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Epilepsy is one of the most common neurological conditions worldwide and a significant 

cause of morbidity in modern society, especially in children and young adults. Mesial temporal 

lobe epilepsy (MTLE) is the most common form of symptomatic localization-related human 

epilepsy and the most common epilepsy syndrome with pharmacologically intractable partial-

onset seizures. Patients often have an initial precipitating injury during early childhood, followed 

by a latent period of up to several years before the emergence of complex partial seizures. 

Understanding the mechanisms involved during epileptogenesis as well as the consequences of 

initial injuries is crucial in the diagnosis of epilepsy and development of effective strategies for 

therapeutic intervention.  

Whether seizures cause permanent damage to the brain and lead to an epileptic lesion 

resulting in long-term epilepsy is a subject of controversy. Several cross-sectional magnetic 

resonance imaging (MRI) and histology studies have reported changes suggestive of seizure-

associated damage in animal models. Very few longitudinal studies have been performed to 

describe acute seizure-associated changes and their evolution over time. Since epileptic 

conditions in humans develop over long periods of time and have effects extending over many 

years, clinical studies seeking the causes and mechanisms underlying the development of 
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epilepsy are very difficult and expensive to perform. Animal models allow for experiments that 

investigate the full dynamic course of the epileptic state. In vivo MRI permits the non-invasive 

detection of structural alterations in living animals, the dynamics of involvement and interactions 

between all the brain regions, as well as their progression in a single individual over the entire 

time-course of the disease.  

The animal model of chronic limbic epilepsy used in this study is characterized by 

recurrent spontaneous hippocampal seizures following an episode of status epilepticus (SE) 

induced by a period of electrical hippocampal stimulation. Spontaneous seizures begin several 

weeks later and physiologically resemble seizures seen in human MTLE. High-resolution in vivo 

MRI was used to evaluate the progression of brain pathological alterations in the same animal at 

different time points, followed by ex vivo MRI, three-dimensional magnetic resonance 

microscopy at high field strength and histological analysis. The findings demonstrated that 

development of seizures was associated with significant changes in relaxation measurements 

following SE in the hippocampus, lateral ventricle regions, thalamus and parahippocampal gyrus, 

visible or not as changes in signal intensity on T1 or T2-weighted in vivo MRI images. These in 

vivo changes were due to underlying pathological tissue alterations evident with ex vivo MRI and 

histology, including iron deposition, neuronal degeneration and microglia aggregation.  

Correlation of longitudinal in vivo imaging data with behavioral observations and post-

mortem ex vivo MRI and histopathological analysis can help provide a more complete 

understanding of the causes and mechanisms underlying epileptogenesis. Continued 

improvement and application of these MRI techniques, particularly the development of 

diffusion-weighted and diffusion tensor imaging, will allow additional insights into the 

mechanisms involved in the epileptogenic process. 
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CHAPTER 1 
INTRODUCTION 

Mesial Temporal Lobe Epilepsy 

Overview 

Epilepsy is a chronic pathologic condition of the nervous system characterized by recurrent 

epileptic seizures. It is one of the most common neurological conditions, affecting at least 50 

million people worldwide (Loscher and Ebert 1996), with an incidence rate of about 50 per 

100,000 in developed countries (Sander 2003). It is a significant cause of morbidity in modern 

society, affecting mostly children and young adults (Sundqvist 2002). The various types of 

epilepsy are characterized by simultaneous activation of a large population of neurons resulting 

in abnormal electrographic and/or behavioral seizure activity (Pitkanen, et al. 2002).   

Mesial temporal lobe epilepsy (MTLE) is the most common form of symptomatic 

(secondary) localization-related human epilepsy and the most common epilepsy syndrome with 

pharmacologically intractable partial-onset seizures (Cavazos and Cross 2006). It affects 20% of 

patients with epilepsy, with a cost of approximately $5 billion in the United States. MTLE is 

characterized by seizures arising from the hippocampus, parahippocampal gyrus and amygdala. 

Patients often have an initial precipitating injury during early childhood, such as status 

epilepticus, complicated febrile seizures, head trauma, etc., followed by a latent period of up to 

several years during which neurobiological changes take place that eventually lead to the onset 

of spontaneous seizures (Berg, et al. 1999, Knudsen and Auk 2000, Mathern, et al. 1997).  

Status epilepticus (SE) has been defined as a seizure that shows no clinical signs of 

arresting after a duration encompassing the great majority of seizures of that type (usually 30 

minutes), or recurrent seizures without interictal resumption of baseline central nervous system 

function (Blume, et al. 2001). SE can lead to the onset of chronic spontaneous seizures after a 
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latent period of epileptogenesis that can last several years. Understanding the mechanisms 

involved during epileptogenesis as well as the consequences of initial injuries is crucial in the 

diagnosis of epilepsy and the development of effective strategies for therapeutic intervention. 

Pathophysiology 

The syndrome of MTLE is the most common form of symptomatic localization-related 

epilepsy, due to a localized structural brain lesion, and is characterized by epileptogenic 

abnormalities in mesial temporal limbic structures (Engel 2001). Epileptic seizures arise from 

synchronous and sustained discharges from groups of neurons. Seizure discharges in MTLE 

patients initiate from mesial limbic structures such as the hippocampus, entorhinal cortex and  

amygdala (Bartolomei, et al. 2001, Blumenfeld, et al. 2004, Maillard, et al. 2004). This 

hyperexcitability may arise due to a number of different reasons that remain only partially 

understood (Liu, et al. 1995). These mesial limbic areas display the most prominent 

morphological changes.  

The most prominent pathological manifestation associated with MTLE is usually 

hippocampal sclerosis (Figure 1-1) (Blumcke, et al. 1999, Liu, Mikati and Holmes 1995, 

Mathern, et al. 1996), as part of  a typical pattern of brain damage in MTLE patients known as 

mesial temporal sclerosis (MTS) (Gloor 1997, Jackson, et al. 1998). However, other discrete 

structural lesions can also be found alone or in association with hippocampal sclerosis. Whether 

hippocampal sclerosis is a result of spontaneous seizures or causes seizure activity in the region 

is under debate.  

The hallmark of MTS is a selective loss of neurons in the entorhinal cortex and the 

neighboring amygdala, in the dentate hilus, and in the CA3 and CA1 areas of the hippocampus. 

However, the granule cells of the dentate gyrus and the CA2 area of the hippocampus as well as 

the subiculum are relatively spared (Du, et al. 1993, Gloor 1997). The dense gliosis that 
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accompanies the loss of neurons causes shrinkage and hardening of tissue (“sclerosis”). Many 

studies have focused on the cell damage and consequent reorganization that characterize the 

dentate gyrus of MTLE patients. Normally, input to the hippocampus comes from the entorhinal 

cortex to the dentate granule cells through the perforant path (Chang and Lowenstein 2003). The 

dentate granule cells normally sprout mossy-fiber axons, which extend to CA3 pyramidal 

neurons as part of the hippocampal output pathway (Engel 2001). In hippocampal sclerosis, 

however, these cells sprout mossy-fiber axons that are directed back into the inner molecular 

layer (Babb, et al. 1991, Sutula, et al. 1989), possibly because the neurons to which they usually 

extend have been lost. These aberrant mossy fibers instigate a recurrent excitatory circuit by 

forming synapses on the dendrites of neighboring dentate granule cells. Excitation interneurons, 

which normally activate inhibitory interneurons acting on dentate granule cells, may be 

selectively lost, resulting in hyperexcitability (Sloviter 1991). Moreover, neurogenesis of new 

dentate granule cells was shown to be increased by seizures, and these neurons may integrate 

themselves into abnormal circuits (Parent, et al. 1997, Scharfman, et al. 2000).  

In addition to morphological changes in the hippocampus, the most prominent changes at 

the molecular level were alterations in the composition and expression of inhibitory GABA 

receptors on the surface of hippocampal dentate granule cells, weeks before the onset of 

spontaneous seizures (Brooks-Kayal, et al. 1998). These altered receptors become highly 

sensitive to zinc released by mossy-fiber terminals after repetitive synaptic stimulation (during 

seizure initiation), leading to failure of inhibition (Buhl, et al. 1996). Some studies also suggest 

that neuronal injury following seizures may be mediated by an excitotoxic mechanism, with 

excessive excitability secondary to the release of excitatory amino-acids, primarily glutamate 

(Liu, et al. 1995). 
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In addition to the hippocampus, other mesiotemporal regions such as the entorhinal cortex, 

the amygdala and the piriform cortex (PC) have been associated with seizure generation 

(Bartolomei, et al. 2005, Bernasconi, et al. 1999, Bertram 1997, von Bohlen und, et al. 2004, 

Yilmazer-Hanke, et al. 2000). Studies have demonstrated the propagation of seizures from the 

entorhinal cortex to the CA1- subiculum region of the hippocampus through the 

temperoammonic pathway (Cossart, et al. 2001, Soltesz 1995, Wozny, et al. 2005). The PC sends 

projections to different limbic structures such as the entorhinal cortex as well as the 

periamygdaloid cortex and cortical amygdaloid nuclei (Goncalves, et al. 2005).  It was shown to 

have a critical role in the generation of epileptogenic and ictogenic networks in experimental 

TLE (Bertram 1997, Loscher and Ebert 1996, McIntyre and Kelly 2000), and is associated with 

the development of spontaneous focal-onset seizures after SE (Roch, et al. 2002b).  

The amygdala is heavily interconnected with the hippocampus and parahippocampal region 

and is prone to neuronal damage both in clinical and experimental TLE (Aliashkevich, et al. 

2003, Hudson LP, et al. 1993, Kemppainen, et al. 2002, Tuunanen, et al. 1999). One of the major 

projections from the amygdala to the hippocampus terminates in the temporal aspect of the 

CA1/subiculum border region in rat (Pikkarainen, et al. 1999), which is affected in most patients 

with MTLE. The seizure activity that is initiated by the stimulation of the amygdala has been 

reported to cause secondary damage in the hippocampus. For example, loss of hilar neurons and 

sprouting of mossy fibers in the dentate gyrus occurred in rats that developed spontaneous 

seizures after a self-sustained status epilepticus was induced by electrical stimulation of the 

lateral nucleus of the amygdala (Pitkanen, et al. 2002). Stimulation studies demonstrate that 

action potentials are conducted from the amygdala to the entorhinal cortex in approximately 25 

ms and from the amygdala to the temporal hippocampus in 20–40 ms (Buser and Bancaud 1983, 
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Wilson, et al. 1990), suggesting that several regions of the temporal lobe are readily recruited to 

participate in the seizure activity after its onset (Kemppainen and Pitkanen 2004). These data 

suggest a critical role for the entorhinal cortex, amygdala and PC in epileptogenesis as well as in 

the symptomatology of TLE, and suggest the necessity of looking at the dynamics of the entire 

limbic circuit when investigating the mechanisms of epileptogenesis.  

Animal Model of Mesial Temporal Lobe Epilepsy 

Animal models that reproduce the behavioral and neurophysiologic features of human 

epilepsy make them well suited for studying the causes and mechanisms underlying the 

development of epilepsy. They are particularly useful in studying the progressive changes over 

the entire time-course of the disease within a relatively short time frame, while those 

developments usually take several years in human patients. In animal models, the epileptogenic 

process has been initiated by chemically or electrically induced status epilepticus. However, in 

studies using systemically injected chemical convulsants such as pilocarpine or kainate (King, et 

al. 1991a, Niessen, et al. 2005), the mortality rates are high, and those models do not replicate 

the focal brain injury that usually initiates the epileptogenic process in human MTLE.  

The rat chronic limbic epilepsy (CLE) model is a well-studied and accepted animal model 

of acquired TLE. CLE induced by hippocampal electrical stimulation is considered to be a model 

of epileptogenesis and spontaneous seizures provoked by an initial brain insult, and this model 

mimics many of the histopathologic characteristics of MTLE. Unilateral continuous electrical 

stimulation of the ventral hippocampus induces an episode of SE, followed by the onset of 

chronic epilepsy several weeks later (Bertram 1997, Bertram and Cornett 1994, Lothman, et al. 

1989). In this model, neuronal loss and gliosis are seen throughout the limbic system and the 

thalamus, along with mossy fiber sprouting in the dentate hilus (Bertram and Lothman 1993, 

Bertram, et al. 1990, Bertram and Scott 2000), as seen in human MTLE patients. This model is 
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also refractory to anticonvulsant drugs, as is commonly seen in human MTLE. Moreover, the 

electrographic seizures resemble the seizures recorded in humans (Bertram and Cornett 1993, 

Bertram and Cornett 1994, Lothman, et al. 1990). The latent period lasting several weeks before 

the onset of spontaneous seizures makes it an ideal model to study epileptogenesis.  

No studies to date have used MRI to investigate the epileptogenic and spontaneous seizure 

changes in this animal model of MTLE induced by hippocampal electrical stimulation. The 

similarities between the physiopathology in this model and the clinical pathology of human 

MTLE support the use of this animal model in the study of the mechanisms of epileptogenesis 

and epilepsy. Another advantage of this model is that it does not produce the mortality, 

morbidity and challenges that result from the use of systemic chemical convulsants. 

In vivo Magnetic Resonance Imaging 

         Magnetic resonance imaging (MRI) has been the definitive modality for diagnosing most 

disorders of the central nervous system (CNS) over several years. MRI provides a key advantage 

in that it allows the noninvasive observation of many of the pathophysiological manifestations of 

CNS injury and disease, as well as their dynamic progression. Several cross-sectional magnetic 

resonance imaging (MRI) and histology studies have reported changes suggestive of seizure-

associated damage in animal models. Very few longitudinal studies have been performed to 

describe acute seizure-associated changes and their evolution over time. Since epileptic 

conditions in humans develop over long periods of time and have effects extending over many 

years, clinical studies seeking the causes and mechanisms underlying the development of 

epilepsy are very difficult and expensive to perform.  

In vivo MRI permits the non-invasive detection of structural alterations in living animal 

models of epilepsy, the dynamics of involvement and interactions between all the brain regions 

and their progression in a single individual over the entire time-course of the disease. When 
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living tissue is placed into a high static magnetic field, signal from hydrogen nuclei can be 

detected by disturbing those nuclei in different energy states with a radio frequency (RF) 

electromagnetic pulse. When the system returns to equilibrium, it produces a detectable NMR 

signal. The application of magnetic field gradients allows the localization of the signal source. 

The contrast in the image is determined mainly by the amount and mobility of water molecules 

in the tissue (Grohn and Pitkanen 2007). Relaxation times (T2, transverse; T1, longitudinal) are 

influenced by the dynamics of water and reflect how hydrogen nuclei return toward equilibrium 

after excitation by a RF pulse. Modifications of the pulse sequence (excitation and acquisition 

parameters) allow the modulation of the contrast based on the relaxation and diffusion of water, 

magnetic coupling between free and bound water, etc. (Grohn anf Pitkanen 2007).  

In previous animal MRI studies of CLE, initial increase in T2 signal within a few days after 

chemical induction of SE was measured in early studies and indicative of edema, cell swelling 

and increased extracellular water as a result of the injury (Bouilleret, et al. 2000, King, et al. 

1991b, Zhong, et al. 1993). This signal increase was followed by normalization after a few days 

and secondary increase during epileptogenesis (Roch, et al. 2002a). However, other models show 

a T2 decrease a few hours after SE induction (Bhagat, et al. 2001, van Eijsden, et al. 2004).   

Diffusion-weighted imaging (DWI) utilizes the measurement of Brownian motion of water 

molecules to generate contrast with varying diffusion rates. A decrease in apparent diffusion 

coefficient (ADC) has been seen in the hippocampus, piriform cortex and amygdala and 

indicative of early cell loss and ongoing neuronal death only minutes after onset of seizures 

during SE (Engelhorn, et al. 2007). This initial decrease normalizes after a few days (Wall, et al. 

2000, Wang, et al. 1996, Zhong, et al. 1995), at different times for the various brain regions.  
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Recent volumetric studies in chemically induced SE reported a decrease in hippocampal 

volume and increased ventricle volume 10 days into epileptogenesis (Wolf, et al. 2002), up to 

two months after SE (Niessen, et al. 2005), consistent with neuronal loss, hippocampal sclerosis 

and atrophy. Other long- term studies show decreased temporal lobe volume and progressive 

decrease in the piriform cortex and amygdala thickness from 9 days up to 6 months after SE 

induction (Nairismagi, et al. 2004).  

Initial changes in T2 affecting the limbic structures usually normalize by day 10 after SE 

and reappear at day 20 (Dube, et al. 2004, Nairismagi, Grohn, Kettunen, Nissinen, Kauppinen 

and Pitkanen 2004, Roch, Leroy, Nehlig and Namer 2002a). Care must be exerted when 

interpreting these relaxation time changes, as T2 increase has been associated with the presence 

or absence of neurodegeneration (Dube, Yu, Nalcioglu and Baram 2004, Jupp, et al. 2006, 

Nairismagi, Grohn, Kettunen, Nissinen, Kauppinen and Pitkanen 2004). With the importance and 

many uses of in vivo MRI, continued research is needed to enhance this technique and expand its 

uses to provide a better understanding of the temporal profile of the pathological changes 

accompanying epileptogenesis. 

Ex vivo Magnetic Resonance Imaging 

 Three-dimensional magnetic resonance microscopy (MRM)  can also be used to study 

animal models of epilepsy. This technique allows for ex vivo measurements where motion 

artifacts are eliminated (Lemaire, et al. 1990). This allows the signal-to-noise ratio to be 

optimized. Moreover, prolonged scan times and higher field strengths are not limiting factors as 

with in vivo measurements (Guilfoyle, et al. 2003). This ex vivo MRI technique allows greater 

sensitivity in visualizing pathological changes in the brain. Previous studies have shown a strong 

correlation between T2-weighted signal changes in high-resolution MRI of paraformaldehyde-

fixed rat brains and the histological damage in the kainate-induced model of SE (Tiina-Riikka, et 
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al. 2001). These studies have also shown that MRI ex vivo is sensitive enough to detect layer-

specific damage in the rat brain after SE, which is not possible with in vivo imaging. 
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Figure 1-1. Hippocampal Sclerosis. Hippocampal sclerosis is the most common identified 
pathological feature in cases of mesial temporal-lobe epilepsy. Normally, input to the 
hippocampus comes from the entorhinal cortex to the dentate granule cells through 
the perforant path [A]. Dentate granule cells project to the CA3 sector as the first step 
in the hippocampal output pathway [B]. A close-up of the dentate granule-cell layer 
reveals several morphologic changes characteristic of hippocampal sclerosis that may 
play a part in epileptogenesis. Newly sprouted mossy fibers from dentate granule 
cells can synapse on dendrites of neighboring dentate granule cells, resulting in a 
recurrent excitatory circuit [C]. They can also sprout onto inhibitory interneurons [D]. 
Excitation interneurons, which normally activate inhibitory interneurons, may be 
selectively vulnerable to brain insults [E]. Finally, neurogenesis of new dentate 
granule cells continues into adult life, and these neurons may integrate themselves 
into abnormal circuits [F] (from Chang and Lowenstein 2003). 

 
 
 
 
 
 



 

CHAPTER 2 
MATERIALS AND METHODS 

Animal Preparation 

The present study was carried out in accordance with National Institutes of Health 

guidelines for the care and use of animals and approved by the Institute of Animal Care and Use 

Committee (IACUC) of the University of Florida.  Sprague Dawley (Harlan, Indianapolis, IN) 

male 50-day-old rats, weighing 304 g ± 77 g, were used in the experiments. Three groups of 

animals were studied. One group of experimental animals received chronic microwire electrodes 

to stimulate the hippocampus and induce SE. An implanted control group consisted of animals 

that were subjected to the same anesthesia, surgical time and electrode implantation as the first 

group of injured animals but were not stimulated into status epilepticus. A third group consisted 

of animals which were not implanted with electrodes and served as naïve controls. 

Implantation of Hippocampal Electrodes 

Animals were pre-medicated with a 2 mg subcutaneous injection of Xylazine (Phoenix 

Pharmaceutical, St. Joseph, MO), anesthetized with 1.0 – 2.0 % Isoflurane (MINRAD, 

Bethlehem, PA) and positioned in a Kopf (David Kopf Instruments, Tujunga, CA) stereotactic 

frame. A midline incision was made in the scalp, and all soft tissue was loosened from the 

dorsum of the skull. A craniotomy was drilled for electrode placement such that the long axis 

extended from 1.7 mm lateral to 3.5 mm lateral from bregma and the dura was removed. A pair 

of 50μm gold-plated tungsten wires (Plastics One, RoanokeVA) were stereotactically implanted 

in the ventral hippocampus (-5.3 mm posterior, 4.9 mm lateral, right of Bregma, 5 mm ventral) 

in  each rat brain. The electrodes were chronically secured with Methylmethacrylate (Plastics 

One, RoanokeVA) that was anchored to 4 plastic micro screws driven into the skull (Sanchez, 

2006).  
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Induction of Status Epilepticus, Video Monitoring and Analysis of Spontaneous Seizures  

One to two weeks after surgery, the implanted wires were used to attempt the induction of 

self-sustained status epilepticus (SE, Bertram et al., 1993). A suprathreshold stimulus of 334 ± 

159 μA was delivered to the implanted electrodes for 88 ± 26 minutes using 10 s pulse trains of 

20 ms period, with 1 ms duration, biphasic square waves with a 2 s delay between pulse trains. 

The behavior of the animals was video monitored starting 15 days after stimulation and over a 

period of eight weeks. Seizure detection was performed visually using behavioral (video) 

monitoring by a veterinarian and behavioral neuroscientist. A behavioral seizure score (BSS) out 

of 5 was determined for the SE animals in this study using the standard Racine scale (0, no 

change; 1, wet dog shakes; 2, head bobbing; 3, forelimb clonus; 4, forelimb clonus and animal 

rearing; 5, rearing and falling). Seizure activity was assessed using the standard Racine scale; 

only grades 3 through 5 seizures could be determined from video recordings alone. 

In vivo MR Imaging 

Animals were imaged before and after electrode implantation to serve as their own controls 

and 3, 5, 7, 10, 20, 40, 60 days after SE to monitor temporal changes (Figure 2-1). Animals were 

initially anesthetized with 4 % isoflurane in O2 at 2.0 L/min and injected subcutaneously with 0.8 

mg of Xylazine and 2 mL of lactated Ringers solution (Hospira, Lake Forrest, IL) before 

imaging in the magnet to maintain the physical condition of the rats during the extended MRI 

scan sessions.  

Each animal was placed in a supine position, in a custom- made MRI compatible 

stereotaxic frame and cradle, to allow repeatable positioning and prevent motion artifacts. A 

custom-built linear surface coil was used to measure the MR images.  A 130 degree arc, 3.5 cm 

rectangular linear coil was constructed on a 4.0 cm diameter half cylinder to fit animals with 
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implanted electrodes. This coil features distributed capacitance, balanced impedance matching 

and a cable trap.  

Anesthesia for each rat in the magnet was maintained through a nose cone with a mixture 

of 1.0 – 2.0 % isoflurane with oxygen at a flow rate of 1 L/min. Respiration was monitored 

during data acquisition and kept between 30 and 50 breaths/ min by modulating the 

concentration of isoflurane. Core body temperature was also monitored during experiments by 

using a rectal probe and kept between 36oC and 37oC; physiological temperature was maintained 

using heater air flow (SA Instruments, Stony Brook, NY). 

In vivo High Resolution MR Imaging Data Acquisition 

All in vivo MRI measurements were performed on an 11.1 T, 40 cm horizontal bore 

magnet at 470 MHz (Magnex Scientific, Abingdon, UK) by using a Bruker Avance console 

(Bruker NMR Instruments, Inc., Billerica, MA) and 200 mT/m actively shielded gradients. All 

data acquisition was performed with Bruker ParaVision software. To adjust the position of the 

image field of view, three-axis pilot images were collected with a T1-weighted coronal spin echo 

scan using a RARE factor of 4, TR = 1500 ms, TE = 7 ms, a field of view (FOV) of 30 x 30 x 15 

mm, matrix size of 128 x 128 with 15, 1 mm thick slices, spectral width of 90 kHz and 4 

averages. To visualize the pathology in the brain, a T2-weighted coronal multiple-slice spin echo 

image data set was acquired over 15 slices of 1 mm thickness and no gap between slices, with a 

TR = 3000 ms, TE = 12.5 ms, 8 averages, RARE encoding factor of 8, spectral width of 40 kHz, 

FOV of 30 x 30 x 15 mm and a matrix of 256 x 256.  

To quantify T1 relaxation times, multiple-slice spin echo coronal T1-weighted images were 

acquired over 9 slices of 1 mm thickness with 1.5 mm distance between slice centers, with TR = 

4000, 2000, 1000, 500, 250 ms, TE = 15 ms, 2 averages, spectral width of 20 kHz, a FOV of 30 

x 30 x 13.5 mm and a matrix size of 100 x 100.  To quantify T2 relaxation times, a series of T2-
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weighted spin echo coronal scans were acquired over 9 slices of 1 mm thickness with 1.5 mm 

distance between slice centers, with TR = 2000 ms, TE = 15, 30, 45, 60, 75 ms, 2 averages, 

spectral width of 70 kHz, a FOV of 30 x 30 x 13.5 mm and a matrix of 100 x 100. The total 

acquisition time was 25.83 min for T1-weighted images and 33.33 min for T2-weighted scans. 

 Ex vivo MR Imaging 

High-field, high-resolution MR imaging was used to visualized the locations of pathology 

in the excised fixed animal brains. After finishing the in vivo MRI study (8 weeks after SE), the 

animals were deeply anesthetized, sacrificed and transcardially perfused according to the Timm 

fixation protocol: 0.37% sulfide solution (30 ml/min) for 10 min followed by 4% 

paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (30 ml/min), +4°C, for 10 min (Nairismagi 

et al, 2004). The electrodes were removed, and the intact brains extracted from the skulls and 

post-fixed in 10% formalin. Prior to ex vivo MR imaging, the intact fixed brains were soaked in 

phosphate buffer solution (PBS) for about 24 hours to wash out residual fixative.  

The excised brains were then placed in an 18 mm tube containing fluorinated oil and 

imaged at 750 MHz in a 17.6 T, 89 mm bore Bruker Avance MR instrument (Bruker NMR 

Instruments, Billerica, MA). All data acquisition was performed with Bruker ParaVision 

software. Three-dimensional MR microscopy (MRM) images were acquired with a 3D gradient 

echo pulse sequence with TR = 150 ms, TE = 15 ms.  The image field-of-view was 30 mm × 18 

mm × 15 mm in a matrix of 400 × 240 × 200, and the data were acquired in a total data 

acquisition time of 2 h per signal average. Through experimentation, 2 averages (4 h) provided 

the optimum compromise between signal-to-noise ratio and measurement time. All the MRM 

images were acquired with a resolution of 75 × 75 × 75 μm3. A 3D Fourier transformation was 

applied to the acquired data matrix to produce the 3D image, which was then interpolated using a 
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bilinear interpolation, by a factor of 2 in each dimension to produce an image with a display 

resolution of 37.5μm.   

To quantify T1 relaxation times, multiple-slice spin echo coronal T1-weighted images were 

acquired over 15 slices of 0.5 mm thickness with 0.6 mm distance between slice centers, with TR 

= 5000, 2000, 1000, 500, 300 ms, TE = 10 ms, 2 averages, spectral width of 38 kHz, a FOV of 

19 x 18 mm and a matrix size of 128 x 128.  To quantify T2 relaxation times, a series of T2-

weighted spin echo coronal scans were acquired over 15 slices of 0.5 mm thickness with 0.6 mm 

distance between slice centers, with TR = 3000 ms, TE = 15, 30, 45, 60, 75 ms, 2 averages, 

spectral width of 44 kHz, a FOV of 36 x 18 mm and a matrix of 128 x 128. The total acquisition 

time was 37 min for T1-weighted images and 1 h for T2-weighted scans. Brains were placed in 

fixative right after ex vivo imaging.                                                                                                                            

Histological Procedures 

Fixation 

Following ex vivo MR imaging, the excised brains were cryoprotected in 30% sucrose in 

PBS and sodium azide before they were processed for histology. The brains were then blocked, 

frozen in dry ice and sectioned in the coronal plane into 50 μm-thick sections on a freezing 

microtome. Sections were collected in PBS and mounted on gelatin-coated slides. Adjacent 

series of sections were used for Nissl, Perl, Fluoro-Jade C, Timm and Black Gold staining. 

Nissl Staining 

Cellular morphology of the different brain areas was assessed using Nissl staining. The 

slide-mounted brain sections were soaked in Cresyl Violet solution for 10 min, dehydrated 

through a graded series of ethanol–water solutions, cover-slipped, and analyzed under a bright 

field microscope. 
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Perl’s Staining  

For pathological iron visualization, the brain sections were incubated in Perl’s solution 

(1:1, 5% potassium ferrocyanide and 5% HCl) for 45 minutes, washed in distilled water, and 

incubated again in 0.5% diamine benzidine tetrahydrochloride for 60 minutes (Hill, 1984). Half 

of the slides were then counter-stained with Cresyl Violet. 

Fluoro-Jade C 

An adjacent series of sections was stained with Fluoro-Jade C for detection of degenerating 

neurons. Slides were first immersed in a basic alcohol solution consisting of 1% sodium 

hydroxide in 80% ethanol for 5 min. They were then rinsed for 2 min in 70% ethanol, for 2 min 

in distilled water, and then incubated in 0.06% potassium permanganate solution for 10 min. 

Following a 1-2 min water rinse, the slides were then transferred for 10 min to a 0.0001% 

solution of Fluoro-Jade C dissolved in 0.1% acetic acid vehicle. The proper dilution was 

accomplished by first making a 0.01% stock solution of the dye in distilled water and then 

adding 1ml of the stock solution to 99ml of 0.1% acetic acid vehicle. The working solution was 

used within 2 h of preparation. The slides were then rinsed through three changes of distilled 

water for 1 min per change. Excess water was drained onto a paper towel, and the slides were 

then air dried for at least 5 min. The air dried slides were then cleared in Xylene for at least 1 

min and then cover-slipped with non-fluorescent mounting media.   

Timm Staining 

Synaptic reorganization through mossy fiber sprouting was analyzed from sections stained 

with the Timm sulfide silver method (Danscher, 1981). Half of the slides were counter-stained 

with Cresyl Violet to stain for cytoplasmic RNA-rich ribosomes, as well as the nuclei and 

nucleoli of the nerve cells. 
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Black Gold Staining 

In order to localize the presence of normal or pathological myelin, the slides were stained 

with haloaurophosphate complex, called Black Gold. A 0.2% solution of Black Gold was made 

by adding 100mg of Black Gold to 50 ml of 0.9% NaCl and then heating it to 60 degrees C. The 

slide mounted tissue sections were transferred to this warm Black Gold impregnating solution in 

the oven for 12-18 minutes. At this point, the stain was intensified by incubating the sections for 

10-15 minutes in a 60 degrees C solution of 0.2% potassium tetrachloroaureate (Alrich Chem., 

Milwaukee, WI) dissolved in 0.9% saline. The sections were then rinsed for 2 minutes in 

distilled water, fixed for 3 minutes in a sodium thiosulfate solution, and then rinsed in tap water 

for at least 15 minutes (three 5 minute changes). Slides were dehydrated through gradated 

alcohols. The dehydrated sections were cleared in Xylene (Fisher Scientific, Pittsburgh, PA) for 

at least 2 minutes and then cover-slipped with plastic mounting media (Schmued, 1999). 

Data Analysis 

In vivo and ex vivo general MR image processing and analysis was performed by using 

custom software written in the Interactive Data Language software (IDL, from Research 

Systems, Boulder, CO). Using a rat brain anatomical reference atlas (Paxinos, 1997), regions of 

interest (ROIs) were chosen around the following structures in both the right and left brain 

hemispheres: hippocampus and two hippocampal subregions (CA1 and dentate gyrus regions), 

fimbriae/ lateral ventricles, entorhinal cortex, piriform cortex, amygdala, dorsal thalamus and 

retrosplenial cortex (Figure 2-2). All slices containing these ROIs were chosen for quantitative 

T1 and T2 relaxation measurements using in house MRI Analysis Software (MAS) written in 

IDL. 

For SE animals, in vivo measurements were averaged within three time periods: before 

stimulation into SE, between 3 and 10 days after SE (latent period) and 20 to 60 days after SE 
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(beginning of spontaneous seizures). In vivo T1 and T2 measurements for each ROI were 

assessed for statistically significant differences between time periods using paired Student's t 

tests (R, Boston, MA). A p value < 0.05 was considered to be significant. For ex vivo 

measurements, statistically significant differences between the SE and control groups were 

assessed using unpaired Student's t test between the two groups. 
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Figure 2-1. Stimulation and MR imaging timeline.  
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Figure 2-2. Coronal T2-weighted image of implanted control excised brain showing anatomical 

regions of interest: 1, 2- retrosplenial cortex; 3, 4 -hippocampus; 5, 6 - CA1; 7, 8 – 
dentate gyrus; 9, 10 - dorsal thalamus; 11, 12 – lateral ventricles/ fimbriae; 13, 14- 
entorhinal cortex; 15, 16- piriform cortex; 17, 18- amygdala.

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

CHAPTER 3 
RESULTS 

Animal Behavior 

Control animals that were not implanted with electrodes or implanted but not stimulated 

did not exhibit any behavioral alteration. Thus electrode implantation alone did not induce 

epileptogenesis. Of the animals that were stimulated in the study, one did not undergo SE and 

was found to have electrodes implanted in the medial geniculate nuclei instead of the 

hippocampus, as verified with MRI after electrode implantation. One of the animals that reached 

SE died 12 days after stimulation from unknown causes. Another animal that attained SE was 

sacrificed at 9 days because of health complications and was kept for histological analysis. The 

animals that attained SE immediately following the onset of stimulation demonstrated “wet dog 

shakes” and seized several times during the procedure. After the stimulus was ended, 

hyperactivity and seizing was observed for approximately 8 hours afterwards.  

One animal started seizing for the first time 12 days after stimulation. Video analysis of 

seizures indicated that 4 rats had spontaneous seizures at 20 days after SE, and one had seizures 

beginning at 29 days after SE. At 20 days after SE in spontaneously seizing rats, the number of 

daily spontaneous seizures varied between 1 and 3 (mean, 2 ± 1; n = 3) and at 29 days between 

0.7 and 1.4 (mean, 1 ± 0.2; n = 5). The spontaneously seizing animals had an average of less than 

1 seizure per day and continued seizing until the end of the video recording period (60 days after 

stimulation). However, one animal seized with high frequency (greater than 2 seizures per day) 

for the first 2 weeks, but no seizures were observed 31 days after SE. The mean score indicating 

the behavioral severity of spontaneous seizures was 3.2 ± 0.5 at 20 days and 3.3 ± 0.7 at 60 days. 

Only seizures grades 3 to 5 could be observed by the veterinarian and were reported. 
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In vivo High Resolution MR Imaging 

 All relaxation time data from pre-implantation MRI scans were compared to determine 

biological variability between animals, and relaxation times in the same region of the frontal 

cortex, away from the site of electrode implantation, were measured over time to confirm 

repeatability of the measurements for each animal. The relaxation time variability between 

animals pre-implantation was low; average standard deviation was 4.5 ± 2.1 % between all 

animals for all regions of interest. No significant changes were observed in naïve control and 

implanted control animals (Figure 3-1) and non-seizing injured animals over the 60 days of 

imaging (standard deviation 2.9 ± 0.8 %). Control animals did not show any significant 

difference in their T1 and T2 values between right and left hemispheres (p < 0.05, using paired t-

test). T1 measurements followed the same pattern of variation as the T2 measurements for the 

various regions of interest, except that T1 changes were less significant than T2 changes (Figure 

3-2). The average T1 relaxation times measured from control animals were 3.1 ± 0.05 s (piriform 

cortex), 3.0 ± 0.01 s (amygdala), 2.7 ± 0.9 s (thalamus), and 2.9 ± 0.01 s (hippocampus). 

Figure 3-3 shows T2-weighted MRI scans acquired over the course of in vivo imaging for 

an epileptic animal. Quantitative MRI relaxation time measurements were performed in vivo, in 

control and stimulated animals at 3, 7, 10, 20, 40 and 60 days after stimulation. These T2 

measurements were averaged over the pre-stimulation period, the latent period (3 to 10 days after 

SE) and the spontaneous seizure period (20 to 60 days after SE) for ipsilateral and contralateral 

regions of interest (Figure 3-4). The average T2 relaxation times measured from control animals 

were 38.7 ± 2.1 ms (piriform cortex), 38.2 ± 1.7 ms (amygdala), 34.2 ± 1.4 ms (thalamus), and 

37.6 ± 1.2 ms (hippocampus). The rat that survived SE but did not develop epilepsy presented no 

modification of the signal on  T2-weighted images over the entire course of in vivo imaging, and 

the T2 relaxation times remained in the range of values for control animals at all time points. In 
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epileptic animals, the retrosplenial cortex showed a significant T2 decrease on the ipisilateral 

side to stimulation 3 to 10 days after stimulation (p < 0.05) compared with control values (Figure 

3-4). The hippocampus and the CA1 subregion also showed significant T2 decrease bilaterally (p 

< 0.05) during the latent period. On the other hand, the lateral ventricle/ fimbriae areas, 

piriformic cortices and the amygdala showed a statistically significant T2 increase bilaterally 3 to 

10 days after stimulation (p < 0.05), which peaked at 3 days after SE and returned to baseline 

before 10 days (Figure 3-5). This T2 increase in the lateral ventricle/ fimbriae areas correlated 

with a bilateral increase in ventricular volume observed and quantified over time on T2-weighted 

images using the Slicer software (Figure 3-6).  

The ventricle/fimbriae areas showed further significant T2 increase 20 to 60 days after 

stimulation bilaterally, while the amygdala on the contralateral side to stimulation and piriformic 

cortex on both sides showed a significant decrease in T2 values after 20 days compared to 3 to 

10 days after SE (p < 0.05). The retrosplenial cortex, hippocampus (including dentate gyrus and 

CA1 subregions), entorhinal cortex and dorsal thalamus showed a significant T2 decrease 

bilaterally 20 to 60 days after stimulation compared to control values (p < 0.05) (Figure 3-4). The 

epileptic animals showed interindividual differences in T2 variations at each time point and in 

their seizing patterns, possibly due to the slight differences in location of the stimulating 

electrodes implanted in the ventral hippocampus. 

Ex vivo MR Microscopy 

Ex vivo MR images had greater resolution and more defined areas of pathology (i.e. 

neuronal loss, cavitation, iron deposition) in the epileptic brains compared with in vivo images 

(Figures 3-7,8). Areas of hypointensities were visible in the CA1 subregions of the hippocampus 

and dorsal thalamus bilaterally, as well as the piriform cortex. Atrophy of the hippocampus and 

enlargement of the ventricles bilaterally were also evident. Quantification of T2 measurements 
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for ex vivo data (Figure 3-9) supported the qualitative observation of the MR images. T2 values 

were decreased in the hippocampus bilaterally, especially in the CA1 subfield, in animals that 

underwent seizures when compared with control animals (p < 0.05, t test). Average T2 was also 

significantly decreased in the piriform cortex and dorsal thalamus bilaterally. On the other hand, 

T2 was significantly increased in the amygdala on the contralateral side to stimulation. T2 values 

were dramatically increased in the lateral ventricle/ fimbriae areas bilaterally (p < 0.05). No 

significant differences in T2 measurements were observed between seizing and control animals 

in the cortex. 

Histologic Findings 

Data obtained from histological staining helped elucidate pathological changes observed 

and quantified with in vivo and ex vivo MR imaging. Electrode tracts were visible on histological 

sections of implanted animals. Nissl staining showed decreased neuronal density in the 

hippocampus, particularly in the dentate hilus, and the CA1 and CA3 pyramidal cell layers 

(Figure 3-10) in epileptic animals sacrificed after 60 days post-SE. Decreased neuronal density 

was also observed in the amygdala, piriform cortex and the dorsal thalamic nuclei. 

Timm staining showed increased density of mossy fiber sprouting bilaterally in the inner 

molecular layer of the stratum granulosum in epileptic animals (Figure 3-11). Abnormal 

presence of astroglial cells and degenerating neurons was observed in the CA1 subregion of the 

hippocampus after Fluoro-Jade C staining in one of the epileptic animals (Figure 3-12) sacrificed 

after 60 days post-SE. Strong iron deposition was observed in the dorsal thalamic nuclei 

bilaterally (Figure 3-13) as well as at the site of electrode implantation. Iron deposition was also 

observed in the inner molecular layer of the stratum granulosum of the dentate gyrus (Figure 3-

14). Perl sections counter-stained with Cresyl Violet revealed cavities in the piriform cortex 

bilaterally with iron deposition and aggregation of microglia around the cavities (Figure 3-15). 
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Decreased myelin staining in the amygdala, the piriform cortex and the CA1 subfield of 

the hippocampus were observed after Black Gold staining (Figure 3-16). Enlargement of the 

ventricles was also visible bilaterally, more pronounced on the contralateral side to stimulation, 

as well as extensive loss of tissue and decreased thickness in the amygdala and piriform cortex 

regions.  

In one rat sacrificed at day 9 after SE, Perl staining counter-stained with Cresyl Violet 

showed diffuse iron deposition in the dentate gyrus, as well as cavitation in the piriform cortex 

with microglia aggregation (Figure 3-17). Fluoro-Jade C staining revealed ongoing degenerating 

neurons throughout the CA1, CA2 and CA3 pyramidal cell layers of the hippocampus, the dorsal 

thalamic nuclei and the dentate hili bilaterally (Figure 3-18). 
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Figure 3-1. T2 MR imaging in implanted control. (A) Coronal in vivo T2-weighted (TR/TE = 
3000/12.5 ms; NA = 8) MRI scans before and after implantation of electrodes and at 
3, 7, 10, 20, 40 and 60 days in  implanted control animal (MR Rat 9), (B) T2 
relaxation measurements versus time after stimulation for implanted control animals. 
No significant differences were observed in T2 values over time after implantation 
compared with control values for regions of interest. T0 = electrical stimulation. Error 
bars represent one standard deviation. Regions of interest: retrosplenial cortex (ctx), 
hippocampus (hippo), ca1, dentate gyrus (dg), lateral ventricles (lv), amygdale (amy), 
piriform cortex (pir), entorhinal cortex (ent), thalamus (thal). 
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Figure 3-2. Coronal in vivo T1-weighted (TR/TE = 1500/7 ms; NA = 4) MRI scans before and 

after implantation of electrodes and at 3, 7, 10, 20, 40 and 60 days after stimulation in 
epileptic animal (MR Rat 4).  
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Figure 3-3. Coronal in vivo T2-weighted (TR/TE = 3000/12.5 ms; NA = 8) MRI scans before 

and after implantation of electrodes and at 3, 7, 10, 20, 40 and 60 days after  
stimulation in epileptic animal (MR Rat 4).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

38 



 

0.07 

 A 

B 
Figure 3-4. Average T2 relaxation times in epileptic animals before stimulation 3 to 10 days 

(latent period) and 20 to 60 days after stimulation (spontaneous seizures),                
(A) ipsilateral and (B) contralateral to stimulation. Error bars represent one standard 
deviation. Regions of interest: retrosplenial cortex (Ctx), hippocampus (Hipp), CA1, 
dentate gyrus (Dent), lateral ventricles/fimbriae regions (LV/fim), amygdala (Amy), 
piriform cortex (Pir ctx), entorhinal cortex (Ento ctx), thalamus (Thal). 
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Figure 3-5. T2 relaxation times before and after implantation of electrodes and 3, 7, 10, 20, 40 

and 60 days after stimulation in epileptic animal (MR Rat 6),in ipsilateral and 
contralateral ROIs: (A) cortex (Ctx), hippocampus (Hippo), lateral ventricle/ fimbriae 
(LV/fim), CA1 and dentate gyrus (DG), (B) amygdala (Amyg), entorhinal cortex 
(Ento), piriform cortex (Pir) and thalamus (Thal). T0 = electrical stimulation. Error 
bars represent one standard deviation. 
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Figure 3-6. Ventricular volume and T2 relaxation times in lateral ventricle regions across time 

for one epileptic animal (MR Rat 4). LV/Fi = lateral ventricle/ fimbriae region.  
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Figure 3-7. Coronal (17.6 T) T2-weighted images of injured excised brain (MR Rat 1), showing 
hypointense regions in CA1of the hippocampus (black arrows) and the dorsal 
thalamic nuclei bilaterally (red arrows), hypointense signal in the piriform cortex, 
increased ventricle areas bilaterally (*) and decreased thickness of piriform cortex 
and amygdala. 
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Figure 3-8. (A) 17.6 T sagittal (a), transverse (b) and coronal (c) 3D images of implanted control 

excised brain (R101). (B) 17.6 T sagittal (a), transverse (b) and coronal (c)  3D 
images of epileptic excised brain (MR Rat 1). Note the areas of hypointensity within 
the CA1 subregion of the hippocampus bilaterally (black arrows), as well as the 
dorsal thalamic nuclei (red arrows) in the epileptic brain.  

a 

b 

a 

b 

c

C 

cc

 
 

43 



 

 

A 
 

B 
Figure 3-9. Average T2 values are presented for various regions for both hemispheres, (A) 

ipsilateral and (B) contralateral to the side of stimulation. Injury-induced changes are 
apparent in the contralateral hemisphere and to a lesser degree in the ipsilateral side. 
The T2 values were found to be significantly different between the control and the 
injured brains in the CA1 subregion of the hippocampus, as well as the thalamus, 
amygdala and piriform cortex. (*) p < 0.05. Error bars represent one standard 
deviation. 
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 Figure 3-10. Cresyl-Violet staining shows decreased neuronal density in CA3 pyramidal cell 

layer (arrowhead), CA1 (arrows) and dentate hilus (*) of hippocampus in epileptic 
animal (MR Rat 5, left) compared to control (MR Rat 9, right). 
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Figure 3-11. (A)Timm staining of epileptic brains 60 days after SE shows mossy fiber terminals 

in the inner (supragranular) molecular layer of the dentate gyrus bilaterally (arrows). 
Brown staining shows zinc precipitation along the mossy fibers in the hippocampal 
formation. This represents aberrant sprouting of the mossy fibers to a region not 
normally innervated by mossy fibers. High magnification of the granule cell and 
molecular layers of the dentate gyrus in a control rat brain show little reaction 
deposits in the molecular layers (from www.fdneurotech.com). (B) Timm sections 
counter-stained with Cresyl-Violet. White arrows point to mossy fibers stained black.  
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Figure 3-12. Fluoro-Jade C section of one epileptic brain (MR Rat 1) showing the presence of 

degenerating neurons in the CA1 pyramidal cell layer of the hippocampus (white 
arrow), as well as the abnormal presence of astroglial cells (red arrow), suggesting 
possible gliosis in that area. 
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Figure 3-13. (A) Perl’s staining reveals iron deposition in the dorsal thalamic nuclei bilaterally in 

epileptic animal (MR Rat 5). (B) Perl section counter-stained with Cresyl- Violet 
shows iron deposition in the dorsal thalamic nuclei. The corresponding region is 
enclosed in the rectangle on a T2-weighted ex vivo MR image of the same epileptic 
animal and appears as an area with hypointense signal. 
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Figure 3-14. Perl’s reaction counter-stained with Cresyl-Violet shows iron deposition in the inner 

molecular layer of the stratum granulosum of the dentate gyrus in epileptic brain (MR 
Rat 4). 
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Figure 3-15. Perl’s reaction counter-stained with Cresyl-Violet in (A) control (MR Rat 9), and 

(B) epileptic brain. The epileptic brain shows cavitation in the piriform cortex 
bilaterally with iron deposition (red arrow), as well as aggregation of microglia (black 
arrows) around the cavities at high magnification. (C) T2-weighted ex vivo MR scan 
showing piriform cortex region of interest.  
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Figure 3-16. Sections stained for myelin with Black Gold show (A) loss of myelin staining in the 
amygdala (black arrow). Note also the enlargement of the ventricles (star), secondary 
to loss of tissue and cavitation in the amygdala and piriform cortex (blue arrow). (B) 
The CA1 subfield of the hippocampus (green arrow) also lacked myelin staining. 
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Figure 3-17. Perl sections counter-stained with Cresyl-Violet in animal sacrificed day 9 after SE 

(MR Rat 14, right). (A) granule cell layer of dentate gyrus showing diffuse iron 
desposition in SE animal, (B) piriform cortex showing cavitation and microglia 
aggregation (dark blue cells), compared to control (MR Rat 9, left). 
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Figure 3-18. Fluoro-Jade C section of one epileptic brain sacrificed 9 days after SE (MR Rat 14) 

shows the presence of ongoing degenerating neurons in (A) the CA1 pyramidal cell 
layer, (B) CA3, (C) dentate hilus of the hippocampus, (D) thalamus and (E) piriform 
cortex. Neurons undergoing degeneration appear fluorescent green compared to the 
background. These areas showed significant T2 increase between 3 and 10 days after 
SE. 
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CHAPTER 4 
DISCUSSION 

Clinically, MR imaging has been useful in diagnosing the various types of epilepsy and 

detecting the secondary complications associated with seizures (Bernasconi, et al. 2005, Duncan 

1997, Kimiwada, et al. 2006, Wieshmann 2003). In animal research, the CLE model has been 

shown to produce pathophysiologic changes similar to those observed in human MTLE. 

Considering the lack of understanding of the causes and mechanisms leading to the recurrence of 

spontaneous seizures in this common type of drug-refractory epilepsy, it may be possible to gain 

insight into the mechanisms of epileptogenesis by using in vivo MR imaging.  

As of now, it is not possible to study the evolution of damage from SE until the occurrence 

of spontaneous seizures in a single animal with a technique other than MRI. Continued research 

is needed to enhance this technique and expand its uses to provide a better understanding of the 

mechanisms responsible for the pathologic changes associated with MTLE. For instance, an 

important question related to MTLE is the temporal profile of pathologic changes following SE. 

Using in vivo MR imaging, it is possible to monitor these changes in the same animal over time. 

In the present study, a combination of in vivo, ex vivo and histological methods was used to study 

an experimental model of MTLE. 

This is the first longitudinal imaging study using an animal model of MTLE with electrical 

stimulation in the hippocampus inducing SE, followed by a latent period before the appearance 

of spontaneous seizures (Bertram and Cornett 1994). The findings demonstrated that 

development of seizures was associated with significant changes in relaxation measurements 

following electrically induced SE, visible or not as signal intensity changes on T1 or T2-

weighted in vivo MRI images. These in vivo changes were due to underlying pathological tissue 

alterations evident with ex vivo MRI and histology.  
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Significant changes in relaxation measurements were present three days after SE in the 

hippocampus, lateral ventricles, amygdala and piriform cortex (PC) regions. T2 relaxation 

measurements changed more significantly than T1 values in these regions. However, no signal 

changes in intensity were apparent on T1 or T2-weighted scans in the hippocampus. The dorsal 

thalamus showed significant changes in relaxation times later during the process, once 

spontaneous seizures had begun. These results show that limbic structures, as well as the dorsal 

thalamic areas, play a critical role in epileptogenesis.  

The T2 signal is dependent on the relationship between bound and free water in tissue, 

which is dependent on the macromolecular environment. Disruption in tissue integrity can result 

in increased free water in tissue and increased in T2 relaxation time. Changes in T2 in the brain 

have been related to pathological processes like gliosis, demyelination, edema and neuronal loss 

(Armstrong 1993, Eriksson, et al. 2007, Petropoulos, et al. 2006).  Those underlying pathological 

processes were assessed by histological analysis following MR imaging. 

 Here we could demonstrate that the first structures injured after SE were the PC, amygdala, 

lateral ventricles, hippocampus and thalamus. Increased in vivo T1 and T2 measurements in the 

lateral ventricle/ fimbriae areas correlated with an enlargement of the ventricles. This 

enlargement was probably due to atrophy of the hippocampus and the piriform cortex/ amygdala 

regions visible on ex vivo MR images and histology sections (Wolf, et al. 2002). Decreased 

relaxation time measurements in the hippocampus might be due to neuronal loss, gliosis and iron 

deposition observable in our histological results and described as hippocampal sclerosis in 

previous studies (Briellmann, et al. 2002, Fuerst, et al. 2003, Lewis 2005). Whereas MRI 

changes in the hippocampus, amygdala and lateral ventricles have been widely described in 
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animal and human epilepsy research studies in the past, these do not emphasize changes in the 

PC and thalamus.              

 The PC showed an initial increase in in vivo T1 and T2 values which peaked at 3 days after 

SE and normalized by 10 days, before the appearance of spontaneous seizures, followed by a 

significant decrease between 20 and 60 days, and significantly lower T1 and T2 values with ex 

vivo MRI. Histological analysis revealed neuronal loss resulting in cavitation bilaterally, as well 

as abnormal presence of microglia, as early as 9 days after SE. These structural changes were 

even more severe in epileptic animals at 60 days after SE, with strong iron deposition and 

microglia aggregation around the cavities. These results correlate with previous studies that have 

shown significant neuronal loss and glial infiltration in the PC of pilocarpine-treated rats as early 

as one week after SE (Bertram and Cornett 1994, Chen, et al. 2007, Druga, et al. 2003).  

 Recently, significant decreases in the numbers of pyramidal cells and interneurons in all 

layers of all parts of the PC were found in animals stimulated in the ventral hippocampus 

(Bolkvadze, et al. 2006). Several neurochemical studies have suggested that the PC is critically 

involved in the process of epileptogenesis. The PC contains the most susceptible neural circuits 

of all forebrain regions for electrical (or chemical) induction of limbic seizures (Loscher and 

Ebert 1996). During electrical stimulation of other limbic brain regions, large afterdischarges can 

be observed in the ipsilateral PC, indicating that the PC is activated early during the kindling 

process. The interictal discharge originates in the PC, independent of which structure serves as 

the kindled focus (McIntyre and Kelly 2000). The PC is the most sensitive brain structure to 

brain damage by continuous or frequent stimulation of the amygdala or hippocampus. Amygdala 

kindling leads to a circumscribed loss of inhibitory GABA-immunoreactive neurons in the 

ipsilateral PC, which is likely to explain the increase in excitability of PC pyramidal neurons 
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during kindling (Lehmann and Löscher 1998). Kindling of the amygdala or hippocampus 

induces astrogliosis in the PC, indicating neuronal death in this brain region. Furthermore, 

activation of microglia is seen in the PC after amygdala kindling (Khurgel and Ivy 1996, 

Khurgel, et al. 1995).  

 The decrease in relaxation time values observed 10 days after SE in our study correlates 

with the neuronal loss and probable gliosis reported in our histological results and previous 

research studies. The initial increase in relaxation times peaking at day 3 after SE can probably 

be attributed to edema preceding neuronal loss and gliosis in the amygdalo-piriform region 

(Briellmann, et al. 2005, Meierkord, et al. 1997, Roch, et al. 2002). For the first time in this CLE 

model of MTLE, the pathological processes in the piriform cortex could be followed with in vivo 

MRI, in the same animal, from SE to the appearance of spontaneous seizures, confirming the 

important role of high resolution in vivo MRI in studying the progression of epilepsy. 

This study has also shown strong iron deposition in the dorsal thalamic nuclei in animals 

undergoing SE and subsequent chronic seizures. Iron deposition in the thalamus was observed as 

early as 9 days after stimulation after histological analysis. These iron deposits were seen as 

areas of decreased T2 and T1 measurements on MRI in our results as well as previous studies 

(Brittenham and Badman 2003, Clement, et al. 2007, Michaeli, et al. 2007, Neema, et al. 2007), 

due to the paramagnetic nature of iron particles. In addition to the limbic structures involved in 

the excitatory circuit of the entorhinal- hippocampal loop (Lothman, et al. 1991, Pare, et al. 

1992, Rafiq, et al. 1993), subcortical changes have been described in patients (Sperling, et al. 

1990) and animal models (Clifford, et al. 1987), suggesting that limbic epilepsy can be viewed as 

a disorder of the limbic system as a whole with involvement of extra limbic structures (Bertram 

1997, Bertram and Cornett 1994).   
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In particular, several studies have suggested the midline thalamus to be importantly 

involved in seizure activity. Tract tracing has shown reciprocal connections between the 

thalamus and limbic structures (DollemanVanderWeel and Witter 1996, Wouterlood, et al. 

1990). Other studies demonstrate that the thalamic nuclei have an excitatory effect on the 

hippocampus (Bertram and Scott 2000, Dolleman-Van der Weel, et al. 1997). These nuclei also 

undergo specific pathologic changes in temporal epilepsy (Clifford, Olney, Maniotis, Collins and 

Zorumski 1987), especially in the medial dorsal thalamus (Juhasz, et al. 1999). In an animal 

model of chronic limbic epilepsy stimulated in the hippocampus, the seizure onset in the 

thalamus was linked to seizure onset in the hippocampus; there was also consistent neuronal loss 

in the midline thalamus similar to neuronal loss and atrophy seen in hippocampal sclerosis 

(Bertram, et al. 2001, Druga, et al. 2005). Significant changes in the physiology of the medial 

dorsal thalamic neurons from epileptic rats resulted in hyperexcitability, and inhibition of 

neuronal activity in the midline thalamus could reduce seizure activity in the hippocampus 

Khurgel, et al. 1995). These changes were not observed after multiple kindled seizures, which 

suggests that those changes in the midline thalamus are involved in the genesis of chronic 

epilepsy and are not a consequence of induced seizures.  

In our study, the presence of iron deposits in the dorsal thalamic nuclei suggests neuronal 

or microglial degeneration, which might take place as early as 9 days after SE, according to our 

histological data. Iron-mediated oxidative stress has been widely described in neurodegenerative 

diseases (Shoham 2001; Berg 2006; Brass 2006 (see other ref.); Stankiewicz 2007). It is not clear 

whether iron deposition contributes to the pathophysiology or is a result of tissue damage in 

these neurological disorders or epilepsy, but it has been present in many neurological disorders 

associated with neuronal degeneration. Iron in the dorsal thalamus, although not observable 
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visually on T1 or T2-weighted in vivo MR images, was detectable by a significant decrease in T2 

relaxation time in vivo after 10 days post-SE. High resolution MRI at 17.6 T revealed areas of 

hypointensities and decreased T2 values in the dorsal thalamic region bilaterally, which were 

correlated with iron deposition after histological analysis. This deposition of iron in the thalamus 

detectable with MRI techniques, suggestive of neuronal degeneration, has not yet been reported 

in previous epilepsy studies.   

In conclusion, we identified biologically relevant correlations between variations in MR 

relaxation time measurements and pathological changes occurring during epileptogenesis and 

spontaneous seizures. For instance, an increase in T2 relaxation time correlated with increased 

ventricular volume, associated with atrophy of the hippocampus and the PC/ amygdala regions in 

the brains of epileptic animals. Decreased T2 relaxation time was correlated with neuronal loss, 

gliosis and iron deposition in the dorsal thalamus and the hippocampus, particularly in the 

dentate gyrus and CA1 subregions. These in vivo MR changes were detected after quantification 

of relaxation times, but not always visible as signal intensity changes on in vivo images.  

Even though in vivo MRI was necessary for the longitudinal observation of the progression 

of the disease in the same animal, high resolution MR microscopy and histology allowed for a 

more accurate determination of underlying pathological changes. In order to obtain satisfactory 

signal- to- noise ratios with in vivo imaging, many averages have to be acquired, and scan times 

are very long, raising the problem of motion artifacts. Ex vivo MR imaging does not suffer from 

these drawbacks and higher spatial resolution, signal-to-noise ratio and sensitivity can be 

obtained with long acquisition times without trouble. Clinically, newer MRI methods with higher 

field strength, improved signal-to-noise ratios and newer sequences could detect cerebral 
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abnormalities not identified on routine imaging in epileptic patients whose optimal MRI is said 

to be “normal.”  
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