwell time ratios (time exploring novel 

object / time exploring familiar object) were not different between groups [F(4, 45) = 

0.705, p = 0.59]. Further examination of the dwell time ratios of controls in Trial 1 and 

Trial 2 showed no difference between trials [t(9) = 0.15, p = 0.89]. This indicates that 

controls did not explore the new object any more than the familiar object. This was a 

surprising finding, because the test has been used successfully in other studies exploring 

object discrimination using the same protocol (Hannesson et al., 2005; Hannesson et al., 

2008). 
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                   A 

  

          
                   B 

         
                   C 
 

  
 

Figure 4-8: Measures of the object recognition test. 

The dotted blue colored rings in the open field schematic represent the object zones in which 
time in zone was tracked. In trial 1, objects (i) and (ii) were identical. In trial 2, one of the two 
objects was randomly replaced with a novel object. (A) Total duration of exploration of objects in 
Trial 1: There was a significant difference in exploration duration between vlPAG and control 
groups, p < 0.05. (B) Exploratory duration of novel objects in Trial 2: In the second trial, the 
difference between group overall exploration time was not significant. (C) Dwell time ratios of 
novel vs. familiar object in Trial 2: The dwell time ratios between groups were not different. 
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4.5.5. Behavioral Test IV: Water Maze 

(i) Visible Platform Performance 

 There was no difference in the speed at which the rats performed the visible 

platform training, suggesting that there were no deficits in locomotor capability or 

ability to learn a task after brainstem kindling.  

 

(ii) Hidden Platform Performance 

 To test the rats' ability to learn a spatial task, a hidden platform task was used. 

For purposes of analysis, data from the 18 trials on the hidden platform day (excluding 

the probe trial) were grouped into six trial blocks, taking the average of three 

consecutive trials. Two repeated measures ANOVAs were used to identify differences 

in the distance and latency to escape to the platform. Brainstem kindled groups 

performed equally to controls, and there was no significant difference between their 

latency to escape compared to control rats [F(4, 45) = 2.896, p = 0.086]. Thus, no 

impairment in learning was observed with brainstem kindling (Figure 4-9). The distance 

traveled and latency to escape were closely correlated, and thus only the latency to 

escape is shown. 

 

(iii) Task Retention 

 Retention of the platform’s location after four weeks (Table 4-2) was analyzed 

using repeated measures ANOVA, which showed that memory was equivalently intact 

in control and brainstem kindled rats, regardless of quadrant of release. 
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Table 4-2: Retention of water maze task after a four-week interval 

 
Groups  

 
South-West Release 

 
North-West Release 

 
South-East Release 

Acquisition Retention Acquisition Retention Acquisition Retention 
 
Control 

 
16.87 ± (3.82) 

 
24.03 ± (4.37) 

 
12.63 ± (1.92) 

 
30.33 ± (6.24) 

 
16.63 ± (3.81) 

 
15.73 ± (3.81) 

dPAG 17.25 ± (4.28) 14.34 ± (4.89) 11.67 ± (2.15) 14.13 ± (6.98) 19.33 ± (4.26) 14.62 ± (4.50) 
vlPAG 12.54 ± (3.65) 19.48 ± (4.17) 15.57 ± (1.83) 25.61 ± (5.95) 14.18 ± (3.63) 19.88 ± (3.80) 
RPO 18.66 ± (3.35) 20.13 ± (3.83) 12.44 ± (1.68) 30.33 ± (5.48) 18.69 ± (3.34) 18.49 ± (3.50) 
MRF 
 

19.22 ± (4.03) 19.37 ± (4.60) 13.89 ± (2.02) 32.18 ± (6.58) 10.93 ± (4.02) 13.55 ± (4.02) 

 
Values denote the latency to escape (sec) on the last acquisition trials and the quadrant of release trial on the retention 
day. There was no significant difference between trials regardless of the quadrant of release, suggesting no impairment 
to long-term memory. 
 

 
 
 
 

 

 
 
 

Figure 4-9: Latency to escape in water maze on acquisition day. 

Rats swam from three possible points of release from which their paths were tracked to the 
fixed location of the hidden platform in the NE quadrant. Performance over 18 successive 
trials (displayed in 6 blocks) in the water maze improved in all brainstem groups and 
controls. There was no significant difference in performance between groups, suggesting 
that learning and locomotor abilities were intact after brainstem kindling. 
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4.6. Discussion 

4.6.1. Overall Findings and Significance 

 In these experiments I examined the effects of brainstem stimulation and 

kindling on behavioral changes during the interictal period in seizure-free 

environments. I previously reported that brainstem kindling in rats appears to be stress 

inducing (Chapter 1 and Lam et al., 2010a). Here I provide evidence that although 

seizures evoked from the brainstem result in increased anxiety-like behaviors, decreased 

activity and lack of habituation, learning and memory remain intact. These findings may 

have important implications for our understanding of the relation of anxiety and 

depression to epilepsy and raise the possibility that these common phenomena may be 

related to brainstem involvement in generalized seizures.  

 

4.6.2. Anxiety-Like Behavior in the Elevated Plus Maze 

 The elevated plus maze has traditionally been an important tool in testing for 

anxiety and evaluating novel anxiolytic agents (Dawson and Tricklebank, 1995). The 

dwell ratio results in this experiment indicate no difference between the kindled and 

sham-kindled rats (Figure 4-5A). The conventional interpretation of this finding would 

be that there was no increase in anxiety-like behavior. However, a number of factors 

can confound interpretation of behavior in the elevated plus maze, and a lack of 

difference between control and experimental groups does not necessarily rule out 

anxiety (Hogg, 1996; De Luca-Vinhas et al., 2006). The study of anxiety-like behavior 

in long-term kindling (e.g., greater than 60 generalized seizures) of the amygdala by 
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Kalynchuk and colleagues showed that rats could deviate from the expected anxiety-

like behavior and spend greater amounts of time in the open arms or use the arms as a 

method to escape the maze (Kalynchuk, 2000). Also, in tests where rats freely entered 

and explored the elevated plus maze rather than being placed in the elevated plus maze 

(i.e., not of their own volition), rats may use the entries into open arms as a strategy to 

avoid the context completely (Roy et al., 2009). In this experiment, the overall decrease 

in locomotor activity, as measured by distance traveled (Figure 4-5B), is strongly 

indicative of changes in anxiety-like behavior. This finding was further supported by 

the reduced rearing in the elevated plus maze in the RPO and vlPAG groups.  

  

4.6.3. Anxiety, Activity and Habituation in the Open Field 

 Given the differential, measure-dependent nature of the findings in the elevated-

plus maze, and the fact that elevated plus maze measures are known to be susceptible to 

changes in motor behavior (Weiss et al., 1998; Carola et al., 2002), additional tests were 

essential for assessing affect. The purpose of the open field test was thus to examine 

anxiety-like behavior in a different context (Prut and Belzung, 2003). Additionally, the 

open field test enables us to observe the innate activity of the rats and also, with 

repeated sessions, to observe their habituation to a novel environment (Walsh and 

Cummins, 1976; Daenen et al., 2001). Exposure to the novel open field produced more 

conventional responses of anxiety-like behavior in both PAG and the RPO groups. 

Specifically, these groups avoided the center and middle zones of the open field even 

with repeated exposure (Figure 4-7). It is interesting to note that only the dPAG shows 

the properties of classical kindling and indeed showed the largest difference in anxiety-
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like behavior. However, the analysis of the open field results indicates that kindling is 

not required to evoke a change in behavior and that seizures alone can result in 

increased anxiety (e.g., vlPAG and RPO). With respect to other measures related to 

stress (grooming), exploration (rears), fear and anxiety (immobility), I observed no 

significant difference in grooming, but did find a reduction in exploration and increased 

anxiety or depressive-like behavior in the vlPAG and RPO groups.  

  The difference in overall activity level of brainstem groups as compared to 

controls in the open field could be the result of changes in spatial memory, motor 

function, anxiety, or depression. However, because of the performance of the rats in the 

water maze (see water maze discussion below) and the place preference test, I propose 

that the lower activity is not due to impairment of learning and memory or reduced 

motor function, but rather to an alteration in motivation threshold. The absence of 

habituation to the novel environment in all seizure groups is thus most compatible with 

the interpretation that the reduced activity is a product of affective changes such as 

anxiety or depression (although it is difficult to determine the precise nature of the 

affective changes with the current tests).  

  

4.6.4. Habituation and Learning in the Object Recognition Task 

 None of the groups explored the objects sufficiently for the object recognition 

task to be considered valid. I hypothesize that there was increased stress behavior in all 

rats, and the objects were not sufficiently near the walls of the arena for the rats' 

exploratory behavior to overcome their defensive response. My rationale is based in 

part on the observations that the controls also vocalized when being retrieved from their 
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home cages and placed in the open field. Elevated baseline stress in yoked controls 

could be a function of the exposure of the controls to the same kindling environment as 

experimental rats.  

 

4.6.5. Sparing of Spatial Learning and Memory in the Water Maze 

 The inclusion of the water maze task was to test the hypothesis that kindling 

induced behavioral changes occur only in the behavioral domains that are regulated by 

the site of kindling. Spatial learning tasks are typically associated with the hippocampal 

formation (e.g., entorhinal cortex, hippocampus, dentate gyrus) (Hannesson et al., 

2001b; Robitsek et al., 2008). Thus, because there are few, if any, direct connections 

from these specific brainstem sites to the hippocampus, I expected little effect on 

learning and memory. The findings support this hypothesis, revealing no change in the 

performance of the rats in spatial learning and memory tasks.  

 In addition, the equal performance of the brainstem kindled rats in the visible 

and hidden platform tasks suggests that brainstem kindled rats do not have deficits in 

motor control or visual acuity. These abilities stand in contrast to the decreased activity 

seen in the elevated plus maze and open field. Indeed, because of the unimpaired spatial 

behavior in the water maze, I hypothesize that brainstem kindling may alter innate drive 

(e.g., motivation), while leaving learning and motor abilities intact. When given an 

impetus to take action, brainstem kindled rats do not have a problem doing so. The 

implications of this hypothesis are that motivation is an important factor in the impact 

of seizures on behavior. Individuals with epilepsy who suffer from changes in behavior 

may have reduced desire to be active or to interact with their environment, but may 
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have intact learning abilities (e.g., in classroom or work environments). This could be 

an important consideration when assisting patients with epilepsy, in that they may not 

display signs of anxiety or depression that would be traditionally classified as 

problematic, but undetected affective changes may in fact have a large impact on their 

quality of life. 

 

4.6.6. Stress in Yoked-Controls 

 The control rats exhibited some anxiety to the open field on the first day, and 

vocalized when transferred from the home cage to the testing arena. I believe that this 

reaction is due to the fact that yoked-control rats were present in the room when 

experimental rats were being kindled. Although yoked-controls were not stimulated or 

experienced seizures, merely being present during the occurrence of another subjects' 

seizure could act as a psychosocial stressor. The social interactions of the behavioral 

consequences remain to be examined. In particular, both audible and ultrasonic 

vocalizations have been shown to be an important social defensive measure that 

conveys negative states such as anxiety, fear, and pain (Han et al., 2005; Borta et al., 

2006; Brudzynski, 2009). The study of vocalization during behavioral sessions would 

enrich the interpretation of defensive behavior in both experimental and control 

subjects. 

 

4.6.7. Identifying the Unconditioned Stimulus: Stimulation or 
Seizure? 

 This study shows the long-term effect of brainstem kindling and repeated 

stimulation on the defensive, anxiety-like behavior of subjects. However, because of the 
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immediate onset of powerful tonic seizures, it is not possible to definitively differentiate 

the roles of stimulation, convulsion and electrographic seizure in this study. Although I 

suspect that both the stimulation and seizures contribute to changes in behavior, I 

hypothesize that the seizures play a greater role.  

 Certainly, there are many examples of stimulation evoking changes in behavior. 

For instance, although the parameters vary from the brainstem kindling parameters, 

electrical stimulation of the brainstem and amygdala can evoke affective responses (De 

Luca-Vinhas et al., 2006; Lanteaume et al., 2007), In studies by Rosen and colleagues 

(1996) and Kellet and Kokkinidis (2004) both non-seizure inducing stimulation and 

partial kindling in the amygdala increased the expression of fear-potentiated startle. 

Activation of the MRF in avoidance conditioning paradigms, in which the MRF is 

stimulated, also appears to play a critical role in conditioning (Colavita, 1970). 

Similarly, activation of other brainstem sites by microinjection of chemicals clearly 

modulates behavior.  

 However, two possible arguments may be made supporting the contention that it 

is the seizures that play the larger role in chronic changes to behavior. The first piece of 

evidence is that during place-preference conditioning using amygdaloid and neocortical 

kindling, changes in affective behavior progress with the severity of the seizures 

(Barnes et al., 2003). Therefore, as seizures change, so do behaviors. The second 

consideration is that the stronger an unconditioned stimulus is, the stronger the 

conditioned response tends to be. Thus, the seizure event, which is longer than the 

stimulation, is much more likely to be associated with the increases in anxiety-like 

behavior observed in this chapter. I explore this issue further in Chapter 5. 
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4.6.8. Chapter Conclusions 

 Recruitment of brainstem sites during generalized tonic seizures can have a 

profound effect on interictal behavior. Given that depression and anxiety are believed to 

be highly prevalent in the epilepsy population (Ekinci et al., 2009), the observations 

from this study could have important clinical implications. The findings show that 

brainstem seizures do not affect learning or motor abilities, but produce changes in 

anxiety, depression, exploratory behavior, and motivation. These effects may be subtle 

and likely exist as a continuum. I will continue to examine the relation of brainstem 

seizures to behavior, affect and the environment in the next chapter using a place 

conditioning paradigm. 
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Chapter 5. 
Changes in Context-Dependent Behavior 

 with dPAG Kindling  
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5.1. Summary 

Purpose: In Chapter 4 I reported on brainstem kindling and seizure-related 

changes in motivation and anxiety-like behavior in novel and seizure-free 

environments. These changes prompt the question of whether kindling affects behavior 

differently in familiar environments than in novel environments. Thus, in Chapter 5 I 

report on a second set of behavioral tests that examined the effect of seizures and 

kindling in a place preference paradigm. Specifically, I examine differences in behavior 

and seizure susceptibility in seizure-related and previously seizure-free contexts. 

Methods: Adult male rats received 16 pairings of dorsal periaqueductal grey 

(dPAG) kindling or sham stimulation in distinct environments (CS+ and CS-, 

respectively) followed by a conditioned place preference test. After 16 more pairings, 

rats received kindling stimulation in the alternate context (switch test). After four 

additional pairings, afterdischarge threshold (ADT) was measured in each context. The 

rats' behaviour in the prestimulation interval was recorded daily to measure conditioned 

anticipatory defensive behavior.  

Results: When studied separately, behaviors did not appear to differ between 

seizure and non-seizure contexts. However, when presented with a choice of location, 

rats recognized and avoided the environment in which they experienced tonic-clonic 

seizures.  

Discussion: Although seizure susceptibility and severity were not affected by 

location these results suggest that brainstem seizures could underlie observed changes 

in behavior and affect in epilepsy. These changes in affect were generalized to all 
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environments (i.e., anxiety is globally elevated). However, anxiety levels related to the 

seizure context only becomes apparent when choice of action was available. 

 

5.2. Previous Presentations and Reports 

 Portions of this work were presented at the Society for Neuroscience Annual 

Meeting (2008), Canadian Association for Neuroscience Annual Meeting (2008) and 

the Canadian League Against Epilepsy Annual Meeting (2010). 
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5.3. Introduction 

How does epilepsy affect behavior? Do seizures change the reaction to the 

environment in which the seizure events occurred? Conversely, can the environment 

have an effect on seizure severity (e.g., do stressful environments tend to precipitate 

seizures)? In the previous chapter I surveyed a number of the behavioral consequences 

of experiencing brainstem seizures. In this chapter the focus shifts to the interaction 

between seizures, affective behavior, and the environment. 

 

5.3.1. Use of the Place Preference Test in Conditioning Studies 

  Not surprisingly, the contexts in which seizures occur can become 

unconditioned stimuli; thus anxiety or stress responses may differ between novel and 

familiar environments. In fact, this differential response to context can be one way in 

which the role of motivation in other behaviors can be examined. The place preference 

test has been increasingly used to gauge motivation and make sense of subtle behavioral 

effects (e.g., in locomotion, freezing, rearing) as a result of changes in context 

(Tzschentke, 2007). The conditioned place preference paradigm is favored by many as a 

way of testing for rewarding or punishing stimuli. 

 

5.3.2. Place Preference and Kindling 

 The conditioned place preference paradigm has previously been used to assess 

interictal changes in behavior as a response to kindling (Corcoran et al., 1992). Studies 

have also demonstrated that seizures can be used as a conditioning cue (Wig et al., 



 

162 
 

2002) and may or may not be aversive depending on the brain site of kindling. For 

example, it has been shown that amygdaloid kindling results in a strong aversion to the 

place (context) associated with seizures, whereas anterior neocortical kindling resulted 

in a preference for the seizure context (Barnes et al., 2003). 

 

5.3.3. Purpose of the Study 

 In this chapter, I investigate the possibility that affective responses can be 

conditioned to the brainstem seizure-related environment. By gaining a better 

understanding of the behavior affected by brainstem kindling the study may also 

provide additional clues into the neuroanatomical pathways involved. The findings of 

this chapter reveal the profound impact that generalized seizures may have on the 

quality of life of individuals with epilepsy, not only in the disruption of consciousness, 

but also the complex and long-term impact on motivation and affective behavior. 
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5.4. Methods 

 Subjects were adult male Long-Evans rats from Charles Rivers Laboratories (St. 

Constant, Quebec, Canada), weighing 350g to 480g at the time of surgery. Rats were 

housed in groups of three prior to surgery and individually housed thereafter. Food and 

water were freely available. Lights followed a 12h:12h light-dark schedule, with lights 

on at 7 am. Housing and experimental procedures were in accordance with the 

guidelines of the Canadian Council of Animal Care. Approval was also given by the 

University of Saskatchewan Committee on Animal Care and Supply. Beginning one day 

after arrival in the facility, rats were individually handled for 3 to 5 minutes daily for 

five days before surgeries to familiarize subjects with experimenters and reduce non-

experimental stress factors. 

 

5.4.1. Surgical Procedure 

 Rats were anesthetized with 3% isofluorane and given a subcutaneous injection 

of a preoperative analgesic, ketoprofen (1 ml/kg). A bipolar electrode used to deliver 

the kindling stimulation and to record EEG was stereotaxically implanted into the dorsal 

periaqueductal grey (dPAG; 6.8 mm posterior, 2.2 mm lateral from bregma, 5.8 mm 

ventral from the skull; n = 18). A second bipolar electrode used for recording EEG was 

implanted in the amygdala, contralateral to the brainstem electrode (2.6 mm posterior, 

4.5 mm lateral from bregma, 9.1 mm ventral from the skull). Four ground screws were 

inserted in the skull to secure the electrode pedestal, with one screw acting as reference 

for EEG recording. Dental acrylic fixed the electrode pedestal in place. At the end of 
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surgery rats were given an intraperitoneal injection of saline (10 ml/hour of surgery) to 

maintain hydration during recovery. 

 

5.4.2. Apparatus 

To test for changes in behavior associated with the kindling environment, two 

distinct chambers were employed. Chambers in which seizures were evoked were 

referred to as CS+ and chambers in which sham-stimulation was delivered were CS-. 

The conditioned place preference apparatus was a rectangular box, with two distinct 

halves (chambers) separated by removable dividers (Figure 5-1). The apparatus 

measured 48 cm (w) by 79 cm (l) by 60 cm (h) overall. With opaque dividers in place, 

each chamber measured 48 cm (w) by 37 cm (l) by 60 cm (h). One chamber was 

constructed of white acrylic panels, with recycled-paper bedding (CareFresh; 

Absorption Corp, Bellingham, Washington, USA). The other chamber was constructed 

of black acrylic panels, with corn cob bedding (Sun Seed Company, Bowling Green, 

OH). The surfaces of the dividers facing each chamber were the color of that chamber. 
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Figure 5-1: Schematic of place preference box.  

Depiction of the place preference box used for place preference learning trials. Dividers 
were removed before the place preference test to create a single compartment. 
 

removable dividersBlack Chamber White Chamberremovable dividersBlack Chamber White Chamberremovable dividersBlack Chamber White Chamber
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5.4.3. Parameters of Kindling Stimulation 

 Kindling stimulations in the CS+ followed the same procedures outlined in 

previous chapters. Briefly, the stimulation consisted of a 1-sec train of balanced 

biphasic square-wave pulses. Each pulse (positive or negative) was 1.0 msec in duration 

and delivered at 60 pulse-pairs per sec. EEG was collected digitally at 100 samples per 

sec (Polyview 2.3, AstroMed, Inc, Warwick RI). Afterdischarge thresholds (ADTs) 

were determined at the dPAG electrode. The initial stimulation current was set at 100 

µA (base to peak) and increased in increments of 200 µA at 1 min intervals until an AD 

was evoked or tonic forelimb extension was observed. ADT was defined as the minimal 

intensity of stimulation producing an AD outlasting the stimulation by at least 5 sec. 

 

5.4.4. Assignment of Daily Pairings 

Rats were randomly assigned to one of two conditioned stimulus groups (CSB+, 

CSW+), and kindled in either the black or white chambers respectively. Rats in the CSB+ 

group received the kindling stimulation in the black chamber and sham stimulation in 

the white chamber. Rats in the CSW+ group received the kindling stimulation in the 

white chamber and sham stimulation in the black chamber. Rats received two 

conditioning trials per day (see Table 5-1 for combinations of daily pairings). On the 

day preceding the daily conditioning trials (Day 0), ADT was determined for each rat in 

its CS+. 
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5.4.5. Behavioral Testing Schedule 

Rats received a total of 72 conditioning trials and were tested for (i) their 

preference for the chambers (Day 17) (ii) environmental effect on seizure activity (Day 

35), and (iii) seizure threshold (Day 40) (Figure 5-2). Each rat was brought individually 

from the colony to the kindling room, and each trial lasted 180 sec. In the CS+ trials, 

each rat was placed in its CS+ and its lead was attached. Thirty seconds after being 

placed in the context the rat received stimulation at ADT. In the CS- trials, the rat was 

placed in the opposite chamber and attached to its lead, but no stimulation was given. 

The order of the trials was pseudorandom, so that no rat received more than 

three trials in the same chamber consecutively. The behaviors examined include: the 

total duration of freezing episodes longer than five seconds, and the total distance 

traveled during the 30 sec prestimulation period. Behavioral seizures were scored as in 

Chapter 4, and EEG was collected for 150 sec following the prestimulation period. The 

timeline for the behavioral schedule is illustrated in Figure 5-2. 

 All sessions were recorded and the data were saved and processed digitally 

(iMovie, Apple, Cupertino, CA). The designations for the rats during the prestimulation 

sessions and testing sessions were reassigned so that the investigator scoring the video 

was blind to the rats’ experimental condition. The behaviors were tracked using an 

image analyzer (EthoVision 3.0, Noldus, Leesburg, VA). Distance traveled, time spent 

in zones, and immobility were automated measures. The number of rears and head 

pokes and the time spent grooming were recorded manually in the same tracking file. 
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Table 5-1: Daily pairing combinations for environmental conditioning 

Time of Day Possible combinations of pairings. 

Morning CS+ CS+ CS- CS- 

Afternoon CS+ CS- CS+ CS- 
 
Pseudorandom order of seizure-related chamber (CS+) and sham-related chamber (CS-) trials 
ensured that a rat did not have the same type of trial more than three times in a row.  
 
 
 
 

 
 
 

Figure 5-2: Timeline for place preference conditioning study. 

Rats received one pairing daily, for 16 days. On Day 17 rats were tested for their preference 
between the CS- and CS+. Following an additional 16 pairings, on Day 35 the switch test was 
used to examine the seizure severity in both contexts, as determined by seizure duration and the 
type of components in the convulsions. Following four additional pairings, ADT was measured in 
both contexts. 
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5.4.6. Place Preference Test 

 After 16 days of pairings, in which rats received an equal number of CS+ and 

CS- trials, the rats were tested in a single trial for their preference or avoidance of the 

two chambers. For testing, the dividers were removed, and rats were individually placed 

on the midline between the two chambers and allowed to roam freely during the 100 sec 

test. The total time spent within each chamber was recorded to determine the rats’ place 

preference. The number of rears, distance traveled, time spent immobile, and time spent 

grooming were also recorded to measure the rats’ activity and exploration in a semi-

novel environment.  

 

5.4.7. Switch Test 

  After 16 additional pairings, in order to test for the effect of the environment on 

seizure susceptibility, a switch test was performed in which a seizure was evoked and 

evaluated in each chamber on the same day. To account for possible postictal inhibition, 

because multiple seizures evoked in a single day may result in the second seizure being 

less severe, half the rats were randomly chosen to first receive stimulation in the 

original CS+, and the other half first received stimulation in the original CS-. 

Approximately six hours later, the rats were stimulated in the alternate chamber. For 

example, if a rat was stimulated in the CS+ in the morning, it was a stimulated in the 

CS- in the afternoon. The severity of the seizures was measured by the AD duration and 

the severity of convulsions (as measured by convulsive components in both chambers 

(Table 4). 1 = Forced motor response; 2 = Forelimb retraction; 3 = Forelimb extension; 

4 = Hindlimb retraction and kicking; 5 = Hindlimb extension. 
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5.4.8. Afterdischarge Threshold Test 

 After four additional pairings, with seizures evoked in their original CS+, the 

rats’ ADTs were determined in each chamber. Half the rats were tested for ADT in their 

CS+ and the other half were tested in their CS-. Twenty-four hours elapsed between 

ADT testing in the alternate context. Thus, if the ADT was first measured in the CS+, 

for example, it was measured in the CS- the following day.  

 

5.4.9. Histology 

  Rats were euthanized and transcardially perfused with phosphate-buffered 

saline followed by 4% formalin in phosphate-buffered saline. The brains were extracted 

and sectioned using a sliding microtome. Coronal sections containing the electrode 

tracks were mounted on gelatin-coated slides and nissl stained using Cresyl Violet. 

Electrode placements were histologically verified at the end of the experiments by 

comparing to a stereotaxic atlas (Paxinos and Watson, 1997). Only the data from rats 

with correctly placed electrodes and those that exhibited AD were used for statistical 

analysis (n= 10). 
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5.4.10. Statistical Analysis 

  Experimental values are expressed as mean ± standard error of the mean 

(SEM). Group differences were evaluated by one-way analysis of variance (ANOVA) 

and in cases of analysis of multiple trials, repeated measure ANOVA were used. The 

significance value was set at p < 0.05. Multiple comparisons with post hoc t-tests were 

accounted for and alpha values were adjusted using a Bonferroni correction (α/n 

comparisons). In cases in which ordinal data were presented (e.g., convulsion severity), 

the non-parametric Sign-Ranks test was used. 
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5.5. Results 

5.5.1. Effect of Seizures on Context-Dependent Behavior: 
Conditioning Trials 

 The distance traveled and immobility during the 30-second pre-stimulation 

period were examined using repeated measures ANOVA. For the analysis, the 16 CS+ 

and 16 CS- trials were grouped into four blocks, each of which contained four 

consecutive trials. There was no significant difference in the total distance traveled 

(Figure 5-3A) or in immobility (Figure 5-3B) in each chamber. 

 

5.5.2. Effect of Seizures on Context-Dependent Behavior: 
Place Preference Test 

The place preference results were analyzed with three one-way ANOVAs. 

Several measures were used to distinguish the preference for the seizure-induced 

context (CS+) versus the seizure-free context (CS-). 

 

(i) Preference for CS- 

 There was a significant difference in the percentage time spent in the CS+ and 

CS- with both black (CSB+) and white (CSw+) conditioned groups. Figure 5-4 depicts 

trajectories in individual trials with a strong preference to CS-. Both the CSB+ and 

CSw+ groups spent significantly longer time in the seizure-free environment (Figure 

5-5A). The CSB+ group spent 63% in the white chamber versus 30% in the black 

chamber [t(6) = -4.028, p = 0.005]. The CSw+ group spent 3% in the white chamber 
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versus 93% in the black chamber [t(4) = -26.105, p < 0.001]. Rats spent the remainder 

of the time in the center zone running between the two channels that divided the two 

chambers.  

 

(ii) Preference for Black Chamber 

 There was a notable bias for the black chamber during the place conditioning 

test, which is illustrated by the activity path in the black (Figure 5-4). This difference is 

also reflected in the percentage of time spent in context (Figure 5-5A) and duration of 

immobility (Figure 5-5B). The CSw+ group tended to move immediately to the black 

and remain active. Although the CSB+ group would venture into the black, their seizure-

related environment, the duration of immobility was significantly greater than in their 

seizure-free environment. Collectively the data show that rats developed a powerful 

conditioned place aversion for the CS+, suggesting that place-dependent learning and 

memory were spared.  
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B 

 

Figure 5-3: Measures of pre-ictal behavior during conditioning trials. 

Rats were randomly assigned a Black or White CS+ chamber. Behavioral measures were 
recorded during the 30-second period prior to stimulation in the CS+ or sham-stimulation 
in the CS- on the first 16 days of place conditioning. Trial blocks consist of the grouping of 
four consecutive trials. There were no environment-dependent differences as measured 
by (A) distance, or (B) immobility.  
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Figure 5-4: Activity during the place preference test. 

Representative tracings of ambulatory activity during the conditioned place preference test. The 
red lines denote the paths traveled during the place preference test. The grey area represents 
the black chamber. Rats were randomly assigned to a black or white chamber (n =10). The 
middle dividers, which separated the black and white chambers, were removed before the place 
preference test to create a single compartment. Rats generally avoided the CS+ during the 
place preference test. 
 
 

 

White CS +Black CS + White CS +Black CS +
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             A 
 

 

 
 
 
             B 
 

 

 
Figure 5-5: Preference for the CS- and black chamber in place preference test. 

(A) Rats spent a greater percentage of time in the CS- than the CS+, p < 0.01.  
(B) Rats assigned to the Black CS+ spent a greater amount of time immobile within the 
CS+ than did rats assigned to the White CS+, p < 0.01. 

 
 

Group

T
im

e
 s

pe
nt

 im
m

ob
ile

 (
se

c)

0

100

200

300

400

500

600 Black context
White context

CSB+ CSW+

**

P
er

ce
nt

ag
e 

of
 ti

m
e 

sp
en

t i
n 

co
nt

ex
t 

(%
)

0

20

40

60

80

100

120
Black context
White context

CSB+ CSW+

**

**



 

177 
 

 

5.5.3. Effect of Context on Seizure Severity and Susceptibility: 
Switch Test and Afterdischarge Threshold (ADT) 

 On Day 35 and Day 40, rats were tested to determine whether the environment 

would affect the ADT. We also tested effects on seizure outcome including convulsion 

severity and AD duration. Reports are summarized in Table 5-2. The mean ADTs were 

not significantly different between the Black CS+ and the White CS+ groups [t(9) = -

1.213, p = 0.244]. The severity of behavioral convulsions also did not differ between 

CS- and CS+ [t(9) = -1.964, p 0.08], nor did the AD duration [t(9) = -2.063, p = 0.56]. 

Together, these results suggest that environmental factors did not have an effect on 

seizure outcome. 

 

 

Table 5-2: Measures of the switch test and the ADT test.  
Group Convulsion severity AD duration (sec) ADT (µA) 
CS+ 3.8 ± 0.5 26.7 ± 3.7 1610 ± 382 
CS- 3.5 ± 0.4 28.5 ± 4.2 1370 ± 263 
 
There were no significant differences in the severity of motor seizures, AD duration, or ADT 
due to environment. The dPAG seizures were scored on a scale of 0 – 4, in which 0 = forced 
motor response during stimulation 1 = forelimb tonic retraction, 2 = forelimb tonic extension, 3 
= hindlimb tonic retraction, 4 = hindlimb tonic extension. 
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5.6. Discussion 

The results show that some behavioral consequences of kindling in the 

brainstem or of brainstem-triggered seizures can be associated with the environment. 

This conditioning effect further supports the conclusion that brainstem kindling has, in 

many ways, effects similar to those reported with forebrain kindling (Barnes et al., 

2006; Wagner and Corcoran, 2008). Moreover, rats showed a strong preference for non-

seizure location, supporting the findings of Chapter 4 that learning and memory are 

preserved, and that motivation may be reduced in certain contexts until a course of 

action is available.  

 

5.6.1. Effects of Seizure-Related Environment on Motivation and 
Behavior 

 The place preference study was designed to examine the unique role of the 

environment in kindling and interictal behavior. The data from the conditioning trials 

showed no differences in the distance traveled and immobility between the seizure-

related (CS+) and non-seizure (CS-) related environments. In fact, the levels also did 

not significantly change within groups over the course of the 16 conditioning trials 

(Figure 5-3). However, when rats were given the opportunity to move between the two 

chambers, changes in behavior became readily apparent in avoidance behavior and 

measures of immobility (Figure 5-5). These observations demonstrate, once again, that 

considering motivation is critical for understanding behavioral changes. This may also 

help in the interpretation of locomotor activity in the reward-like (e.g., water maze) and 

non-reward-like test (e.g., open field) seen in Chapter 4.  
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5.6.2. Seizure-Related Conditioning May be Related to Number of 
Pairings 

One possibility for the lack of behavioral effects during the prestimulation 

period is that these behavioral changes may require conditioning trials with more 

advanced generalized seizures such as those exhibiting organized classic AD (OC-AD). 

Since OC-AD did not develop, on average, until between the 10th and the 20th dPAG 

seizure, 16 conditioning trials may have been insufficient for changes in prestimulation 

behavior to develop. However, the number of seizures was sufficient for rats to learn to 

avoid the seizure-related context. 

It has been shown that a small number of conditioning trials, even with well 

kindled animals, may not show the large place aversion until after many seizures in the 

CS+. For example, with amygdaloid kindling, no avoidance behavior was observed with 

five conditioning trials with Stage 5 seizures (Corcoran et al., 1992), but did become 

apparent when rats were tested after more conditioning trials (Barnes et al., 2003; 

Barnes et al., 2005a; Wagner and Corcoran, 2008). Therefore, as suggested by Wagner 

(2007), kindling of the same brain structure could lead to behavioral differences when a 

sufficient number of generalized seizures are evoked. 

 

5.6.3. Interaction of Non-Seizure Environmental Factors: Dark vs. 
Bright Chamber 

 Beyond the effects of the seizure-related factors the rats showed a strong 

preference for dark over bright environments. This interaction was evident in the 

increased time spent in the black chamber even when it was the seizure-related context 
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(CS+). Wagner observed a similar behavior in amygdaloid kindled rats (Wagner, 2007), 

suggesting that the brighter environment was an additional anxiogenic factor and that 

other ethological measures are important in interpreting the conditioning effects of 

seizures.  

 

5.6.4. Comparison to Kindling of Other Brain Sites  

In this section, I return to, and explore, the idea that behavioral changes are 

associated with particular brain sites. In the present study, the brainstem kindled rats 

behaved much like perirhinal and amygdaloid kindled rats during a place preference test 

(Barnes et al., 2001; Barnes et al., 2005b; Wagner and Corcoran, 2008). Specifically, 

perirhinal and amygdaloid kindled rats show the strong aversion to the seizure-related 

context seen in this study (Figure 5-5). This is not altogether surprising given that we 

surmise from data in Chapters 2 and 3 that the amygdala is recruited in dPAG kindling.  

However, it is important to note that no change in behavior was apparent during 

the 16 days of conditioning trials (Figure 5-3). This is in contrast to amygdaloid and 

perirhinal kindling, where rats show decreased mobility. On the other hand, this is 

similar to hippocampal kindled rats, which show no difference in locomotor activity and 

anticipatory defensive behavior (e.g., immobility) between the seizure-related and 

seizure-free contexts (Barnes et al., 2005a) . Therefore, dPAG kindling appears to affect 

behavior in a manner that encompasses aspects of these different limbic structures.  
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5.6.5. Environmental Effects on Seizures 

 The lack of differences in AD threshold, AD duration, and convulsion severity 

in the CS+ vs. CS- contexts (Table 5-2) suggests that brainstem seizures are not 

significantly affected by the environment in which they occur. It is possible that the 

method in which seizure severity was measured may not have been sufficiently 

sensitive to detect small differences in response to the environment.  

 In addition, the postictal refractory period of brainstem kindling is unknown. 

Rats kindled during the refractory period of forebrain seizures will temporarily have 

higher AD thresholds or seizure may not be evoked at all (Albertson, 1986). Thus, the 

twice-a-day paradigm used in the place preference test may have affected the severity of 

convulsions and seizure duration. However, no significant differences were found 

between the first and second stimulation of the day irrespective of location, which 

suggests that this was not a major factor. 

  Another possibility is that although the CS- is less aversive than the CS+, it still 

appears to be stressful to the rats. As a consequence it may mask differences in seizure 

severity between the two contexts.  

 

5.6.6. Therapeutic Considerations 

 Findings by Barnes and colleagues, in which environment was shown to have an 

effect on the severity of seizures (Barnes et al., 2006), suggest that environmental 

conditioning may help in attenuating seizures. However, neither Wagner and Corcoran's 

study (2008) nor the experiments in this chapter indicate an environmental effect on 
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seizure characteristics. Thus, the expression of tonic-clonic seizures of dPAG origin 

may be too powerful to be readily modulated by environmental interference.  

 However, given that both the CS- and CS+ may have been anxiogenic, it would 

be premature to rule out effects of the environment on brainstem seizures. Indeed, stress 

has been shown to exacerbate seizures (Baram and Hatalski, 1998; Reddy and 

Rogawski, 2002) and is commonly cited as a precipitating factor in triggering seizures 

(Joëls, 2009). The reduction of stress-inducing factors in an individual's environment is 

an important method of improving seizure control. Beyond seizure control, changing 

environmental considerations such as stigma, employment, and accessibility (de Boer, 

2005; Ekinci et al., 2009; Whatley et al., 2010) have a profound impact quality of life. 

 

5.6.7. Chapter Conclusions 

 The results of the place conditioning study support the theory that convulsive 

generalized seizures can alter behavior in familiar environments. Although the testing 

environment does not significantly affect seizure severity, it does play an important role 

in affecting activity and anxiety levels. These changes may only be evident in certain 

environments in which freedom of choice is available.  
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Chapter 6. 
General Discussion 
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6.1. Aims 

 Each chapter has included a discussion section that relates most directly to the 

findings of the results in that chapter. In this final chapter I will (1) review the 

significant findings of brainstem kindling and their relation to epilepsy and behavior, 

(2) discuss their potential clinical relevance, (3) explore their significance in 

understanding critical mechanisms of normal function, and (4) present future directions 

to continue to expand our understanding of the role of the brainstem in epilepsy. 

 

6.2. A Role for Brainstem in Kindling and Epileptogenesis 

6.2.1. The Nature of Brainstem Kindling  

 Brainstem sites, although resistant, are not immune to seizures. Moreover, once 

a seizure has been triggered in a brainstem site it is severe and rapidly spreads to recruit 

the whole brain. The features and consequences of seizures evoked from brainstem sites 

have some similarities, but also many differences in comparison to forebrain kindling. 

For example, seizure thresholds of brainstem sites are all significantly higher than 

forebrain sites (i.e., several hundred µA greater). Also, stimulation results in 

immediately evoked tonic-clonic seizures and loss of righting reflex. Most of the 

brainstem sites tested are resistant to kindling. The dPAG is the most susceptible to 

kindling. It appears that the occurrence of organized classic AD (OC-AD), first 

mentioned in Chapter 2 and defined in Chapter 3, is indicative of seizure severity, and 

predictive of increases in seizure duration, but not threshold. In addition, the occurrence 

of secondary AD during dPAG kindling and the permanence of kindling also suggests 
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that, despite differences in the development of seizures, the phenomenon of kindling is 

similar to the "progressive sensitization, leading to convulsion" (Goddard, 1967). Thus, 

I believe that brainstem kindling can be defined as progressive sensitization resulting in 

the increasing severity of seizures. 

 

6.2.2. Pathways to Generalized Seizures  

 I revisit the initial discussions of the circuitry of the brainstem to consider 

whether there are particular pathways that are most relevant to the spread of seizures 

throughout the brain and regulate convulsions. In my studies, although the MRF, RPO 

and vlPAG sites were resistant to kindling, seizures were evoked in all brainstem 

targets. What are the common anatomical pathways or seizure-related circuitry of the 

brainstem? 

 The network for generalized seizures may involve how brainstem sites connect 

with each other and to the forebrain. For example, the dPAG, the site most susceptible 

to kindling in this dissertation, sends efferents to the RPO and has reciprocal 

connections with MRF (Beitz, 1989). The RPO also receives many connections from 

the MRF (Shammah-Lagnado et al., 1987; Vertes and Martin, 1988) and both sites 

project to superior colliculus (Imperato et al., 1981), which may modulate the activity 

from the substantia nigra pars reticulata (Faingold, 2004), another potential area critical 

for seizure control (Bonhaus et al., 1991; Velíšková and Moshé, 2006). Another link to 

generalized seizure spread is the widespread connections to and from the neocortex and 

the MRF, dPAG, and vlPAG (Beitz, 1989), and these are all good candidate pathways 

for the rapid spread of seizures.  
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 Anatomical connections that may be involved in both seizure generalization and 

the regulation of the tonic-clonic phase of seizures may include the MRF and RPO 

connections to the nucleus reticularis pontis caudalis, a prime suspect in clonic 

movement of facial and forelimb muscles (Raisinghani and Faingold, 2005). Another 

prospective target for expressing tonic-clonic seizures of the brainstem is the 

medioventral medulla, which receives large projections from the vlPAG, as described in 

Chapter 1. Finally, the reticulospinal tract and the recruitment of the cerebellar nuclei 

are also candidates for the motor components of tonic-clonic seizures (Sprague and 

Chambers, 1953; Garcia-Rill and Skinner, 1987a). The types of neurotransmitter 

pathways likely involved in the expression of convulsions are cholinergic (via MRF), 

glutamatergic (via dPAG and RPO), GABAergic (via vlPAG), noradrenergic (via 

vlPAG to pontobulbar reticular formation) (Odeh and Antal, 2001). 

 
 

6.3. Evolution of Seizure Activity in Kindling 

6.3.1. Occurrence and Nature of Frequencies and Transitions 

 In Chapter 3, I describe the spectral activity of brainstem kindling in the dPAG. 

Examination of the changes in spectral activity over the course of kindling generally 

revealed increase in power of the low-frequency components relative to high-frequency 

components. This shift in frequency was also associated with increased organization of 

the patterns of activity. Considering these features, I propose a three-stage classification 

for brainstem generalized seizures based the occurrence of three patterns of ictal 

activity:  
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 Stage 1 - low-amplitude high-frequency afterdischarge (LAHF-AD) 

 Stage 2 - high-amplitude disorganized AD (HAD-AD) 

 Stage 3 - organized classic AD (OC-AD).  

However, there was a continuum and overlap of features and thus it was also important 

to consider the characteristics of transitions in order to understand and detect the 

progression of brainstem kindling. The sweeping transitions from high to low 

frequencies were persistent over time and were sometimes joined by multiple bands of 

sweeps. Seizures terminated as frequencies dropped below a critical level. The period of 

postictal activity that followed was distinguished by very low powered activity across 

frequency components. Transitions are thus important to understanding the mechanisms 

that sustain ictal activity and how seizures terminate.  

 Changes in spectral measures of activity, such as high frequencies, could also be 

very important in identifying pathology and as marker of epileptogenesis. For example, 

the nature of the transition may be particularly telling in cases where LAHF-AD is 

difficult to distinguish from baseline. The spectral analysis also provided insight into 

the relation between the dPAG and amygdaloid activity. Specifically, the amygdaloid 

activity was high in power though often lower in frequency than the dPAG. The activity 

recorded from both sites also appeared to be phase-locked, reflecting a generalization of 

seizure activity and suggesting reverberant circuitry. 

 Variability, a recurring theme in all the studies, was a particularly notable 

feature in the analysis of spectral activity as a variety of ictal patterns both within and 

between subjects was observed as kindling progressed. This variability eventually gave 

way to more consistently occurring and organized spectral activity (i.e., OC-AD).  
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6.3.2. Revealing Complexity: Clues to Organization and Function 

 The wavelet analysis not only transforms electroencephalographic seizure 

activity for quantification, but also reveals individual components of the signal that may 

otherwise be occluded by the complexity of the signal within a given seizure. However, 

the analysis of seizure activity also enables the identification of trends in the 

development of brainstem seizures. For example, the fact that transitions during 

brainstem seizures occur as sweeps of activity may provide greater understanding into 

the progression of the generalized seizure. Specifically, the transitions illustrate how a 

generalized seizure may develop and reveals features of how the seizure activity 

terminates. Just as there is acceptance that forebrain sites work together to initiate (e.g., 

form a seizure focus) and propagate seizures, it is likewise important that the brainstem 

be taken into greater account for the coordination of persistent activity and the end of 

the ictal state. These theories of interactions have been and should continue to be 

investigated in imaging and neurocomputational modeling. By describing these patterns 

and by using computational models, we can postulate how physiological and 

pathological signals are differentially generated. In particular, the relation between 

structural mechanisms and the spectral activity they produce can now be explored. 

 

6.4. Behavioral Changes after Brainstem Seizures 

6.4.1. Altered Function 

 Seizures evoked from the brainstem sites changed affective behavior, but did not 

significantly affect learning and memory. Although some changes may be a result of the 
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stimulation rather than seizures and kindling, the results from Chapter 4 and 5 suggest 

that the seizures and kindling had a significant impact on the long-term behaviors of the 

rats in both novel and familiar environments. Specifically, brainstem seizures appear to 

alter levels of anxiety, depression, exploratory behavior, and motivation and are context 

dependent. This relation of cognition, context and seizures was explored in Chapter 5. 

The results of the place conditioning study support the theory that convulsive 

generalized seizures can alter context-related behavior.  

 How might the brainstem sites' organizing of behavior be disrupted, or 

modulated, by brainstem seizures? One theory could be that the functional connectivity 

between brainstem sites and projections becomes stronger. Indeed, the original studies 

of accidental kindling were actually meant to examine mechanisms of conditioning, 

learning and memory (Delgado and Sevillano, 1961; Goddard and Douglas, 1975). 

Thus, potentiation of the physiological response would not be entirely surprising. For 

example, in the forebrain amygdaloid kindling induces affective changes in behavior, 

whereas dorsal hippocampal kindling induces changes in learning and memory. In the 

context of these examples and known roles of the brainstem, we would similarly expect 

that the affected modalities would be brainstem-related functions. As such, it is 

understandable that many cognitive functions such as memory and learning are not 

impaired, and yet there is this continuum of changes in affective behavior and 

motivation. 
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6.4.2. Anatomical Pathways and Changes in Affect 

 Potential pathways that could be implicated in these changes to affect could 

include the dopaminergic connections of the MRF (Steiniger and Kretschmer, 2004) 

and RPO to the basal ganglia. In particular, the association of these sites with the 

ventral tegmental area may be involved in modulating motivation. In terms of anxiety-

related behavior, the amygdala, dPAG, and RPO connectivity may be one potential 

network in expressing this behavior. Furthermore, there is likely an interaction between 

what could be described as anxiety- or depressive- related behavior to defensive and 

stress-related behaviors. If so, the vlPAG and dPAG are heavily involved in modulating 

this relation, potentially through serotoninergic pathways and recruitment of the 

dorsomedial hypothalamus.  

 Changes in serotoninergic properties from seizures of the PAG could contribute 

to the same function as changes observed in the parietal cortex and dentate after long-

term kindling (Kalynchuk, 2000; Kalynchuk et al., 2006) and participate in active 

defensive responses. The vlPAG on the other hand would work as a passive response 

through potentially mediated GABAergic responses (Vianna and Brandao, 2003; De 

Luca-Vinhas et al., 2006). Fos proteins and corticotrophin-releasing factor have been 

shown to be elevated in the striatum, amygdala and dPAG after chronic stress (Chen 

and Herbert, 1995; Perrotti et al., 2004; Heinrichs, 2009), adding stress as one more 

influence on the complex expression of behavior.  

 Finally, several of the brainstem sites targeted are believed to regulate the level 

of arousal. Changes to the internal state of an individual would vastly change behavior. 

Therefore, by evoking seizures in the MRF and RPO, arousal may be changed through 
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their relation with the large network activity including the subthalamic nucleus and 

intralaminar nuclei of the thalamus (Garcia-Rill et al., 1986; Vertes and Martin, 1988; 

Krout et al., 2002). Indeed, because of the similarity in thalamic projections, perhaps the 

anxiety-related and exploratory behavioral changes of these sites were most similar to 

each other. 

  

6.5. Potential Clinical Relevance 

 How might the findings of this dissertation aid in changing current approaches 

to seizure diagnosis, treatment, and general support? The results suggest that we need to 

consider the possible involvement of the brainstem. For example, perhaps a greater 

emphasis should be placed on considering the ongoing behavioral and homeodynamic 

changes that may occur with seizures involving brainstem structures. Also, this suggests 

that increased awareness of the importance of active intervention for patients during 

interictal periods could vastly improve quality of life measures. The following sections 

give specific examples of where we might look and potential windows for supportive 

intervention.  

 

6.5.1. Psychogenic Seizures and Epileptogenesis 

 In Chapters 2 and 3, I suggested that brainstem seizures can occur and result in 

significant convulsive and behavioral effects even when the electrographic events are 

not readily apparent in distal structures such as the amygdala. Moreover OC-AD is not 

generally seen even at the initiating brainstem site until much later in the progression of 

kindling. These findings are examples of how ostensibly psychogenic seizures may, in 
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fact, be undiagnosed seizures of subcortical origin. Recall that kindling is a process in 

which seizures increase in severity. In Chapters 2 and 3, a careful examination of the 

signal showed how the seizures changed over time. This implies that beyond missing 

the occurrence of the individual seizure event, current clinical approaches that rely on 

traditional EEG measures could also miss the development of epileptogenesis. As such, 

here I provide some additional factors for consideration in the ongoing debate of the 

nature of "non-epileptic" seizures.  

 The growing acceptance of the involvement of very high-frequency oscillatory 

activity in the hippocampus is resulting in a re-evaluation of the definition of seizure 

discharge. In this dissertation, I suggest that high-frequency (e.g., gamma), and very 

high-frequency activity (e.g., ripples and fast ripples) are present not only in the 

hippocampus, but can also be generated in the brainstem and the amygdala. I have 

described in previous chapters that fast and desynchronous activity has been recorded 

from the reticular formation in experimental studies (Kreindler et al., 1958a; Wada and 

Osawa, 1976; Wada and Mizoguchi, 1984). Thus, these new patterns of high frequency 

seizure activity may help us better understand cryptogenic seizures and reconsider the 

appropriateness of labeling certain seizures as psychogenic. 

 Furthermore, despite their utility in localizing seizure foci, EEG and MRI may 

not always be sufficient to localize extratemporal lobe epilepsy. In such occurrences the 

use of single photon emission computed tomography (SPECT) can be helpful (Neiman 

et al., 2009). However, if the brainstem is involved, another possibility is to use changes 

in autonomic function as a potential marker of generalized seizures (Müngen et al., 

2010). Recognizing the change in autonomic involvement can help reduce misdiagnosis 
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of seizures as psychogenic, as well as help diagnose risk factors of neural-related 

cardiac dysfunction (Tinuper et al., 2001).  

 

6.5.2. Sudden Unexplained Death in Epilepsy (SUDEP) 

 Death during a seizure is rare. However, it is currently estimated that the number 

of deaths related to epilepsy with non-traumatic and non-pathological causes is possibly 

24 times greater in the epilepsy population than in the general population (Nashef et al., 

2007; Nashef and Ryvlin, 2009). Furthermore, SUDEP is more prevalent with tonic-

clonic seizures (Nashef et al., 2007). Theories of the cause of SUDEP include 

sympathetic and parasympathetic dysfunction in regulating respiratory and 

cardiovascular homeodynamics.  

 Specifically, apnea and hypoxia can occur during tonic-clonic seizures (So, 

2008). One pervading theory is that during the generalized seizure and post-ictal period 

the individual cannot adjust his or her posture sufficiently to increase oxygen flow in 

the hypoxic state. Recall the observations in Chapter 2, that rats lose both postural 

control and have impaired righting reflex following brainstem tonic-clonic seizures. 

Brainstem involvement may therefore be implicated in seizure propagation as well as in 

changing important homeodynamic functions, with dire consequences.  

 There is a lack of evidence of preexisting abnormalities in cardiac 

electrophysiological activity in ictal and interictal cases of SUDEP (So, 2008). In the 

absence of direct changes in the heart, changes due to seizures at brain sites that 

modulate cardiac function should be considered as possible factors in SUDEP 

(Stöllberger and Finsterer, 2004; Jehi, 2010). Both bradycardia and tachycardia are rare 
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but documented in epilepsy. However, the dPAG and vlPAG can modulate 

cardiovascular function via their projections of the pontine reticular formation and 

brachial motor nucleus (Li et al., 1993; Odeh and Antal, 2001), making them candidate 

structures for potential cardiac changes due to epilepsy. 

  

6.5.3. Relation to Stress, Anxiety, Depression 

 Beyond the acute health risks of brainstem-related physiological regulation, 

brainstem kindling may also provide additional insight into the long-term changes in 

behavior. Specifically, the findings in this dissertation suggest that involvement of the 

brainstem in generalized seizures has an effect on affect and motivation and that context 

plays an important role. Chapters 4 and 5 show that the behavior of the rats was clearly 

changed after brainstem kindling but that the responses exhibited were also dependent 

on the test environment. This suggests that even when seizures have profound effects on 

behavior, the extent of behavioral change may depend on the motivational context and 

perceived freedom of choice. As such, we must consider that improvement of social 

aspects beyond the direct seizure treatment may lessen effects from seizures. The 

effects of environment clearly merit further investigation. Indeed, there is already 

evidence to support this line of inquiry, as observed in the effects of environmental 

enrichment on stress behavior. For example, in animal studies, environmental 

“enrichment” has been shown to alleviate signs of stress, lower levels of stress-related 

hormones, and improve the behavioral plasticity needed to cope with stressful situations 

(Elliott and Grunberg, 2005). The effect of stress on psychology and physiology is a 

large field of study in its own right that intersects with these behavioral changes in 
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epilepsy in many ways. For example, an important question would be: "Does stress 

beget seizures?" Although I did not see evidence of increased seizure susceptibility 

compared to controls, it should be recognized that the control group was also stressed. 

Certainly, there is evidence that alteration of corticosteroids has proconvulsant and 

anticonvulsant effects in epilepsy (Reddy and Rogawski, 2002; Buzatu et al., 2009; 

Joëls, 2009). Furthermore, if seizures induce stress, these may create a vicious positive-

feedback loop of lowering seizure threshold. Notwithstanding whether there are direct 

effects of stress, anxiety, motivation, and depression on seizure threshold, these are 

clearly factors that can reduce quality of life. Hence, these factors can and should be 

considered both in relation to, and independently of, the seizure event.  

   

6.6. Evolving Safeguards against Seizures 

 How can an understanding of brainstem seizure phenomena be used to connect 

to other neural activity beyond the epileptic condition? One issue that arises from these 

studies is the question of why brainstem sites appear to be more resistant to seizures and 

kindling than forebrain sites. Two related hypotheses are that (1) brainstem sites have 

less plasticity than forebrain sites, or (2) brainstem sites regulating homeodynamics 

have evolved safeguards against seizure states.  

 Neuroplasticity, the brain's ability to change during development and in 

response to the environment, is enormously important. It allows for complexity in 

evaluation and response to the environment (non-self) and is critical for survival. 

Although much of the brainstem plasticity is observed in development, studies have 

shown changes after damage as well and chronic behavioral modification. The balance 
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between plasticity and stasis is therefore an important determinant of the function of 

brain sites, as imbalance could lead to life-threatening dysfunction. That is, although the 

brainstem is plastic in a way that allows for regulation, given its critical homeodynamic 

role, the change must also be conservative in comparison to other structures. The need 

for carefully modulated plasticity could thus explain why kindling is possible in the 

brainstem, while also accounting for the brainstem's overall resistance to kindling. 

 Homeodynamics can be broadly described as the dynamic regulation of internal 

states of the body (i.e., buffering and stabilizing temperature, arousal, cardiovascular 

tone) in order to maintain daily function and optimal conditions in a variable 

environment (e.g., with a dynamic range of environmental stressors). Thus, the 

autonomic function must be highly sensitive to the functional state of the organism. 

From an evolutionary perspective, unreliable change in the ability of the brainstem to 

modulate homeodynamic activity could reduce survival.  

 For the brainstem to maintain and adapt its regulation of homeodynamic 

functions, it relies on the coordination of a wide range of brain structures. For example, 

respiratory function may be modulated by the hypothalamus, amygdala, and medial 

prefrontal cortex (Harper 1996) by acting on the nucleus of the solitary tract or 

ventrolateral medulla. In addition, the nucleus paragigantocellularis (PGi) exerts tonic 

drive on sympathetic motor neurons and also on locus coeruleus, which is believed to 

be a noradrenergic pathway for sympathetic tone and "motivational arousal" (Berntson 

and Cacioppo, 2007). Although the concept of arousal has been divided into many 

categories, the MRF continues to be an important part of the pathways that regulate the 

state. Not surprisingly, the MRF receives widespread inputs from the zona incerta, 
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dorsal medial PAG, central median nucleus of thalamus, and hypothalamus (Parent and 

Steriade, 1981); it also has a large number of projections from the superior colliculus, 

parabrachial area, spinal trigeminal nucleus, nucleus reticularis gigantocellularis, and to 

a lesser extent from the locus coeruleus and raphe nucleus (Shammah-Lagnado et al., 

1983). Thus, the greater the role of particular brainstem sites in homeodynamic 

function, the greater the likelihood that they have increased seizure threshold to protect 

against catastrophic generalized states such as epilepsy.  
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6.7. Future Directions 

 The response of brainstem sites to seizure and kindling stimulations reveals a 

complex phenomenon of seizure development and changes in interictal behavior. The 

atypical seizure activity observed in the depth electrode recordings also strongly 

suggests that generalized convulsive seizures categorized as "cryptogenic" or 

"psychogenic" may need to be revisited given these data. The true impact of brainstem 

involvement, however, can only be elucidated with a deeper understanding of its 

manifestation in humans. Thus, I suggest the following future directions to explore this 

critical issue. 

 

6.7.1. Non-Invasive and Clinical Studies 

 A main finding of this dissertation is the general lack of classic seizure 

discharge during the initial expression of tonic-clonic seizures. Although OC-AD 

developed in some brainstem nuclei, and consistently in dPAG kindled rats, the LAHF-

AD often persisted even with the appearance of OC-AD. Continued case studies into the 

etiology of cryptogenic epilepsies and atypical psychogenic seizures are necessary to 

forward thinking on the definition of epilepsy, which may include non-classical 

paroxysmal activity originating from deep brain structures. MR imaging at the time of 

tonic-clonic seizures may be dangerous, given confined spaces and convulsions. As 

well, the motor aspects of the seizure would occlude MR images and make 

interpretation difficult, if not impossible. The advantage of SPECT is that it can be done 

after tonic-clonic seizures, while the SPECT tracer is injected at the time of the seizure 



 

199 
 

to examine cerebral blood flow. For example, Blumenfeld et al. observed 

hyperperfusion in the superior medial cerebellum, thalamus, and basal ganglia 

(Blumenfeld et al., 2009) with onset in the temporal lobe. However, the disadvantage of 

SPECT is its invasive nature and the low image resolution, which makes localization of 

involvement of deep nuclei of the brainstem a challenge. Similarly, the invasive nature 

of intracranial recordings along with its inherent surgical risks mean that it is used only 

when epilepsy is already a certain diagnosis and there is a prospective seizure focus 

localized. The increased use of depth electrodes implanted chronically for the purpose 

of Deep Brain Stimulation could also provide indirect information on brainstem 

activity. However, my preliminary observations using synchrotron imaging of 

postmortem tissue indicate that there may be adverse effects of electrode implantation -- 

especially in the presence of stimulation -- that have yet to be fully considered (see 

Appendix). Therefore, many of the existing technologies are limited or potentially 

hazardous, and there is a critical need to improve the spatio-temporal resolution, the 

analysis, and non-invasive nature of imaging and recording of seizure activity. For 

example, even though scalp EEG's low spatial resolution and noise susceptibility 

(especially at high frequencies) are current challenges, a more careful analysis of the 

spectral features of EEG may provide clues to seizures with brainstem components even 

when recorded far from the brainstem. These findings could then be correlated with 

histological studies (described below) to improve the understanding of the occurrence 

and extent of involvement of the brainstem during generalized seizures. 
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6.7.2. Postmortem Studies 

 Evidence to support the potentially underestimated role of the brainstem in 

seizures, particularly cryptogenic and psychogenic seizures, may be found in the 

histological examination of the brain. Studies providing details of the architectonic 

features of brainstem sites could be co-registered with imaging, genetic, and cognitive 

studies. These postmortem anatomical studies of microstructure and morphology could 

also run parallel to molecular studies of postmortem tissue, although the condition of 

tissue may be a limiting factor of these approaches. Postmortem studies could also 

reveal significant associations between anatomical changes due to epilepsy and 

precipitating causes of SUDEP and behavioral comorbidities. To this end, I propose a 

need for additional neuropathological and histological studies and the development of a 

nation-wide brain bank for epilepsy. The creation of a dedicated brain bank for epilepsy 

cases would enable hypothesis-driven studies to play an important role in optimizing the 

conditions of acquisition and maintenance for the collection, which is one of the biggest 

challenges in postmortem studies. Dedicated brain banks also enable better coordination 

of studies of interrelated brain pathologies or conditions. Despite the large effort 

required for such an undertaking, I believe that it is a crucial step in understanding the 

connection between the laboratory findings of brainstem seizures and the clinical 

relevance to epilepsy of unknown or uncertain origins.  
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Appendix A.  
Changes in Local Metal Distribution in the Brain after 
Chronic Focal Electrical Stimulation Examined Using 

Synchrotron-Based Imaging 
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A.1. Summary 

 The purpose of this appendix is to report on a set of experiments examining the 

effects of the implantation of electrodes and stimulation of brain tissue during kindling. 

The effects of four types of commercially available electrodes were examined, 

including: stainless steel polymide-coated, nichrome polymide-coated, nichrome 

enamel-coated, and platinum iridium teflon-coated electrodes. Amygdala kindled rats 

were yoked with sham-kindled controls. Postmortem brain sections containing the 

electrode tracks were analyzed at the Stanford Synchrotron Radiation Lightsource using 

three synchrotron-based techniques to map and measure the levels of fluorescence from 

a number of metals (e.g., iron and zinc). These techniques include: (1) rapid-scanning x-

ray fluorescence imaging, (2) microprobe fluorescence imaging, and (3) micro x-ray 

absorption spectroscopy. In all cases, the chronic implantation of electrodes resulted in 

elevated levels of iron fluorescence around the electrode track. These effects were 

significantly increased with stimulation even in the case of platinum iridium electrodes, 

which are widely used in clinical settings for their purported biocompatibility. 

Therefore, chronic seizures evoked by electrical stimulation may have unforeseen 

effects that may be related to metals in the brain. Beyond illuminating the changes in 

metal distribution with kindling, the results suggest that further investigations into the 

effects and safety of chronic electrode implantation and stimulation in clinical settings 

are also warranted. 
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A.2. Introduction 

 In this Appendix, I present data showing potential effects of the implantation of 

electrodes and of subsequent stimulation on brain tissue. Although these are preliminary 

findings, the effects observed may have important implications for experiments and 

clinical applications in which electrodes are used.  

 Metal electrodes have been extensively used in experimental settings for many 

decades. Similarly, chronic indwelling brain electrodes have been used in clinical 

settings and are increasingly being appraised for their efficacy in ameliorating 

symptoms in movement and affective disorders (Velasco et al., 1993; Mayberg et al., 

2005). Clinical trials have also been ongoing to test deep brain stimulation (DBS) for its 

potential application in controlling seizures (Boon et al., 2007; Sun et al., 2008). 

Despite their extensive use, the degree to which chronic indwelling electrodes affect the 

surrounding tissue remains unclear. At present, unintended adverse effects on the 

individual have often been reported to be minimal (e.g., Haberler et al., 2000), however, 

despite increasing usage, the number and scope of long-term studies that examine the 

effects of DBS remain relatively small and inconclusive. 

 In the absence of conclusive evidence and to reduce the risk of potential adverse 

events, current medical practice mandates the use of electrodes made of biologically 

inert metals. Specifically, platinum iridium electrodes are broadly used in clinical 

applications, and a number of studies have investigated longitudinal progress of patients 

after implantation (Umemura et al., 2003; Rodriguez-Oroz et al., 2005). However, there 

remain many questions regarding the use and safety of these electrodes. For example, 
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although the electrodes are thought to be biologically compatible, it does not necessarily 

follow that there are no adverse effects due to mechanical, electrical or thermal factors, 

particularly when these factors are compounded by repeated stimulation. The wide use 

of electrodes in research and the increasing popularity of deep brain stimulation thus 

make investigations into their effects and safety a necessity.  

 

A.2.1 Effect of Surgery, Electrodes, and Stimulation on Tissue 

 Indeed, experimental studies have shown that the mere implantation of 

electrodes does affect, even if only transiently, seizure threshold in kindling (Löscher et 

al., 1995). Moreover, these effects are distinct from those resulting from the surgical 

procedures.  

 In studies of safety and health implications, the effect of stimulation on bio-heat 

transfer has been examined with models indicating that stimulation could result in 

differences in temperature (Elwassif and et al., 2006). These changes in temperature 

may, in turn, result in numerous alterations to membrane properties, vascular 

permeability, and local pH.  

 Beyond the immediate transient changes due to electrical stimulation, there is 

also the possibility of cumulative changes that accompany chronic stimulation. For 

example, in one study of damage to surrounding tissue, monophasic stimulation pulses 

were shown to result in the plating of ions from the electrode tip, releasing damaging 

radicals that can bind with surrounding tissue (Fung et al., 1998). A potentially related 

issue is that implantation of electrodes has been known to cause gliosis around electrode 

tracks (Polikov et al., 2005; Griffith and Humphrey, 2006). The functional 
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consequences of these occurrences are unknown; however, these effects do raise 

concerns for the long-term unanticipated consequences of chronic stimulation. 

 

A.2.2 Synchrotron-Based X-ray Fluorescence 

 In order to investigate the effects of chronic electrode placement and stimulation 

on brain tissue, I describe in this Appendix the application of synchrotron-based x-ray 

fluorescence imaging to the analysis of kindled tissue. Although used extensively in 

physics, synchrotron imaging has begun to be applied in biological sciences and most 

recently in neuroscience (Popescu et al., 2007; Korbas et al., 2008; Zhang et al., 2009). 

The technique is important in that enables the simultaneous mapping and detection of 

relative concentrations of multiple metals in postmortem brain tissue.  

 In this study, two synchrotron-based imaging techniques were used. The first 

technique is rapid-scanning imaging, in which the postmortem sample is raster-scanned, 

and each spot of the sample is bombarded with x-rays for only a brief amount of time 

(e.g., 30 milliseconds). This technique is considered non-destructive, as the average 

time spent at each sample spot is not great enough to disrupt protein conformation 

(Popescu et al., 2009). The non-destructive characteristics of this approach thus allow 

for additional analysis using histological techniques to associate molecular 

characteristics with the observed distribution of metals. In this way, the effects of 

pathology or experimental treatments may be measured for changes in both metal 

concentration and their relation to other molecular changes. 

 The second technique is microprobe imaging, which uses similar principles as 

rapid-scanning imaging but with slower scanning speeds in order to achieve higher 
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image resolution. Due to this slower scan rate, the technique may be potentially 

damaging to the tissue sample and so is used sparingly in this study. However, the 

specificity of the x-ray spot-size (e.g., 2 microns) allows for greater precision when 

selecting areas of interest for further analysis in the synchrotron. A third, 

complementary technique called near-edge spectroscopy may also be used on the same 

tissue samples to determine the metal species in a given location. Thus, we can 

differentiate between elemental states that are endogenous and those prevalent in 

exogenous material by matching the spectra to model compound fluorescence. 

 

A.2.3 Purpose of the Study 

 In this study, a combination of the above techniques was employed to examine 

the consequences of kindling on brain tissue. Kindling involves repetitive stimulation of 

a brain site that first elicits non-convulsive seizures, but progressively develops in 

automatisms during the seizure episode over the course of kindling. Kindling is 

considered by many to be less damaging than other experimental seizure paradigms 

(e.g., kanic-acid-induced status epilepticus), the working theory being that a seizure 

focus is created without massive cell death or trauma.  

 Commonly available electrode materials were used to kindle in this study. EEG 

and histology were also measured to ensure that progression of kindling was equivalent 

between sample preparations. Although my dissertation focused primarily on brainstem 

kindling, in this Appendix I used amygdaloid kindling as a benchmark to test the effects 

of electrical stimulation. Amygdaloid kindling has been very well characterized and its 

electrophysiological and behavioral changes are less variable than brainstem kindling. 
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However, the effects observed in this study could impact all studies that use chronic 

depth electrodes, including the brainstem kindling studied in this dissertation.  

 This examination of kindled tissue using x-ray fluorescence imaging and 

microprobe spectroscopy thus constitutes a first look at the effects of electrode 

implantation and stimulation of tissue as measured by metal fluorescence. In particular, 

I explore the possible interaction of metals, both exogenous (e.g., chronically implanted 

electrodes) and/or endogenous (e.g., reactions involving free or protein-bound metal 

compounds), on kindling and epileptogenesis. 
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A.3. Methods 

 Subjects were adult male Long-Evans rats from Charles Rivers Laboratories (St. 

Constant, Quebec, Canada), weighing 350g to 480g at the time of surgery. Rats were 

housed in groups of three prior to surgery and individually housed thereafter. Food and 

water were freely available. Lights followed a 12h:12h light-dark schedule, with lights 

on at 7am. Housing and experimental procedures were in accordance with the 

guidelines of the Canadian Council of Animal Care. Approval was also given by the 

University of Saskatchewan Committee on Animal Care and Supply. Beginning one day 

after arrival in the facility, rats were individually handled for 3 to 5 min daily for five 

days before surgeries to familiarize subjects with experimenters and reduce non-

experimental stress factors. 

 

A.3.1 Surgery 

 Rats were anesthetized with 3% isofluorane and given a subcutaneous injection 

of a preoperative analgesic, ketoprofen (1 ml/kg). The bipolar electrodes used to deliver 

the kindling stimulation and to record EEG were stereotaxically implanted bilaterally 

into the amygdala (2.6 mm posterior, 4.5 mm lateral from bregma, 9.1 mm ventral from 

the skull). Four ground screws were inserted in the skull to secure the electrode 

pedestal, with one screw acting as reference for EEG recording. Dental acrylic fixed the 

electrode pedestal in place. At the end of surgery rats were given an intraperitoneal 

injection of saline (10 ml/hour of surgery) to maintain hydration during recovery. In one 
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instance, one of the electrodes was removed 1 minute after implantation to examine the 

effects of acute electrode implantation. 

 

A.3.2 Electrodes 

 Four types of electrodes were used to kindle seizures including: [1] nichrome 

(nickel-chromium alloy), enamel coated (Leico Industries Inc., New York, NY) [2] 

nichrome, polymide coated, [3] stainless steel, polymide coated, [4] platinum-iridium, 

polymide coated (2, 3 and 4 were purchased from Plastics One, Inc., Roanoke, VA). 

The electrode types were selected on their basis of use in animal research and human 

therapeutics. Sham-kindled rat brains in which electrodes were implanted but did not 

receive stimulation were used as controls. 

 

A.3.3 Kindling 

 One week after surgery, rats in the kindled groups received a train of 

conventional high-frequency kindling stimulation in the amygdala once daily. Electrical 

stimulation consisted of a 1-second train of balanced biphasic square-wave pulses. Each 

pulse (positive or negative) was 1.0 msec in duration and delivered at 60 pulse-pairs per 

second. EEG was collected digitally at 100 samples per second (Polyview 2.3, Astro-

Med, Inc., Warwick, RI). Afterdischarge thresholds (ADTs) were determined at a 

randomly selected amygdaloid electrode. The initial stimulation current was set at 30 

µA (base to peak) and increased in increments of 10 µA at 2 minute intervals until AD 

was evoked. If AD was triggered at 30 µA, the ADT was measured again the following 

day by setting the current at 10 µA and increased in increments of 5 µA until AD was 
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evoked. Motor seizures were classified by the Racine scale: stage 1, mouth and facial 

movements; stage 2, head nodding; stage 3, unilateral forelimb clonus; stage 4, rearing 

and bilateral forelimb clonus; and stage 5, rearing and falling (Racine, 1972a). All rats 

were stimulated in the amygdala at ADT twice daily with an inter-stimulation interval 

of at least four hours. Stimulation was discontinued after rats expressed five stage 5 

seizures or received 50 stimulations, whichever occurred first.  

 

A.3.4 Tissue Preparation 

 Electrode placements were histologically verified at the end of the experiments 

by comparing to a stereotaxic atlas (Paxinos and Watson, 1997). Only the data from rats 

with correctly placed electrodes and those that exhibited AD were used for statistical 

analysis. Tissues were sectioned on a freezing microtome at 50 microns and mounted on 

metal-free plastic coverslips (Thermanox, Thermo Scientific, Rochester, NY). Sections 

were covered with bench paper (to reduce dust) and air-dried. Coverslips were placed in 

a slide box, sealed in a zipper-locked bag, and kept at -20ºC until imaging. 
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A.3.5 Rapid-Scanning 

 Rapid-scanning X-ray fluorescence imaging was performed at wiggler beam line 

6-2 at the Stanford Synchrotron Radiation Lightsource (SSRL) as previously described 

by Popescu and colleagues (Popescu et al., 2009). Briefly, the incident X-ray beam is 

set to 13 keV using a Si(111) monochromator in order to excite the K-shell of the first 

transition row and lighter elements. Samples mounted vertically at 45º to the incident 

X-ray beam and 45º to the detector. A single element silicon drift X-ray detector 

(Vortex-EX, SII NanoTechnology USA Inc.) was placed at a 90o angle to the beam to 

minimize signal due to scatter. Energy windows were set to resolve the Kα from the Kβ 

fluorescence lines of adjacent elements. The samples were processed in a continuous 

raster pattern (50 microns/sec). Images of the tissue samples were generated during the 

scan (dPlot, SLAC, Palo Alto, CA) according to the elements selected for detection a 

priori and specific channels were chosen for more detailed analysis. Three-dimensional 

images were compiled using software custom designed for this project (software coded 

in Labview, ver. 2010, National Instruments, Austin, TX). Elements scanned in this 

study include nickel, calcium, iron, zinc, and copper. The escape depth and level of 

fluorescence differs between each metal; thus relative amounts are calculated within a 

given area between kindled and control tissue rather than between metals within the 

same brain. The grey scale value of each pixel was measured and averaged within a 10 

x 10 pixel box, with three samples per section from three sections per subject using the 

statistical functions provided by Labview. Statistical analysis was also performed using 

the statistical package provided by SigmaPlot 11.  
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A.3.6 Microprobe X-Ray Analysis 

 Regions of interest, identified from rapid-scanning analysis of kindled tissue, 

were selected for microprobe X-ray analysis. Microprobe analysis was performed at 

bend magnet beamline 2-3 at the SSRL. Elements that constituted the stimulating 

electrodes as well as a selection of elements not expected to be detected in high 

concentrations were used to set the energy ranges (i.e., windowing) for detection. 

Microprobe spectroscopic imaging produced element-specific images of higher 

resolution than with rapid scanning. Samples of electrode wires were also examined 

using microprobe analysis to determine the gross metal composition. From the 

spectroscopic imaging, microprobe-X-ray-absorbance spectra were obtained from 

points of high iron concentration. Using the x-ray absorption spectroscopy data analysis 

software (Sam's MicroAnalysis ToolKit and SixPack, SLAC, Palo Alto, CA), averages 

of the spectra were calculated and graphed to help determine the elemental species 

according to the spectra of the energy transmittance.  
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A.4. Results 

A.4.1 Rapid Scanning - General Features 

 Of the ten element maps acquired, iron and zinc revealed the largest differences 

in metal distribution within kindled and control tissue. Although there was no 

significant difference in iron distribution in the hippocampus, there was a significant 

difference in iron signal around the electrode tracks (Figure A-1). The signal 

fluorescence for iron was elevated both around the electrode tip and also along the 

length of the track. Elevated zinc concentrations were observed bilaterally in the 

hippocampi of kindled tissue (Figure A-2), which may be associated with mossy fiber 

sprouting. The following sections will focus on the differences in iron distribution in the 

brain tissue of control and amygdaloid kindled rats due to their immediate effects at the 

electrode site. 

 

A.4.2 Differences in Metal Type 

X-ray fluorescence imaging showed that there was an accumulation of iron around the 

electrode tracks, regardless of whether the electrode had been used for stimulation 

(Figure A-1). The presence of iron along the electrode track was greater in tracks of 

electrodes coated with polymide, regardless of the type of electrode wire used. This 

finding suggests that enamel, though brittle, may be a better insulating material. Iron 

deposition appeared to be lower in brains kindled with platinum iridium electrodes. To 

this extent, the results are consistent with the expectation that electrodes made of noble 
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metals are more biocompatible than electrodes made with other metal alloys. However, 

as is described in the following sections, the platinum iridium electrodes also had 

significant effects on the surrounding tissue, including elevated iron, which were further 

exacerbated by stimulation. 

 

A.4.3 Acute vs. Chronic Implantation and Kindling 

 Rapid scanning of kindled and control tissue with implanted platinum iridium 

electrodes showed that the kindled tissue along the electrode track (stimulation side) 

had high levels of iron fluorescence. In addition, the electrode track on the contralateral 

side also showed increased levels of iron, but to a lesser degree. Visually higher levels 

of iron were also observed in the control tissue along the electrode track. However, on 

the contralateral side, in which the electrode was removed one minute after 

implantation, the iron concentration was significantly lower than the levels observed in 

the kindled tissue. A Kruskal-Wallis ANOVA showed that there was a significant 

difference between groups (p < 0.001). Multiple comparisons using a post hoc Tukey 

test revealed that in tissues with the chronically implanted electrode, the non-stimulated 

electrode and kindling electrodes were associated with significantly higher levels of 

iron fluorescence than the acute electrode (Figure A-3). In sum, (i) chronic platinum 

iridium electrodes resulted in significantly higher iron levels than acute electrodes; (ii) 

there were no significant differences in the tracks from chronic indwelling electrodes in 

control rats and those from the side contralateral to kindling stimulation; (iii) both 

chronic non-stimulated electrodes showed increased iron; and (iv) the direct application 
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of stimulation had the most effect of all, resulting in significantly increased levels of 

iron compared to all other groups. 

 
 

 

 
 

Figure A-1: Rapid-scan x-ray fluorescence images of control and kindled tissue. 

Image composites generated from data collected from iron fluorescence of control and 
amygdaloid kindled tissue. White areas indicate areas of high iron signal. Four types of 
commercially available electrodes were used to kindle. This figure illustrates iron maps of the 
tissues stimulated with (a) stainless steel, (b) nichrome insulated with enamel and (c) platinum 
iridium electrodes. Electrodes were implanted bilaterally in the amygdalae of control and 
experimental rats. Both control and kindled tissue showed elevated concentrations of iron 
around the electrode track, most concentrated around the electrode tip. Kindling-stimulated 
tissue showed greater concentrations of iron (right track) than both controls and electrodes 
implanted contralaterally (left track). 
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Figure A-2: Levels of zinc fluorescence in hippocampi of kindled rats. 

Three-dimensional maps of the levels of zinc fluorescence in (A) control tissue and (B) kindled 
tissue. An increase in zinc was observed bilaterally in the hippocampi of kindled rats (area 
within white box). The increased levels of zinc may correspond to mossy fiber sprouting, which 
is associated with kindling. 
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Figure A-3: Levels of iron fluorescence between control and kindled tissue. 

Differences in levels of iron fluorescence signal surrounding the tracks of platinum iridium 
electrodes implanted in control and amygdaloid kindled rats. Chronic indwelling electrodes 
resulted in significant increases in iron fluorescence. These levels increase drastically with 
repeated stimulation and may be as high as 10 times that of an acutely implanted electrode. 
Asterisks denote significance, p < 0.05. 
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A.4.4 Microprobe X-Ray Analysis 

 Imaging of the kindling electrodes showed that iron fluorescence signal was 

detectable in all electrodes, except for the platinum iridium electrode (Figure A-4). Only 

trace levels of iron were detected in the platinum iridium electrode, suggesting that 

accumulation of iron observed along the electrode tracks was likely endogenous rather 

than from electrode deposits. To further investigate this hypothesis, spectra from an area 

of high iron fluorescence in rats kindled with the platinum iridium electrodes were 

collected (Figure A-5). This will allow for the spectra to be compared to profile spectra 

of model iron compounds to indicate whether the signal is due to iron from the 

electrode or from iron endogenous to the brain.  
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Figure A-4: Microprobe analysis electrode wire used for kindling. 

Images were taken of the electrode samples (boxed areas in "image" column). 
Fluorescence maps of the levels of iron, nickel and platinum channels show the 
significantly lower levels of iron fluorescence in the platinum iridium electrode in 
comparison to the other electrodes commonly used in kindling experiments. 
Conversely, high levels of platinum fluorescence are only seen in the platinum iridium 
electrode (lower right square). Yellow denotes high levels of fluorescence; blue 
denotes low levels of fluorescence. 
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Figure A-5: Image of tissue from microprobe x-ray fluorescence analysis. 

(A) Picture of tissue as seen from a camera mounted near the beam. Box shows area of 
detection. (B) Image composite from data collected from iron window of x-ray fluorescence. 
Red pixels indicate spots of high iron fluorescence. Dark blue pixels indicate spots of minimal 
x-ray fluorescence. C) Spectra reading from “hot spot” from iron fluorescence map. 
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A.5. Discussion 

 This study investigated the effects of chronic electrode implantation and 

kindling stimulation on metal distribution in the brain. In particular, it tested the null 

hypothesis that electrode implantation and stimulation have no effect on surrounding 

tissue. These preliminary results show that iron concentrations in tissue adjacent to the 

electrode track are, in fact, elevated. Although the analysis confirmed that there are high 

levels of iron present in the stainless steel and nichrome electrodes, the lack of iron 

signal in the platinum iridium electrode strongly suggests that chronic stimulation is 

causing a reaction in the surrounding brain tissue, resulting in elevated levels of iron. 

Despite the preliminary nature of these findings, the results suggest that synchrotron-

based technologies can provide important insight into effects of kindling and chronic 

electrical stimulation. Specifically, these techniques can identify potentially unfavorable 

effects of electrodes and stimulation on brain tissue. The study thus raises the question 

of whether the evoked seizure discharge is the exclusive cause of kindling, or whether 

the direct damage due to the stimulation has effects akin to post-traumatic epilepsy. Of 

course, the effects can be interrelated and, in any event, would be most localized in the 

area of study. 
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A.5.1  Effects of Electrode Implantation on Tissue 

 The analysis of the implanted electrodes showed significant increases in metal 

surrounding the electrode track. Some of these increases may be from either ferrous or 

ferric ions released from the electrodes. However, the presence of high levels of iron in 

tissue stimulated with platinum iridium electrodes suggests that significant increases in 

iron concentration can originate from endogenous sources.  

 The observation of iron deposition around electrode tracks has been previously 

reported (Boast et al., 1976) and has been attributed to hemorrhagic vascular damage. 

This hemorrhagic damage may be an example of the potential cytotoxicity of iron in 

DBS surgery and is likely related to some of the reported adverse effects. Moreover, 

even when the intracranial hemorrhaging resolves itself, removal of the system is 

sometimes still required due to secondary complications (Umemura et al., 2003; Espay 

et al., 2006). Given the toxicity of high levels of iron, the presence of elevated iron in 

all brain samples examined in this study raises questions regarding the long-term 

feasibility of chronic indwelling electrodes.  

  

A.5.2 Effect of Kindling Stimulation on Tissue 

 Beyond the mechanical and structural effects of chronic implantation, the results 

indicate that the stimulation compounds the impact on the surrounding tissue. Contrary 

to reports of safety in experimental and clinical protocols, electrode implantation has 

also been known to have physiological effects including changes to seizure threshold 

that can last for up to 8 weeks post-surgery (Löscher et al., 1995; Ng et al., 2006). 
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Moreover, it is also known that these concentrations can be altered with stimulation. 

Functionally, the change in metals may affect the progression of kindling as it has been 

shown that injections of ferric iron can result in epileptiform discharge (Willmore et al., 

1978). Elevated iron has thus been suggested as a possible mechanism of post-traumatic 

epilepsy. Therefore, despite the unknown consequences of elevated iron in kindling, the 

consistent presence of iron in the brain could be an unrecognized factor in the 

development of kindled seizures. Perhaps the most disconcerting aspect of the results in 

the present study is that levels of iron may be altered even with the use of non-ferric 

electrodes. Thus, electrodes that are currently considered "biologically compatible" may 

still carry unknown risks to surrounding brain tissue. 

   

A.5.3 Potential mechanisms 

 The question arises as to the mechanisms underlying these changes. Although 

the differences in iron levels of the surrounding tissue may simply be indicators of 

vascular damage (i.e., blood), one potentially relevant finding is that chronically 

implanted electrodes have been shown to be correlated with gliosis. Specifically, 

implantation results in persistent gliosis, whereas removal of electrodes appears to 

reduce gliosis (Griffith and Humphrey, 2006). The presence of microglia around 

electrodes could be related to an immune response to foreign bodies and a possible 

interference with wound healing (Polikov et al., 2005). The reversible and persistent 

changes in long-term levels of glia could explain the changes in iron levels observed in 

this study. For example, lower levels of iron were observed in tissue from which the 

electrode was removed 90 seconds after implantation, as compared to the chronically 
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implanted electrodes. In the acute injury situation, the levels were significantly lower 

than all chronic cases (i.e., both non-stimulated and kindled).  

 Beyond implantation, electrical stimulation is also known to result in gliosis 

around the electrode tip and track (Griffith and Humphrey, 2006; Kraev et al., 2009). 

The functional implications for kindling of gliosis around the electrode remain unclear. 

However, it has been shown that increased levels of ferritin, an iron storage 

metalloprotein, are due to reactive microglia, which were elevated in the brain after 

spontaneous seizures following status epilepticus (Gorter et al., 2005). Thus, there may 

be an important relation between stimulation, reactive gliosis, ferritin, and seizures that 

should be explored in further detail. 

 

A.5.4 Future Directions 

 Aspects of this study that are central to further investigation of the effects of 

stimulation in brain tissue include: (i) comparison of the iron spectra collected with 

known model compounds, (ii) histopathology to examine the presence and extent of 

inflammatory markers and gliosis (e.g., hematoxylin and eosin stain, glia fibrillary 

acidic protein), and (iii) immunohistochemistry and western-blot analysis to further 

characterize the form of iron and potentially-associated proteins.  

 Although x-ray fluorescence mapping is not sufficient as a standalone method 

for identifying the relation between metal distribution and functional consequences after 

experimental conditions, it is proving to be a useful and complementary technique with 

which to assess potential interactions of metals and brain activity in novel ways. Even 

in this preliminary study, the approach has revealed an overlooked feature of kindling 
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and chronic electrical stimulation that may be a significant factor in the negative 

consequences of these protocols. 

 

A.6. Conclusions 

 The results suggest the need for greater awareness of the effects of stimulation 

and the combination of electrode and insulating materials. These factors may greatly 

affect the extent of changes to surrounding tissue and function. In particular, stainless 

steel electrodes, which are commonly used in experiments, appear to be more 

susceptible to increased iron levels (possibly through erosion of insulation) than the 

platinum iridium electrodes used in clinical settings (Gimsa et al., 2005). However, the 

results of this experiment also indicate that the electrode material cannot be studied 

independently of the biological context and stimulation. Indeed, platinum iridium 

electrodes may similarly introduce confounding factors and large increases in 

endogenous iron, with potentially serious clinical implications that should be 

investigated further. 
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