Recent Advances in Epilepsy Research



ADVANCES IN EXPERIMENTAL MEDICINE AND BIOLOGY

Editorial Board:

NATHAN BACK, State University of New York at Buffalo
IRUN R. COHEN, The Weizmann Institute of Science

DAVID KRITCHEVSKY, Wistar Institute

ABEL LAJTHA, N.S. Kline Institute for Psychiatric Research
RODOLFO PAOLETTI, University of Milan

Recent Volumes in this Series

Volume 533
RETINAL DEGENERATIONS: Mechanisms and Experimental Theory
Edited by Matthew M. LaVail, Joe G. Hollyfield, and Robert E. Anderson

Volume 534
TISSUE ENGINEERING, STEM CELLS, AND GENE THERAPIES
Edited by Y. Murat El¢in

Volume 535
GLYCOBIOLOGY AND MEDICINE
Edited by John S. Axford

Volume 536

CHEMORECEPTION: From Cellular Signaling to Functional Plasticity
Edited by Jean-Marc Pequignot, Constancio Gonzalez, Colin A. Nurse,
Nanduri R. Prabhakar, and Yvette Dalmaz

Volume 537
MATHEMATICAL MODELING IN NUTRITION AND THE HEALTH SCIENCES
Edited by Janet A. Novotny, Michael H. Green, and Ray C. Boston

Volume 538
MOLECULAR AND CELLULAR ASPECTS OF MUSCLE CONTRACTION
Edited by Haruo Sugi

Volume 539
BLADDER DISEASE: Research Concepts and Clinical Applications
Edited by Anthony Atala and Debra Slade

Volume 540
OXYGEN TRANSPORT TO TISSUE, VOLUME XXV
Edited by Maureen S. Thorniley, David K. Harrison, and Philip E. James

Volume 541
FRONTIERS IN CLINICAL NEUROSCIENCE: Neurodegeneration and Neuroprotection
Edited by Laszlo Vécsei

Volume 542
QUALITY OF FRESH AND PROCESSED FOODS
Edited by Fereidoon Shahidi, Arthur M. Spanier, Chi-Tang Ho, and Terry Braggins

A Continuation Order Plan is available for this series. A continuation order will bring delivery of each new
volume immediately upon publication. Volumes are billed only upon actual shipment. For further information
please contact the publisher.



Recent Advances
in Epilepsy Research

Edited by

Devin K. Binder

Department of Neurological Surgery, University of California at San Francisco,
Moffitt Hospital, San Francisco, California, U.S.A.

Helen E. Scharfman

Center for Neural Recovery and Rehabilitation Research, Helen Hayes Hospital,
New York State Department of Health, West Haverstraw, New York, U.S.A.

Departments of Pharmacology and Neurology, Columbia University, New York,
New York, U.S.A.

Kluwer Academic / Plenum Publishers
New York, Boston, Dordrecht, London, Moscow
Landes Bioscience / Eurekah.com
Georgetown, Texas U.S.A.



Kluwer Academic / Plenum Publishers
Eurekah.com / Landes Bioscience

Copyright ©2004 Eurekah.com and Kluwer Academic / Plenum Publishers

All rights reserved.

No part of this book may be reproduced or transmitted in any form or by any means, electronic or
mechanical, including photocopy, recording, or any information storage and retrieval system, without
permission in writing from the publisher, with the exception of any material supplied specifically for
the purpose of being entered and executed on a computer system; for exclusive use by the Purchaser of
the work.

Printed in the U.S.A.

Kluwer Academic / Plenum Publishers, 233 Spring Street, New York, New York, U.S.A. 10013
http://www.wkap.nl/

Please address all inquiries to the Publishers:

Eureckah.com / Landes Bioscience, 810 South Church Street
Georgetown, Texas, U.S.A. 78626

Phone: 512/ 863 7762; FAX: 512/ 863 0081
www.Eurekah.com

www.landesbioscience.com

Recent Advances in Epilepsy Research edited by Devin K. Binder and Helen E. Scharfman, Landes /
Kluwer dual imprint / Kluwer series: Advances in Experimental Medicine and Biology

ISBN: 0-306-47860-9

While the authors, editors and publisher believe that drug selection and dosage and the specifications
and usage of equipment and devices, as set forth in this book, are in accord with current recommend-
ations and practice at the time of publication, they make no warranty, expressed or implied, with
respect to material described in this book. In view of the ongoing research, equipment development,
changes in governmental regulations and the rapid accumulation of information relating to the biomedical
sciences, the reader is urged to carefully review and evaluate the information provided herein.

Library of Congress Cataloging-in-Publication Data

Recent advances in epilepsy research / edited by Devin K. Binder, Helen
E. Scharfman.

p.; cm. -- (Advances in experimental medicine and biology ; v.
548)
Includes bibliographical references and index.

ISBN 0-306-47860-9

1. Epilepsy--Genetic aspects. 2. Epilepsy--Research. 3.
Neuromuscular diseases--Research.

[DNLM: 1. Epilepsy--physiopathology. 2. Epilepsy--genetics. WL 385
R294 2003] I. Binder, Devin K. II. Scharfman, Helen E. III. Series.
RC372.R38 2003
616.8'53--dc22

2003022445



INTRODUCTION

Epilepsy research has entered an exciting phase as advances in molecular analysis
on a faster and larger scale have supplemented in vitro and in vivo electrophysiologic
and phenotypic characterization.

The current volume sets forth a series of chapter reviews by researchers in-
volved in these advances. It is not meant to be a comprehensive overview of the
field of epilepsy research, but rather a composite profile of some of the recent inves-
tigations in certain select areas of enquiry.

Yan Yang and Wayne Frankel describe a genetic approach to studying seizure
disorders in mice using a targeted mutagenesis method to exploit the genetic defects
identified in human epilepsy families. This includes both the “knock-in”—intro-
duction of the human mutations into the corresponding mouse gene—as well as
analysis of seizure phenotype and the effect of mouse strain background on seizure
threshold. Genetic mapping and isolation of the affected genes in these seizure-prone
models will enable further characterization of molecular pathways involved in
seizures.

Christine Gall and Gary Lynch review the potential contributions of integrins
to epileptogenesis. The concept that ultrastructural alterations may interact with
functional processes of synaptic plasticity within neurons is supported by observa-
tions that integrin adhesion receptors play crucial roles in stabilizing changes in
neuronal plasticity. Seizures and even subseizure neuronal activity can modulate
the expression of integrins, matrix ligands and proteases. Seizure-induced integrin
modulation may contribute to lasting changes underlying epileptogenesis.

Excess activation of growth factors may contribute to hyperexcitability. Devin
Binder reviews the biology and pathophysiology of brain-derived neurotrophic fac-
tor (BDNF). This ubiquitous neurotrophin is dramatically upregulated following
seizures and various studies have shown that BDNF appears to contribute to
epileptogenesis. Multiple adult CNS diseases in addition to epilepsy now appear to
relate to either a deficiency or excess of BDNF.

Susan Croll, Jeffrey Goodman and Helen Scharfman address the role of vascu-
lar endothelial growth factor (VEGF) after seizures. VEGF induces angiogenesis,
vascular permeability, and inflammation. Interestingly, receptors for VEGF have
been localized to neurons and glia as well as to vascular endothelium. Croll and
colleagues show that there is a striking increase in VEGF protein in both neurons
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and glia after status epilepticus—thus VEGF may contribute to blood-brain barrier
breakdown and inflammation observed after seizures.

Ionotropic glutamate receptors have long been studied with respect to their
contribution to hyperexcitability. Recently, the role of metabotropic (G-protein-
coupled) glutamate receptors has also attracted attention. Robert Wong, Shih-Chieh
Chuang and Riccardo Bianchi address the modulation of metabotropic glutamate
receptors (mGluRs) in epilepsy. In particular, application of group I mGIuR ago-
nists appears to activate voltage-dependent depolarizing currents that lead to
epileptogenesis in vitro.

Recent findings shed new light on the long-studied role of the y-amino-butyric
acid (GABA) system in the pathophysiology of epilepsy. George Richerson and
Yuanming Wu review the role of the GABA transporter in seizures. Novel anticon-
vulsant drugs such as tiagabine appear to block GABA reuptake after synaptic re-
lease. Depolarization-induced reversal of the GABA transporter contributing to
GABA release is powerfully inhibitory, and is enhanced by the anticonvulsants
gabapentin and vigabatrin. Thus, recent data indicate that the GABA transporter plays
a critical role not only in tonic inhibition but also in GABA release after seizures.

Giinther Sperk, Sabine Furtinger, Christoph Schwarzer and Susanne Pirke re-
view the neuropharmacology of GABA and its receptors in epilepsy. Epileptogenesis
is associated with loss of a subset of GABAergic neurons as well as altered expres-
sion of GABA receptor subunits. Altered physiology and pharmacology of both
GABA 4 and GABAg receptors may contribute to hyperexcitability in hippocampal
and cortical networks, and specific knowledge of receptor subtype pharmacology
may suggest novel therapeutic targets.

Kevin Staley discusses the role of the depolarizing GABA response in epilepsy.
First described as a depolarizing response to prolonged application of GABA ago-
nists, it can be elicited by focal activation of GABA receptors in dendrites (but not
somata) of cultured pyramidal cells. Staley gives a clear explanation of the ionic
shifts leading to alteration of the chloride reversal potential and accounting for the
depolarizing GABA response. Blockade of the depolarizing response to GABA may
be the anticonvulsant mechanism of acetazolamide, and may be an appropriate phar-
macologic target.

Roger Traub, Hillary Michelson-Law, Andrea Bibbig, Eberhard Buhl, and Miles
Whittington summarize the evidence that gap junctions may contribute to
epileptogenesis in the hippocampus and cortex. In particular, they describe the dis-
covery of a novel class of axo-axonal gap junctions that electrically interconnect
hippocampal principal neurons. The ability of these gap junctions to promote very
high-frequency neuronal oscillations may be critical in precipitating seizures, and
thus gap junction inhibitors may be effective anticonvulsants.
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One field of significant interest to epilepsy is the interaction of nervous and
immune systems in the pathophysiology of disease. Annamaria Vezzani, Daniela
Moneta, Cristina Richichi, Carlo Perego and Maria Grazia De Simoni review the
potential functional role of pro- and anti-inflammatory cytokines in seizures.
Cytokines are polypeptide hormones which interact with both neurons and glia, and
are produced after limbic status epilepticus. Vezzani et al note the proconvulsant
effects of interleukin-1f and the anticonvulsant effects of its inhibitor interleukin-1
receptor antagonist (IL-1Ra).

Deborah Young and Matthew During review studies of the neuroimmunology
of epileptic syndromes, in particular recent data on GluR3 autoantibodies in
Rasmussen’s encephalitis. They have developed a novel approach for epilepsy and
stroke treatment using vaccination with NMDARI1, and demonstrate that NMDAR1
vaccination generates autoantibodies to NMDAR1 that under pathologic conditions
block injury-induced neuronal cell death. A vaccine approach is novel as well in that
it is potentially prophylactic as well as therapeutic.

Malformations of cortical development (MCD) have received a great deal of
recent attention. Philip Schwartzkroin, Steven Roper, and H. Jurgen Wenzel provide
a comprehensive overview of MCD syndromes. These syndromes of cortical dys-
plasia frequently involve chronic seizures. Their categorization and anatomic and
histopathologic features are extensively outlined and discussed. Current animal mod-
els of cortical dysplasias are described, which allow investigators to examine the
developmental mechanisms that give rise to these brain lesions, and the relationship
between structural abnormalities and epileptogenesis.

Peter Crino reviews recent progress regarding the genetics of MCD. Genetic
analysis has identified genes for MCD including lissencephaly, subcortical band
heterotopia, and tuberous sclerosis. The pathogenesis of other MCD such as focal
cortical dysplasia, hemimegalencephaly, and polymicrogyria remains unknown, but
new genetic techniques will allow characterization of gene expression within MCD.

Helen Scharfman addresses the consequences to epilepsy research of the recent
recognition of neurogenesis in the adult brain. She describes the observations of
neurogenesis after seizures, especially the newly-born dentate granule cells and their
potential role in the hippocampal network and in epileptogenesis.

Roland Bender, Celine Dubé and Tallie Baram explain the often-cited connec-
tion between early febrile seizures and later development of temporal lobe epilepsy
(TLE). Their characterization of a novel immature rat model of prolonged febrile
seizures has led to insights into the role of complex febrile seizures in hippocampal
epileptogenesis.
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Tim Benke and John Swann describe the tetanus toxin (TT) model of chronic
epilepsy. In this model, tetanus toxin is injected into dorsal hippocampus or neocor-
tex, where it is internalized and transported within neurons in which it cleaves
synaptobrevin to inhibit release of neurotransmitter. A persistent epileptic state de-
velops from a single unilateral hippocampal injection of TT in infancy.

Jeffrey Goodman reviews a new area that has garnered much attention of late,
the use of brain stimulation to treat epilepsy. This area perhaps started with vagus
nerve stimulation many years ago, but has recently grown rapidly to include brain
targets. These treatments have been remarkably successful and have galvanized a
related area of investigation: seizure prediction based on electrographic analysis.

The editors would like to thank all of the authors for their effort and expertise in

presenting recent research results, and Ron Landes and Cynthia Conomos for tire-
less production assistance and advice.
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CHAPTER 1

Genetic Approaches to Studying Mouse

Models of Human Seizure Disorders

Yan Yang and Wayne N. Frankel

Introduction

pilepsy, characterized by recurrent spontaneous seizures resulting from abnormal,
E synchronized discharges of neurons in the brain, is one of the most common neurological

problems afﬂlctmg humans. Although epilepsy clearly has a large env1ronmenta1 com-
ponent, genetics is thought to be important in the pathogenesm of at least 50% of cases.! While
common epilepsy genes have yet to be identified in humans, several genes have now been
identified for rarer, monogenlc epilepsies through linkage analysis or association studies fol-
lowed by positional cloning.? In parallel, the identification of candidate genes in mouse epi-
lepsy models also facilitates the dlscovery of human disease genes, as shown for at least one case
of idiopathic generalized epilepsy.®* Indeed, many features of seizures and the means by which
they are induced are conserved in mammals,” indicating common neural substrates or path-
ways. Mice already contribute significantly to the discovery of all the currently available
antiepileptic drugs and remain a critical part of the comprehensive screening process in the
search for new anticonvulsant drugs. In general, mice can provide excellent genetic models for
epilepsy by permitting systematic dissection of the molecular and pathophysiologic factors that
predispose to seizures in large, genetically homogenous populations.

Specifically, the ability to manipulate the mouse germline and the fact that most human
disease alleles exhibit dominance makes it conceptually simple to introduce a human disease
allele into mice. Experimentally, the most straightforward method is the transgenic approach
where the gene of interest is injected into the pronuclear space of single-celled zygotes. How-
ever, because the DNA construct integrates randomly into the host cell genome, the expression
of a transgene may be influenced by its site of integration and copy number. Therefore, mul-
tiple transgenic lines generated by the same DNA construct must be examined to evaluate the
contribution of the gene to a particular phenotype. On the other hand, targeted mutagenesis
through homologous recombination in mouse embryonic stem (ES) cells provides advantages
in that the targeting construct is regulated by the mouse endogenous promoter and gene dos-
age is not disturbed, making the genotype more similar to that of the corresponding human
disease.

In this chapter, we first discuss the potential of one particular gene targeting method — the
“knock-in"—to introduce the human mutations into the corresponding mouse gene—an ap-
proach that will have increasing value as more common epilepsy alleles are identified in hu-
mans. We then discuss phenotypic evaluation procedures and the effect of mouse strain back-
ground on seizure threshold, with the goal of arriving at a systematic plan for characterizing
mouse models of human genetic epilepsy. Optimizing the genetic and physiological character-
ization of these models is necessary to improve the chance that these new mouse models will
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2 Recent Advances in Epilepsy Research

show seizure phenotypes and thus contribute to our understanding of the mechanisms of hu-
man epilepsy.

The Knock-In Technique

The knock-in method is a modified version of the standard gene targeting technology in
mice which uses homologous recombination to create a null mutation in a gene of interest. A
mouse gene can be replaced by the mutated human version found in the corresponding human
disorder. This approach provides useful tools to analyze genetic predisposition to disease phe-
notype as shown in the studies of polyglutamine disorders.

When the respective mouse homologue and the mutations in human epilepsy families have
been characterized, one can follow a few steps towards the generation of mice with the endog-
enous gene replaced by the human disease allele.® First, the mutation-bearing fragment of the
gene as well as a positive selectable marker such as the neomycin resistance (neo) gene are
cloned into an appropriate targeting vector. A negative selectable marker such as thymidine
kinase (#k) gene should also be added to flank the gene sequence.

The second step is to introduce the targeting vector into embryonic stem (ES) cells via
electroporation. During this step, selection through the negative marker will eliminate those
clones where the entire targeting vector was randomly integrated into the ES cells’ genome.
Positive selection with G418 (an aminoglycoside related to neomycin) will ensure that the
integration of the “knock-in” construct was mediated by homologous recombination. Further
screening through PCR or Southern blot will be used to identify cells containing correctly
integrated construct.

The third step involves microinjecting the “targeted ES cells” into the inner cavity of a
blastocyst to produce chimeric embryos. Subsequently, these chimeric embryos are placed back
into foster mothers to bring them to term.

The final step is to breed the chimeric mice to test whether the ES cells successfully entered
the germ line of the chimeric founders. If some heterozygous animals are produced from the
chimeric animal, the genetic part of the experiment is considered a success. Homozygous ani-
mals with both copies of the mutated gene can then be obtained, if desired, by intercrossing
heterozygotes; if homozygous mutant mice are not lethal, 1/4 of the intercross progeny are
expected to be homozygous for the mutation.

A well-designed targeting construct is critical to the successful generation of the “knock-in”
mice and a positive selectable marker such as 7eo is routinely used to identify targeted ES-cell
clones. However, it has been shown that sometimes the cryptic splice sites in neo interfere with
normal splicing events and therefore reduce the expression of the targeted gene.'® A solution to
this problem in creating knock-in mice through Cre mediated site-specific recombination has
been reported by Kask et al where the 7eo cassette was flanked by two loxP sites.'! The subse-
quent removal of the 7e0 was achieved b?I mating highly chimeric male to females of the “deleter”
strain which express Cre in germ cells.'!

Choosing a Target

A clear Mendelian mode of inheritance and sufficient numbers of family members carrying
key recombination events to narrow chromosomal locations have been fundamental to the
gene identification efforts so far in human epilepsy. All genes showed autosomal dominant
transmission and most encode missense mutations, the exception being a null mutation in the
SCNIA gene (Table 1). Thus, introducing these missense mutations into the mouse genome
through a “knock-in” approach offers the potential to reproduce the epileptic symptoms in
mice. Further, it is easy to obtain mice carrying both copies of the targeted allele, that is,
barring the possibility of embryonic lethality. Since it is almost impossible to find patients
carrying both copies of the disease allele, mice carrying no normal copies of the disease gene
provide further opportunities to study the mutation’s involvement in the pathophysiology of
epilepsy in vivo.
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Table 1. Known mutations in human families with idiopathic epilepsy’

Clinical Category Gene Gene Product Reference
JME GABRAT GABA, receptor a1 subunit 12
EPT LGIT leucine-rich glioma-inactivated 1 13, 14
GEFS+3 GABRG2 GABAA\ receptor y2 subunit 15,16
GEFS+ SCN2A sodium channel a2 subunit 17
GEFS+2, SMEI SCNI1A sodium channel a1 subunit 18,19
GEFS+1 SCN1B sodium channel 1 subunit 20
IGE CACNB4 calcium channel g4 subunit 4
BFNC1 KCNQ2 potassium channel subunit 2 21,22
BFNC2 KCNQ3 potassium channel subunit 3 23
ADNFLE1 CHRNA4 nicotinic acetylcholine receptor a4 subunit 24
ADNFLE3 CHRNB2 nicotinic acetylcholine receptor $2 subunit 25

a) abbreviations: JME= juvenile myoclonic epilepsy, EPT= autosomal dominant lateral temporal
epilepsy, GEFS+= generalized epilepsy with febrile seizures plus, SMEI= severe myoclonic epilepsy
of infancy, IGE= idiopathic generalized epilepsy, BFNC= benign familial neonatal convulsions,
ADNFLE= autosomal dominant nocturnal frontal lobe epilepsy.

It should be noted that the recently identified genetic defects only account for a small
proportion of idiopathic epilepsy. For the common syndromes such as juvenile myoclonic
epilepsy, childhood absence epilepsy or temporal lobe epilepsy, the underlying mutations still
remain at large.”*” When more common human epilepsy mutations are identified, the case
will be even stronger for generating and studying the corresponding mouse models. Still, creat-
ing “knock-in" mouse models based on current knowledge will not only facilitate the individu-
alized anti-epileptic drug screening process but also further the establishment of robust assays
to characterize mouse models in the future.

Phenotypic Characterization of Epileptic Mutant Mice

It is expected that the mice carrying human mutations will survive to adulthood since most
of the human epilepsy syndromes are not associated with lethality. Once the genotype of a
particular mutant line is confirmed, it is essential to put these animals through a set of
well-characterized neurological and behavioral tests to examine how well the human epileptic
conditions are recapitulated. It should be noted that some of the models may fail to produce
equivalent phenotypes as observed in human—as shown in Huntington’s disease” as well as in
some cardiovascular diseases**—simply because of species differences between mouse and hu-
man. For epileptic seizures in mice, it may be difficult to distinguish whether these failures
reside in the lack of occurrence or in our inability to observe seizures in mice. However, even
when mutant mice do not show spontaneous seizures, susceptibilities to convulsive stimuli or
further electrophysiological and molecular analysis may potentially contribute to the elucida-
tion of the molecular pathways underlying epilepsy in humans. For example, it is difficult to
observe naturally occurring benign neonatal convulsions in mouse pups, as would be desired in
mouse mutant alleles of the human genes KCNQ2 and KCNQ3, and yet Keng2 knockout mice
clearly have a low threshold to induced seizures.”

Behavioral Monitoring of Spontaneous Seizures

Behavioral monitoring can enable the detection of overt spontaneous seizures, however it is
also important to note that quite often seizures can be readily provoked by routine handling.
Although monitoring mice in their home cages can be tedious, video camera or activity
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monitoring instruments may provide convenient ways to detect aberrant spontaneous behav-
ior in an unprovoked setting. Nevertheless, we emphasize that it takes some experience with
mouse mutants to distinguish an unusual behavior that may appear, to the untrained eye, to be
an epileptic seizure from a movement disorder or nonparoxysmal motor abnormality. Indeed,
many spontaneous seizures do result in overt motor abnormalities. Landmark events during
bona-fide seizures include (in increasing severity):

a) excessive grooming (paw-paddling),

b) rearing and/or loss of balance,

c) excessive salivation or defecation,

d) dorsal or ventral neck flexion,

¢) tonic-clonic jaw or limb extension,

f) wild-running and jumping,

g) tonic extension of the hindlimbs, sometimes followed by death.

These events are episodic, i.e., interspersed with normal activity, and mice having a bona-fide
seizure are usually nonresponsive to external stimuli during these episodes. A comprehensive
examination of the mouse’s behavior, including body position, locomotor activity, gait and
responses to various stimuli, is also necessary in order to exclude other major neurological
abnormalities.

Detecting Seizures in Mice by Electroencephalography (EEG)

As mentioned earlier, it is possible that some of mutant lines may show spontaneous sei-
zures. Although obvious convulsions can be identified through routine handling, the diagnosis
of sub-clinical seizures relies on electroencephalography (EEG).?® Moreover, as in humans, the
gold standard for declaring any event a seizure in mice is to correlate the apparent behavioral
seizure with the synchronous electrical discharges detected by EEG. Hence, EEG has been
used to validate a convulsive seizure, to detect relatively silent petit-mal seizures and also inter-ictal
events which are indicators of the state of neuroexcitability. Further, when combined with
antiepileptic drug (AED) administration, it provides a tool to evaluate the efficacy of a particu-
lar drug. An effective treatment will either reduce the frequency or range of the abnormal
discharge or completely abolish the spontaneous epileptiform activity.

However, it is not yet possible to reliably perform EEG noninvasively in mice for the pur-
pose of evaluating seizures as surgery is required for the implantation of electrodes. There are
various specialized ways to implant electrodes in living mice, but for the general evaluation and
validation of seizure activity one common method is to implant 3-4 electrodes into the cerebral
cortex. A differential signal can then be obtained by comparing the signal from one or more of
these electrodes to a ground electrode anchored to the skull, or the signal between two elec-
trodes. An alternative surgical procedure, developed by Noebels?'3? is to slide two or more
electrodes between the skull and the brain. The advantages of this are that the surgery is simpler
than that of implants and, as in human, the electrodes do not penetrate the brain. However, the
disadvantage is that it can be difficult to control or validate the placement of electrodes. Re-
gardless of the method, to one degree or another artifacts stemming from the animal’s move-
ment, its breathing, or from vibrations of the electrode leads themselves can provide misleading
results. Therefore, while EEG is considered to be a gold standard for establishing seizures in
mouse, further technology development can only bring more value to epilepsy research from
mouse models.

Seizure Threshold Models

Seizure disorders, whether in human or experimental animals, can be very difficult to study
because the onset of an episode is not predictable, even by using EEG. Although it is desirable
to have models with spontaneous seizures, if seizures can not be produced and measured “on
demand” it can be quite a challenge to study mechanisms and treatments. Thus, induced sei-
zure paradigms are important tools in the epilepsy laboratory. In general, since all mouse strains
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can be induced into a seizure if the stimulus is strong enough, the induced seizure models
essentially examine whether the seizure threshold is lower, higher or the same in a mutant
mouse compared to appropriate genetically-matched controls (described in detail below).

Electroconvulsive Threshold (ECT)

ECT is a robust method for testing seizure threshold in mice. ECT is the best-known
industry standard model for assessing the efficacy of AEDs, by generating a dose-response
curve in the presence of a convulsive current. Although there are a variety of ECT protocols
that have been used, in general the endpoints of this test are well defined, the stimulus can be
controlled exquisitely and a mouse can often be tested in = 2 minutes.*>*4 Typical experimen-
tal techniques involve passing an electric current of less than a second’s duration from one side
of the animal’s head to the other through the cornea or the external portion of the ears. De-
pending on how many times a mouse is tested, ECT response can be evaluated by either a
multiple-test paradigm or a single-test paradigm. In a repeated-seizure testing procedure, a
mouse is tested daily with a single treatment where the current setting increases in each succes-
sive trial until a chosen endpoint, e.g., maximal tonic hindlimb extension seizure, is induced.®
Alternatively, a mouse is only tested once at a fixed current and the seizure threshold can be
determined by testing groups of animals at different current intensities.”® Recently, a third
method with features from both repeated and single-testing procedures has been reported.®® In
this method, the intensity of the current increases linearly during the test until the occurrence
of tonic hindlimb extension, allowing determination of the seizure threshold for individual
animals in one test.*®

The most common means of testing seizure susceptibility in mice by ECT is to use
high-frequency pulses (e.g., = 60 Hz) through transcorneal electrodes. The endpoints of this
test are minimal seizures involving clonus of the jaws and forelimbs, and maximal seizures
involving tonic hindlimb extension. The brain regions involved in each seizure type vary with
stimulus strength and routes of stimulation, but generally, forebrain is more involved in mini-
mal seizures and hindbrain in maximal seizures. Nevertheless, since maximal seizures are gener-
ated under the same stimulus route and electrical settings as minimal seizures except for the
higher current applied, the difference in current required for these two seizure endpoints may
also provide an indicator of the ability of seizures to spread throughout the brain. Although
sensitivity to electrical stimuli is not a “clinical” phenotype per se, ECT accommodates experi-
mental modalities such as AED treatment which provide the basis for relating a mouse mutant
to the clinically relevant human pharmacology, forming the basis of the screening and evalua-
tion of antiepileptic drugs in the United States and abroad.’

Chemoconvulsants

A large number of chemical convulsants, including bicuculline, excitatory amino acids (e.g.,
kainate, glutamate), gamma-hydroxybutyrate (GHB), beta carbolines, nicotine and pentylene-
tetrazol (PTZ), have been used to induce seizures in mice. Seizures produced by some of the
chemoconvulsants are considered pharmacological models because the electrographic and be-
havioral features are consistent with those observed in humans. As a result, the PTZ seizure
paradigm has been incorporated into the testing protocol of the National Institute of
Health-sponsored Anticonvulsant Screening Project which examines the efficacy of potential
AEDs in rodents.”’

PTZ is a noncompetitive GABA, antagonist which lowers neuronal inhibition. Unlike
excitotoxins such as kainic acid, PTZ does not cause cell death and is less likely to induce
secondary epilepsies. Also, PTZ does not have to be metabolized to function in vivo and has a
rapid turnover rate.’$3 When administered subcutaneously, PTZ causes mice to display a
dose-dependent progression of behavioral patterns, from myoclonic jerks to minimal clonic
seizures to tonic extension of forelimbs and hindlimbs.?® If the variable is a given genetic muta-
tion versus a control, PTZ typically accelerates a seizure’s onset or worsens severity. Correlated
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increases or decreases of the amount of PTZ required to induce a seizure event provide a quan-
titative measure of its neuroexcitatory potential. In addition to the subcutaneous PTZ test,
intravenous PTZ infusion is a more accurate method for assessing seizure threshold.?® In this
test, PTZ is continuously administered to a mouse through its tail vein. The time it takes for a
mouse to reach a quantifiable endpoint from the start of the infusion is recorded. Therefore, it
offers a sensitive measure to detect changes in individual seizure thresholds. Further, a quanti-
fiable endpoint can be obtained with only 8-10 mice per group. One potential technical diffi-
culty of the intravenous PTZ test is the use of tail vein as the route of administration. It has
been noted that finding the tail vein in some pigmented strains (such as C57BL/6) is a chal-
lenging task (Dr. H.S.White, personal communication). Nevertheless, chemoconvulsants are
popular because they require no special equipment.

Audiogenic Seizures (AGS)

One of the oldest means of inducing seizures in mice is by loud acoustic stimuli, which,
prior to the genomics era, was a popular means of examining strain differences to seizure thresh-
old. The initiation and propagation of AGS activity is dependent upon hyperexcitability in the
auditory system, particularly the inferior colliculus. Rodent AGS models represent generalized
reflex epileptic behaviors in humans.“® While AGS, like ECT, is a very robust approach because
it is a physical stimulus that can be carefully controlled experimentally, its general utility is
precluded by the facts that AGS relies on the ability of the mouse to hear: common mouse
strains indeed have a range of audiogenic thresholds, including some strains that become deaf
ata relatively young age.” Moreover, even within a strain, irrespective of the audiogenic threshold
there may be particular ages when the mice are more sensitive. For these reasons, AGS is usually
an approach that is best left for specialty laboratories.

Genetic Background on Seizure Phenotyping

It has been acknowledged that genetic background may have profound effects on the evalu-
ation of the phenotypes of genetically manipulated mice, and that the exploitation of genetic
variation inherent in the common inbred strains of mice provide unique tools, and sometimes
obstacles, for neuroscience researchers.244 As described earlier, the first batch of animals ob-
tained from targeted mutagenesis is usually genetically mixed, often a hybrid between a 129/Sv
subline and C57BL/6 for the easy identification of the chimeric mice due to the coat-color
difference. At this stage, one has to decide on which inbred strain the seizure phenotype will be
examined. Inbred mouse strains are generally known to vary in their seizure response to a
variety of stimuli; although the earliest examples were shown for audiogenic seizures, where the
strain sensitivity to hearing comes into play, just about every carefully studied seizure model
since has shown mouse strain diversity to seizure stimuli. For example, studies by Schauwecker
and Steward demonstrated that four commonly used inbred mouse strains responded differ-
ently to kainic acid (KA)-induced excitotoxic cell death.® Peripheral KA administration in
rodents results in seizures and subsequently degeneration of neurons in the selective subfields
in the hippocampus.“® Although all four strains exhibited the same class of behavioral seizures,
C57BL/6 and BALB/c mice did not show cell death after seizures whereas KA induced pro-
nounced excitotoxic cell death in FVB/N and 129/SvEMS mice. Si§niﬁcantly, the strains in-
volved in gene targeting demonstrated different susceptibility to KA.*> Further, hybrid mice of
129/SvEMS x C57BL/6 generated through embryonic stems cell injection into blastocyst did
not show evidence of cell loss after KA treatment, suggesting that the protection against KA
came from the C57BL/G chromosomes.* These findings underscore the importance of genetic
background on behavioral phenotype analysis.

More recently, Frankel and colleagues examined the ECT responses in a number of com-
mon inbred mouse strains.?> A broad spectrum of thresholds was observed, indicating that
many neuroexcitability alleles exist in these mouse strains. Of the 16 inbred strains surveyed,
DBA/2]J, CBA/] and FVB/N] showed a much lower threshold to seizures whereas C57BL/6]
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and BALB/cBy] were found to have high electroconvulsive threshold, consistent with previous
findings in a chemoconvulsant seizure paradigm.*’ Interestingly, FVB ranked second in sus-
ceptibility to minimal clonic seizures and psychomotor seizures and first in susceptibility to
maximal tonic hindlimb extension seizures. An interesting contrast is provided by CBA/J which
was almost as susceptible as FVB to minimal clonic seizures but had a much higher threshold
to maximal seizures—providing evidence that seizures spread much more readily in FVB mice.*’
In addition, FVB has been reported to have occasional spontaneous seizures.*” Histologically,
however, FVB mice seem to have similar hippocampal structures and cell counts when com-
pared to other inbred strains (inferred from ref. 45). Taken together, FVB has emerged as an
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Figure 1. A flow chart outlining the reverse genetics strategy to modeling human epilepsy in mice as being
discussed in this chapter. Please note that when the germline transmission of the mutation has been
confirmed, one may desire to put the mutation onto different genetic backgrounds through a continuous
backerossing method. Then, seizure phenotyping and breeding can be carried out simultaneously.
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intriguing seizure-sensitive strain with normal hippocampal morphology. Therefore, one stan-
dard approach that could be taken when evaluating new genetic seizure models that arise on
other mouse strains will be to examine the phenotype on FVB background. Given that FVB
mice are susceptible to seizure disorders, extensive convulsive phenotype and the related defects
may be expected. In preliminary studies, this could be achieved by continuous backeross to
FVB until the N5 backcross generation is reached where, on average > 96% of chromosomal
material unlinked to the mutation comes from FVB. If new seizure phenotypes such as sponta-
neous seizures are seen in mutant N5 mice but not in littermate wild-type controls, further
studies on a purer genetic background could be done after additional backcrosses to FVB.

Another advantage of moving the targeted allele to a different inbred mouse strain is the
potential identification of genetic modifiers.*® Given the wide range of seizure thresholds in
the common inbred strains (Table 2), it is likely that the seizure phenotype caused by the
human mutation can be suppressed or enhanced. To this end, seizure-sensitive strains such as
FVB/N]J and DBA/2J and resistant strains such as C57BL/6] and BALB/cBy] could be consid-
ered since they offer genetic diversity and at the same time show different susceptibility to
stimuli at least in those two seizure paradigms.>**> Continued backcross strategy again will be
used to generate mice with the desired genotype. Genes carrying mutations that lead to pheno-
types of interest provide one entry point into a biological pathway or pathological process. Any
mechanism such as genetic modification by a second-site locus provides useful information on
the pathogenesis of the disease phenotype, leading to more potential targets for therapeutic
intervention.

Summary

In conclusion, we have discussed a reverse genetics approach to studying seizure disorders in
mice (Fig. 1), employing a targeted mutagenesis method to exploit the genetic defects identi-
fied in human epilepsy families. After detailed characterization of the nature of the human
mutation and the mouse counterpart gene, a targeting vector containing the human disease
allele is created. The endogenous mouse gene is replaced by the human disease allele through
homologous recombination in ES cells, leading to the generation of chimeric animals. Mice
carrying one copy or both copies of the human mutation can be bred to study the phenotypic
effect of heterozygous and homozygous mutations. At this stage, one may want to split the
newly created mice into two groups. One group will go through seizure phenotyping tests,
while the other group will be used to generate disease allele-carrying mice on a different genetic

Table 2. Different sensitivity to major seizure stimuli among five common mouse

strains®
ECT® PTZ¢ KA? KA Excitotoxicity®
DBA/2) Sen. Sen. Sen. N/A
FVB/NJ Sen. N/A N/A Sen.
129 Sen. (129S51/Svim)) N/A N/A Sen. (129/SVEMS)
BALB/c Res. (BALB/cBy)) Int. (BALB/c)) N/A Res.
C57BL/6) Res. Res. Res. Res.

a) abbreviations: ECT = electroconvulsive threshold, PTZ = pentylenetetrazol, KA = kainate, Sen. =
relatively sensitive, Res. = relatively resistant, Int. = intermediate or paradigm-dependent

b) Ref. 33, minimal or maximal seizures

) Ref. 49, except for BALB/cJ data inferred from Ref. 50

d) Ref. 51

e) Ref. 45
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background. Phenotypic characterization of mice on different inbred strains includes behav-
ioral monitoring and EEG analysis looking for the occurrence of spontaneous seizures, as well
as routine cage examination looking for handling-provoked seizure and ECT- and PTZ- in-
duced seizure paradigms looking for sensitivity to these stimuli. A complete evaluation of the
seizure phenotype at the whole-animal level establishes the relevance of the mouse model to the
human condition. Further investigation including imaging, electrophysiology and AED re-
sponse in these mouse models will shed light on the mechanistic basis of the convulsive disorder.

Current epilepsy research in mouse genetics offers promise for understanding the molecular
mechanisms that underlie epileptogenesis in humans. A large-scale forward genetic effort to
create novel mouse mutants with seizure phenotypes by in vivo chemical mutagenesis with
ethyl-nitroso urea (ENU) is underway at the Jackson Laboratory (http://www.jax.org/nmf/).
Genetic mapping and isolation of the affected genes in these seizure-prone models will provide
additional molecular pathways involved in seizures. The mutant mice generated through both
forward and reverse genetic approaches will be a valuable resource for the biomedical commu-
nity to study epilepsy at the molecular level and to characterize the pathological consequences
of seizures in the whole organism.
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CHAPTER 2

Integrins, Synaptic Plasticity
and Epileptogenesis
Christine M. Gall and Gary Lynch

Abstract
number of processes are thought to contribute to the development of epilepsy
Aincluding enduring increases in excitatory synaptic transmission, changes in GABAergic
inhibition, neuronal cell death and the development of aberrant innervation patterns in
part arising from reactive axonal growth. Recent findings indicate that adhesion chemistries
and, most particularly, activities of integrin class adhesion receptors play roles in each of these
processes and thereby are likely to contribute significantly to the cell biology underlying
epileptogenesis. As reviewed in this chapter, studies of long-term potentiation have shown that
integrins are important for stabilizing activity-induced increases in synaptic strength and
excitability. Other work has demonstrated that seizures, and in some instances subseizure
neuronal activity, modulate the expression of integrins and their matrix ligands and the
activities of proteases which regulate them both. These same adhesion proteins and proteases
play critical roles in axonal growth and synaptogenesis including processes induced by seizure
in adult brain. Together, these findings indicate that seizures activate integrin signaling and
induce a turnover in adhesive contacts and that both processes contribute to lasting changes in
circuit and synaptic function underlying epileptogenesis.

Introduction

Hypotheses about the causes of epileptogenesis usually posit that one or more of the follow-
ing long-lasting changes have occurred at critical sites in brain: increased strength of excitatory
connections, a loss or change in strength of inhibitory input, neuronal cell death, and aberrant
axonal growth leading to greater excitability. The increased excitation hypothesis found impor-
tant support with the discovery that high-frequency activity of a type not greatly different from
that associated with seizures triggers a long-term potentiation (LTP) of glutamatergic transmis-
sion."? Specifically, in LTP bursts of high frequency or theta burst-like afferent activity lead to
an enduring strengthening of transmission that is specific to synapses activated during the
inducing phase.>” Later studies demonstrated that brief seizures can themselves induce LTP®
Since then, an impressive list of points in common between LTP and epileptogenesis has been
compiled.” NMDA-type glutamate receptors, for example, appear to be necessary for the in-
duction but not the expression of either phenomenon across a range of experimental circum-
stances.>* Di-acylglycerol metabolism and the density of voltage sensitive calcium channels
are other more recent examples of factors reported to shape the probability of LTP and
epileptogenesis. Thus, although not identical,’>1¢ there is good evidence that LTP and
epileptogenesis share cellular mechanisms. With regard to disturbances in inhibitory connec-
tions, there is a large literature showing that changes in the components of GABAergic syn-
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apses and in inhibitory transmission itself occur in both animal models'’?° and human epi-

lepsy.*! This includes recent reports of aberrant binding to GABA receptors in the human
condition.?>?? Most likely related to these changes in inhibition, neuronal cell death has been
observed in most experimental paradigms'”**?% and in human epilepsy.?> The loss of specific
populations of cells, and particularly of local circuit neurons in hippocampus, may account for
at least some of the changes in the balance of excitatory and inhibitory activities and reactive
axonal growth with epileptogenesis. Regarding the latter point, several laboratories have de-
scribed axonal sprouting and aberrant innervation patterns in hippocampus and the dentate
gyrus following seizures and in experimental models of epileptogenesis. This was originally
described, and has been most fully characterized, for sprouting of the granule cell mossy fiber
axons in animal seizure models®****! and in human epilepsy.”*** However, more recent stud-
ies have found evidence for local sprouting in field CAl in both animal and human mate-
rial 23437 Moreover, the balance of evidence indicates that in both fields sprouting contrib-
utes to synchronous neuronal activity and excitability. For example, in field CA1 new axonal
growth gives rise to aberrant collaterals to the cell body layer and proximal dendrites, leading to
new connections that are likely to underlie increased excitability. This growth is correlated in
time with increases in the local response to applied glutamate and the increased probability
that stimulation of individual pyramidal cells will elicit spontaneous network bursts.”*%” Simi-
larly, in the dentate gyrus the post-seizure emergence of aberrant mossy fiber collaterals to the
dentate inner molecular layer has been associated with increased glutamate excitability and
granule cell burst activity that cannot be accounted for by changes in inhibition.*®** Thus, in
the better-studied animal models of epileptogenesis, evidence suggests that along with the more
acute effects of seizure, there is a reorganization and growth of excitatory connections which
potentiates network excitability and contributes to seizure proneness.”®

As discussed throughout this volume, numerous cellular mechanisms have been proposed
as steps leading to the epilepsy-related changes described above. One possibility that has begun
to receive increasing attention involves cell adhesion chemistries. In particular, recent studies
have shown that integrins, and other classes of adhesion receptors, are required for sustaining
different phases of LTP and kindling. Moreover, there is evidence that integrins and their
matrix ligands regulate GABAergic transmission” in the cortical telencephalon and in some
cases mediate seizure-induced cell death.*! Finally, cell adhesion and extracellular matrix pro-
teins are well known to play critical roles in the motor-mechanisms and guidance of axonal
growth and in the stabilization of synaptic contacts: recent studies have shown the same chem-
istries are active in adult neuroplasticity as well. In all, several phenomena thought to contrib-
ute to epileptogenesis are likely to be regulated by cell adhesion. This, combined with growing
evidence that seizures activate a battery of adhesion-related enzymes and adhesion protein gene
expression, points to the possibility that epileptogenesis involves a local breakdown of normal
cell-cell and cell-matrix relationships followed by new synthesis and reactive axonal growth,
and the appearance of stable, hyperexcitable arrangements.

The present review covers a selection of recent results relating to the above hypothesis. It
begins with an introduction to the structure and cellular functions of integrin receptors, as they
have been characterized in non-neural systems, and a description of results demonstrating that
integrins are differentially expressed across regions of the adult brain. This will be followed by
presentation of evidence that integrins contribute to the consolidation of LTP and kindling.
Finally, results demonstrating that adhesive contacts and related chemistries are altered by sei-
zures will be described and the implications of these findings to the development of seizure
susceptibility will be discussed.

Integrins: Cell-Matrix and Cell-Cell Adhesion Receptors

There are three major families of transmembrane adhesion receptors throughout the body
as well as several more minor groupings.*? The major families, illustrated in Figure 1, are the
integrins, cadherins, and immunoglobulin (Ig) adhesion protf:ins.43’44 The cadherins and Ig
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Figure 1. Schematic illustration of the three major classes of adhesion receptors discussed in the text. As
shown, the cadherins form dimers which have homophilicinteractions with like-cadherins on adjacent cells.
The Ig class receptors, for which Neural Cell Adhesion Molecule (NCAM) is the prototypical example, also
form homomeric cell-cell interactions. In contrast, the integrins are aff heterodimers: their extracellular
domain binds extracellular matrix (ECM) proteins as well as proteins on adjacent cells whereas their
intracellular domain is linked both (1) to the actin cytoskeleton via a variety of integrin-scaffolding proteins
(e.g., vinculin, talin, actinin, spectrin) and (2) to kinase and G-protein signaling cascades. This includes
direct associations with focal adhesion kinase (FAK) and Src kinases. Divalent cations (Mg+2, Mn*?, Ca*?)
regulate integrin activity for ligand binding through influences on the binding “pocket” between o and
strands.

adhesion proteins are both homophilic receptors that bind the extracellular domain of identi-
cal transmembrane proteins on adjacent cells. As shown, the cadherins are homodimers and
their binding is calcium-dependent: calcium stabilizes a linear conformation and brings indi-
vidual strands into the correct alignment for both dimerization and binding to cadherins on
adjacent cells. Unlike cadherins and Ig receptors, the integrins are heterophilic receptors that
bind extracellular matrix proteins such as osteopontin, collagen, tenascin-C, and reelin as well
as transmembrane proteins on adjacent cells (e.g., VCAM-1).*% Thus, integrins mediate both
cell-cell and cell-extracellular matrix (ECM) adhesion and are the principal receptors for the
ECM throughout the body.

As reviewed in detail elsewhere, the integrins are non-covalently bound o heterodimers,
each containing one of 18 known a subunits and one of 8 known 3 subunits to give rise to over
20 dimer combinations. The o subunit has a relatively short cytoplasmic domain and is thought
to be of particular importance for determining the ligand specificity of the receptor. The
subunit also participates in ligand recognition but importantly, it has a longer cytoplasmic
domain that is associated with both the actin cytoskeleton and with a variety of signaling
molecules.“** Although the integrins have no catalytic activity themselves, they are seen as
having both “inside out” and “outside-in” signaling functions that depend largely upon the
three-dimensional conformation of the receptor.*’ Integrins within the membrane can exist in
a latent or resting state, and can be activated by a variety of influences upon their cytoplasmic
domain including signals from protein kinase C, calcium/calmodulin-dependent protein ki-
nase Il and G proteins.47’51'5 3 These activities, as well as divalent cation levels,®> lead to confor-

46-49
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mational changes that propagate from the cytoplasmic to the extracellular domain to activate
the receptor and increase ligand binding activity. Similarly, ligand binding, and in particular
binding of anchored ligands, or in some instances simple integrin receptor clustering, leads to
conformational changes that propagate from the outside to the inside of the cell (hence,
“outside-in” signaling) leading to changes in the {)hysical arrangements of integrin-associated
cytoskeletal proteins and signaling molecules.“®>! The latter are likely to be of particular im-
portance for functional synaptic plasticity. Integrins bind either directly or indirectly to a num-
ber of signaling intermediaries that are increasingly appreciated to play critical roles in synaptic
efficacy and long term changes in synaptic function including focal adhesion kinase (FAK) and
its homolo%ue roline rich tyrosine kinase 2 (PYK2), Src family kinases and PI(3) kinase to
name a few.”*>¢ Through these and other elements, integrin ligand binding stimulates strong
increases in tyrosine phosphorylation,”” and increases signaling through Ras, Raf, MEK, and
small GTPases (Rho, Rac among others).”*>#%04 As 3 consequence, integrins play critical
roles in a wide variety of very basic cellular functions including cell cycling, phenotypic differ-
entiation, gene expression, process outgrowth, cell survival and the regulation of intracellular
pH and calcium levels.

Finally, regarding specialized neuronal functions to be discussed below, it is important to
note that integrins have functional associations with other codistributed receptors and trans-
membrane proteins.®> Regarding issues of synaptic plasticity, it is intriguing that functional
interactions have been particularly well-demonstrated for integrins and tyrosine kinase growth
factor receptors,” %4 potassium channels®® and voltage-dependent calcium channels.®®” As
just one example of this, integrin binding has been shown to both stabilize codistributed epi-
dermal growth factor receptor (EGFR) in the cellular membrane and, presumably through
effects on receptor densities, to mediate EGF-independent signaling through the EGFR.%
Findings such as this raise the intriguing possibility that synaptic integrins may interact with
synaptic trophic factor receptors in processes mediating activity-induced synaptic plasticity.

Integrin Expression in the Adult CNS

Integrin functions within the CNS have been most extensively studied within the context
of development,®® and during early stages integrins have been shown to be important for fun-
damental processes of process outgrowth,*””% cellular migration,”*7# and substrate recogni-
tion. However, there is now good evidence that integrins, along with the other major classes of
adhesion receptors, are highly expressed in the adult brain.

Given the involvement of integrins in very basic adhesive functions, one might expect the
integrins to be broadly expressed by virtually all cell types throughout the brain. Contrary to
this, localization studies have shown that integrin expression profiles are highly differentiated,
being both brain region— and cell type-specific. Moreover, while both neurons and glia clearly
express integrins,”””’® immunocytochemical and in situ hybridization studies have shown that
in the adult integrins are most highly expressed by neurons. This point can be illustrated by
results of in situ hybridization studies conducted in our laboratories. Distributions and levels
of mRNAs for integrin subunits at1-8, v, and B1-5 were evaluated in adult rat brain.”%%
Figure 2 shows photomicrographs of autoradiographic labeling obtained with >>S-cRNAs and
illustrates some of the basic differences in expression profiles. Labeling patterns were highly
varied: some subunits (e.g., a3, a5, av, $5; Fig. 2B) were broadly expressed across brain with
neuronal labeling throughout neocortex and hippocampus while other transcripts (e.g., 04, 1;
Fig. 2A) were much more narrowly distributed and detected in only a few discrete cell types.
Still others (e.g., 1, a7) were particularly highly expressed by neurons projecting outside of
the CNS (e.g., efferent cranial nerve neurons and spinal motor neurons). As can be seen in
these examples, integrin subunit expression conformed to neuronal cytoarchitectonics and la-
beling patterns clearly distinguished cell types within a specific region, and subfields within a
particular brain area. The latter features can be seen in the subfield-specific labeling in hippoc-
ampus and layer-specific labeling in cerebellum. In hippocampus, integrin 0.7 expression clearly
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Figure 2. Integrin gene expression is both region- and cell-specific. Photomicrographs show the autorad-
iographic localization of >>S-cRNA in situ hybridization labeling of integrin mRNAs in adult rat brain
(dark-field microscopy; cellular labeling seen as white). (A,B) Panels A and B show labeling of a4 and av
mRNAs, respectively, and illustrate subunits with very limited (A) and broad (B) distributions. In the plane
shown, a4 mRNA is restricted to piriform cortex (pc) whereas oov mRNA is distributed across superficial
and deep layers of neocortex, caudate/putamen (CPu), piriform cortex and olfactory tubercle (ot). (C-E)
Photomicrographs show subfield-specific integrin expression profiles in hippocampus. As illustrated, a1
mRNA (C) is prominently expressed in CA3 stratum pyramidale alone, a7 mRNA (D) is abundant in
stratum granulosum (sg) and CA3 stratum pyramidale, and @8 mRNA (E) is most dense in CA1 stratum
pyramidale. (F;G) Photomicrographs of cerebellar cortex (hemispheres) showing @3 mRNA (F) is restricted
to the Purkinje cell layer (arrow) while @7 mRNA is highly expressed in the granule cells (gc) as well as the
Purkinje cells. Note, in panels C-G none of the transcripts are prominently expressed by cells in the
molecular layers.

differentiates subfields, being highly expressed in the principal cell layers of the dentate gyrus
and field CA3 but not field CAl (Fig. 2D). In contrast, the o1 and a8 transcripts were most
highly expressed in the pyramidal cells of CA1 and CA3, respectively (Fig. 2C,E). The absence
of neuronal labeling in the hippocampal molecular layers indicates that expression is greatest in
glutamatergic neurons (in the principal cell layers) and low in GABAergic neurons and glia
that are scattered across the molecular layers. In cerebellum, a3 mRNA is discretely localized in
the granule cells (Fig. 2F) while 07 mRNA is highly expressed in both the granule and Purkinje
cells (Fig. 2G). Results of these studies reinforce the conclusion that a given cell type expresses
more than one integrin.**% Again, this point is illustrated by consideration of labeling pat-
terns in hippocampus. CAl pyramidal cells clearly express mRNAs for o subunits 1, 3, 5, 8
and v, and for P subunits 1 and 5. Moreover, PCR amplification of integrin transcripts8 in
adult hippocampus and localization of expression in immature neurons® (and Gall, unpub-
lished results) indicates that these cells express 33 and B8 integrins as well. Together these
findings indicate that the CA1 pyramidal cells express at least 8 integrins (a1p1, a3p1, a5p1,
a8pl, avfl, avp3, avP5 and ovfP8).
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The results of in situ hybridization studies (i.e., cell- and region-specific expression profiles,
prominent neuronal labeling, multiple integrins expressed by single cells) are largely consistent
with immunoc;Itochemical descriptions of integrin expression in brain. Analyses of a.87¢8¢:57,
ov’®, o188, 05728290 and [3»191'93 have demonstrated localization in neuronal perikarya, axonal
and dendritic processes, and glial cells. Moreover, these immunocytochemical studies indicate
that integrins are localized, and in some cases seemingly concentrated, at synapses and limited
aspects of dendritic arbors. In central mammalian neurons, al, a8, ov and a3 have all been
localized within synapse-like puncta or synaptic junctions at the light or electron microscopic
level, respectively.”***?194 Our own studies of cultured neurons have demonstrated a concen-
tration of a5-immunoreactivity (ir) at GluR1 and PSD-95 immunoreactive dendritic spines in
addition to lower levels of al5-ir in dendritic processes and perikarya (Bernard and Gall, un-
published observations). Similarly, integrin proteins are concentrated at synaptic junctions in
Drosophila.?>®® These anatomical observations are consistent with results of neurochemical
studies demonstrating that a5, av, a3 and B1 subunits are enriched in synaptic membrane
fractions.””

As mentioned above, there is evidence that some integrins are preferentially distributed
across dendritic arbors. In particular, we have observed that in hippocampus and neocortex
a5-ir is dense in apical dendrites but below detection in basal dendrites of the great majority of
pyramidal cells.”® This contrasts with labeling of non-pyramidal cells which is clearly distrib-
uted across multiple primary dendritic arbors. The apparent apical compartmentalization of
a5 is not accounted for by differences in synapse or spine densities. Indeed, given the concen-
tration of a5 at spines and synapses this observation suggests a fundamental neurochemical
difference between the apical and basal dendritic spines which could be of consequence to
capacities for long term synaptic plasticity. We will return to this point below within the con-
text of a5 involvement in the consolidation of LTP.

Adhesion Proteins Contribute to the Consolidation of Long-Term

Potentiation

The argument that epileptogenesis arises from abnormal levels of excitatory input requires:
1) a mechanism whereby remarkable increases in EPSPs can be produced; and 2) a process that
could sustain those increases for very long periods. The evidence, derived from studies of LTP
reviewed below, suggests that integrins are critical to processes that can satisfy these require-
ments; i.e., as described, integrins are important for stabilization of enduring activity-induced
increases in synaptic efficacy in hippocampal LTP. Having identified this as a plausible candi-
date cellular mechanism for sustaining hyperexcitability, the question arises as to whether it
helps explain specific, poorly understood characteristics of epileptogenesis. By way of address-
ing this question, the following sections also briefly describe findings indicating that variations
in adhesion chemistry may result in developmental and regional differences in the stability of
synaptic modifications induced by intense neuronal activity.

LTP Has a Memory-Like Consolidation Period

Functional synaptic plasticity is widely recognized to pass through a ‘consolidation’ period
during which it becomes progressively more resistant to disruption and is converted into a
form with extraordinary persistence. This became evident in early studies of the consolidation
of memory'%'%% and the principles identified in studies of learning and memory seem to
apply to synaptic phenomena and, in particular, to LTP. Consolidation involves multiple pro-
cesses that seemingly result in ever more enduring forms of encoding. Because of this, there is
no single consolidation time although it is clear that with memory the process begins within
seconds of learning and produces a reasonably stable memory within 30 minutes. The first
evidence that LTP has a memory-like consolidation period came with the discovery that poten-
tiation in anesthetized rats disappears if low-frequency afferent stimulation is applied within a
few minutes of induction.'® Subsequent studies using chronic recording confirmed that LTP
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does not recover even after delays of 24 hours and that high-frequency stimulation delivered
after reversal produces a normal degree of potentiation, as expected if the original effect had in
fact been erased.!® Other work demonstrated that the erasure effect is present throughout the
cortical telencephalon.!%5:1%

The first in vitro studies of consolidation showed that hypoxia or infusions of adenosine
would reverse 1potentiation if applied within 5 minutes of induction but were without effect 30
minutes later.'%” This time course resembles that described for memory consolidation in any
number of paradigms.'®*'"! Subsequent slice experiments obtained reversal with naturalistic
theta patterns of stimulation'® and showed that it probably involves adenosine receptors.'?!1°
The demonstration that LTP becomes steadily less vulnerable over the 30 min post induction
period''"!? added another and important point of agreement with memory consolidation.

Multiple Adhesion Receptors Contribute to Consolidation of LTP

The logic for investigating the role of adhesion receptors in consolidation is straightfor-
ward. There is broad agreement that changes in the shape of synapses and spines accompany
changes in synaptic efficacy, although the appropriate description of the change remains con-
troversial. Given that synapses are adhesion junctions, it is unlikely that significant morpho-
logical reorganization of the type associated with LTP could occur without extensive modifica-
tions to integrins and other adhesion receptors.

Integrins bind discrete amino acid sequences in their matrix targets. Approximately one
third of the known integrins bind the arginine-glycine-aspartate, or RGD, amino acid sequence
that is shared by many matrix proteins (e.g., fibronectin, vitronectin, tenascin-C,
thrombospondin);45 differences in ligand specificity derive from amino acids flanking the cen-
tral binding motif. 1113114 Small soluble peptides containing the RGD sequence interfere with
matrix adhesion for these particular integrins''> and disrupt a wide variety of integrin-mediated
events (e.g., fibroblast attachment, platelet aggregation). To assess the contribution of synaptic
RGD-binding integrins to LTP the putative antagonist peptides, or control media, were in-
fused into acute hippocampal slices and effects on baseline physiology and LTP assessed. Infu-
sion of RGD peptide (i.e., GRGDSP) into hippocampal slices had little effect on baseline
transmission or the initial expression of LTP but caused potentiation to gradually dissipate over
the 60 minutes following induction.''®!"” Additional studies found that RGD peptides were
also effective if infused 2 minutes after the induction of LTP but were not effective when
applied after delays of 25 minutes or longer.!'® As illustrated in Figure 3 (panels A-C), two
snake toxins (a.k.a., disintegrins) that potently block integrin recognition of the RGD
ligand-motif also disrupted the consolidation of LTP and, like RGD-peptides, were effective if
applied after the inducing stimulation (Fig. 3B).Y” In all, the effects of RGD peptides on the
stabilization of LTP support the hypothesis that synaptic stimulation engages integrin activities
which then dictate the particular time course over which the increase in synaptic strength
becomes stabilized.

As discussed above, hippocampal neurons express an array of integrins and at least some of
these (a3p1, a5p1, avB8) are concentrated in synapses. The above results with antagonists
that would be expected to interfere with functions of all RGD-binding integrins do not address
the question of which particular receptors are involved in LTP consolidation. Given that integrins
and their signaling activities are functionally distinct, identifying the specific dimer(s) subserving
consolidation could be an important step towards understanding the manner in which the
receptors help stabilize the potentiated state. This problem was addressed using function-blocking
antibodies locally infused into hippocampal fields containing synapses that were about to be
potentiated. The antibodies were infused during or immediately following theta-burst afferent
stimulation and infusion was continued during the post-stimulus interval over which LTP was
assessed. Two synaptically localized integrins were in this way implicated in consolidation:
as5p1” (Fig. 3D) and a3p1.7®
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Figure 3. Blocking integrin function disrupts stabilization of LTP. In acute hippocampal slices, a stimulating
electrode was placed in field CA1b stratum radiatum between two recording electrodes placed in CAlaand
CAlcstratum radiatum. With this arrangement, in untreated slices theta-burst stimulation applied to field
CAL1D leads to comparable potentiation of synaptic responses at both recording electrodes. In the experi-
mental preparations, the disintegrin echistatin (A,B), echistatin plus a second disintegrin triflavin (C), or
a function-blocking antibody to integrin subunit a5 (D) was infused at the experimental recording site
during the period indicated by the gray bar; the remaining recording site was used as a control. LTP was
induced with trains of 10 theta bursts containing 4 pulses at 100 Hz and a burst separation of 200 ms.* The
upper aspects of Panels A and B, and Panels C and D, show group average (+ SEM) EPSP slopes for single
test pulses applied to the same site before and after the LTP-inducing stimulation. In each of these plots,
EPSP slope is presented as a percent of baseline values collected before induction of LTP; values from the
control and experimental (drug-treated) sites are represented by open and filled circles, respectively. The
lower plots in A and B show the percent difference between EPSP slopes for the control and experimental
sites. As shown in A, in the presence of the disintegrin echistatin, LTP shows the same initial induction at
the control and experimental sites but the experimental site LTP slowly declines and, after 1 hr, potentiation
had almost disappeared at the experimental site but was robust and stable at the control site. (B) Echistatin
applied after the induction of LTP also led to a loss of potentiation over 1 hr. (C) Treatment with two
disintegrins, echistatin and triflavin, led to a similar but more rapid decay in LTP than did treatment with
echistatin alone. (D) Treatment with anti-o.5 caused a significant but slower decay in LTP; in other experi-
ments the d9e7cay was shown to continue over 4 hrs of antibody treatment. For more details, refer to Chun
etal, 2001.

The effects produced by the function-blocking antibodies were partial and delayed com-
pared to those achieved with RGD peptides. This opens the interesting possibility that LTP
goes through more than one integrin-dependent consolidation stage. An early stage involving
integrins other than a5 or a3 would, according to this argument, produce a long-lasting but
slowly decremental LTP that can be largely reversed. A slightly later stage of consolidation
would be expected to incorporate contributions from the a3p1 and a5p1 integrins and to
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result in a potentiation that is both stable and extremely resistant to interference. Sequential
activation of integrins is not unknown; e.g., cell spreading is re]:l)orted in some experiments
to require activation first of avB3 and then of a5B1 receptors.''? In all, the multiple stages
of consolidation described for memory may find integrin-based analogues in long-term po-
tentiation.

Finally, there is evidence that other classes of adhesion receptors in addition to integrins are
involved in stabilizing LTP (see 44,120-122 for review). The number of synapses with high
concentrations of neural cell adhesion molecule 180 (NCAM 180, the isoform with the long-
est cytoplasmic domain) increases markedly following LTP induction'* while potentiation
itself is impaired by function-blocking antibodies against NCAM''® or the related Ig adhesion
molecule telencephalin.'®> Moreover, a selective disruption of LTP stabilization is found in
mutant mice lacking one of the polysialyltransferases that adds sialic acid to the extracellular
domain of NCAM but that retain NCAM itself.!?® This indicates that a specific,
well-characterized NCAM state is a necessary ingredient for consolidation. Other studies im-
plicate the third class of synaptic adhesion receptors in LTP as well. Specifically, the number of
synapses immunopositive for Neural (N)-cadherin, a cell-cell adhesion protein known to be
involved in synaptogenesis during development and that is present in high concentrations in
adult synapses, increases after induction of LTP'¥ The authors progose that the increase is part
of the synapse building and remodeling that accompanies LTP.'2*"** Moreover, N-cadherin
function-blocking antibodies have been shown to disrupt LTP stabilization in a limited num-
ber of experiments without disrupting induction or early expression.'?” In agreement with this,
Tang et al'®! found that peptides designed to interfere with cadherin binding also interfere
with LTP. Finally, function-blocking antibodies to a structurally related synaptic cadherin,
arcadlin also impair LTP'* but as this manipulation also degraded baseline synaptic responses
the results do not demonstrate if arcadlin is specifically involved in synaptic plasticity or, alter-
natively, is important for synaptic transmission in general.

The above evidence makes a convincing argument that activity-driven changes in junc-
tional adhesion can anchor excitatory synapses into a much more potent state. As discussed
elsewhere in this review, a separate body of experiments shows that intense synaptic activity
and seizures modify the abundance of extracellular matrix and adhesion receptors. Taken to-
gether, the results strongly suggest that lasting increases in excitatory drive will be a concomi-
tant of epileptogenesis. Given the evident connection between excitatory transmission and
seizure production, this conclusion provides support for the broad hypothesis that such in-
creases in excitatory drive, and cellular processes mediating them, contribute to seizure suscep-

tibility and epileptogenesis.

Adbhesion Receptors Are Involved in Multiple Forms of Plasticity Including
Kindling

Recently, it has become evident that integrin contributions to plasticity extend well beyond
LTP and hippocampus. RGD peptides block activity-dependent synaptic changes in Droso-
phila.%® Other work with mutant flies established that a variant of the a5 integrin subtype
plays an essential role in plasticity.!*>!?% Most directly relevant to the present review is evidence
that integrin antagonists block the induction of seizure susceptibility as seen in a kindling
model. Specifically, RGD peptides were infused into hippocampal slices for one hour prior to
attempts to induce kindling with brief periods of high-frequency bursts of afferent stimulation.
Baseline synaptic responses and the number of stimuli needed to induce bursting were de-
scribed as being unaffected by RGD peptides but the later response to kindling stimulation was
profoundly altered. That is, the RGD-treated kindled slices had a substantially lower rate of
spontaneous bursts but a longer burst period than did slices that had been treated with control
peptides. These results establish a direct link between integrins and one form of epileptogenesis.'*’
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Variations in Synaptic Adhesion May Account for Regional
and Developmental Differences in the Plasticity of Excitatory Syna ses

The characteristics and consequences of seizures change during development'**¥” and vary
markedly between brain regions. As with any argument about causal factors for epileptogenesis,
the enhanced excitation hypothesis needs to address these variations. Accordingly, it may be
useful to ask if the adhesion chemistries that appear to stabilize synaptic changes have ontoge-
netic or regional characteristics that would be predictive of marked differences in the degree to
which excitatory inputs can be enhanced.

As described eatlier, the brain is regionally differentiated with regard to expression of integrin
subtypes and, according to recent results, it does appear that these are predictive of variations in
LTP. The extent to which LTP has become consolidated can be assessed by applying
low-frequency trains of stimulation at various times after induction and, as described by Karmdr
et al,’® LTP in the apical dendrites of field CAl is little affected by the trains at 30 min
post-induction. The basal dendrites of the same CA1 neurons lack the a5B1 integrin® that
contributes to the stabilization in their apical counterparts. 97 Recent work has confirmed the
prediction that consolidation is also incomplete in the basal dendrites.'*® In the basal den-
drites, initial LTP is larger and more easily induced than that in the apical dendrites;'?? despite
this, the new results indicate that it is also less stable. In all, there is a possibility that sites at
which activity-induced changes in excitatory drive are easily established and readily recorded
may not be the sites at which Jasting adaptations (seizure proneness, LTP) emerge.

The unusual developmental history of the o581 integrin also leads to some interesting
predictions about plasticity. As described elsewhere,”® the integrin does not move into apical
dendrites until relatively late in postnatal maturation (i.e., during weeks 2-3 in rat), raising the
possibility that integrin-dependent consolidation of LTP does not have the same developmen-
tal profile as the other components of synaptic plasticity. This was confirmed in a series of
studies testing the reversibility of LTP at different post-natal ages.'*® ITP can be induced in rat
hippocampus by postnatal day 9 but, at this age, in contrast to the adult, potentiation is fully
erased by low-frequency stimulation even at 60 minutes post-induction. This indicates that a
fully competent consolidation process may not emerge until well into the third postnatal week
and during that period would be coincident with the appearance of the a5p1 integrin in these
same fields.

In summary, the emergence of adhesion molecules as a consolidation mechanism will likely
expand the aberrant excitation hypothesis for epileptogenesis and allow it to make novel pre-
dictions.

Seizures Activate Changes in Adhesion Chemistries:

Evidence for Turnover in Adhesive Contacts

As described in the introduction, recurrent seizures and kindling are associated with in-
creases in excitability and the formation of aberrant circuitry (e.g., sproutmg) and both phe-
nomena have long been suspected to contribute to changes in seizure threshold and
epileptogenesis. Knowing the involvement of various adhesion receptors and matrix proteins
in facilitating and directing axonal growth during development, a number of investigators have
proposed that these proteins may play a role in synaptic rearrangements that occur following
seizures and have examined the possibility that seizures modify associations within the adhesive
environment. The results of these studies, together with the growing understanding of activity-
regulated proteolytic activities in brain, indicate that seizures induce a massive reorganization,
or turnover, in adhesive chemistries that clearly facilitates growth and circuit adjustments and,
thereby, may play a significant role in epileptogenesis. In particular, results from many labora-
tories indicate that activity- and seizure-regulated reorganization of adhesive proteins includes
both proteolytic cleavage and replacement of integrin-mediated adhesive contacts. However, as
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this is only part of a much larger story, it is best considered within the broader context of the
effects of seizures on adhesive chemistries as they occur, over time, from the onset of the seizure
episode. With this in mind, the following paragraphs will describe the effects of seizures on
proteolysis of adhesion proteins and on the expression of adhesion receptors and their matrix
ligands. We have made an effort to include results that illustrate the magnitude of reorganiza-
tion induced by seizure but the narrative should not be considered an exhaustive presentation
of literature on the subject. Finally, the implications of these perturbations in adhesive chemis-
tries for the functional consequences of seizure activity and epileptogenesis will be discussed.

Activity Regulates Proteolysis of Adhesion Proteins

Recent years have seen a tremendous increase in the understanding of regulated proteolysis
in brain and, in particular, there is now very good evidence that seizures, and NMDA
receptor-mediated neuronal activity in general, rapidly stimulate the activities of a battery of
proteases that modify adhesion proteins and their associations both inside and outside the cell.
In the intracellular domain, calcium influx associated with seizures and intense glutamatergic
synaptic activation increases local activities of the neutral protease, calpain'“*1% that includes
both integrins' 414 and integrin-associated proteins'**!4/14 among its substrates. As calpain
is localized within dendritic spines,!>*1! this proteolysis can be tightly associated with regions
of activated synapses and, as a consequence, can be subfield- and possibly even synapse-specific
within a given cell.'*? Although calpain-mediated integrin cleavage has not been directly dem-
onstrated to be induced by seizures, Einheber et al%” found that within the hilus of the dentate
gyrus, kainic acid-induced seizures lead to a rapid loss of immunoreactivity for the a8 integrin
cytoplasmic domain that is evident first within dendritic processes and only later in the perikaryon
of mossy cells. The timing and distribution of change suggests that calpain, or another simi-
larly regulated intracellular protease, accounts for this loss of integrin immunoreactivity.

Neuronal activity has also been shown to stimulate increases in extracellular proteases and
proteolysis. Among these, the best studied within the contexts of seizures and synaptic plastic-
ity are the trypsin-like serine proteases including tissue plasminogen activator (tPA) and
neuropsin. Gene expression for tPA and neuropsin!**!> and secretion of tPAP*1> is stimu-
lated by seizures and/or depolarization. Within the extracellular environment, tPA cleaves the
integrin ligand plasminogen to liberate the additional trypsin-like protease, plasmin. Together
these and related proteases cleave both matrix proteins and the adhesion receptors themselves.
Specifically, seizures or brief NMDA receptor stimulation'*®'” lead to the extracellular cleav-
age of NCAM at a consensus serine protease site; this proteolysis can be mimicked by the
tPA-plasmin system'>”!%® and is blocked by a serine protease inhibitor of tPA."*® Other studies
have demonstrated that activities of the tPA-plasmin system also regulate levels of NCAM
ligands phosphacan and neurocan,'® the integrin ligand laminin'® and, in other systems, the
integrin, fibrinogen receptor.'®! These findings suggest that synaptic integrins may also be
substrates for activity-regulated serine protease activity in brain but there is, as yet, no informa-
tion on this point.

In additional to the trypsin-like proteases, seizures increase the expression and activities of
metalloproteinases (MMPs) in brain. The MMPs are secreted and both modify the extracellu-
lar environment and reveal adhesion-receptor epitopes though proteolysis of ECM proteins.'®?
Kainate seizures increase MMP-9 mRNA, protein, and activity levels within hippocampus.'¢3164
This is associated with local increases in the expression and extracellular distribution of a natu-
ral inhibitor of metalloproteinase (i.e., TIMP-1).!%> Thus, seizures appear to stimulate a con-
trolled MMP-mediated proteolysis of the ECM in adult brain. Given the involvement of MMPs
in modifying the extracellular environment to facilitate growth and cellular migration in pe-
ripheral tissues and brain, % the possibility that these enzymes facilitate axonal growth
and, in particular, seizure-induced sprouting and synaptogenesis in hippocampus is par-
ticularly attractive.
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Seizures Regulate the Expression of Adhesion Receptors

While seizures initiate proteolytic activities that degrade adhesion receptors and matrix pro-
teins, they also initiate changes in the expression of these same target proteins that would be
expected to replace those lost by proteolysis but which would also generate additional proteins
that may facilitate axonal growth, synaptogenesis and changes in synaptic efficacy that accom-
pany seizures and contribute to epileptogenesis. In particular, in situ hybridization and immu-
nocytochemical studies have shown that seizures, and lesser fluctuations in neuronal activity,
differentially regulate the expression of integrins, cadherins, and Ig cell adhesion molecules
(CAMs).

Evidence that seizures influence integrin expression comes from in situ hybridization analy-
ses in our laboratory. We have evaluated the effect of recurrent, lesion-induced limbic seizures
on mRNA levels for f1 integrin and its dimer partners, subunits c1-8 and av in adult rat
brain. This includes consideration of subunits forming RGD-binding integrins potentially in-
volved in processes of LTP and kindling discussed above (i.e., a3p1, a5p1, a8f1, and avf1).
In the hilar lesion paradigm used, bilateral recurrent limbic seizures occur intermittently over a
period of 8 to 10 hours with the greatest number of seizures clustered early in the episode.'®’ As
illustrated for select transcripts in Figure 4, we found that each of the integrin mRNAs are
influenced by seizures but in distinctly different ways. B1 mRNA is broadly increased during
the seizure episode within both neurons and astroglial cells. Transcript levels increase during
the period of seizures and slowly decline thereafter.”” Among the o subunits, responses are
highly transcript-specific.'®® Transcripts for a1, 02, 0.8 and av exhibit a monophasu: increase
either early (e.g., av; Fig. 4A,D) or late (e.g., a8 and al; Fig. 4B,E) in the seizure episode. The
a5 and 06 subunit mRNAs are also induced by seizure but these transcripts are clearly in-
creased in both neurons and glia (Fig. 4C,F). The 03 and a7 mRNA levels are decreased
during the period of recurring seizures but increase above control levels at later intervals. Fi-
nally, a4 mRNA, which is one of the lesser abundant transcripts in untreated adult rat brain,%
declines to undetectable levels in entorhinal cortex through the perlod of seizures.

Together, the changes in integrin gene expression induced by seizures show that neuronal
activity regulates integrin expression in very discrete, transcript-specific ways. This includes
differential regulation of colocalized transcripts. For example, in neuronal layers of hippocam-
pus, the 03 and 07 mRNAs are decreased during the same interval in which avand ol mRNA
levels are increased. Integrin subunits compete for dimer pairings. Thus, it is likely that changes
in the availability of o partners for the $1 subunit over time leads to changes in the integrin
receptors expressed at the membrane; in this instance we would predict an decrease in 031
and an increase in avP1 in the dentate granule cells in the aftermath of seizure activity. Fur-
thermore, given evidence that receptor dimer composition determines the ligand specificity
and signaling properties of the receptor, these changes could underlie fundamental differences
in the contribution of synaptic integrin receptors to neuronal functions including axonal growth
and activity-dependent modifications in synaptic efficacy during, and in the wake of, seizures.

Other investigators have shown that neuronal activity regulates the expression of cadherins
and NCAM and have linked these effects with reactive growth and synaptic plasticity. Seizures
have been reported to increase expression of N-cadherin'® and the cadherin family member
arcadlin;'?* as described above, both proteins are implicated in stabilizing synaptic potentia-
tion in hippocampus. Moreover, in the case of N-cadherin, pilocarpine seizure-induced in-
creases are rather long—lastmg (lasting several weeks) and associated with increases in immu-
noreactive puncta in the dentate gyrus inner molecular layer'® suggesting that newly expressed
proteins are localized in ﬁowing sprouts and nascent synapses of the mossy fibers that are
induced by seizure.””"7%!”! Other studies demonstrating induction of increases in synaptic
N-cadherin with LTP-inducing cAMP treatment'*” and patterned afferent stimulation'”* sug-
gest that activity induction of this class of adhesion grotein may be important to cadherin’s
contribution to functional synaptic plasticity as well.*!2° For the Ig CAMs, increased expres-
sion has been linked to patterned afferent stimulation,'”* the induction of LTP'?>'7? or poten-
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Figure 4. Seizures stimulate integrin gene expres-
sion. Photomicrographs show autoradiographiclo-
calization of ¥*S-cRNA in situ hybridization label-
ing of mRNAs for integrin subunits awv (A,D), a1
(B,E) and a6 (C,D) in coronal sections through
caudal hippocampus and cortex in control rats
(A-C) and experimental-seizure rats killed 6 hr (D)
or 24 hr (E,F) after the onset of recurrent limbic
seizures. Asshown, seizures induce marked increases
inav (D) and al (E) mRNAs that are restricted to
neuronal cell layers and are particularly striking in
hippocampus (sg, stratum granulosum; CAl and
CA3, stratum pyramidale indicated). In contrast,
seizure-induced increases in 6 mRNA (F) are more
diffusely distributed and are localized in both neu-
rons and glia.

tiation of AMPA-class glutamate receptor currents with ampakine drugs.!”* Together, these
observations indicate that Ig CAM expression can be positively regulated by neuronal activity
and, in some instances, with very low threshold.

Seizures Regulate the Expression of Matrix Proteins

Although matrix proteins have proven difficult to study with anatomical techniques in the
adult brain, there is evidence that seizures modulate the expression of several including, most
particularly, the integrin ligands tenascin-C, vitronectin, and fibronectin. Kainic acid-induced
seizures increase the expression of tenascin-C within a few hours of seizure onset; mRNA levels
peak at 24 hrs and then decline.'”>'7® Within hippocampus, increases in tenascin-C mRNA
are prominently localized to the dentate gyrus granule cells, although this protein is expressed
by reactive astrocytes as well. Similarly, kainate seizures induce fibronectin mRNA and protein
in hippocampus; in situ hybridization and immunocytochemical studies indicate increases are
localized to both neurons and astroglia.'’”” Following intra-amygdalar kainic acid injection,
seizures are associated with neuronal cell death in the hilar and CA3 regions of hippocampus;
in rats so treated there is a delayed increase in vitronectin-ir in reactive astroglia in hippocampal
fields of damage.'”® These results demonstrate that in adult brain astroglia express vitronectin
but the increase observed in this instance may be part of the glial response to local neuronal
damage as opposed to the effects of seizure activity.

A more complex response to seizure is exhibited by agrin and the chondroitin sulfate
proteoglycan receptor of protein tyrosine phosphatase 3 (RPTPf). Agrin is best characterized
as a matrix protein at neuromuscular junctions where it is involved in clustering of acetylcho-
line receptors. However, it is also broadly expressed by neurons in brain'”® and recent studies
indicate that for central neurons agrin regulates patterns of dendritic and axonal growth'® and
positively regulates vulnerability to excitotoxic damage with seizure.'®' We found agrin gene
expression is regulated in both positive and negative directions by recurrent limbic seizures.'”?
In hippocampus agrin mRNA levels are depressed during a recurrent seizure episode and then
increase to supranormal levels through 4 days after seizure termination. In contrast, agrin mRNA
is reduced in post-seizure intervals within the neocortex. Similarly, RPTPf-ir, which is nor-
mally evident in glia, is reduced in this compartment during status epilepticus but increased in
the extracellular environment; this is followed by increased RPTPf levels in neurons. 82

Significance of Seizure-Induced Proteolysis and Adhesion Protein

Expression to Epileptogenesis

The above paragraphs demonstrate that seizures, and in some instances more modest in-
creases in neuronal activity, lead to proteolysis of adhesion proteins that overlap and are fol-
lowed by increases in the expression of both the transmembrane adhesion receptors and several
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of the major matrix proteins. Do these events contribute to the functional sequelae of seizures
and to susceptibility for future seizures? Results pertinent to these important questions are
sparse but sufficient to answer “yes” in both instances. Perhaps the most complete stories are
associated with activity- and seizure-induced trypsin-like proteolytic activity. As described, sei-
zures and LTP stimulation induce increases in tPA expression and secretion, and proteolysis of
extracellular adhesion proteins including NCAM and laminin (see above). Several studies indi-
cate this process is important for activity-dependent increases in synaptic strength and, impor-
tantly for the present discussion, to kindling, Hoffman et al'*® demonstrated that in hippo-
campal slices treatment with a serine protease inhibitor (AEBSF), that significantly blocks tPA
proteolysis of NCAM, also blocks the formation of stable LTP without disrupting baseline
synaptic responses. This accords with the observation that mice lacking tPA have specific defi-
ciencies in the expression of late LTP.'® In a separate study, Hoffman and colleagues found
that systemic treatment with the AEBSF inhibitor of tPA just prior to the induction phase of
rapid electrical stimulation-induced kindling, blocked kindling as assessed by measures of stimu-
lated afterdischarge (AD) duration 10 days after the inducing session.'®* In vehicle-treated rats,
mean AD duration was 3.5-fold longer 10 days after the single kindling session as compared to
baseline responses. In contrast, in rats with protease inhibitor treatment, AD durations were
comparable on the first and last days of recording.

Seizures are well known to lead to the death of vulnerable neurons and to axonal sprouting,
as most clearly demonstrated in hippocampus. Recent findings link tPA activities to both of
these phenomena as well. Kainic acid (KA)-induced seizures are well known to lead to death of
hippocampal CA3 neurons. Strickland and colleagues *''8> have demonstrated that KA-induced
necrosis is absent in mice deficient for tPA or the plasmin precursor plasminogen. Moreover,
this same group found that KA-seizures normally cause tPA/plasmin dependent reductions in
laminin-ir in hippocampus that are coincident with neuronal death and that neutralizing
antibody-mediated reductions in laminin bioactivity lead to cell death even with intact tPA/
plasmin activities.'® It is argued that these results demonstrate that integrin-mediated adhe-
sion to ECM laminin is protective and that loss of contact with this matrix substrate, as occurs
with seizure-induced proteolysis, causes neuronal cell death. Together with results described in
the preceding paragraph, these findings implicate tPA in two adverse phenomena induced by
seizure: increases in seizure proneness and neuronal cell death.

It is likely that seizure effects on tPA and the MMPs contribute to axonal sprouting. In
tPA-deficient mice there is decreased seizure-induced mossy fiber sprouting and an accumula-
tion of the ECM chondroitin sulfate proteoglycan DSD-1-PG/phosphacan, a matrix protein
which can inhibit neurite outgrowth and oppose NCAM function, in the dentate gyrus inner
molecular layer." This suggests that the absence of phosphacan proteolysis by tPA leads to an
accumulation of a putative growth regulatory protein in the normal target of mossy fiber in-
growth that inhibits or redirects the sprouting response. Although less is known about specific
MMP functions following seizures, results from other systems suggest that seizure-induced
increases in MMP expression should facilitate matrix remodelin§ and, in particular, axonal
growth through the ECM. For example, with damage to spinal cord"® or peripheral nerve!®”188
MMP levels are increased in association with growth cones and neurites; MMP enzymatic
activities allow the neurites to overcome the growth inhibitory activities of matrix chondroitin
sulfate proteoglycans and to grow through the ECM. Similarly, with myelination MMP-9 is
expressed on the leading tip of oligodendroglial processes and either blocking MMP-9 gelatinase
activity or the absence of MMP-9 in null mutants retards the extension of these processes and
myelin formation.'®’

Increases in the expression of the adhesion receptors and matrix proteins are also likely to
facilitate axonal growth following seizures. Clearly both classes of molecules are involved in
growth processes: the matrix proteins provide the substrate for growth and can facilitate or
retard outgrowth depending on the circumstance and the specific adhesion receptors expressed
on growing neurites. On the other side of the equation, the adhesion receptors provide mecha-
nisms for surface recognition, the mechanical force needed for process extension, and a means
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for stabilizing synapses as they mature (68,190,191 for reviews). More specifically for integrins,
increases in gene expression have been positively correlated with axonal growth and experimen-
tally induced increases in expression stimulate process outgrowth. With damage to peripheral
nerve in adult rats, the ECM proteins laminin'*? and fibronectin'”® are upregulated in the
damaged nerve and both proteins facilitate axonal regeneration;l‘)4 this facilitation is mediated
by integrins a6p1 and a7P1 that are specific for laminin and are upregulated in motor neu-
rons by nerve damage.®® With damage to the facial nerve, a7 integrin levels are increased on
growth cones of regenerating axons, and transgenic ablation of a7 expression reduces axonal
elongation and delays reinnervation.'”> Other studies have shown that overexpression of integrins
in cultured cells facilitates axonal growth, most particularly in the presence of chondroitin
sulfate proteoglycans thought to limit axonal extension in adult brain.!”® The same adhesion
proteins shown to facilitate axonal growth in these lesion studies (i.e., fibronectin; integrin
subunits al, a6, a7, and B1) are induced by seizures and are elevated during periods of
seizure-induced axonal growth. Together, these results indicate that coordinated seizure-induced
increases in integrin and matrix protein expression contribute both to the remodeling of axonal
connections known to occur in these same paradigms and to changes in circuit excitability
associated with these aberrant innervation patterns.

Concluding Comments

Studies described here have shown that several classes of adhesion proteins contribute to
activity-induced changes in synaptic efficacy and, in particular, to potentiation of glutamatergic
transmission. Among these, the integrins are of particular importance for the stabilization of
synaptic change in both TP and kindling, and may determine the time course over which
these changes in synaptic efficacy consolidate. Other studies have shown that seizures stimulate
integrin and matrix protein expression, and extracellular proteolysis; these processes are in
some instances known, and in other instances likely, to facilitate reactive axonal growth and
circuit modification following seizures. Together, these results indicate that integrins and their
matrix targets are significantly involved in multiple processes that contribute to the develop-
ment of epilepsy most particularly in adult brain.
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CHAPTER 3

The Role of BDNF in Epilepsy and Other

Diseases of the Mature Nervous System

Devin K. Binder

Abstract

he neurotrophin brain-derived neurotrophic factor (BDNF) is ubiquitous in the central

nervous system (CNS) throughout life. In addition to trophic effects on target

neurons, BDNF appears to be part of a general mechanism for activity-dependent
modification of synapses in the developing and adult nervous system. Thus, diseases of abnor-
mal trophic support (such as neurodegenerative diseases) and diseases of abnormal excitability
(such as epilepsy and central pain sensitization) can be related in some cases to abnormal BDNF
signaling. For example, various studies have shown that BDNF is upregulated in areas impli-
cated in epileptogenesis, and interference with BDNF signal transduction inhibits the develop-
ment of the epileptic state. Further study of the cellular and molecular mechanisms by which
BDNF influences cell survival and excitability will likely provide novel concepts and targets for
the treatment of diverse CNS diseases.

BDNF: Introduction

Brain-derived neurotrophic factor (BDNF) is a member of the “neurotrophin” family of
neurotrophic factors. It was originally purified from pig brain due to its survival-promoting
action on a subpopulation of dorsal root ganglion neurons.! The amino acid sequence of BDNF
has a strong homology with nerve growth factor (NGF), the neurotrophin (NT) first described
due to its trophic (survival and growth-promoting) effects on sensory and sympathetic neu-
rons. Since the discovery of NGF in the early 1950s by Rita Levi-Montalcini and Viktor Ham-
burger” and the discovery of BDNF by Yves Barde and colleagues in 1982," other members of
the NT family such as neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5) have been
described. Each NT appears to have a unique profile of trophic effects on distinct subpopula-
tions of peripheral nervous system and central nervous system neurons.

BDNF Structure

The mature form of human BDNF has been mapped to chromosome 11° and shares about
50% amino acid identity with human NGE NT-3, and NT-4/5. The structure of each NT
contains: (1) a signal peptide following the initiation codon; (2) a pro-region containing an
N-linked glycosylation site and a proteolytic cleavage site for furin-like pro-protein convertases,
followed by the mature sequence; and (3) a distinctive three-dimensional structure containing
two pairs of antiparallel $-strands and cysteine residues in a cystine knot motif. Mature NTs
are noncovalently-linked homodimers with molecular weight about 28 kDa. Dimerization
appears essential for NT receptor activation.
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BDNF Signaling

Each NT binds one or more high-affinity receptors (the trk receptors) (Kd ~ 107!! M).4 Trk
proteins are transmembrane receptor tyrosine kinases (RT'Ks) homologous to other RT'Ks such
as the epidermal growth factor (EGF) receptor and insulin receptor family.” Signaling by RTKs
involves ligand-induced receptor dimerization and dimerization-induced trans-autophosphorylation.®”
Receptor autophosphorylation on multiple tyrosine residues creates specific binding sites for
intracellular target proteins, which bind to the activated receptor via SH2 domains.® For the
NT family, these target proteins have been shown to include PLCy1 (phospholipase C), p85
(the noncatalytic subunit of PI-3 kinase), and Shc (SH2-containing sequence);” activation of
these target proteins can then lead to a variety of intracellular signalling cascades such as the
Ras-MAP (mitogen-activated protein) kinase cascade and phosphorylation of CREB (cyclic
AMP response element binding protein).®!'! Binding specificity is conferred via the
juxtamembrane Ig-like domain of the extracellular portion of the receptor in the following
pattern:'? trkA is the high-affinity receptor for NGF (with low-affinity binding by NT-3 in
some systems), trkB is the high-affinity receptor for BDNF and NT-4/5 with lower-affinity
binding by NT-3, and trkC is the high-affinity receptor for NT-3.”

In addition to the hi%}]l—afﬁnity NT receptors, all of the NTs bind to the low-affinity NT
receptor, designated p75M R (Kd ~ 10 M).!3 P75NTR has a glycosylated extracellular region
involved in ligand binding, a transmembrane region, and a short cytoplasmic sequence lacking
intrinsic catalytic activity. It is related to proteins of the tumor necrosis factor (TNFR) super-
family. NT binding to p75N"® is linked to several intracellular signal transduction pathways,
including nuclear factor-kB (NF-kB), Jun kinase and sphingomyelin hydrolysis.'* P75NTR
signaling mediates biologic actions distinct from those of the high-affinity trk receptors, nota-
bly the initiation of programmed cell death (apoptosis) as well as newly-described roles in the
regulation of axonal elongation and synaptic transmission.

Ligand-induced receptor tyrosine phosphorylation is necessary for NT-induced cellular re-
sponses.” For example, cooperative interaction between tyrosines in trkA mediates the neurite
outgrowth effect of NGE !¢ Thus, receptor tyrosine phosphorylation seems a logical measure of
the biologic level of NT activity (see below). Tyrosine-490 is phosphorylated following NT
application and is known to couple trk receptors to She binding and activation of the ras-MAP
kinase cascade.!' Furthermore, recent evidence indicates that activated trk receptors may be
endocytosed and retrogradely transported while still tyrosine phosphorylated.'”*?

Localization, Transport and Release of BDNF

BDNF mRNA as well as the mRNA encoding the high-affinity receptor for BDNF (trkB)
has a widespread distribution in the central nervous system, especially in the cerebral cortex,
hippocampal formation, and amygdaloid complex.?42® Notably, high levels of BDNF and
trkB expression are found in brain areas that have been associated with seizure susceptibility,
such as hippocampus and entorhinal cortex.”’” Within hippocampus, the granule cells, pyrami-
dal cells, and some hilar GABAergic neurons express mRNA for BDNF and trkB.

In parallel, BDNF protein immunoreactivity is also widespread, and appears to be localized
in neuronal cell bodies, axons and dendrites.* Like BDNF mRNA, constitutive BDNF pro-
tein expression is high in the hippocampus, where the mossy fiber axons of dentate granule
cells are intensely immunoreactive for BDNE2%28

Unlike the classical target-derived trophic factor model in which NTs—such as NGF—are
retrogradely transported, there is now abundant evidence that BDNF is also anterogradely
transported in brain.?*?*3 Indeed, a recent study using green fluorescent protein (GFP)-tagged
BDNF demonstrated direct activity-dependent transneuronal transfer of BDNF to postsynap-
tic neurons.>** In hippocampus, it appears that BDNF within the hilus and CA3 stratum
lucidum is synthesized by the dentate granule cells, anterogradely transported and preferen-
tially stored in mossy fiber terminal boutons.*®
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Biochemical studies suggest that endogenous BDNF may be packaged in a releasable ve-
sicular pool®” and recent evidence indicates that NTs are released acutely following neuronal
depolarization in an intracellular calcium and phospholipase C (PLC)-dependent manner.>*42

BDNF Effects in Development

NTs are known to have profound survival, differentiation, and morphoregulatory effects
during brain development (leading to formation of appropriately matched functional cir-
cuitry).®* The classical view of NT function derived initially from studies of NGF includes
effects on growth and survival of neurons, and indeed BDNF has also been shown to be neces-
sary for the survival of some neurons during vertebrate development. Certain peripheral sen-
sory neurons, especially those in vestibular and nodose-petrosal ganglia, depend on the pres-
ence of BDNF because BDNF knockout mice (lacking both alleles for BDNF) demonstrate
loss of these sensory neurons.*>* Unlike NGFE, however, sympathetic neurons are not affected,
nor are motor neuron pools. BDNF knockout mice fail to thrive, demonstrate lack of proper
coordination of movement and balance, and ultimately die by 3 weeks of age. Conversely,
provision of BDNF or other N'Ts to peripheral nerves during development enhances outgrowth,*”
and can support and/or rescue certain sensory neurons. ‘>4’

BDNF expression increases in the early postnatal period and then stays high into adult-
hood, consistent with a role in the mature CNS as well. In vitro and in vivo studies have
demonstrated that BDNF has survival- and growth-promoting actions on a variety of CNS
neurons, including hippocampal and cortical neurons. Lack or blockade of BDNF leads to
death of certain identified forebrain neurons. For example, lack of cortical BDNF leads to
deztth5 1of dorsal thalamic neurons.>® Similarly, deletion of trkB leads to loss of neocortical neu-
rons.

In addition to its effects on survival, BDNF appears to regulate neuronal morphology and
synaptogenesis. BDNF has been shown to enhance axonal branching in cultures of hippocam-
pal neurons’>>® and also has been shown to have significant differential effects on dendritic
branching in cortex’*>°, Evidence that activity-induced N'T expression may modulate axonal
sprouting in vivo comes from modulation of retinotectal axon branching by BDNF;”” inhibi-
tion of normal ocular dominance column formation by NT infusion’®” or trkB-Fc infu-
sion;® aélld inhibition of pilocarpine-induced cholinergic sprouting in hippocampus by NGF
antisera.

BDNF Gene Regulation

A multitude of stimuli have been described that alter BDNF gene expression in both physi-
ologic and pathologic states. Physiologic stimuli are known to increase BDNF mRNA content.
For example, light stimulation increases BDNF mRNA in visual cortex,®? and osmotic stimu-
lation increases BDNF mRNA in the paraventricular hypothalamic nucleus.®® Other natural-
istic behaviors in animals increase BDNF mRNA expression. For example, whisker stimula-
tion increases BDNF mRNA expression in rodent somatosensory barrel cortex;®* and singing
stimulates BDNF expression in the high vocal center (HVC) of adult male canaries.® Electri-
cal stimuli that induce long-term potentiation (LTP) in the hig) ocampus, a cellular model of
learning and memory, increase BDNF and NGF expression.®®%® Even 7ghysical exercise has
been shown to increase NGF and BDNF expression in hippocampus.®”:

This physiologic alteration in BDNF gene expression may be very important in the devel-
opment of the brain. For example, there is an exciting body of work implicating BDNF in
activity-dependent development of the visual cortex.”! Provision of excess NGF*® or BDNF*
or blockade of BDNF signaling® leads to abnormal patterning of ocular dominance columns
during a critical period of visual cortex development. This suggests a role for BDNF in the
patterning of axonal arborizations from the lateral geniculate nucleus (LGN) to the visual
cortex during development.
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BDNE, Synaptic Plasticity, and Learning

A great deal of evidence now indicates that BDNF and its high-affinity receptor trkB, in
addition to modulating neuronal survival and differentiation, are also critically involved in
neuronal excitability’? and modulation of synaptic transmission.”>”> For example, apglication
of N'Ts including BDNF has been shown to potentiate synaptic transmission in vitro’®52 and
in vivo.3 BDNF enhances excitatory (glutamatergic) synaptic transmission’®”? and reduces
inhibitory (GABAergic) synaptic transmission.*** In the hippocampus, a critical level of BDNF/
trkB activation appears to be vital for modulation of synaptic efficacy. Incubation of hippoc-
ampal or visual cortical slices with the BDNF scavenger trkB-Fc reduces LTR3*% and hippoc-
ampal slices from BDNF knockout animals exhibit impaired LTP induction which is restored
by reintroduction of BDNE®° In addition, antagonists such as K252a block hyperexcitabil-
ity in hippocampus due to BDNF exposure in vitro.”!

The site and mechanism of synaptic E)otentiation by BDNEF is not yet clear, but could
involve facilitation of transmitter release,”” phosphorylation of specific NMDA receptor sub-
units,”® and/or direct effects on ion channels and conductances.”*”® Enhanced excitatory trans-
mission may also arise indirectly, because BDNF is known to have effects on the structure and
function of inhibitory (GABAergic) neurons.”” Reduction of trkB has been shown to reduce
the ability of tetanic stimulation to induce LTP?® A recent study using imaging of dentate
granule cells in mouse hippocampal slices identified BDNF-evoked calcium transients in den-
dritic spines but not at presynaptic sites, suggesting a postsynaptic site for BDNF-induced
synaptic potentiation.”” %

Learning and memory depend on persistent selective modification of synapses between
CNS neurons. Since BDNF appears to be critically involved in activity-dependent synaptic
strengthening of the sort observed in the LTP model, there is great interest in its role as a
molecular mechanism of learning and memory.

The hippocampus, which is required for many forms of long-term memory in humans and
animals, appears to be an important site of BDNF action. Indeed, there is rapid and selective
induction of BDNF expression in the hippocampus during contextual learning.'’! In addi-
tion, tool-use learning increases BDNF mRNA in monkey parietal cortex.'** Function-blocking
antibodies to BDNE BDNF knockout,'?? antisense oligonucleotides to BDNF!% and/or knock-
out of forebrain trkB signaling in mice'® impairs spatial learning.

BDNF and Disease

Pathologic states are also associated with alteration in BDNF gene expression. In
neurodegenerative diseases, inadequate trophic support may be partially responsible. In condi-
tions such as epilepsy and chronic pain sensitization, excessive activation of excitatory synaptic
plasticity may contribute to the disease phenotype.

BDNF and Epilepsy

Epilepsy is a disorder of the brain characterized by periodic and unpredictable occurrence of
seizures. Although complex partial epilepsy is the most common type of epilepsy in adults
(40% of all cases), % seizure control is achieved in only 25% of adults. It is clear that complex
partial epilepsy is a major public health problem in that approximately 1 million people in the
United States are affected and sufferers experience the periodic and unpredictable occurrence
of seizures leading to impairment of consciousness. This handicap severely impairs the perfor-
mance of many tasks and secondarily the procurement and maintenance of steady employ-
ment.

Elucidating the mechanisms of epileptogenesis in cellular and molecular terms may provide
novel therapeutic approaches. Seizures have been shown to stimulate the expression of a variety
of genes including those encoding transcription factors,'”"!% neuropeptides,'” GAP-43,'"°
proteases' ! and, quite prominently, NTs and trk receptors. The discovery that limbic seizures
increase mRNA levels for nerve growth factor''? led to the idea that seizure-induced expression
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of neurotrophic factors may contribute to the lasting structural and functional changes under-
lying epileptogenesis.””'*3 Indeed, recent in vitro and in vivo findings implicate BDNF in the
cascade of electrophysiologic and behavioral changes underlying the epileptic state.!'

In particular, BDNF, NGF and trkB mRNA levels are increased in kindling and other
seizure models whereas NT-3 mRNA content is decreased.>'%%!1%!15125 The magnitude of
increase is greatest for BDNF in the hippocampus with BDNF mRNA being markedly
upregulated in the dentate gyrus and CA1-CA3 pyramidal cell layers.?1%4

This mRNA upregulation is accompanied by protein upregulation as well; extracts and in
vivo microdialysates from animals after chemical convulsions show marked increases in neu-
rotrophic factor activity.'**!?’ Increases in BDNF protein content have been described follow-
ing hilar lesion-induced limbic seizures, kindling and kainate administration.'#%13!

Seizure-induced increases in BDNF mRNA levels are transient compared to a longer-lasting
increase in BDNF protein content. For example, following lesion-induced recurrent limbic
seizures, BDNF mRNA levels peak 6 hours after seizure onset and return to control levels by
about 12 hours;'!? in contrast, initial increases in BDNF protein content lag behind mRNA
changes by 4 hours but remain well elevated over 4 days after the seizure episode.'*®

Following seizures, newly expressed BDNF appears to be anterogradely transported. Using
hippocampal microdissection and quantification of BDNF by two-site ELISA, Elmer et al
showed that BDNF protein levels after seizures were maximal at 12 hours in the dentate gyrus
but at 24 hours in CA3,'?? consistent with anterograde transport of seizure-induced BDNF
protein. Other evidence indicates that there is increased BDNF immunoreactivity in dentate
granule cells by 4 hours followed by large increases in hilus and CA3 stratum lucidum at 12-24
hours; at the latter time point BDNF immunoreactivity within the granule cell bodies had
returned to control levels.'>?

Effects of Inhibition of BDNF/trkB in Seizure Models

Recent studies using the kindling model of epilepsy have functionally implicated BDNF in
epileptogenesis. In the kindling model, repeated, focal application of initially subconvulsive
electrical stimuli eventually results in intense focal and tonic-clonic seizures.'**1*® Once estab-
lished, this enhanced sensitivity to electrical stimulation persists for the life of the animal. The
kindling model has been an important tool, since it allows experimental control over seizures
and precise quantitation of effects of experimental manipulation on epileptogenesis in vivo.

Funabashi et al'*” and Van der Zee et al'*® found that kindling development was delayed by
intraventricular infusion of anti-NGF antisera; however, the lack of specificity of the antisera
limited interpretation of these experiments. Kokaia et al'* reported a significant reduction in
the rate of kindling development in BDNF heterozygous (+/-) mutant mice. Both basal and
seizure-induced levels of BDNF mRNA were lower in the BDNF +/- compared to wild-type
mice. The two-fold reduction in kindling rate in these animals is striking given that there was
presumably some reduction but not elimination of trkB receptor signaling. Conversely, transgenic
mice overexpressing BDNF display increased seizure severity in response to kainic acid and
some display spontaneous seizures.'** Infusion of BDNF itself into the hippocampus of adult
rats leads to spontaneous limbic seizures as well as decreased threshold to chemoconvulsant-induced
status epilepticus.' 4! Of course, results from both the embryonic BDNF +/- knockouts and the
BDNF transgenic mice must be cautiously interpreted in light of potential developmental
effects of altered BDNF levels. The availability of conditional knockouts for trkB will enable
analysis of the importance of trkB signaling in adult animals de novo.”!

Recently, we attempted to selectively block trkB receptors during kindling development
using trk-specific ‘receptor bodies’.!#? These compounds are divalent homodimers that contain
the ligand-binding domain of a given trk receptor and thus act as false receptors or ‘receptor
bodies’ that putatively sequester endogenous NT (Figs. 1A, 1B). Intracerebroventricular (ICV)
infusion of trkB receptor body (trkB-Fc) inhibited development of kindling in comparison to
saline or human IgG controls, trkA-Fc, or trkC-Fc'4? (Figs. 2A, 2B). This effect manifested as
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SCHEMATIC OF STRUCTURE AND PUTATIVE FUNCTION
OF TRKB IMMUNOADHESIN ('RECEPTOR BODY')

Fe region of
human IgGl

STRUCTURE: divalent homodimer containing 2 trkB extracellular ligand-binding
domains (LBD) linked via hinge regions to human lgG1 Fc region

B
BODNF BODNF NT-4
NT4 HONF
ol 3 ‘}- BONF
€2 2 D2y P72
. 550 A 1 55 e
g e

native
TrkB receptor
(full-length)

FUNCTION: compete with native trkB receptors
for endogenous ligands (BDNF, NT-4) to sequester
endogenous ligand and prevent trkB receptor activation

Figure 1. Schematic of structure and function of trkB receptor bodies.
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EXPERIMENTAL DESIGN
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Figure 2A-D. TrkB receptor body inhibits kindling development. For details sec Binder et al.'#?

A) Experimental design of ICV protein administration and kindling. B) TrkB-Fc inhibits kindling devel-
opment compared to human IgG. Reprinted with permission from ref. 142, copyright 1999 Society for
Neuroscience.

a reduction in behavioral seizure intensity during kindling development (Fig. 2C). Further-
more, we found that the degree of immunohistochemical penetration of trkB-Fc into hippoc-
ampus, but not striatum, septum or other structures correlated with the magnitude of inhibi-
tion of kindling development (Fig. 2D).14?
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Sample electroencephalographic seizures from
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Figure 2, contd. C) Representative electroencephalograms from animals at kindling stimulation #15 from
human IgG vs. ukB-Fec. Seizure duration and seizure intensity are decreased in trkB-Fc-treated animal.
Reprinted with permission from ref. 142, copyright 1999 Society for Neuroscience. D) Hippocampal Fc
immunoreactivity correlates with inhibition of kindling by trkB-Fc. Presence of Fc immunoreactivity
indicating hippocampal penetration of trkB-Fc correlates with inhibition of kindling development (22 vs.
12 stimulations to reach kindling criterion).

The finding that ICV trkB-Fc interferes with kindling suggests that BDNF and trkB signal-
ing contributes to the development of kindled seizures. In apparent conflict with these find-
ings, chronic intrahippocampal infusion of BDNF inhibits hippocampal kindling develop-
ment and reduces electrographic seizure duration.'*> However, prolonged exposure to increased
concentrations of BDNF suppresses trkB receptor responsiveness and reduces trkB mRNA and
protein levels in vitro;' 441 likewise, a six-day infusion of BDNF into the adult hippocampus
in vivo decreases levels of full-length trkB receptor by 80%.4 Thus, it is likely that chronic
BDNF infusion in these kindling studies led to trkB downregulation and reduced responsive-
ness; if so, the retarded kindling development observed is consistent with the findings of the
trkB-Fc infusion studies and those of BDNF heterozygotes' in implicating trkB receptor
activation in kindling development. Alternatively, BDNF infusion could have upregulated the
inhibitory neuropeptide Y (NPY) in these studies (see below).

Epileptogenesis in transgenic mice overexpressing the truncated form of trkB, a dominant
negative receptor for BDNE has recently been examined.'*® After kainic acid-induced status
epilepticus, development of spontaneous seizures was monitored by video-EEG. This study
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demonstrated that transgenic mice expressing truncated trkB (which would presumably
downregulate BDNF signaling through the full-length catalytic ttkB receptor) had a lower fre-
quency of spontaneous seizures, and had less severe seizures with later onset and lower mortality.!

Activation of trk Receptors after Seizures

The above work suggests that limiting activation of the trkB receptor inhibits epileptogenesis,
but this does not address whether or where NT receptor activation occurs during epileptogenesis.
Since ligand-induced receptor tyrosine phosphorylation is required for NT-induced cellular
responses,” receptor tyrosine phosphorylation seems a logical measure of the biologic level of
NT activity. Using antibodies that selectively recognize the phosphorylated form of trk recep-
tors (Fig. 3A), we found that in contrast to the low level of phosphotrk immunoreactivity
constitutively expressed in the hippocampus of adult rats, phosphotrk 1rnmunoreact1v1ty was
strikingly increased following partlal kindling or kainate-induced seizures.'?” Following sei-
zures, phosphotrk immunoreactivity was selectively increased in dentate hilus and CA3 stra-
tum lucidum of hippocampus (Fig. 3B). This distribution coincides with the ‘mossy fiber’
pathway arising from the dentate gyrus granule cells (Fig. 3C). This immunoreactivity could
be selectively competed with phosphotrk peptide (Fig. 3D).

Interestingly, the anatomic distribution, time course and threshold for seizure-induced
phosphotrk immunoreactivity corresponds well to the demonstrated pattern of BDNF
upregulation by seizures. That is, both phosphotrk and BDNF immunoreactivities are most
prominently increased in hippocam J)al CA3 stratum lucidum and maximally increased at 24
hours after seizure onset (Fig. 3E).'% This suggests that the phosphotrk immunoreactivity may
be caused by seizure-induced increases in BDNF expression and release. Taken together with
the kindling data, these results imply that activation of trkB receptors contributes to the devel-
opment of kindling, and implicate the hippocampus and in particular the mossy fiber-CA3
synapse as a primary site of trkB action.

PROTOCOL FOR PHOSPHOTRK
IMMUNOHISTOCHEMISTRY

Treat animal (control or 7 ventral electrographic seizures)

Wait for various time periods (immediately, 3 hours, 12
hours, 24 hours, 1 week)

Perfuse animal with 4% paraformaldehyde in phosphate
buffer containing 1 mM orthovanadate

Postfix, cryoprotect, freeze, cut cryostat sections

Stain sections with pY490 antibody

Figure 3. Seizures induce trk phosphorylation in the mossy fiber pathway of adult rat hippocampus. For
details see Binder et al.'” A) Protocol for phosphotrk immunohistochemistry.
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B SEIZURES INCREASE PHOSPHOTRK IMMUNOREACTIVITY IN
S AND CA3 STRATUM LUCIDUM

24 hours after 7
electrographic
selzures

C
24 hours after 7 ventral . = .
hippocampal Nissl-stained section
electrographic seizures
D PEPTIDE COMPETITION OF PHOSPHOTRK STAIN

(sections from animal 24 hours after 7 electrographic seizures)

300 nM unphosphopeptide 30 uM unr.

Figure 3, cont'd. B) Seizures increase phosphotrk immunoreactivity in hilusand CA3 stracum lucidum. B-E
reprinted with permission from ref. 147, copyright 1999 Society for Neuroscience. C) Comparison of
distribution of phosphotrk immunoreactivity with Nissl-stained section demonstrating mossy fiber path-
way localization of phosphotrk immunoreactivity. D) Peptide competition of phosphotrk immunoreactiv-
ity. Sections are from a rat 24 hours after 7 electrographic seizures.
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TIME COURSE OF PHOSPHOTRK

IMMUNOREACTIVITY AFTER 7 SEIZURES

hippocampus CA3

3 hours

12 hours

24 hours

1 week

Figure 3, cont'd. E) Time course of phosphotrk immunoreactivity following 7 ventral hippocampal seizures
(left: hippocampus, right: CA3). Note phosphotrk immunoreactivity in hilus and CA3 stratum lucidum
at the 24-hour time point.

BDNF-Induced Hyperexcitability of the Mossy Fiber-CA3 Synapse

Based on the above data, one might speculate that BDNF upregulation in the adult brain
could predispose certain areas to seizures. Indeed, in adult rat hippocampal slices BDNF expo-
sure can produce multiple dischar%es and spreading depression in area CA3 and the entorhinal
cortex upon afferent stimulation.”" Acute application of exogenous BDNF to hippocampal
slices appears to preferentially enhance the efficacy of the excitatory mossy fiber synapse onto
CA3 pyramidal cells.”!

Actions of BDNF have also been examined after pilocarpine-induced status epilepticus and
chronic seizures, when sprouting of mossy fiber collaterals occurs. The new collaterals inner-
vate processes in the inner molecular layer, including granule cell dendrites.'*® In hippocampal
slices isolated from pilocarpine-treated rats, BDNF enhances responses to stimulation of the
mossy fiber collaterals recorded in the inner molecular layer.!% These effects can be blocked by
K252a, a trk inhibitor, and confirm a preferential enhancement of mossy fiber synaptic trans-
mission by BDNE In addition, BDNF exposure in these epileptic animals led to seizure-like
events.'”” Consistent with this are the observations of heightened seizure susceptibility, sponta-
neous seizures, and hyperexcitability of hippocampal field CA3 in BDNF-overexpressing
transgenic mice.
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Cellular Model of BDNF-trkB Interaction

The studies summarized above indicate that upregulation of BDNF mRNA, protein and
receptor activation occurs during epileptogenesis, that this upregulation is functionally rel-
evant to increased excitability, and that the hippocampus and closely associated limbic struc-
tures may be particularly important in the pro-epileptogenic effects of BDNE A cellular and
molecular model of the actions of BDNF in promoting excitability in the hippocampus fol-
lows from these studies (Fig. 4). BDNF mRNA upregulation by seizure or perhaps by other
stimuli such as ischemia or traumatic brain injury leads to increased BDNF production by the
dentate granule cells, heightened anterograde transport and release of BDNF from mossy fiber
axons and activation of trkB receptors in hilus and CA3 stratum lucidum. The locus of activa-
tion of trkB receptors by released BDNF may be either pre- or postsynaptic.'”*!>! TrkB recep-
tor activation could lead to acute dv:-:polzlrizzltion,96 enhanced glutamatergic synaptic transmis-
sion,””?? or reduced inhibitory synaptic transmission.® Recent data based on the LTP model
suggest that BDNF’s actions may be primarily postsynaptic.'?’ These alterations in synaptic
transmission, either alone or in combination with other changes (see below) could be suffi-
ciently long-lived to underlie a permanent hyperexcitability of the hippocampal network (i.e.,
the epileptic state).

The relevance of results implicating BDNF in modulation of synaptic transmission to
epileptogenesis depends critically on whether such modulation occurs in epileptic tissue. Sev-
eral lines of evidence suggest this is the case. First, BDNF expression is increased in hippoc-
ampi of patients with temporal lobe epilepsy (see below). Second, evidence for modulation of
ionotropic receptors with epilepsy comes from studies demonstratin§ altered electrophysiology
of dentate granule cells in kindling,'">'>® other animal models '>*'°® and human epileptic
tissue.'” Third, increased excitability of CA3 pyramidal cells is observed in kindled animals as
detected by increased eﬁ)i[eptiform bursting induced by elevated K* or lowered Mg** in isolated
hippocampal slices.’**15? CA3 excitability is also present in other animal models.'®® Fourth,

SEIZURE ACTIVITY
(depolarization, glutamate receptor activation)

Increase in BDNF, trkB mRNA and protein

Anterograde transport of BDNF protein in mossy fibers
and release at terminals in hilus and CA3 stratum lucidum

Morphoregulatory effects (axon Neuroprotective effects
sprouting, dendritic growth)

H Effects on synaptic transmission

. . (increased neurotransmitter release,
alteration of synaptic strengths)
v
HYPEREXCITABLE (KINDLED) STATE

Figure 4. Model of BDNF/trkB involvement in epileptogenesis.
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tetanic stimulation of the mossy fiber pathway in hippocampal slices (such as might occur
during a seizure) induces synaptic potentiation onto CA3 pyramidal cells while inducing de-
pression onto stratum lucidum interneurons.

While modulation of multiple synaptic stations in the limbic system probably contributes
to hyperexcitability following seizures, the pivotal role of the CA3 pyramidal cells in promot-
ing epileptiform activity in the hippocampus; the role of BDNF in hippocampal synaptic
transmission; the fact that constitutive and seizure-induced BDNF immunoreactivity within
the hippocampus is most intense in the mossy fiber pathway;*+28 tO%ether with the localization
of seizure-induced trk receptor activation in CA3 stratum lucidum'®” all suggest that strength-
ening of the excitatory mossy fiber input onto CA3 pyramidal cells may be a primary mecha-
nism by which BDNF promotes epilepsy.

Other Effects of BDNF

Based on the known effects of BDNF, it is possible that trkB receptor activation could
contribute to epileptogenesis not only via synaptic effects on excitability but also by inducing
changes in dendritic or axonal sprouting, synaptic morphology and synapse formation on a
slower time scale. The most prominent synaptic reorganization known to occur in the epileptic
brain is sprouting of the dentate granule cell mossy fibers.'®? Interestingly, mossy fiber sprout-
ing was increased in BDNF +/- compared to +/+ mice despite the inhibition of kindling devel-
opment in these mutants.'® In addition, bath-applied trkB-Fc failed to inhibit kainate-induced
mossy fiber sprouting in hippocampal explant cultures.'®> BDNF-overexpressing transgenic
mice failed to demonstrate increased mossy fiber sprouting.164 Thus, there is little evidence to
date to suggest that BDNF upregulation is responsible for mossy fiber sprouting in the adult
brain during epileptogenesis.

BDNF is known to modulate the expression of neurotransmitters and neuropeptides, many
of which have potential roles in seizures. Perhaps the best characterized of these is neuropeptide
Y (NPY). BDNF but not NGF is known to increase NPY levels.'®> NPY is thought to be
inhibitory to seizure generation because NPY knockout animals exhibit increased seizure sus-
ceptibility.'*® Interestingly, both kindling and kainate-induced seizures increase NPY immu-
noreactivity in the mossy fibers'®*"'% in a distribution strikingly similar to that of phosphotrk
immunoreactivity. This suggests that BDNF-induced trk activation may lead to NPY
upregulation in an overlapping anatomic distribution, thereby potentially limiting excitability.'**

BDNF and Human Epilepsy

Animal models of epilepsy, in particular the kindling model described above, have impli-
cated BDNF in epileptogenesis. What direct evidence is there that BDNF is altered/involved
in human epilepsy?

Mathern et al found increased expression of BDNF mRNA in dentate granule cells from
patients with temporal lobe epilepsy.'®® Similarly, Murray et al performed in situ hybridization
for BDNF mRNA in resected temporal lobe epilepsy specimens and found increased hippoc-
ampal BDNF expression compared to autopsy control tissue.'® Takahashi et al recently showed
that protein levels of BDNF but not other N'Ts were upregulated 2.6-fold in human epilepsy
tissue specimens.'”? Interestingly, this study also demonstrated a corresponding upregulation
of hippocampal NPY. Recently, Zhu and Roper recorded from hippocampal slices from pa-
tients with temporal lobe epilepsy and found that BDNF application enhanced fast excitatory
transmission in dentate granule cells.!”!

BDNF may also be involved in tumor-associated epilepsy. Primary brain tumors are often
associated with seizures.!”? Interestingly, immunohistochemical expression of BDNF and trkB
have been studied in glioneuronal brain tumors. In a study of 40 patients with gangliogliomas
and 15 patients with dysembryoplastic neuroepithelial tumors (DNETs), tumors that are asso-
ciated with chronic medically intractable epilepsy, Aronica et al have recently shown that there
is intense immunoreactivity for both BDNF and trkB in these tumors, and furthermore this
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immunoreactivity is colocalized with NMDARI immunoreactivity suggesting a functional
interaction potentially contributing to the epilepsy associated with these lesions.'”?

BDNF and Other Diseases of the Adult Nervous System

BDNF and Neurodegenerative Diseases

The idea that degenerative diseases of the nervous system may result from insufficient sup-
ply of neurotrophic factors has generated great interest in BDNF as a potential therapeutic
agent. Many reports have documented evidence of decreased expression of BDNF in Alzheimer’s
and Parkinson’s disease.!” Selective reduction of BDNF mRNA in the hippocampus has been
reported in Alzheimer’s disease specimens and decreased BDNF protein has been demonstrated
in the substantia nigra in Parkinson’s disease, areas that degenerate in these diseases. BDNF
promotes survival of all major neuronal types affected in Alzheimer’s and Parkinson’s disease,
such as hippocampal and neocortical neurons, cholinergic septal and basal forebrain neurons,
and nigral dopaminergic neurons. Interestingly, recent work has implicated BDNF in
Huntington’s disease as well. Huntingtin, the protein mutated in Huntington’s disease,
upregulates BDNF transcription, and loss of huntingtin-mediated BDNF transcription leads
to loss of trophic support to striatal neurons which subsequently degenerate in the hallmark
pathology of the disorder.'” In all of these disorders, provision of BDNF or increasing endog-
enous BDNF production may conceivably be therapeutic if applied in the appropriate spa-
tiotemporal context.

BDNF and Pain Transmission

BDNF also appears to play an important neuromodulatory role in pain transduction.'’® In
particular, BDNF acts as a neuromodulator in small-diameter nociceptive neurons.'”” BDNF
is synthesized, anterogradely transported and packaged by these neurons into dense core vesicles
at nociceptor (C-fiber) terminals in the dorsal horn, and is markedly upregulated in inflamma-
tory injur?; to periphe_ral nerves (along witf} NGF). Postsynaptic cells in th%s ‘region express tlrk
receptors, /® and application of BDNF sensitizes nociceptive afferents and elicits hyperalgesia.'”’

An example of pathologic activity-dependent plasticity somewhat similar to epilepsy is cen-
tral pain sensitization.'®”'8! Central pain sensitization is an activity-dependent increase in
excitability of dorsal horn neurons leading to a clinically intractable condition termed ‘neuro-
pathic pain’ in which normally nonpainful somatosensory stimuli (touch and pressure) become
exquisitely painful (allodynia). Like kindling and drug sensitization and dependence, central
sensitization is NMDA receptor-dependent and long-lasting. '%°

Furthermore, as in kindling, N'Ts have been implicated in central sensitization. 82 BDNF is
upregulated in dorsal root ganglia and spinal cord following peripheral inflammation.'®? In
addition, BDNF reduces GABA-mediated currents in peripheral afferent fibers, suggesting
that it may facilitate nociceptive input into the dorsal horn.!3% Woolf and colleagues have
demonstrated that pretreatment with trkB-Fc prevents central sensitization, presumably by
competing with endogenous BDNF released at C-fiber terminals onto dorsal horn neurons,
thereby preventing activation of trkB receptors on dorsal horn membranes.'® Inflammation-induced
hyperalgesia also appears to be related to NGF/trkA signaling since trkA-Fc or NGF antibodies
inhibit the development of hyperalgesia following an inflammatory stimulus.'3¢188

BDNF and Drug Addiction

The neurobiology of drug addiction is rapidly becoming better understood.'®” Emerging
evidence indicates that BDNF-related plasticity may also occur in brain structures responsible
for drug sensitization and dependence. For example, BDNF has been found to influence the
reinforcing and locomotor activating properties of psychostimulants. Repeated injections of
amphetamine lead to elevated BDNF mRNA expression in the basolateral amygdala, piriform
cortex and paraventricular nucleus of the hypothalamus.'” This is accompanied by increased
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BDNF immunoreactivity in target structures such as the nucleus accumbens, a well-known site
related to reinforcing behavior and addiction.'*?

Chronic opiate exposure leads to numerous neurochemical adaptations, in particular in the
noradrenergic locus ceruleus (LC). Such adaptations are thought to contribute to physical drug
dependence. Now, it appears that opiate administration and withdrawal lead to changes in
BDNF expression. Numan et al demonstrate that whereas chronic morphine treatment results
in only modest increases in BDNF in the locus ceruleus, withdrawal leads to a marked, rapid
and prolonged increase in BDNF and trkB mRNA in the LC.""! More recently, Akbarian et
al'* have shown that there are dramatic alterations of morphine administration-induced sig-
naling in mice with a conditional deletion of BDNF in postnatal brain. In these mice, there
was a three-fold reduction in opiate withdrawal symptoms.'**

All drugs of abuse increase dopamine in the shell of the nucleus accumbens, and the D3
receptor is thought to be responsible for the reinforcing effects of drugs.'”® A recent study
suggested a candidate molecular mechanism for the control of BDNF over behavioral sensiti-
zation. Guillin et al demonstrated that BDNF from dopaminergic neurons is responsible for
inducing normal expression of the dopamine D3 receptor in nucleus accumbens.!** Thus,
pathologic alterations in BDNF expression may lead to the abnormal D3 expression seen in
drug addiction.

BDNF and Affective Behaviors

BDNF signaling may also be involved in affective behaviors.!”>!°® BDNF may be
dysregulated in depressed individuals.'”® Environmental stresses such as immobilization that
induce depression also decrease BDNF mRNA.'"” Conversely, physical exercise is associated
with decreased depression and increased BDNF mRNA. Existing treatments for depression are
thought to work primarily by increasing endogenous monoaminergic (i.e., serotonergic and
noradrenergic) synaptic transmission, and recent studies have shown that effective antidepres-
sants increase BDNF mRNA in the brain. Exogenous delivery of BDNF promotes the func-
tion and sprouting of serotonergic neurons in adult rat brains.'”® Thus, new pharmacologic
strategies are focused on the potential antidepressant role of BDNE

A recent study suggests that the BDNF gene may be a susceptibility gene for bipolar disor-
der, a severe psychiatric disease that affects 1% of the population worldwide and is character-
ized by recurrent bouts of mania and depression.'”® This study demonstrates linkage disequi-
librium between two polymorphisms of the BDNF gene and bipolar disorder in 283 nuclear
families.'”®

Summary

BDNF is widespread in the CNS during development and in adulthood, and is regulated in
a wide variety of physiologic and pathologic states. Overall, in addition to its trophic effects on
target neurons, BDNF appears to constitute a general mechanism for activity-dependent modi-
fication of synapses in the developing and adult CNS. Diseases of abnormal trophic support
(such as neurodegenerative diseases) and diseases of abnormal excitability (such as epilepsy and
central pain sensitization) can be related in some cases to abnormal BDNF signaling.

The evidence implicating BDNF in pathologic activity-dependent plasticity is most clear in
the case of epilepsy. BDNF mRNA and protein are markedly upregulated in the hippocampus
by seizure activity in animal models, and interference with BDNF/trkB signaling inhibits
epileptogenesis. The hippocampus and closely associated limbic structures are thought to be
particularly important in the pro-epileptogenic effects of BDNE, and indeed increased BDNF
expression in the hippocampus is found in specimens from patients with temporal lobe epilepsy.

It is hoped that understanding of the hyperexcitability associated with BDNF may lead to
novel anticonvulsant or antiepileptic therapies. Further study of the cellular and molecular
mechanisms by which BDNF influences cell survival and excitability will likely provide novel
concepts and targets for the treatment of diverse CNS diseases.
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CHAPTER 4

Vascular Endothelial Growth Factor

(VEGEF) in Seizures:
A Double-Edged Sword

Susan D. Croll, Jeffrey H. Goodman and Helen E. Scharfman

Abstract
ascular endothelial growth factor (VEGF) is a vascular growth factor which induces
-\ / angiogenesis (the development of new blood vessels), vascular permeability, and inflam-
mation. In brain, receptors for VEGF have been localized to vascular endothelium,
neurons, and glia. VEGF is upregulated after hypoxic injury to the brain, which can occur
during cerebral ischemia or high-altitude edema, and has been implicated in the blood-brain
barrier breakdown associated with these conditions. Given its recently-described role as an
inflammatory mediator, VEGF could also contribute to the inflammatory responses observed
in cerebral ischemia. After seizures, blood-brain barrier breakdown and inflammation is also
observed in brain, albeit on a lower scale than that observed after stroke. Recent evidence has
suggested a role for inflammation in seizure disorders. We have described striking increases in
VEGF protein in both neurons and glia after pilocarpine-induced status epilepticus in the
brain. Increases in VEGF could contribute to the blood-brain barrier breakdown and inflam-
mation observed after seizures. However, VEGF has also been shown to be neuroprotective
across several experimental paradigms, and hence could potentially protect vulnerable cells from
damage associated with seizures. Therefore, the role of VEGF after seizures could be either pro-
tective or destructive. Although only further research will determine the exact nature of VEGF’s
role after seizures, preliminary data indicate that VEGF plays a protective role after seizures.

Introduction

During and after cerebral ischemia in animal models, there is a well-documented break-
down of the blood-brain barrier that peaks 1-3 days after the ischemic insult.'® Edema can be
severe after ischemia, and much of the edema is thought to be vasogenic in nature, that is,
caused by leakage of plasma fluids into the brain parenchyma. After seizures, blood-brain bar-
rier breakdown has also been described, although the scope and magnitude of the breakdown is
substantially milder than that seen after cerebral ischemia.”'! Further, ischemic and post-ischemic
vasculature upregulates adhesion molecules which cause leukocytes to adhere to the luminal
wall of vascular endothelium.'*'® Chemokine upregulation then leads to the extravasation of
leukocytes, which infiltrate the brain parenchyma in an inflammatory reaction. These
vascular-mediated post-ischemic responses are likely to contribute to the damage observed
after stroke.!>19-23 Inflammatory cells can also be found in the brain after seizures.2d There is,
in fact, accumulating evidence that inflammatory cytokines are involved in the expression of
seizures (see also Vezzani et al, this volume).?>?® Because of the qualitative, albeit not quantita-
tive, similarities in inflammation and blood-brain barrier breakdown after both stroke and
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seizures, it is reasonable to investigate the proposed mediators of post-ischemic vascular abnor-
malities after seizures. Among the protein factors recently implicated in post-ischemic blood-brain
barrier breakdown are vascular growth factors.

Vascular Endothelial Growth Factor (VEGF)

In the past decade, there has been a surge of interest in vascular growth factors. During
development, these factors have potent effects on endothelial cells, and are thought to regulate
proliferation, migration, endothelial tube formation, vascular differentiation, permeability, and
regression (for reviews see refs. 29 and 30). Although much still remains to be understood
regarding the effects of these factors on adult vasculature, current data suggest that they play
similar roles in the changes that occur in both normal and pathological states (for review see
ref. 30). Cerebral ischemia is one such pathological state in which vascular changes are striking.
During and after cerebral ischemia, alterations in the cerebral vasculature include blood-brain
barrier breakdown, endothelial cell apoptosis, upregulation of adhesion molecules, and angio-
genesis (the development of new blood vessels from existing blood vessels).'”?!* Vascular
abnormalities, such as blood-brain barrier breakdown, have been observed after seizures also.
Because these vascular alterations might contribute to the brain pathology observed after is-
chemia or seizures, it is important to understand how changes in the levels of various vascular
growth factors might contribute to these pathologies.

There are a large number of protein factors that act on vasculature including, but not lim-
ited to, fibroblast growth factor, platelet-derived growth factor, transforming growth factor,
hepatocyte growth factor (scatter factor), vascular endothelial growth factor (VEGF), and the
angiopoietins. Proteins in the VEGF family of factors have potent vascular effects, and will be
the topic of this chapter. These factors modulate the structure and function of vasculature in
both developing and adult organisms.

VEGEF was originally described as vascular permeability factor (VPF) because of its potent
permeabilizing effects on endothelium.*® Since the discovery of VEGE four additional
VEGE-like family members have been described. These additional VEGF-like proteins are
placental growth factor (PIGF), VEGFB, VEGFC, and VEGFD (the original VEGF has been
termed “VEGFA”) (for review see ref. 41; refer to Fig. 1). The receptors currently described for
the VEGF family are VEGFRI1 (Flt-1), VEGFR2 (Flk-1 or KDR), VEGFR3 (Flt-4), and the
neuropilins (see Fig. 1).4142%3% The primary receptors for VEGFA, VEGFR1 and VEGFR2,
are localized predominantly to the vascular endothelium, including cerebral endothelium.
However, several recent papers have reported neuronal localization of VEGFR2 in cultured
hippocampal or dorsal root ganglion cells.*>*® In addition, neurons located in peri-infarct
regions after focal cerebral ischemia or in VEGF-treated brain express VEGFR2.4# It is pos-
sible that VEGFR2, while not normally detectable in resting neurons, is upregulated during
neuronal perturbation. One could argue that cultured neurons are in some way “perturbed,”
having been removed from their normal neural microenvironment. VEGFR2 has also been
described on glial cells, particularly after cerebral ischemia.*” VEGFR1 has been localized al-
most exclusively to vascular endothelium, but has been described on circulating inflammatory
cells and VEGF-treated astroglia.48’50 In addition to VEGFR1 and VEGFR2, members of the
neuropilin receptor family bind to VEGFA. Although neuropilin can be found on vascular endo-
thelium, it is most densely expressed in nonendothelial cells, especially in the nervous system.’12

There are 5 known isoforms of VEGFA in humans which are termed VEGF 121, 145, 165,
189 and 206, corresponding to the number of amino acids found in each isoform (each isoform
has 1 amino acid fewer in rodents).”® While all isoforms of VEGFA bind with high affinity to
both VEGFR1 and VEGFR?2, binding of VEGFA to the neuropilins is isoform-specific (e.g.,
the 165 amino acid isoform of VEGFA binds to neuropilin-1, while the 121 amino acid isoform
does not).* In addition, the various VEGF family members have different receptor specifici-
ties (e.g., VEGFA binds to VEGFR1 and 2, but PIGF only binds to VEGFR1; (Fig. 1); for
review see ref. 30). There is still much to be learned about the roles of the diverse members of
the VEGF family of proteins, as well as of the various VEGFA isoforms. Because more is
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Figure 1. Schematic illustrating the VEGF family of proteins and their receptors.

currently known about VEGFA than its protein relatives, the remainder of this chapter will be
devoted to discussions of VEGFA (hereafter referred to simply as “VEGE”).

In recent years, most of the in vivo research on VEGF has focused on its role as a potent
angiogenic factor, responsible for the development of new vascular sprouts (for reviews see refs.
54 and 55). Gene deletion studies have shown that VEGF is critical for the development of
new blood vessels during development. Mutant mice lacking even a single VEGF allele die
during embryonic development with a striking lack of secondary vasculature (i.e., deficient
angiogenesis).’®>” Both VEGFR1and VEGFR2 null mutants are early embryonic lethal and
show a lack of vasculature (i.e., deficient Vasculogenesis).sg’59

In adult animals, application of recombinant VEGF protein induces the formation of new
blood vessels from preexisting blood vessels (angiogenesis) in a variety of tissues, including
brain. %9965 However, the blood vessels formed by application of VEGF to adult tissues are
grossly abnormal, characterized by profound permeability and a disorganized, dilated, tortu-
ous morphology. #6367

Because of the leaky nature of the new blood vessels formed by exogenous administration of
VEGE, increasing attention has been given to VEGF’s originally-described function as a vascu-
lar permeabilizing agent. Application of VEGF to adult tissues or cells results in edema and
vascular leak. VEGF results in vascular leak in every tissue to which it has been applied includ-
ing, but not limited to, brain, lung, testis, bladder, skin, duodenum, mesentery, and intes-
tine.®> %0871 VEGF’s effects on vascular leak in the brain occur rapidly, within 30 minutes of
exposure to VEGE®® In ischemic brain, the timing of VEGF mRNA and protein upregulation
corresponds closely to the peak of vasogenic edema.®>474>7279 VEGF expression is increased
in both glia and neurons of the ischemic brain, as determined by both immunostaining and in
situ hybridizaltion.47’49‘75’76 Presumably, the VEGF is secreted by the neurons and glia, and
binds to VEGF receptors on local vasculature to mediate the increases in vascular permeabilitg.
Upregulation of VEGF mRNA occurs both in vivo and in vitro under hypoxic conditions.*¢80-#3
Hypoxia-induced upregulation of VEGF mRNA is associated with increases in the transcrip-
tion factor hypoxia inducible factor (HIF)1-a, which is also upregulated after cerebral is-
chemia 36898284 [nterestingly, upregulation of VEGF mRNA after cerebral ischemia some-
times occurs in cells not directly affected by the ischemic insult, such as the cingulate cortex
and hippocampus, suggesting that triggers other than hypoxia could lead to VEGF
upregulation.?” Possible secondary mechanisms of VEGF upregulation could include damage
to neuronal afferents or efferents, pressure effects of edema, or ischemia-related physiological
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Figure 2. Upregulation of VEGF protein in CA1 of the hippocampus after seizures and VEGF mRNA in
CA1 after cerebral ischemia. A) Control brain section stained for VEGF-ir 24h after the animal received a
vehicleinjection. DG = dentate gyrus. B) Post-status epilepticus (SE) (1 hour of status followed by diazepam
injection) brain section stained for VEGF-ir from an animal that was perfused 24h after pilocarpine
injection. C) Inssitu hybridization for VEGF mRNA in CA1 neurons 24h after a sham surgery. SO= stratum
oriens, SP= stratum pyramidale, SR = stratum radiatum. D) In situ hybridization for VEGF mRNA in CA1
neurons 24h after MCAO. Note that MCAO does not cause the hippocampus to be ischemic, but rather
leads to indirect effects.

phenomena such as cortical spreading depression (for review see ref. 85). Cortical spreading
depression has been shown to induce increases in other cytokines.5® Because some phenomena
observed during cerebral ischemia can also be observed in association with seizures, we hypoth-
esized that VEGF might increase in neural cells after seizures. Specifically, post-ischemic corti-
cal spreading depression follows increases in synchronous neuronal firing such as those ob-
served during seizures. Additionally, prolonged seizures can lead to hypoxic states due to breathing
compromise during tonus, and hypoxia is the most consistently confirmed trigger of VEGF
upregulation.

VEGF Regulation after Seizures

To study the possibility that seizures could lead to increases in VEGE, rats were treated with
380 mg/kg pilocarpine to induce status epilepticus (SE) as previously described.®” Animals
were sacrificed one day, one week, or one to two months after status epilepticus, and their
brains were processed for VEGF immunostaining.®® One day after SE, VEGF protein is dra-
matically increased both in neurons and glia in the hippocampus and limbic cortex (Fig. 2C
and D and Fig. 3). Specifically, what appears to be cytosolic immunostaining for VEGF is
observed in the neurons of CA1 and/or CA3 of the hippocampus as well as some of the pyra-
midal neurons in entorhinal and perirhinal cortex. The increases in neuronal VEGF are similar
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Figure 3. Both neurons and glia upregulate VEGF 24h after SE. All sections are stained for VEGF-ir. A
schematic in the upper left shows the locations of parts A-C. A) A low (1) and high (2) magnification view
of a post-SE brain section in dorsal CA1. Arrows point to glial VEGF-ir. SP = stratum pyramidale. B) Low
magnification view of the entorhinal cortex of the same brain with the major layers of the medial entorhinal
cortex marked. Sub = subiculum. C) Low (1), high (2), and higher (3) magnification of ventral CA3 in the
same brain. Arrows point to neuronal VEGF-ir.

in intensity to those observed in CAl pyramidal neurons 24h after middle cerebral artery
occlusion (Croll et al, unpublished observations). These increases in neuronal VEGF reflected
increased expression of VEGF mRNA in CALl of the hippocampus, demonstrating that neu-
rons can make VEGF (Fig, 2A and B).? Interestingly, the hippocampus does not suffer direct
ischemia during middle cerebral artery occlusion, and therefore the increases in VEGF mRNA
and protein are likely to be caused by widespread consequences of focal ischemia. One interest-
ing candidate mechanism is spreading depression, a phenomenon characterized by abnormal
and synchronous cell firing not unlike that observed with seizures. Glial staining after seizures
appears to be at least partially cytosolic, but even more convincing is punctate cell surface
staining on glial profiles (Fig. 3). Presumably, this staining pattern represents staining of VEGF
protein bound to its receptors. This same punctate cell surface staining can also be observed on
vascular endothelial cells in the region of VEGF upregulation.

The trigger for increased neural VEGF after seizure activity is unclear. As previously dis-
cussed, hypoxia is the best known trigger of VEGF expression across cell types, and hypoxia
can occur during seizures. However, heretofore undescribed triggers of VEGF upregulation are
likely, particularly given that the upregulation of neuronal VEGF has been observed after cere-
bral ischemia in areas not directly affected by the hypoxic insult (Fig. 2C and D).’ For ex-
ample, the upregulation of VEGF could result from increased neuronal activity, although there
is little prior evidence for activity-dependent increases in VEGE The paucity of evidence arises
not from negative findings, but rather because the question has not been studied yet. Increases
in neuronal activity induced by exposure of rats to complex environments increased microvas-
cular den51ty in the brains of these animals.® Because VEGF has been shown to be critical for
angiogenesis across a wide variety of tissues, one could speculate that active neural cells in
stimulated brain could upregulate VEGF in an attempt to induce increased vascular flow, hence
metabolically supporting their increased activity. The fact that increased neuronal activity does
lead to increased blood flow and an increased need for vascular investment is well-documented.
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This premise serves as the basis for much of the current work in human functional brain
imaging. Both fMRI and PET scans commonly use increased cerebral blood flow as a surrogate
marker of increased neuronal activity.

VEGF As a Neurotrophic Factor

Although all original research, and most current research, on VEGF has focused on its
effects on vasculature, there is a growing body of literature studying VEGF as a potential neu-
rotrophic factor (for review, see ref. 90). Many neurons constitutively contain neuropilins, and
have been shown under some circumstances, such as after ischemia, during development, and
in culture, to express VEGFR2.46474991 Gljal cells have also been reported to express VEGF
receptors. Although the exact roles of these receptors in neural cell function remain to be
determined, accumulating evidence exists for such roles. VEGF has been shown to protect
neurons across a wide variety of circumstances. For instance, VEGF has been reported to have
a neuroprotective effect in the context of cerebral ischemia. >3 In addition, VEGF supports
developing sensory cells in retina and dorsal root ganglia.“*"4%> Further, VEGF has been shown
to speed the recovery of damaged peripheral neurons, although increased vascular density in
the injured area could have partially or fully accounted for this effect.”®"” Elegant evidence for
a role of VEGF in protecting adult neurons, either directly or indirectly, came in a recent study
showing that deletion of the hypoxia response element from the VEGF promoter resulted in
motor neuron disease in adult mice.”®

Perhaps most relevant to a neuroprotective role in seizure-induced damage is the recent
report that VEGF protects cultured hippocampal neurons against glutamate excitotoxicity.”’
Using antisense oligonucleotides, Matsuzaki et al®® showed that this protective effect of VEGF
is mediated through VEGFR2. In addition, blockade of VEGFR2 synthesis blocked induction
of the Akt survival pathway in these neurons. Because the Akt survival pathway has been re-
peatedly demonstrated to be activated after VEGF treatment, it is possible that VEGF directly
protects cells from excitotoxic damage by increasing signaling pathways important to sur-
vival.'9101 Because these cultures only contained neurons, a direct protective role of VEGF
could be inferred. Further evidence for a direct protective role of VEGF through VEGFR2 and
Akt signaling has been presented in cultured hypoxic neurons.*>?192 In these hypoxic neu-
rons, caspase-3 levels were increased when VEGF was blocked, providing further evidence for
a direct effect of VEGF on pathways mediating cell survival.”

One final possibility is that VEGF produces its protective effects, at least in part, through
neuropilin-1, which is located on neurons. VEGF and semaphorin 3A compete for binding at
neuropilin-1. The semaphorins have traditionally been thought to induce cell death during
development. VEGF could block this death pathway by binding to neuropilin-1, hence pre-
venting semaphorin binding.!”® Recent evidence suggests, however, that the relationship be-
tween VEGF and semaphorin could be complex.'® In addition, a recent direct attempt to
induce neuroprotection in hypoxic cells with neuropilin-1 activation failed to show protec-
tion.”> Therefore, although the potential role of neuropilin in VEGF-mediated neuroprotection
cannot be overlooked, neuroprotection mediated via VEGFR2 activation is currently the most
parsimonious explanation.

Potential Effects of VEGF on Seizures and Their Sequelae

VEGEF could be a double-edged sword for the epileptic brain, because it results in multiple
effects. Its proposed vascular effects might be expected to aggravate seizures and post-seizure
brain damage, while its direct effects on neurons could be neuroprotective. VEGF also acti-
vates glia, which could potentially impact seizures or their sequelae. 8¢

As previously discussed, VEGF has dramatic effects on brain vasculature, and results in
blood-brain barrier breakdown. At low concentrations, VEGF has minimal angiogenic effects,
especially within a short time frame. That is, VEGF’s effects on vascular leak and permeability
are more striking than its effects on angiogenesis in low amounts or after brief exposures.®> In
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Figure 4. Cresyl violet stained hippocampal sections taken from animals 24 hours after status epilepticus
induced by pilocarpine. A) Hippocampus from the median animal in the PBS-infused group showing
damage in stratum pyramidale (SP) of area CA1. SO= stratum oriens, SR = stratum radiatum. B) Hippoc-
ampus from the median animal in the VEGF-infused group. Note the lack of cell damage in area CA1 of
the animal treated with VEGE

addition to its very potent effects as a vascular permeabilizing agent, VEGF also potently in-
duces inflammation. At the same low doses and early time points which induce blood-brain
barrier leak, local application of VEGF causes a striking inflammation characterized by a pri-
marily monocytic infiltrate.®>% This effect could be caused by a direct chemoattractant effect
on monocytes, which express VEGFRI, but it could also result from the complex pattern of
upregulation of multiple inflammatory mediators such as ICAM-1 and Mip-1a, both of which
have been observed after VEGF administration to brain.””® Interestingly, VEGF is upregulated
by both IL-1 and TNF-a.!%419%1% Thege inflammatory cytokines are upregulated after sei-
zures.?>?¢2728 Eyidence accumulated to date suggests that these inflammatory cytokines in-
crease the potential for seizures.”**'%” Because both of these cytokines upregulate VEGE it is
possible that VEGF is one common pathway through which these proteins exert their effects.
Given the data suggesting detrimental effects of inflammation on seizures and their sequelae,
one might hypothesize that VEGF aggravates seizures or seizure-related brain compromise. In
cerebral ischemia, VEGF has been shown to worsen post-ischemic edema and VEGF antago-
nism protects against damage.'’®!%” However, there is also evidence that anti-inflammatory
agents could lead to more post-seizure cell damage.''” Therefore, an increased understanding
of the role of inflammation in seizures will be necessary before we can fully appreciate the
implications of VEGF’s pro-inflammatory and vascular (leak) effects on epileptic brain.

In contrast to the potentially detrimental vascular effects of VEGEF, we have summarized the
developing evidence for a neuroprotective role of VEGE There is accumulating evidence that
VEGEF directly protects neurons from damage, including excitotoxic dalmalge.99 Direct protec-
tive effects of VEGF on any cell containing VEGF receptors, including potential induction of
VEGFR2 on neurons and glia, is quite possible given VEGF’s activation of the Akt intracellu-
lar survival pathway.'?%10!

We have conducted preliminary studies to assess the effects of VEGF on cell damage after
seizures. By infusing VEGF (30-60 ng/day; continuously for 5 days into adult rat brains via
osmotic minipump) before inducing status epilepticus with pilocarpine (350 mg/kg), we have
begun to address the role of VEGF upregulation after seizures. These initial experiments have
revealed a statistically significant neuroprotective effect of VEGF on cell damage in CA1 and
CA3 of the hippocampus, assessed 24 hours following status epilepticus (Fig. 4). Therefore, it
seems possible that VEGE while inducing inflammation, has the ability to protect cells from
any damage that could occur as a result of either the inflammation or the excitotoxic insult.



64 Recent Advances in Epilepsy Research

Much additional research needs to be conducted before we can fully understand the impli-
cations of VEGF upregulation after seizures. Based on currently available data, VEGF could be
a double-edged sword, directly protecting neurons from post-seizure cell death, but simulta-
neously inducing blood-brain barrier breakdown and inflammation. VEGF could, however,
also be the rare pro-inflammatory cytokine that possesses the ability to directly protect neurons
from the potentially detrimental effects of the very inflammation that it induces.
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CHAPTER 5

Plasticity Mechanisms Underlying
mGluR-Induced Epileptogenesis

Robert K.S. Wong, Shih-Chiech Chuang and Riccardo Bianchi

Abstract

ransient application of group I metabotropic glutamate receptor (mGluR) agonists to

hippocampal slices produces ictal-like discharges that persist for hours after the

removal of the agonist. This effect of group I mGluR stimulation—converting a
‘normal’” hippocampal slice into an ‘epileptic-like’ one—may represent a form of epileptogenesis.
Because this epileptogenic process can be induced in vitro and it occurs within hours, it has
been possible to examine the cellular and transduction processes undetlying the generation and
long-term maintenance of ictal-like bursts. I,Glur(v), 2 voltage-dependent depolarizing current
activated by group I mGluR agonists, appears to play an important role in the expression of the
ictal-like bursts. Long-term activation of I;,Gur(v) following mGluR stimulation is a possible
plastic change that enables the long-term maintenance of ictal discharges. Induction of I,gur(v)
may represent a cellular event underlying the mGluR-induced epileptogenesis.

Introduction

Glutamate is the major excitatory neurotransmitter in the central nervous system. The exci-
tatory effects are mediated by three types of ionotropic glutamate receptors (the NMDA, kainate
and AMPA receptors) classified according to their sensitivity to agonists. The effects of glutamate
are also mediated by G-protein-coupled receptors. These receptors are termed metabotropic
because they affect neuronal activities via G-protein-coupled intracellular pathways. Through
metabotropic glutamate receptors (mGluRs), glutamate exerts short-term as well as long-term
influences on the excitability of central neurons.

Eight genes for mGluRs have been cloned.'"'® The receptors are classified into three groups.
Group I receptors (mGluR1 and mGIuR5) are coupled to Gg/11-proteins. Activation of this
receptor group elicits excitation. Group II receptors (mGluR2 and mGluR3) and group III
receptors (mGluR4, mGluR6, mGluR7 and mGluR8) are coupled to Gjo-protein. Stimula-
tion of these receptor groups elicits inhibition, often through presynaptic mechanisms. Recent
studies show that there are exceptions to this generalization. For example, activation of group
IT mGluRs may also elicit excitation via a postsynaptic action.?’

Activation of mGluRs produces robust effects on epileptiform activities in the cortex. Con-
sistent with the overall effects of mGluR groups on neuronal activities, group I mGluR ago-
nists have been shown to be proconvulsant® and group II and 11T mGluR agonists are anticon-
vulsant.>!'? A particularly interesting aspect of mGluR effects is that their actions are often long
lasting. For example, the application of a group III mGluR agonist suppresses epileptiform
discharges in hippocampal slices. This anticonvulsant effect, once induced, persists even when
the agonist is washed away.”* The convulsant action of group I mGluRs is also long-lasting.
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Ictal-like discharges elicited by group I mGluRs in hippocampal slices persist for hours after
the washout of the agonist.'” This chapter summarizes progress-to-date on the epileptogenic
effects of group I mGluR activation.

Cellular Mechanisms for Group I mGluR-Induced Excitation

in Hippocampal Neurons

Application of group I mGluR agonists (e.g., (S)-3,4-dihydrophenylglycine; DHPG) pro-
duces depolarization of hippocampal neurons via two broad mechanisms—a suppression of K*
conductances and an activation of cationic conductances.! Based on the sensitivity to trans-
membrane voltage, cationic conductances activated by group I mGluRs can be further distin-
guished into voltage-independent and voltage-dependent types. The voltage-independent cat-
ionic current is elicited in CA1 pyramidal cells.'® The current is gated by increases in intracellular
Ca?* (Ican) and its amplitude responds linearly to changes in membrane potential. The second
type of cationic current differs from Ican mainly in that the amplitude of the current exhibits
a nonlinear relationship with the membrane voltage. The current-voltage relationship shows a
pronounced negative slope conductance region at some potential range more depolarized than
the resting potential. At present two species of the voltage-dependent cationic current have
been described. Activation of one of the currents appears to be G-protein-independent,'* whereas
activation of the other one is dependent on phospholipase C activation and is therefore pre-
sumably G-protein-dependent.” Other than a difference in G-protein-dependency, the two
current species have remarkably similar properties. The G-protein-independent current has a
reversal potential of about -9 mV and exhibits negative slope conductance in the membrane
voltage range of -80 to -40 mV. The G-protein-dependent current reverses at about -12 mV
and has a negative slope conductance in the membrane potential range of -70 to -30 mV. Both
currents are recorded in CA3 pyramidal cells and have peak amplitudes of about -200 pA.
Furthermore, preliminary data suggest that both currents are activated by mGluR1 but not
mGluR5 stimulation.” At present, the possibility remains that a similar current is described by
the two studies since the main distinguishing feature—G-protein-dependency of the current—
has not yet been rigorously tested. Detailed analysis on one of the currents (InGlur(v)) suggests
that the current markedly modifies single cell behavior and may thereby contribute to the
generation of epileptiform discharges.

Role of I,Giur(v) in the Neuronal Activities of Single Pyramidal Cells

InGlurey) is elicited in CA3 (but not CA1) pyramidal cells by DHPG®? (50 uM). Iglarev)
is shut off completely at hyperpolarized membrane potentials and is activated by depolariza-
tions positive to -70 mV. The current does not inactivate and is probably carried by a mixture
of cations. The specific charge carriers for the current have not yet been determined, however a
reversal potential of -12 mV indicates Na*, K*, and Ca* all as likely candidates.

Three interesting roles for InGiur(v) have been demonstrated in the control of single CA3
pyramidal cell activities that are fundamental to understanding its contribution to network
function. These functions are summarized in the following.

Determination of Resting Potential

Because I,,Glur(v) does not inactivate and has an activation threshold (-70 mV) hyperpolar-
ized to the normal resting potential (-65 mV) of CA3 pyramidal cells, the current, once in-
duced, is tonically active at the resting state of CA3 pyramidal cells. The tonic activation of
ImGlur(v) depolarizes the resting potential of pyramidal cells to about -50 mV. This depolarized
resting state can be reset to a more hyperpolarized level when I,Glur(v) is deactivated by an
imposed hyperpolarizing pulse or by an inhibitory postsynz;ptic potential. Thus, I;,clur(v) con-
tributes to generate a bi-stable resting potential condition.
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Regulation of Time Courses of Inhibitory and Excitatory Postsynaptic
Potentials (IPSPs and EPSPs)

InGlur(v) is sensitive to small changes in membrane potentials at the resting level. Thus, an
impinging IPSP often turns off a proportion of I;,glur(v), causing a lengthening of the inhibitory
event. Conversely, an EPSP activates I, glur(v), causing a more pronounced depolarization.

Control of Rhythmic Oscillations

Perhaps the most interesting aspect of LGlur(v) function is its contribution to the genera-
tion of pacemaker potentials for rhythmic bursting in single hippocampal pyramidal cells. In
preparations where individual CA3 pyramidal cells are synaptically isolated by ionotropic
glutamate receptor (iGluR) blockers and GABA receptor blockers, group I mGluR agonists
often elicit rhythmic bursting activities in individual cells that last for 10-20 s and are separated
by intervals of about 7-15 s (e.g., Fig. 1Aa and ref. 7).

The bursts are presumably generated in the following fashion. As mentioned above, I,Glur(v)
is active at the resting potential range of CA3 pyramidal cells. Thus, the current depolarizes
pyramidal cells to about -50 mV at which point it is counterbalanced by a K*-mediated out-
ward current activated by the depolarization. The cell fires action potentials at this depolarized
state. Ca?* entry associated with the action potentials causes the cumulative activation of K*
currents (the portion that is not suppressed by group I mGluR activation®). Burst firing termi-
nates when the total outward current exceeds the inward current I,Glur(v). During the interval,
K* current amplitude gradually decreases and eventually becomes smaller than I,Glrev), al-
lowing the latter to generate a gradual depolarization (pacemaker potential) leading to another
bursting phase.

Thus, Lnclr(v) plays two roles in the patterning of single cell bursting in CA3 pyramidal
cells: it generates the pacemaker potential that leads to the burst and it provides the depolariza-
tion that sustains the burst.

The pattern of single cell bursts is qualitatively similar to that of the prolonged ictal-like
synchronized bursts also elicited by group I mGluR agonists when applied to hippocampal
slices with intact synaptic connectivity (Fig. 1Aa and Ba). The properties of the network bursts
and the plausible relationship between the single cell and network activities are discussed in the
following.

Role of IGur(v) in the Generation of Network Activity

Group I mGluR agonists also elicit periodic bursting activities in a synaptically intact (‘con-
trol’) hippocampal slice!”%3 (Fig. 1Ba). The bursts have comparable durations (up to 15 s) and
intervals (up to 20 s) as the bursts elicited by group I mGluR agonists in single pyramidal cells
of synaptically isolated preparations. The major difference between the two types of bursting is
that the activities recorded in the control slices are synchronized — burst events always occur
simultaneously in all the pyramidal cells of the slice.

Recently, a role of I,gur(v) in the generation of the synchronized bursting in normal slices
has been proposed” and is briefly described in the following. The interaction of I,glurev) With
intrinsic currents of pyramidal cells imparts on single pyramidal cells resonance frequency to
burst at a preferred frequency and duration (see Fig. 1Aa). Similar resonance frequency is elic-
ited in a population of CA3 pyramidal cells since the neurons have comparable intrinsic prop-
erties including input resistance, time constant, firing characteristics,?” and conductances,!?%4
as well as similar amplitudes of inducible maximum? I,Gl.r(v)- In a synaptically intact ‘normal’
preparation, single cell activities can be sg/nchronized by recurrent excitatory synapses to give
rise to the synchronized network bursts.'™? Similarity in the resonance frequency of the pyra-
midal cells induced by group I mGluR agonists should facilitate the synchronization process
and play a part in determining the frequency and duration of the network bursts.
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Figure 1. The group I mGluR agonist DHPG induces rhythmic intrinsic bursts and ictal-like network
discharges in CA3 pyramidal cells of hippocampal slices. A, intracellular recordings from a hippocampal
CA3 pyramidal cell 1 h after addition of (S)-3,4-dihydrophenylglycine (DHPG; 50 uM) to a solution
containing blockers of ionotropic glutamate receptors (CNQX and CPP; 20 uM each) and of GABA,
receptors (picrotoxin; 50 uM). Aa, the scheme (inset) illustrates that under these conditions glutamatergic
synaptic transmission was suppressed. At -65 mV, rhythmic intrinsic bursts with firing preceded by gradual
depolarizations were recorded. Ab, records (top trace) from the same cell as in Aa. Hyperpolarizing DC
current (bottom trace: current) held the cell at-76 mV (initial segment of the recording). The cell was then
depolarized to about-70 mV. This depolarization caused a gradual depolarization (pacemaker potential) to
develop that led to a burst. The gradual depolarization is due to the activation of I,glur(v). Hyperpolarizing
current pulses (-0.1 nA; 300 ms) were applied every 3 s. At an appropriate time during the burst, a short
pulse could abruptly terminate the burst. Ac, expansion of the voltage segment indicated by a bar in Ab to
illustrate the gradual depolarization (pacemaker potential) preceding the firing and the abrupt hyperpolar-
ization caused by a short pulse during the burst. The increasing amplitude of the voltage responses to the
short hyperpolarizing pulses during the pacemaker depolarization was in part due to deactivation of the
developing I;nGlur(v)- B, intracellular recordings from another CA3 pyramidal cell 70 min after addition of
DHPG (50 uM) to normal perfusing solution. Ba, in these conditions synaptic transmission was not
blocked (inset) and DHPG induced rhythmic network discharges, each of 6-7 s in duration. Bb, the segment
of the burst indicated by the bar in Ba is shown on a faster time base. At resting membrane potential, action
potentials occurred at a regular frequency of 14-15 Hz (B-oscillations). Be, hyperpolarization of the same cell
to =92 mV revealed that EPSPs occurring at 3-frequency underlie the rhythmic firing during a network
discharge.
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Thus, single cell bursts driven by Igiur(v) appear to be fundamental events underlying the
generation of network bursts. Two additional observations support this notion. First, CA3
pyramidal cells from phospholipase CP1 knockout mice do not generate I, gurev) when ex-
posed to group I mGluR agonists. Group I agonists also do not elicit single cell and network
bursts in hlppocampal slices prepared from the mutant.” Second, CA3 pyramidal cells from
mGluR1 knockout mice are also incapable of generating ImGiur(v). Group I mGluR agonist
application to shces prepared from the mGluR1 -/- mice also failed to elicit single cell and
network bursts.” In both types of aforementioned mutants, group I agonists retained their
effects of suppressing the ‘leak’ K* conductance and the Ca**-activated K* current that is asso-
ciated with the post-spike afterhyperpolarization. As noted above, these remaining effects did
not give rise to burst firing at the single cell and network levels.

Network bursts elicited by group I mGluR activation have been compared to the ictal bursts
recorded in cortical tissues in epilepsy. Both events mvolve the hypersynchronized discharge of
alarge population of neurons for periods exceeding 1 s.2° Furthermore, the events are similar in
their synchronized oscillatory patterns. Within a period of group I mGluR-induced network
bursts, oscillating synaptic depolarizations occurred at 12 — 27 Hz (Fig. 1B, B-oscillations).
Similar oscillatory depolarizations also accompany ictal discharges. mGluR-induced network
responses thus serve as a model for epileptic discharges. From here on, group I mGluR-dependent
network bursts will be termed ictal-like bursts or ictal-like discharges.

Plasticity Mechanisms Underlying Group I mGluR-Induced Network

Burst Discharges

The mGluR-induced ictal-like bursts have a particularly interesting feature relevant to
epileptogenesis. The ictal-like bursts elicited by mGluR stimulation are long-lasting. The events,
once induced by group I mGluR agonist, persist for hours after the agonist has been washed
out."” This effect of group I mGluR stimulation—transforming a ‘normal” hippocampal slice
into an ‘epileptic-like’ one—may represent a form of epileptogenesis. The phenomenon, as in
most plasticity responses, proceeds in two temporal stages—induction and maintenance. Dur-
ing induction, biochemical and/or molecular activities modify synaptic and/or ionic channel
(cellular) processes. Ictal-like bursts are then expressed by the activation of the modified cellu-
lar processes. Induction is followed by maintenance, during which the cellular modifications
are stabilized for the long-term expression of the ictal-like bursts. Data regarding the induc-
tion, maintenance, and expression of the ictal-like bursts are presented.

Induction

The induction of group I mGluR-dependent ictal-like discharges appears to be
protein-synthesis-dependent. Pretreatment of hippocampal slices with a protein synthesm in-
hibitor (anisomycin or cycloheximide) prevented the appearance of ictal-like discharges.'® When
group I mGluR agonists were applied to hippocampal slices pretreated with iGluR blockers,
ictal-like discharges were not expressed. And yet when the group I mGluR agonist was washed
away together with iGIuR blockers, ictal-like discharges ensued.'® The data suggest that the
induction of ictal-like discharges can occur in silence—i.e., it does not require activation of
NMDA or AMPA receptors nor does it depend on the expression of ictal-like discharges. Acti-
vation of group I mGluRs seems to be the only requirement for the induction of ictal-like
discharges.

Maintenance

Ictal-like discharges, once induced, are no longer affected by protein synthesis inhibitors.
Apparently, new protein(s) synthesized in response to group I mGluR stimulation can function
for hours to maintain ictal-like bursts. Ictal-like bursts persisting after the washout of the ap-
plied group I mGluR agonist are blocked by group I mGluR antagonists.'” Since endogenous
glutamate is the only agonist available during the maintenance phase, ictal-like discharges are
most likely maintained by synaptically released glutamate.

16
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Expression

The cellular responses activated synaptically to maintain the ictal-like discharges have not
yet been identified. I, glur(v) is a likely candidate. As mentioned above, I,glur(v) is elicited by
group I mGluR agonists and plays an important role in the generation of ictal-like discharges.
The current may also be required for ictal-like discharges generation during the maintenance
phase in the absence of applied agonist. I,Glur(v) may then be activated by synaptically released
glutamate. At present, the contribution of I;,glur(v) in the long-term maintenance of ictal-like
discharges and its role in epileptogenesis remains unclear.

Conclusion

A challenge to the mGluR model of epileptogenesis is whether the induction mechanism
studied in vitro is one that is engaged in epilepsy. The data show that ongoing ictal-like dis-
charges can be maintained by synaptic processes endogenous to the hippocampal network.
However, the model depends on the application of group I mGluR agonists for the induction
process. It is unclear whether conditions exist where synaptic activation of group I mGluRs in
pyramidal cells can induce epileptogenesis. One possible example is the kindling model where
glutamatergic synapses are excessively activated to induce seizures and epileptogenesis. A role
of the NMDA receptors in the induction of epileptic activities in kindling has been empha-
sized.>*! To the extent that hi%h frequency stimulations of glutamatergic input can activate
postsynaptic group I mGluRs,” mGluRs may also contribute to the induction and mainte-
nance of epileptogenesis in the kindling model.
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CHAPTER 6

Role of the GABA Transporter in Epilepsy

George B. Richerson and Yuanming Wu

Abstract

he GABA transporter plays a well-established role in reuptake of GABA after synaptic

release. The anticonvulsant effect of tiagabine appears to result largely from blocking

this reuptake. However, there is another side to the GABA transporter, contributing to
GABA release by reversing in response to depolarization. We have recently shown that this
form of GABA release is induced by even small increases in extracellular [K*], and has a power-
ful inhibitory effect on surrounding neurons. This transporter-mediated GABA release is en-
hanced by the anticonvulsants gabapentin and vigabatrin. The latter drug also potently in-
creases ambient [GABA], inducing tonic inhibition of neurons. Here we review the evidence in
support of a physiological role for GABA transporter reversal, and the evidence that it is in-
creased by high-frequency firing. We postulate that the GABA transporter is a major determi-
nant of the level of tonic inhibition, and an important source of GABA release during seizures.
These recent findings indicate that the GABA transporter plays a much more dynamic role in
control of brain excitability than has previously been recognized. Further defining this role
may lead to a better understanding of the mechanisms of epilepsy and new avenues for treat-
ment.

Introduction

The GABA system plays a pivotal role in the pathophysiology of epilepsy, and is the target
of many different anticonvulsant drugs. At GABAergic synapses, termination of the postsynap-
tic response results from diffusion of GABA away from the synaptic cleft and reuptake of
GABA by GABA transporters in the plasma membrane of neurons and glia. In recent years,
our understanding of these GABA transporters has been drastically altered. Rather than simply
being viewed as GABA vacuum cleaners responsible for GABA reuptake after an inhibitory
postsynaptic potential (IPSP), it is now known that the GABA transporter reverses surprisingly
easily. The GABA transporter is thus a complex component of the inhibitory system with dual
roles in both uptake and release. Some anticonvulsants target the GABA transporter, but blocking
transporter function could involve either anticonvulsant or proconvulsant effects. Therefore,
the actions of these agents are not yet fully defined. Understanding the normal and patho-
physiological roles of the GABA transporter will aid in defining the mechanisms of these drugs,
and may help to develop new agents that target specific aspects of transporter function.

Diversity of GABA Transporters

There are four cloned isoforms of the GABA transporter in rats and humans, termed GAT-1,
GAT-2, GAT-3 and BGT-1 (a.k.a. GAT-4).% It should be noted that the nomenclature for
these transporters is different in mice, and that there was not agreement on this nomenclature
in the rat in early papers. For example, rat GAT-3 was once also called GAT-B.

Recent Advances in Epilepsy Research, edited by Devin K. Binder and Helen E. Scharfman.
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It was originally believed that there was a “neuronal” and a “glial” form of the GABA trans-
porter, but data obtained since the GABA transporters were cloned does not support this con-
clusion. In the rat and the human brain, GAT-1 is localized primarily on presynaptic terminals
of GABAergic neurons, but is also present on axons as well as astrocytic processes.!"1328:37:40
In contrast, GAT-3 is located primarily on glia,”? but is also present on neurons.” GAT-3 does
notappear to be restricted to perisynaptic regions. GAT-2 is located primarily in the meninges,
whereas BGT-1 is primarily in glia."> However, all four isoforms have been reported to be in
both neurons and glia in various species.”'> GAT-1 and GAT-3 are restricted to the nervous
system, whereas GAT-2 and BGT-1 are also found in nonneural tissue.” BGT-1 also transports
betaine, which appears to be its primary function in the kidney. The full significance of this
diversity, and the specific roles of each isoform, have not been fully defined.

The study of GABA transporters has been aided by the characterization of many antago-
nists. Tiagabine, SKF-89976a and NO-711 are all GABA transport inhibitors that are highly
selective for GAT-1.° There are not such highly specific antagonists of GAT-3, although f-alanine
is relatively selective for GAT-2 and GAT-3 compared to GAT-1. There are also a variety of
nonspecific antagonists, some of which are substrates for the transporter. Nipecotic acid is an
example, and not only blocks the transporter but is also taken up by it. When applied rapidly,
it first induces heteroexchange GABA release (see below), followed by blockade of transport.

Each of the GABA transporter isoforms are members of the family of Na*- and Cl'-coupled
transporters. GAT-1 cotranslocates two sodium ions and one chloride ion with each uncharged
GABA molecule,">*” and is therefore electrogenic, carrying one positive charge into the cell
with each thermodynamic reaction cycle. GAT-3 is thought to be similar.'® In contrast, the
stoichiometry of BGT-1 is different, cotranslocating three sodium ions and either one or two
chloride ions with each GABA.?

Role of the GABA Transporter in GABA Reuptake

The GABA transporter clears GABA from the extracellular space after it is released at syn-
aptic terminals. Evidence for this includes the finding that transporters are concentrated at
synaptic terminals of GABAergic neurons®® (see above). In addition, GABA transporter an-
tagonists prolong the duration of GABAergic IPSPs (Fig. 1).12184151 However, this effect of
GABA transporter blockade is often relatively small, especially on GABAergic IPSPs from
low-intensity presynaptic activity.'>!83%34 In contrast, blocking GABA transport induces a
much larger increase in ambient [GABA], increasing the tonic form of GABAergic inhibition
that occurs via high-affinity GABA rv:-:v:eptors.3 0,49

Reversal of the GABA Transporter

It is often assumed that the GABA transporter is so efficient that it clears all GABA from the
extracellular space after it is released during synaptic transmission—often being viewed simply
as a highly efficient GABA vacuum cleaner. However, [GABA], at steady-state cannot drop
below a finite nonzero level that is determined by the stoichiometry of the GABA transporter.
Baseline [GABA], has been reported to be 0.1 — 0.8 uM,??52 whereas the [GABA] in the
cytosol of the somata of GABAergic cerebellar Purkinje neurons has been reported to be 6.6
mM.?? The driving force for transporting GABA into the cytoplasm up this steep concentra-
tion gradient comes from the membrane potential and the concentration gradients for Na* and
CI. If [GABA], drops below the level that is supported by the driving force, then the GABA
transporter will reverse in order to raise [GABA],. All ion-coupled transporters can reverse like
this, and will transport their substrate equally well either forwards or backwards, the direction
simply being dependent upon the thermodynamic conditions.

The GABA transporter will reverse in response to depolarization or when there is an in-
crease in intracellular Na* or CI.**%> For example, an increase in K* to 56 mM causes depolar-
ization of cultured striatal neurons, which leads to GABA release that can be measured using
HPLC (Fig. 2).%® About 25% of this K*-induced GABA release is unaffected by removal of
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Figure 1. Blockade of the GABA transporter prolongs IPSPs. Shown are recordings from a neuron in a
hippocampal slice culture. Top trace—Electrical stimulation evoked a monosynaptic GABAergic IPSP after
blocking glutamatergic neurotransmission. Middle trace—Tiagabine in the bath solution induces prolon-
gation of the IPSP without changing the peak amplitude. Bottom trace—The response to tiagabine was
reversible. From Thompson and Gahwiler, 1992 (ref. 51).

extracellular calcium or pretreatment with tetanus toxin. This form of GABA release can also
be induced by veratridine, ouabain, and glutamate, each of which raise intracellular [Na'].
Similarly, calcium-independent release of preloaded, radiolabeled GABA can be induced from
horizontal cells of the toad retina b;r 41.5 mM K*,® from cultured cerebral cortical neurons by
55 mM K* or 100 uM glutamate,” and from rat brain synaptosomes by 60-150 mM K*.>® In
each of these cases, the nonvesicular GABA release is due to reversal of the GABA transporter,
since it is blocked by GABA transporter antagonists.

An alternative way to assay GABA transporter reversal is to measure current flow through
the transporter. In most native cell types, the density of GABA transporters is too low to allow
transporter currents to be measured directly. However, the GABA transporter is present at high
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Figure 2. Transporter-mediated GABA release can be induced after blocking vesicular fusion. GABA release
was measured from cultures of the mouse striatum using HPLC. Left panel—There is basal release of GABA
that is not prevented by pretreatment with tetanus toxin (5 pug/ml) for 24 hours. Depolarization with 56
mM K" induces an increase in GABA release that is only partially reduced by tetanus toxin. Treatment with
veratridine (10 uM) induces a large amount of GABA release that is insensitive to tetanus toxin. GABA
release induced by glutamate (100 uM) is unaffected by tetanus toxin. Right panel—In the absence of
extracellular calcium, each of the stimuli induce an increase in GABA release that is roughly equivalent to
that induced after treatment with tetanus toxin in the presence of calcium. In each case, further treatment
with tetanus toxin has no additional effect.®

density in catfish horizontal cells. Using whole-cell voltage clamp recordings, an efflux current
is present when these neurons are filled with GABA, and this outward current increases with
depolarization.8 The outward current is associated with release of GABA, which can be de-
tected by measuring the current induced by GABA4 receptor activation. GABA transporter
currents have also been measured directly from GAT-1 artificially expressed in HEK293 cells”
and in Xenopus oocytes.”> These experiments also confirmed that the GABA transporter can
work in reverse in response to depolarization, or when the concentration gradients for Na*, CI

or GABA favor reversal.

Functional Significance of GABA Transporter Reversal

The work described above demonstrates that the GABA transporter will reverse, and when
it does there can be a substantial amount of carrier-mediated GABA flux. However, the stimuli
used in most cases were so extreme that GABA transporter reversal has often been viewed as a
phenomenon that only occurs under pathological conditions. In addition, these results do not
indicate whether the GABA that is released produces any physiological effect on surrounding
neurons.

We have recently shown that carrier-mediated GABA release can be induced by small, physi-
ologically relevant increases in extracellular [K*].'%%7 When neurons fire action potentials, efflux
of K* causes an increase in extracellular [K*], which can reach up to 12-15 mM?204 (Fig. 3).
This in turn causes depolarization of surrounding neurons and glia. To determine whether
GABA transporter reversal occurs in response to this K*-induced depolarization, we used patch
clamp recordings from hippocampal neurons in culture. In response to an increase in extracel-
lular [GABA], GABA4 receptors are activated in recorded neurons, allowing us to use these
recordings as a biological assay of GABA release (Fig. 4A). In the absence of extracellular cal-
cium, an increase in [K*], from 3 mM to 12 mM induces a large current in recorded neurons
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Figure 3. Neuronal firing induces a large increase in extracellular [K*] in vivo. Shown are a field potential
(top trace) and a recording of extracellular [K*] (ak) in the CA3 region of the hippocampus of an anesthetized
ratin vivo. The fimbria was stimulated at 10 Hz during the time marked with arrows. The neuronal activity
led to an increase in extracellular [K*] from 3 mM to more than 12 mM.?!

that is blocked by bicuculline (Fig. 4B). This current reverses at the Nernst potential for chlo-
ride,'¢ and therefore is due to activation of GABA, receptors as a result of nonvesicular GABA
release. The increase in [GABA], was prevented by blockade of the GABA transporter with
either SKF-89976a or NO-711,1¢ indicating that the nonvesicular GABA release was due to
reversal of the GABA transporter. More recently, we have shown that reversal of the GABA
transporter can be induced by an increase in [K*], to as little as 6 mM.>” These results indicate
that the GABA transporter reverses in response to a physiologically relevant stimulus. They
also show that the resulting nonvesicular GABA release causes potent inhibition of neighbor-
ing neurons.

Other experiments also point to a functional role for GABA transporter reversal. For ex-
ample, reversal of the GABA transporter can be induced by electrical stimulation. Horizontal
cells of the fish retina release GABA onto bipolar cells in response to depolarization in the
absence of extracellular calcium (Fig. 5A).% This GABA release is blocked by nipecotic acid
(Fig. 5B & 5C). These neurons are deficient in synaptic vesicles, so that it appears that they
utilize reversal of the GABA transporter as a primary means of interneuronal communication.
Although it would be easy to dismiss this observation as being irrelevant to mammalian brain
function, there is no evidence to prove that this is the case. In fact, high-frequency electrical
stimulation induces release of tritiated GABA from striatal slices in the absence of extracellular
calcium.?

The results from these diverse experiments point to two different mechanisms of GABA
release, whose properties are contrasted in (Table 1). Calcium-dependent vesicular release may
be most important for rapid point-to-point communication between neurons under normal
conditions. As shown above, calcium-independent GABA release can occur via GABA trans-
porter reversal under physiological conditions. However, transporter reversal may become most
important under conditions of metabolic stress and/or during high-frequency firing. It may
also lead to more diffuse effects on surrounding cells. Thus, transporter-mediated GABA re-
lease may play its most critical role as a fail-safe method of feedback inhibition, preventing
runaway excitation.
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Figure 4. The GABA transporter reverses in response to a physiological increase in extracellular [K'].
A—Experimental setup for Figures 4, 6 & 7. Patch clamp recordings were made from hippocampal neurons.
When the GABA transporter on neighboring neurons and glia reverses, the resulting nonvesicular GABA
release activates GABA receptors on the recorded neuron. This approach is a highly sensitive bioassay of
transporter-mediated GABA release. B—Left: In the absence of extracellular calcium, an increase in extra-
cellular [K*] from 3 mM to 12 mM led to a large increase in extracellular [GABA] that induced an inward
current. Middle: This current was blocked by bicuculline. Right: Recovery. The increase in extracellular
[GABA] could be prevented with SKF-89976a or NO-711 (data not shown).!¢
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Figure 5. GABA transporter reversal is used for interneuronal communication between catfish retinal
neurons. Electrophysiological recordings were made from pairs of neurons isolated from the catfish retina.
The postsynaptic response in bipolar cells was measured in response to presynaptic depolarization of
horizontal cells. A—Current traces measured in a bipolar cell in response to step depolarization of a
horizontal cell to different voltages (shown to the right of each trace). Presynaptic depolarization (bottom
trace) led to a graded postsynaptic response whose amplitcude was dependent on the presynaptic voltage. The
postsynaptic response was inhibited by picrotoxin. B—Repeated voltage steps from -40 mV to 10 mV in
apresynaptic horizontal cell (bottom trace) led to postsynaptic current responses in a bipolar cell (top trace).
Bath application of 10 uM nipecotic acid decreased the postsynaptic response. C—Same experiment as in
B. 100 uM nipecotic acid completely blocked the postsynaptic response.
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Table 1. Differences between vesicular and transporter-mediated GABA release

Vesicular Release Transporter-Mediated
Release

Cell depolarization Increased Increased
Low [Ca**], Blocked No effect
Tetanus or botulinum toxin Blocked No effect
Increased [Na*]; No effect Increased
Cellular energy depletion Decreased Increased
Source Neurons Neurons & glia
Location of GABA pool Synaptic vesicles Free cytosolic GABA
Competitive transporter Prolong IPSPs Heteroexchange
blocker release, then
(e.g. nipecotic acid) blockade
Noncompetive transporter Prolong IPSPs Blockade

blockers (e.g. SKF-89976a,
NO-711, tiagabine)

The issues addressed here regarding different mechanisms of GABA release should not be
confused with the separate issue of how GABA affects neurons after it is released. Activation of
GABA, receptors can be either inhibitory or excitatory,”* 8 but the type of response is depen-
dent upon properties of the postsynaptic target, not the mechanism of GABA release. Thus,
under some conditions transporter-mediated GABA release, just like vesicular GABA release,
could lead to excitation of surrounding neurons. When this occurs, both forms of GABA
release will have a proconvulsant effect.

The GABA Transporter As a Target of Anticonvulsants

The dual role of the GABA transporter in both GABA reuptake and in nonvesicular GABA
release suggests that drugs that target the GABA transporter could influence neuronal excit-
ability in different ways. Tiagabine is the anticonvulsant that is most widely recognized as
acting on the GABA transporter. This agent blocks the GABA transporter, which as shown
above (Fig. 1) prolongs IPSPs by preventing GABA reuptake, thus enhancing inhibition. It is
not known whether the increase in inhibition induced by blockade of GABA reuptake by tiagabine
is offset to some degree by blockade of nonvesicular GABA release. It is possible that the anticon-
vulsant effect of the former is partially offset by a proconvulsant effect of the latter. It is also
possible that tiagabine or other GABA transporter antagonists block GABA reuptake better than
they block GABA release, which would mean that the anticonvulsant effect would dominate.

Vigabatrin also acts via the GABA transporter. Vigabatrin is an antagonist of GABA trans-
aminase, the enzyme that degrades GABA. It is a “suicide inhibitor,” causing irreversible inac-
tivation of the enzyme that requires resynthesis before recovery can occur.'® Thus, acute expo-
sure causes an effect that is delayed in onset and recovery. As would be predicted, vigabatrin
causes a slow increase in total brain [GABA].® It has been assumed that the increase in brain
GABA leads to increased neuronal inhibition, but the specific mechanism of inhibition was
not known. The assumption had been that vigabatrin increases the size of IPSPs, but one study
showed only a small increase in amplitude of miniature inhibitory postsynaptic conductances
(mIPSCs)," and another showed a small decrease.’® We performed similar experiments and
found no effect of vigabatrin on the amplitude of mIPSCs.”® In addition, we used patch-clamp
recordings from pairs of neurons and found that vigabatrin induces a small decrease in GABAergic
IPSCs induced by presynaptic stimulation.>®
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In contrast to the lack of an increase in IPSP amplitude, we have found that vigabatrin
potently increases tonic inhibition by inducing spontaneous and continuous nonvesicular GABA
release.”’ Treatment of rat hippocampal cultures with 100 uM vigabatrin induces a large in-
crease in [GABA], (Fig. 6A). The increase in [GABA], is blocked by the GABA transporter
antagonist SKF-89976a°” and NO-711,%® indicating that tonic inhibition is due to release of
GABA via reversal of the GABA transporter. This effect requires many days to reach a peak
(Fig. 6B). In response to 100 uM vigabatrin for 4 days, there is an increase in tonic inhibition
of neurons averaging 9 nS, corresponding to a [GABA], of more than 0.5 uM. Vigabatrin is
extremely potent, inducing a response at a concentration as low as 50 nM (Fig. 6C). The large
increase in ambient [GABA], and the resultant tonic inhibition, would have a powerful influ-
ence on neuronal excitability and seizure threshold. An increase in tonic GABAergic inhibition
has since been confirmed by two other groups.'#33

The anticonvulsant gabapentin also increases GABA transporter reversal. We found that
gabapentin increases heteroexchange GABA release. 17 As described above, heteroexchange GABA
release occurs in response to rapid application of the GABA analogue nipecotic acid, and re-
sults when the GABA transporter simultaneously takes up nipecotic acid and releases GABA.
When hippocampal neurons are treated with gabapentin, there is a slow potentiation of
hetereoexchange GABA release (Fig. 7). The time course of this effect parallels the time course
of the anticonvulsant effect in whole animals and lags the increase in drug levels in the brain,™
suggesting that the drug has an indirect mechanism of action.

The mechanism by which gabapentin increases heteroexchange GABA release is unknown.
However, gabapentin and vigabatrin both induce an increase in brain GABA levels in humans,
as measured using magnetic resonance spectroscopy.’>*° In addition, vigabatrin shares the ef-
fect of enhancing heteroexchange GABA release. 7 Therefore, it is possible that these two
anticonvulsants share the same common final pathway of increasing cytosolic GABA levels and
increasing the driving force for GABA transporter reversal. In contrast to vigabatrin, gabapentin
has multiple other effects, so that it remains unclear which one(s) is responsible for the anticon-
vulsant action or the effect on neuropathic pain.” Further work characterizing the magnitude,
the sensitivity and significance of each of these effects may help to answer this question. How-
ever, the enhancement of nonvesicular GABA release by both gabapentin and vigabatrin, as
well as the enhancement of tonic inhibition by vigabatrin, would be predicted to lead to potent
neuronal inhibition. Thus, these effects are excellent candidates for the mechanism of both of
these drugs, and represent a novel mechanism of anticonvulsant action.

It has recently been shown that gabapentin and the related compound pregabalin both
cause redistribution of GAT-1 from intracellular locations to the plasma membrane.’® This is
significant because an increase in the number of GABA transporters in the plasma membrane
could explain, by itself, why heteroexchange release is increased by gabapentin. In addition, an
increase in tonic extracellular [GABA] also decreases internalization of GABA transporters,4 SO
that the increase in GAT-1 in the plasma membrane could either be induced by gabapentin
directly, or could be secondary to an increase in ambient [GABA] induced by some other
primary mechanism. Either way, the end result is an increase in surface expression of GABA
transporters, which would lead to a larger amount of nonvesicular GABA release during high-
frequency neuronal firing.

Contribution of the GABA Transporter to Tonic GABAergic
Inhibition

It is generally believed that the most important form of neuronal inhibition is fast GABAergic
synaptic transmission due to presynaptic action potentials. However, it is widely recognized
that there is normally a finite [GABA] in the extracellular spa\ce.za’54 Under some conditions
this ambient GABA reaches levels sufficient to tonically activate GABA, receptors.® The tonic
inhibitory current that is induced can be surprisinglgl large, exceeding the total charge transfer
induced by fast GABAergic synaptic transmission.®”* The GABA responsible for tonic inhibi-
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Figure 6. Vigabatrin induces a large increase
in ambient [GABA] due to reversal of the
GABA transporter. A—After treatment of
cultured hippocampal neurons with 100 uM
vigabatrin for 4 days, there was a large in-
crease in inward holding current when neu-
rons were voltage clamped at -60 mV. This
current could be blocked by bicuculline,
indicating that it resulted from an increase
inextracellular [GABA]. The majority of the
increase in ambient [GABA] was due to cal-
cium-independent GABA release, since there
was little difference in the response to
bicucullinewith (gray trace) orwithout (black
trace) extracellular calcium. The increase in
ambient [GABA] could be prevented by
SKF-89976a (data not shown). B—The in-
crease inambient [GABA] required 4-5 days
to reach a peak. Shown is the amplitude of
the bicuculline-sensitive leak current after
treatment of hippocampal cultures for vari-
able lengths of time. The slow increase in
current is consistent with a slow inactivation
of GABA transaminase followed by a slow
buildup of GABA in the cytosol of neurons
and/or glia. C—Ambient [GABA] was highly
sensitive to vigabatrin concentration. Hip-
pocampal cultures were treated with differ-
entconcentrations of vigabatrin for 3-4 days.
Aslittle as 50 nM vigabatrin was sufficient to
inducea response. The GABA receptor-me-
diated current increased progressively with
increasing concentrations of vigabatrin. From
Wu et al, 2001 (ref. 57).
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Figure 7. Gabapentin enhances heteroexchange GABA release mediated by reversal of the GABA trans-
porter. Shown are the responses of neurons in hippocampal slices to rapid application of nipecotic acid,
which causes transporter-mediated GABA release due to heteroexchange. In control neurons, there was a
slow decrease in the response, presumably due to rundown of GABA, receptors during whole-cell record-
ings. In neurons exposed to gabapentin (100 uM) starting at the onset of whole-cell breakthrough (time =
0), there was a slow increase in the response to nipecotic acid. After 45 minutes, heteroexchange GABA
release in gabapentin-treated neurons was 3.2 times that seen in control neurons.'”

tion comes in part from spillover of synaptic GABA that has escaped the synaptic cleft before it
can be taken back up by GABA transporters.>*? In addition, there is also a contribution from
the continuous barrage of spontaneous miniature IPSPs that occurs in the absence of action
potential-dependent GABA release.’’ Our finding that vigabatrin leads to continuous reversal
of the GABA transporter indicates that nonvesicular GABA release also contributes to ambient
GABA.

We view tonic GABAergic inhibition as a natural consequence of the stoichiometry of the
GABA transporter. In the absence of vesicular release, the GABA transporter will be the major
determinant of ambient GABA. It is often assumed that the GABA transporter acts like a
vacuum cleaner to eliminate all GABA from the extracellular space. However, this is not actu-
ally the case. Instead, the GABA transporter establishes an equilibrium GABA gradient that is
determined by the membrane potential, and the concentration gradients for Na* and CI". Thus,
there will always be a finite, nonzero [GABA],, and if [GABA], drops below this level the
transporter will operate in reverse to raise [GABA], to the equilibrium level. If the prevailing
conditions dictate an equilibrium level of [GABA],, that is sufficiently high, there will be tonic
activation of GABA receptors. Based on the stoichiometry of the transporter, the GABA gradi-
ent at equilibrium under normal conditions can be calculated to be approximately 25,000-fold.”®
Assuming that [GABAJ; is 6 mM?*? that would lead to an ambient [GABA] of 0.24 uM at
steady state, which is high enough to activate high-affinity GABA, receptors.M’44 Ambient
[GABA] could never drop below this equilibrium value, because if it did the transporter would
reverse until [GABA], increased up to the equilibrium value. Thus, it is not necessary to postu-
late a continuous source of GABA efflux to explain tonic activation of GABA receptors, be-
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cause when the GABA transporter is at equilibrium [GABA], would be a sufficiently high to
activate high-affinity GABAA receptors, even in the absence of vesicular release. Under normal
conditions in vivo in which there is continuous vesicular release, the system would not be at
steady-state. Therefore, there would be net influx of GABA via the GABA transporter. Under
these conditions, ambient [GABA] would be determined by the equilibrium [GABA], for the
GABA transporter, combined with the rate of vesicular efflux and the rate of influx via the
transporter.

These theoretical considerations for the GABA transporter contrast with predictions for the
glutamate transporter,” which cotransports three Na* ions and one proton with each glutamate
molecule, while counter-transporting one K* ion. This stoichiometry, with greater dependence
on the Na* gradient, the additional energy from the K* gradient, and the transport of two
positive charges, leads to a transmembrane glutamate gradient exceeding 1,000,000-fold under
physiological conditions, in contrast to the 25,000-fold gradient that is the maximum theoreti-
cal limit for the GABA transporter. Therefore, the theoretical lower limit for extracellular
[glutamate] is 4.6 nM.% Thus, there is a fundamental difference between these two systems,
with the equilibrium for the glutamate transporter at an extremely low level that is way below
the affinity of its receptors, whereas the equilibrium [GABA], is high enough that it would
tonically activate GABA receptors. Tonic glutamatergic excitation would be detrimental in the
hippocampus—Ieading to excitotoxicity under normal conditions. In contrast, there may be
an advantage to maintaining a high tonic [GABA]—providing a mechanism to control the
level of neuronal activity. These predictions are also consistent with the hypothesis that reversal
of the glutamate transporter is a phenomenon that occurs during pathological conditions,"*
whereas reversal of the GABA transporter occurs under physiological conditions.'®>”

Role of GABA Transporters in Epilepsy

Since GABA transporters play such a prominent role in maintaining [GABA],, it follows
that changes in GABA transporter function might be linked to the pathophysiology of seizures.
Although this aspect of the GABAergic system has received relatively less investigation than
others, there is evidence for defects in transporter function in human epilepsy. For example, in
patients with temporal lobe seizures, there is a decrease in calcium-independent GABA release
in the epileptogenic hippocampus compared to the contralateral hippocampus.'® In
amygdala-kindled rats, there was a similar decrease in nonvesicular GABA release that was
associated with a decrease in binding of nipecotic acid.'® The conclusion that there is impair-
ment of GABA transport in sclerotic hippocampal tissue is supported by the finding that there
are prolonged responses to application of GABA in brain slices from epileptogenic human
hippocampus compared to control (tumor-related) hippocampus, and that GABA responses in
the epileptogenic hippocampus are minimally affected by NO-711.%

Based on the physiology of the GABA transporter and the effects of anticonvulsants on
both nonvesicular GABA release and ambient [GABA], we have developed a model of the role
of the GABA transporter in seizures (Fig. 8). Under normal conditions, the GABA transporter
takes up GABA after it is released from the presynaptic terminal. The ambient [GABA] is
determined by the numbers and isoforms of GABA transporters present in glial and neuronal
membranes, and the driving force for reuptake. Ambient [GABA] will rise when either the rate
of vesicular GABA release exceeds the ability of the existing transporters to keep up with the
demand, or when there is an increase in the equilibrium [GABA], for the GABA transporter.
The latter is sufficient, by itself, to explain an increase in ambient [GABA] even in the absence
of vesicular GABA release, and occurs in response to vigabatrin due to an increase in intracel-
lular [GABA]. The redistribution of GABA transporters to the plasma membrane in response
to increased [GABA],* may be a mechanism to keep local ambient [GABA] near the equilib-
rium [GABA], in the face of a high rate of vesicular efflux. During high-frequency neuronal
firing, there is an increase in the outward driving force for the GABA transporter due to the
combination of neuronal firing, a rise in extracellular [K*], and a rise in intracellular [Na'].
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Figure 8. Model of the dual roles of the GABA transporter. A—Under normal conditions, the GABA
transporter operates in the forward direction, taking GABA back up after vesicular release. The driving force
for uptake also determines the lower limit of ambient [GABA], which in some cases is sufficiently high to
activate extrasynaptic high-affinity GABA, receptors. B—During high frequency firing, the increase in
neuronal firing, extracellular [K*] and intracellular [Na*] all lead to an increase in the equilibrium [GABA],
for the GABA transporter. This leads to reversal of the GABA transporter, maintaining GABAergic inhi-
bition ata time that vesicular GABA release decreases. Nonvesicular GABA release may come from neurons,
glia, or both.””

Under these conditions, transporter-mediated GABA release would occur. This nonvesicular
GABA release may serve a critical role in neuroprotection during seizures, because it would
maintain neuronal inhibition at a time that energy stores are depleted and vesicular inhibition
might fail.

This model for GABAergic inhibition could explain the paradox of why some anticonvulsants
increase the number of GABA transporters,”” and there is a decrease in the number of trans-
porters in epileptic tissue.'>>® These observations are difficult to reconcile with the traditional
view of the GABA transporter, which would predict that an increase in GABA transporters
would lead to less inhibition and be proconvulsant. In contrast, our model could explain these
observations. To account for why blocking the GABA transporter with tiagabine has an anti-
convulsant effect, we propose that a balance normally exists between the excitatory and inhibi-
tory roles of the transporter. Disruption of this balance may occur at different sites (in a seizure
focus, propagation pathways, normal cortex) and at different times (interictally, at the onset of
seizures, during or between ictal bursts) in patients with epilepsy. Depending upon which
neurons are influenced (e.g., inhibitory or excitatory), their physiological state (i.e., whether
GABA hyperpolarizes or depolarizes them), and the role they play in circuit function (e.g.,
whether they promote or destabilize neuronal synchronization), blocking the transporter could
either lead to a proconvulsant or anticonvulsant effect. Further defining the physiology of the
GABA transporter will help to understand its opposite roles. It is now clear that the GABA
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transporter is highly dynamic, and plays an active role in neuronal inhibition that goes far
beyond simply GABA reuptake. In the future, it may be possible to develop novel interven-
tions that target only specific aspects of GABA transporter function, such as enhancing GABA
transporter reversal while also blocking reuptake. This may be a highly effective approach for
developing novel anticonvulsants to treat epilepsy without producing major side effects.
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CHAPTER 7

GABA and Its Receptors in Epilepsy

Giinther Sperk, Sabine Furtinger, Christoph Schwarzer and Susanne Pirker

Abstract

-aminobutyric acid (GABA) is the principal inhibitory neurotransmitter in the mammalian
Y brain. It acts through 2 classes of receptors, GABA, receptors that are ligand-operated

ion channels and the G-protein-coupled metabotropic GABAg receptors. Impairment of
GABAergic transmission by genetic mutations or application of GABA receptor antagonists
induces epileptic seizures, whereas drugs augmenting GABAergic transmission are used for
antiepileptic therapy. In animal epilepsy models and in tissue from patients with temporal lobe
epilepsy, loss in subsets of hippocampal GABA neurons is observed. On the other hand,
electrophysiological and neurochemical studies indicate a compensatory increase in
GABAergic transmission at certain synapses. Also, at the level of the GABA4 receptor,
neurodegeneration-induced loss in receptors is accompanied by markedly altered expression of
receptor subunits in the dentate gyrus and other parts of the hippocampal formation, indicat-
ing altered physiology and pharmacology of GABA4 receptors. Such mechanisms may be highly
relevant for seizure induction, augmentation of endogenous protective mechanisms, and resis-
tance to antiepileptic drug therapy. Other studies suggest a role of GABAp receptors in absence
seizures. Presynaptic GABAR receptors suppress neurotransmitter release. Depending on whether
this action is exerted in GABAergic or glutamatergic neurons, there may be anticonvulsant or
proconvulsant actions.

y—aminobutyric acid (GABA) is the principal inhibitory neurotransmitter in the mamma-
lian brain." Tt acts through 2 classes of receptors, GABA4 receptors that are ligand-operated ion
channels and the G-protein-coupled metabotropic GABAg receptors (for review see ref. 2).
GABAergic neurons are ubiquitously distributed and encompass a fundamental role in pro-
cessing and integration of all neuronal functions. It is therefore not surprising that blockade of
the fast inhibitory GABA, receptors by bicuculline, pentylenetetrazol or picrotoxin causes se-
vere motor seizures in experimental animals.> It has therefore been suggested that dysfunction
of the GABAergic system may have a fundamental role in the propagation of acute seizures and
in the manifestation of epilepsy syndromes. Indeed, mutant mice lacking the enzyme glutamate
decarboxylase (GAD) or certain subunits of GABA4 receptors are prone to spontaneous epilep-
tic seizures.”” In the same way, patients with auto-antibodies to the enzyme GAD-67 suffer
from the so called Stiff-man-syndrome, and often develop also epilepsy.®

One of the most serious and frequent epilepsy syndromes is temporal lobe epilepsy (TLE).
It is initiated by prolonged febrile seizures or status epilepticus, and takes years or even more
than a decade until it is manifested.!®!! In the clinic, TLE is difficult to treat, and patients
frequently become resistant to drug therapy.'? Repeated and prolonged seizures may also con-
tribute to the severe neuronal damage observed in the temporal lobe, notably in the hippocam-
pus, entorhinal cortex, amygdala and other brain areas.'# One of the most typical features is
the severe loss of principal neurons in the hippocampus proper, notably in sectors CAl and
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CA3, whereas granule cells of the dentate gyrus, and pyramidal neurons of the sector CA2 and
the subiculum, are relatively spared.lo’15

Because of its clinical relevance and the feature that TLE develops over a prolonged “silent”
period, considerable effort has been made through the past decades to investigate its patho-
physiology. Animal models mimicking different aspects of TLE, like the induction by severe
status epilepticus, subsequent epileptogenesis, and manifestation of spontaneous seizure activ-
ity, have been developed.'®!” These models, and hippocampal tissue specimens obtained at
surgery from patients with drug-resistant TLE, became valuable objects for studying the patho-
physiology of the disease (see refs. 20-23).

Changes in the Function of GABA Neurons

In spite of considerable evidence for involvement of the GABA system in the pathophysiol-
ogy of epilepsy, neurochemical and neurophysiological results do not allow decisive conclu-
sions on alterations in GABAergic functions. There is considerable evidence for a loss in
GABAergic neurons or function, as well as, in contrast, indications for compensatory activa-
tion of GABAergic neurons. Thus, in animal models of TLE involving an initial status epilepticus
(induced by convulsant compounds such as kainic acid or pilocarpine, or by paradigms using
sustained electrical stimulation), considerable loss of interneurons and GABAer7gic markers
were found in the hippocampus, entorhinal cortex and other limbic brain areas.!”'? Cell loss
incluglzf:?4 Bgth glutamatergic mossy cells and pyramidal cells, and inhibitory GABAergic neu-
rons.””

Evidence for a loss in GABAergic neurons came from neurochemical studies in the kainic
acid model of TLE and from epileptic human tissue showing decreases in the activity of the
GABA-synthesizing enzyme glutamate decarboxylase.””*® Using immunocytochemistry, Ribak
et al also demonstrated decreases in GABAergic terminals in a model of focal epilepsy, > and
loss of GABA neurons were observed in kindled rats.>**? Variable degeneration of GABA- or
GAD-positive neurons was reported in the hippocampal formation in animal models with
Ammon’s horn sclerosis. Notably, in the hilus of the dentate gyrus, a subpopulation of pre-
sumed GABAergic neurons containing the neuropeptide somatostatin as a co-transmitter is
vulnerable to epilepsy, as well as to ischemia-induced brain damage.26’3 3 On the other hand,
basket cells containing the neurotransmitters cholecystokinin octapeptide, neurokinin B or the
calcium-binding protein parvalbumin are resistant to this excitotoxic brain damage.**>¢ Con-
sidering the extensive loss of pyramidal cells and that of glutamatergic mossy cells in the den-
tate hilus, GABA neurons are apparently not preferentially lesioned and subpopulations of
them may even be spared from epilepsy-induced brain damage.?®35-%8

Electrophysiological experiments, however, suggested reduced GABA-mediated inhibition
in the CAl sector during and shortly after experimentally-induced repeated epileptic seizures
in the rat.*4! It therefore had to be considered that surviving GABA neurons may exert re-
duced neuronal activity. This idea lead Sloviter to propose the so called “dormant basket cell
hypothesis”.!>#? He suggested that GABAergic basket cells, normally driven by mossy cells in
the dentate gyrus, lose their excitatory input and may therefore be “silent” in epilepsy. Consid-
ering the extensive loss in mossy cells and also in excitatory pyramidal cells, this seems to be a
likely explanation for the transient reduction in inhibition during sustained epileptic seizures. 34
In chronically epileptic rats, however, increased GAD activity and intensified staining for GABA
and GAD has been observed in the hippocampus and in hippocampal interneurons respec-
tively. 23374548 At the same time, mRNAs for the neuropeptides somatostatin, neurokinin B
and neur%peptide Y (all co-transmitters of GABA) are similarly up-regulated in local circuit
neurons.?®**3> This indicates that GABAergic basket cells (at least in chronically epileptic rats)
are metabolically highly active and may have increased turnover rates for GABA and its
co-transmitters. This neurochemical evidence is clearly supported by electrophysiological
data.®**° It becomes also more and more clear that GABAergic synapses may be heteroge-
neously affected at different sites of the epileptic brain. Thus, in the CAl sector of
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pilocarpine-treated rats, GABAergic inhibition is enhanced in somata of pyramidal cells, but
decreased in their dendrites.”! This difference may be due to different functioning of presynap-
tic GABA neurons, enhanced activity of neurons innervating pyramidal cell somata, and a loss
in neurons projecting to the dendrites, respectively.”!

In terms of an overall response, it has to be considered that increased GABAergic activity
may not only suppress convulsions but may also cause inhibition of inhibitory neurons and
thus provoke convulsions.>? The often dramatic increases in mRNA levels of surviving neurons
also show the difficulty of performing unbiased cell counts using GABA and GAD immunocy-
tochemistry or in situ hybridization. The marked increases in the expression of these param-
eters?®404753 make it likely that in epileptic rats also neurons become positively labeled which
express these parameters below the detection limit in control rats. Such a bias may sometimes
obscure actual loss of GABA neurons.

Also, in the hippocampus of TLE patients, the loss of GABAergic cells is limited and ac-
companied by enhanced labeling using immunocytochemical markers for GABA and its neu-
ropeptide co-transmitters.””>*> In the epileptic human hippocampus, sprouting of neuropeptide
Y- or secretoneurin-containing GABAergic interneurons into the terminal field of mossy fibers
and of the perforant path has been detected.?>>*°¢ At these sites, neuropeptide Y or GABA
(through GABAg receptors) may suppress glutamate release.>®

Enhanced Expression of GABA in Dentate Granule Cells

Although dentate granule cells give rise to a main excitatory pathway, they also express
GAD and synthesize GABA.>>>”8 Notably, the expression of the 67 kD isoform of the en-
zyme becomes strongly up-regulated after sustained epileptic seizures.””>? Although the
up-regulation of GAD67 mRNA occurs only transiently, the increase in GAD immunoreactiv-
ity appears to be long-lasting in epileptic rats.’>*5* A functional role for GABA formed in
granule cells of normal and notably of epileptic rats has been suspected. A likely explanation
may be that GABA formed in granule cells and their axons, the mossy fibers, becomes released
by exocytosis onto dendrites of CA3 pyramidal neurons. This should result in augmented
inhibition. Evidence for such a mechanism has been reported by two different groups.®!:*
Stimulation of granule cells results in monosynaptic GABA, receptor-mediated synaptic sig-
nals in CA3 pyramidal neurons of normal guinea pigs®* and in kindled rats.®! These signals
have properties typical for mossy fibers. They are NMDA receptor-independent and induce
long-term potentiation upon repeated stimulation.®? Both research groups are in favor of mossy
fibers being the source of GABA, but suggest that a small population of yet not demonstrated
GABA neurons arising from the dentate gyrus could also explain the effects on CA3 pyramidal
neurons.®"*2

On the other hand, storage of GABA in synaptic vesicles and its exocytotic release from
them implies the presence of a vesicular GABA transporter in mossy fiber vesicles. Although a
vesicular glutamate transporter is hi()ghly expressed in granule cells,® the vesicular GABA trans-
porter has been not found there.®*** It is thus unlikely that GABA may be transported by the
vesicular glutamate transporter.> We therefore suggested that in addition or alternatively the
newly formed GABA may be released from granule cells by reversal of its transport through the
cytoglasmic membrane.®’ Such a mechanism would be favored by enhanced cytoplasmic Na*
ions® or GABA concentration.®” It is likely that both intracellular Na* concentration and
GABA levels become elevated after sustained epileptic seizures.”>>® The observed decrease in
the expression of the GABA metabolizing enzyme GABA transaminase in granule cells of epi-
leptic rats would also favor enhanced intracellular GABA levels.®*®® Interestingly, expression of
the plasma membrane transporters GAT-1 and GAT-3 has been observed in granule cells.**¢%7°
Taken together, these results indicate that alternatively or in addition to exocytotic release of
GABA from mossy fiber terminals, the transmitter may be released by reversed transport through
the plasma membrane during epileptic seizures. If this happens at granule cell dendrites, the
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liberated GABA may exert an inhibitory action at extrasynaptic GABA receptors that are highly
concentrated there.”’

In human TLE, as in experimental animals, it has been also shown that GABA reuptake
into GABA neurons may be impaired by reversal of transport during acute seizures.”>”> This
mechanism has been proposed to promote epileptic activity. Furthermore, Mathern and co-
workers™* observed significant changes in the expression of cytoplasmic membrane GABA
transporters in tissue from TLE patients, also indicating altered GABAergic transmission.

Altered Expression of GABA, Receptor and Its Subunits in TLE
Binding Studies

From the pronounced functional and degenerative changes affecting GABAergic neurons,
it appears likely that pre- and postsynaptic GABA receptor functions may be altered in epi-
lepsy. There are two types of GABA receptors present in the brain: GABA, receptors, which are
ligand-operated ion channels;? and the G-protein coupled GABAg receptors (GABAgR).”>7
Like for the presynaptic markers GABA and GAD, both a loss in receptors (due to degenera-
tion in receptor-carrying structures) or adaptive changes in receptors are observed in epilepsy.
Overall decreases in GABA, receptor binding in the hippocampus proper using [*H]-muscimol
or [’H]-labeled benzodiazepines as ligands are seen in animal models of TLE, such as lithium/
pilocarpine- or kainate-induced status epilepticus, producing severe hippocampal damage’”%.
However, also in the kindling model which seems to produce less severe, or no neurodegeneration,
loss in binding sites is seen in the CA1 sector of the hippocampus.””®! Interestingly, also a
lasting reduction in GABA4 recepror sites was reported in the cerebellum by one group.®

The picture is quite different in the molecular layer of the dentate gyrus containing the
dendrites of granule cells. It is rich in GABA, receptor subunits,’! less vulnerable to
neurodegeneration'” and has a fundamental function in gating the excitatory input to the
hippocampus. In rat models of TLE, granule cells are actually resistant to epilepsy-induced
damage and express high concentrations of GABA, receptors. Neurochemical and electro-
physiological studies in animal models suggest that the function of GABA4 receptors is funda-
mentally altered.?% Using ligands for GABA, benzodiazepine, and cage convulsant sites of
the GABA,4 receptor, increases in binding sites were observed after electrical kindling or re-
peated electroshock.”” 81889 Tn some studies, such changes persist for up to 4 weeks.””8!

Autoradiographic studies in the human brain are considerably more difficult to interpret.
Extensive neuronal cell loss is seen in sectors CA1 and CA3 of the hippocampus proper and in
the dentate hilus.”>% These are less severe in sector CA2 and in the granule cell layer, although
they may comprise cell loss of more than 50%. The subiculum appears to be more resistant.?>>°
It is therefore difficult to judge whether an overall loss in binding sites is merely due to a loss in
cells or also a down-regulation of receptors. Cell loss, however, results also in a shrinkage of the
entire area. This could artificially even enhance the apparent binding signal.

Viewing the entire hippocampus, a loss in binding sites is observed in TLE patients, both in
receptor autoradiography’®?® and in positron emission tomography (PET) studies using
["'C]flumazenil accumulation.”?49 Clinically, a decrease in [ 'Clflumazenil binding with
PET is even used as a diagnostic indicator for Ammon’s horn sclerosis. In the dentate gyrus,
GABA, receptor binding seems to be unchanged or less severely affected than in other sub-
fields of the hippocampus as revealed by receptor autoradiographies.”’**’” Considering the
severe cell loss, a lack of a decrease in GABA, binding sites, as observed in the study of McDonald
et al,”” points to an actually increased binding in surviving granule cells. Interestingly, in one
PET study, a decrease in [''C]flumazenil binding was reported in the insular cortex, 8 presum-
ably reflecting neuropsychological changes in these TLE patients.
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Expression of GABA, Receptor Subunits

GABA,4 receptors are constituted of five subunits enclosing the chloride channel. Various
subunits deriving from multiple gene families (al-a6, B1-B3, y1-y3, d, €, 0) have been
identified as components of differently constituted GABA, receptor complexes in the mam-
malian brain (for review see ref. 2). While there are a huge number of theoretically possible
differently constituted GABA, receptors, the actual number of differently assembled receptor
pentamers, however, may be not as extensive. Preferred subunit combinations comprise combi-
nations of two 0—, two B— and one y—subunit.2*1%0

From genetic studies, there is strong evidence that alteration of GABA4 receptor function
can be the cause of epilepsy syndromes. Thus, an altered composition of GABA, receptors,
such as a deficiency in the B3-subunit, is related to e(g)ilv:-:psyj’101’102 and in patients with muta-
tions of the y2-subunit epilepsy was diagnosed.'%-1%

Changes in the expression of GABA, receptor subunits have been extensively studied in
animal models of TLE and more recently in human TLE specimens (Table 1). In animal mod-
els with sclerosis of Ammon’s horn, losses in GABA4 receptor subunits parallel those in pyrami-
dal cells at least in the chronic situation.!?1% More conclusive data were obtained in these
animal models for the dentate gyrus. Since granule cells are resistant to seizure-induced brain
damage in the rat, changes in GABA, receptor subunit expression may be more closely related
to receptor adaptation. Lasting increases in subunit al, a2, a4, and B1-3 (and to a limited
extent y2) mRNA levels and immunoreactivities were observed in the granule cell and molecu-
lar layer following kainic acid-induced seizures in the rat. 196107 Consistent with this, increased
levels of mRNAs encoding subunits a3, a4, $3, d and € were seen in granule cells also in the
lithium/pilocarpine model of TLE, although subunit a1 and 1 mRNA levels were decreased.'?’
As in the kainate model, mRNA levels of subunits a1, a2, a4, 1-3 and y2 were increased in
the granule cell layer in kindled rats."'®!"" Effects seen acutely during kindling are partially
reversed at prolonged intervals.''® This and the fact that little neurodegeneration is seen in
these rats indicate a link of the neurochemical effects to the stimulation of neuronal pathways
rather than to brain damage.

Changes observed in the expression of GABA, receptor subunits in the dentate gyrus of
TLE patients are quite similar to those seen in rat models (Table 1)."">11 Increases were ob-
served for subunit 02—, 03—, p1-, B2-, B3- and y2-, but not for al-immunoreactivity,!!>114
On the other hand, marked reduction of subunit a1, a3, $1, f3 and y2 immunoreactivities
was observed in area CAl of sclerotic specimens.!'>11% The data obtained for the dentate
molecular layer are consistent with the idea of an over-expression of GABA4 receptors in the
dentate gyrus and with a possible shift of GABA, receptors containing the al-subunit to
receptors containing other a—subunits. Such a change in the receptor composition may also
alter its physiological and pharmacological properties.” Evidence for receptor overactivity comes
from work by Nusser et al."'> They found a marked increase in subunit $2/3-IR at the electron
microscopic level in somatic synapses of granule cells which was associated with increased
synaptic GABA-mediated currents.'"”

In electrophysiological studies, the efficacy of clonazepam to stimulate GABA-mediated
currents in cortical cells from TLE patients was comparable to that from adult rats.''® In epi-
leptic rats, not only an enhanced efficacy of GABA transmission®>'" but also changes in the
allosteric modulation of the GABA, receptor by drugs or zinc ions have been found in the
dentate gyrus.*>'% During acute lithium/pilocarpine-induced status epilepticus, a reduction
of the sensitivity of GABA-evoked currents to benzodiazepines and zinc ions but not to barbi-
turates was observed in isolated dentate granule cells. Several weeks later, when these rats ex-
erted spontaneous epileptic seizures, the effect of the benzodiazepine clonazepam on GABA
currents became augmented.®>!% In both situations, stimulation of GABA currents by zolpidem
acting only on type I benzodiazepine receptors was reduced.®>'%’ These diverse effects of clas-
sical benzodiazepines and of zolpidem ];oint to a shift from al- to a2-, 04- or a5-subunit-
mediated GABA, receptor functions.'!” Finally, the augmented inhibitory action in chroni-



Table 1. Expression of GABA, receptor subunit mRNAs and immunoreactivities in the dentate gyrus in different rat models of TLE and

patients with TLE and Ammon’s horn sclerosis

Animal Models of TLE Human TLE

Kindling Kindling Kindling SE KA KA (IR) Li**/Pilocarpine

Kokaia Kamphuis Nishimura  Nishimura Tsunashima Schwarzer Brooks-Kayal Loup Pirker

etal' etal'’? etal'’”? et al'?72 et al'”? et al'% et al'® et al''? etal'

Time after Termination of Kindling Time after Status epilepticus
48h 5d 24h  28d 24h 7d 24h  30d 12h 7-30d 30d 24h  >30d

al ++ = = = (-) (+) ++ + ++ + ++ - - (+) =*
o2 nd nd = = = + (-) (+) - = ++ nd nd + nd
a3 nd nd (+) + nd nd nd nd - (+) = ++ + ) (+)
a4 nd nd = (+) - (+) + ++ + (+) + + ++ nd nd
a5 nd nd = (+) (+) + - (-) - - + nd nd nd nd
B1 nd nd = (+) + + + + + + + - - nd ++
B2 nd nd + = + + ++ o+t * ++ ++ nd nd + ++
B3 + = + = + + + (+) (=) (+) ++ ++ ++ + ++
¥2 + = + + (+) (+) +) ) ) = + nd nd + +
) nd nd = = -- - - - - - - ++ ++ nd nd

Symbols are used for the following ranges (% of control): ++, >150 %; +, 115-150 %; (+) 105-114 %; =, 96-104 %; (-) 9

determined. For the animal models, data represent changes in mRNA levels in the granule cell layer (except forthe data denved from Schwarzer etal.
model). Data for the human tlssue1 12113
molecular layer. * Wolf et al 114

and those derived from Schwarzer et al.!

reported a decrease in a1-IR.

—95 %, -, 50 - 80 %; --, <50 %; nd, not
106 the kainate

6 in the kainate model represent changes in the immunoreactivity in the dentate
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cally epileptic rats of zinc could lead to a collapse of GABAergic function when released from
sprouted mossy fibers onto GABA4 receptors in the dentate molecular layer.®

Notably, in isolated CA1 pyramidal cells, different mechanisms for GABA-mediated trans-
mission were observed. GABAergic transmission as well as clonazepam and zolpidem-medi-
ated augmentation of GABA signals are reduced,® pointing again to reduced GABAergic trans-
mission in sector CA1 of epileptic rats. 3941118120

GABAg Receptors

There is also strong evidence for an involvement of GABAg receptor (GABAgR)-mediated
neurotransmission in the generation of epileptic seizures. GABAgR are G-protein coupled re-
ceptors'2"12% and functionally active when inserted as a dimer of the two subforms GABAgR-1
and GABAgR-2 into the receptor.”>’%!?> GABAgRs can act postsynaptically or presynapti-
cally.”> Their main presynaptic action involves the inhibition of neurotransmitter release, nota-
bly that of glutamate or GABA. Depending on this, one would expect a suppression of excita-
tory and of inhibitory neurotransmitter action. In patients, baclofen, a GABAgR agonist, exerts
a spasmolytic action but can also provoke convulsions.'?*

Strong evidence for a role of GABAgR-mediated actions, presumably in thalamic nuclei,
exists in absence seizures. GABAgR agonists promote and GABAgR antagonists suppress ab-
sence seizures in lethargic (lh/lh) mice, a model for absence seizures.'? In these mice, GABAgR
binding and GABAgR-mediated inhibition of N-methyl-D-aspartate effects are augmented.'?®
Similarly, injection of baclofen into thalamic relay nuclei and into the reticular nucleus in-
creased, and injection of an GABARR antagonist decreased (dose-dependently), spontaneous
spike and wave discharges in rats with inborn absence seizures."

Whereas stimulation of GABAgR appears to mediate proconvulsant effects in audiogenic
(thalamus-mediated) seizures, baclofen has anticonvulsant effects in limbic (hippocampus-
mediated) seizures. Baclofen prevent5127 and GABAgR antagonists accelerate amygdala kin-
dling in the rat.'*® Mice deficient in GABAgR-1 experience seizures and develop epilepsy.'*”!>°
Haas and coworkers'®! demonstrated that down-regulation of GABAgR enhanced inhibitory
feedback in the dentate gyrus after kainic acid-induced epilepsy. These electrophysiological
data are consistent with our neurochemical findings that the expression of GABAgR-1 and
GABAgR-2 mRNAs and binding of "H-CGP54626 to GABARR receptors is reduced in gran-
ule cells and pyramidal cells in kainic acid-treated rats.'** In human TLE, GABAgR binding
and mRNA levels are reduced in the dentate gyrus and pyramidal layer and enhanced in the
subiculum. 32133134 \When corrected for cell loss, both parameters (GABAgR binding and
mRNA expression) in surviving neurons appear to be enhanced.

In spite of solid evidence of a direct role of the GABA system on the seizure threshold, the
role of the GABA system in epileptogenesis is still poorly understood. Activation of GABA
turnover and modified expression of GABA (-A and -B) receptors may result in augmentation
of GABA transmission and therefore in protection from subsequent seizures. Such a mecha-
nism, however, may crucially depend on the anatomical site at which it is exerted and may also
promote epileptogenesis by suppressing GABAergic inhibition.
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CHAPTER 8

Role of the Depolarizing GABA Response

in Epilepsy

Kevin J. Staley

T he term “seizure” underscores two fundamental characteristics of epileptic phenomena:

they are sudden and unexpected deviations from the normal function of the nervous

system. Thus 2 important criteria for a candidate convulsant mechanism are that the
mechanism is compatible with normal neural functioning, and that the mechanism can pro-
duce rapid deviations from normal function. For example, the blockade of GABA-mediated
inhibition is a robust and frequently studied experimental convulsant mechanism,”®?® but is
unlikely to underlie human epilepsy because it is not compatible with normal function nor is it
capable of sudden transitions from normal function. Of course, we can modify the GABA-block
hypothesis to incorporate the “sudden and unexpected” criterion by proposing that the sudden
and unexpected features arise from the condition that imposes the reduction in GABA efficacy.

One such condition is a curious laboratory phenomenon that is frequently referred to as the
depolarizing GABA response. This mechanism was first described in the late 1970s and early
1980s during focal application of GABA to hippocampal pyramidal cells: although brief appli-
cations of agonists produced the expected hgrperpolarizing response, more prolonged applica-
tions resulted in a depolarizing response.”*® Similar results were obtained by synaptic activa-
tion of GABA receptors in hippocampal slices."!”'” The depolarizing response could be elicited
by focal activation of GABA receptors in the dendrites but not the somata of cultured pyrami-
dal cells.®?! These first experiments elucidated the salient characteristics of the depolarizing
GABA response: there were both temporal and spatial features of GABA receptor activation
that seemed necessary to elicit the response.

At about this time, the GABAg response was discovered, which clarified some aspects of the
temporal pattern of GABA response. Activation of the GABAg receptor produced a slow hy-
perpolarization, so that application of GABA could produce 3 responses: a hyperpolarizing
response, a subsequent depolarizing response, and a late, small hyperpolarizing response. In
1984, Newberry and Nicoll used the selective agonist baclofen to show that the late hyperpo-
larizing response reflected activation of potassium-permeable GABAg receptors. The subse-
quent development of specific GABAg antagonists supported the idea that the neither the early
hyperpolarizing nor the depolarizing GABA response was related to GABAg receptors: in the
presence of the GABAg antagonist phaclofen, the prolonged activation of GABA, receptors
produced a late depolarizing response in the dendrites but not the soma of pyramidal cells.>%
The prolonged and dendritic features of GABA application were not absolute, however. Alger
and Nicoll demonstrated that prolonged dendritic GABA application produced only a small
hyperpolarizing response in the presence of low concentrations of GABA4 receptor antago-
nists.

What was the mechanism responsible for this depolarizing GABA response? Certainly a
unique GABA receptor could be present in the dendrites. When the depolarizing GABA re-
sponse was elicited by high-frequency activation of GABAergic synapses, the depolarizing response
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had a slower onset and occurred later than the hyperpolarizing response, suggesting diffusion
to a more distant receptor.>”!” Thus, an extrasynaptic GABA4 receptor with a unique ionic
permeability was a particularly appealing way to explain this phenomenon. However, such a
receptor was difficult to reconcile with the observation that when GABAg receptors were blocked,
no matter where the GABA was applied on the dendrite, the depolarizing response never pre-
ceded the hyperpolarizing response, as might be expected if some dendritic regions had a “de-
polarizing” GABA receptor and some had a “hyperpolarizing” receptor.

A second possibility was suggested by studies that demonstrated that prolonged applica-
tions of GABA could actually change the GABA4 reversal potential. This was first demon-
strated in peripheral sympathetic ganglion neurons using Cl -sensitive electrodes and very pro-
longed somatic GABA applications.” Several groups subsequently demonstrated that shorter
applications of GABA could shift the GABA reversal potential at the soma of hippocampal
pyramidal cells.'®**%” Using the Nernst equation and the change in the GABA reversal poten-
tial, these groups calculated that the GABA applications actually resulted in an increase in
intracellular chloride of several millimolar. Although these GABA-induced chloride concentra-
tion changes may seem large, they are in line with the micromolar increases in intracellular
calcium concentration that have been measured during proportionately smaller and briefer
calcium conductance increases, and have been confirmed using intracellular Cl™-sensitive dyes.8

These calculated increases in intracellular chloride during prolonged GABA applications
presumed that chloride was the only anion that permeated the activated GABA, channel.
However, in 1987 it was conclusively demonstrated that the bicarbonate anion also permeates
the GABA, channel.”!? The curious aspect of the GABA HCOj" current is that it flows in the
opposite direction from CI'. The intracellular Cl" concentration is much lower than the extra-
cellular concentration, so despite the fact that the intracellular membrane potential is more
negative than the extracellular potential, negatively charged ClI” anions flow into the neuron
when the GABA, receptor channel is opened. This increases the negative charge in the neuron
and further hyperpolarizes the neuronal membrane. In contrast to CI', the concentration of
bicarbonate anion is about the same on both sides of the neuronal membrane. This occurs for
three reasons: first, bicarbonate is in equilibrium with CO; and protons: HCOj3™ + H* <>
H,CO;3; <= H,0 + CO;. Second, the proton concentration is about the same on both sides
(pH 7.2 intracellular and 7.4 extracellular). Third, CO; is freely permeable across cell mem-
branes, so any accumulation of HCO3™ on one side of the membrane will simply drive CO; the
other way across the membrane until the HCO3™ concentrations reach equilibrium.'® If the
HCO5" concentration is symmetric across the membrane, then the only force driving HCO3
through the open GABA channel is the negative intracellular potential. Thus, HCO3™ anions
leave the neuron through the open GABA channel. This loss of negatively charged anions
depolarizes the neuronal membrane.

One might think that the actions of HCO3™ and ClI should cancel each other out, so that
nothing happens when the GABA channel is open. However, the concentration of CI is about
5 times higher than HCO3’, and Cl” permeates the GABA channel about 5 times more rapidly
than HCOj5".” Thus, the GABA4 current is predominantly CI’, and the net effect of GABAL
receptor activation is accumulation of anions inside the neuron, with a consequent hyperpolar-
ization of the neuronal membrane potential.

This accumulation of CI inside the neuron is what leads to the depolarizing response. As
described above, the HCO3™ concentration never goes out of equilibrium: no matter how much
HCOj5" leaves, more sneaks back into the neuron as CO;. Thus the HCO3™ concentration
remains stable as long as the neuron can buffer the H* that accompanies the HCO3™. However,
as demonstrated by the somatic GABA application experiments, during prolonged GABA ap-
plications the intracellular Cl concentration can increase substantially. This results in a change
in the ratio of intracellular to extracellular CI', which changes the CI reversal potential. If the
intracellular CI increases a few mM, the CI reversal potential can equal the membrane poten-
tial. At this point, the CI flux stops and the only net anion flux is due to the egress of HCO3".
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Thus during prolonged application of GABA, the driving force for Cl is degraded, allowing
the smaller but more persistent HCOj3 flux to dominate. The result is that during prolonged
GABA applications, the GABA response is initially hyperpolarizing (Cl flux dominates) but
then becomes depolarizing (Cl" gradient collapses and HCO3™ flux dominates).

The above mechanism explains why the depolarizing response requires prolonged GABA
application, but why is the response only observed in the dendrites? The answer involves the
relative volumes of the dendrites vs. the soma. During prolonged GABA application, the rise in
intracellular CI” concentration will be dlrectly proportional to the volume of the intracellular
compartment into which the CI' flows.?4 Because the volume of a square cylinder or sphere is
proportional to the cube of the radius, the same size GABA current will cause Cl” to accumu-
late 1000 times faster in a 1 um section of dendrite with a radius of 1 um compared to a soma
with a radius of 10 um. This does not seem consistent with the early studies that demonstrated
an increase in intracellular CI” during prolonged GABA applications.”'® However, the CI
accumulation has been demonstrated in voltage clamp experiments in which the membrane
potential was clamped at very positive potentials; this increases the driving force for Cl” and
greatly increases the rate of Cl" accumulation. Near resting membrane potential, the Cl” driving
force and consequent Cl” flux are much smaller, and not sufficient to increase intracellular CI”
to the point of stopping CI” flux.”

After a large GABA current, how does the ClI” ever get back out of the cell? KCC2 is a
neuronal CI” export protein that derives its energy from the transmembrane K* gradient.!
Given enough time (several seconds at body temperature), KCC2 can export the Cl” that enters
through the GABA, receptor.!’ Thus, the Cl that enters via low-amplitude or infrequent
GABA, currents can be removed in an electroneutral manner (one K* accompames each CI
out of the cell). This is the best explanation for the finding that low concentrations of GABA
antagonists prevented the depolarizing response:* by diminishing the frequency of GABA,
channel openings, the antagonist limited the CI influx to a range that could be compensated
by KCC2. It also explains an apparent paradox in the literature: some laboratories think that
the depolarmn% response is due to extracellular K* accumulation rather than intracellular CI
accumulation.'® However, because KCC2 is a KCl cotransporter, both phenomena should
occur nearly simultaneously: large increases in intracellular CI” due to GABA4 receptor-mediated
CI flux will result in high KCI transport rates which may increase extracellular K*.

There are many findings that on first glance do not seem compatible with the Cl” accumu-
lation mechamsm of the depolarizing GABA response. For example, in the GABA antagonist
experiment,” why didn’t the hyperpolarizing response get smaller in the presence of the antago-
nist? The CI” accumulation theory would predict that the size of the depolarizing response was
limited not by the amount of GABA channel opening but rather the CI" driving force. Thus,
low concentrations of antagonist did not affect the rate-limiting factor in the hyperpolarizing
response (although higher concentrations of antagonist or lower amounts of applied GABA
would have reduced the hyperpolarizing component of the response).

Another puzzling set of observations were made using the convulsant 4-aminopyridine (4AP).
This agent blocks potassium currents in the terminals of pyramidal cells and interneurons,
resulting in large increases in both glutamate and GABA release. The large amounts of synap-
tically released GABA produce very impressive depolarizing GABA responses.'® However, the
depolarizing responses sometimes occur before or even during hyperpolarizing responses:'”
this does not seem to fit with the slow accumulation of CI. However, if we consider that the
hyperpolarizing and depolarizing responses may occur at different cellular locations in the
presence of 4AD, the paradox can be resolved. For example, if a small somatic GABA synaptic
conductance occurs near the end of a large dendritic GABA synaptic conductance, there would
be an initial hyperpolarization (dendritic Cl influx) followed by a depolarization (dendritic
HCOj efflux) followed by a hyperpolarization (new somatic Cl” influx). The different kinetics
of the responses observed in 4AP are also consistent with the idea that the hyperpolarizing and
depolarizing responses are not occurring at the same subsynaptic locations.



Role of the Depolarizing GABA Response in Epilepsy 107

Single stim Tetanic stim

\/

"

500 ms

|2m\f

e coNtrol
pb

s pb + actz
actz

Figure 1. The GABA4 depolarizing response is enhanced by pentobarbital but diminished by acetazolamide.
Whole-cell recordings from CAl pyramidal cell in which glutamate responses were blocked by 1 mM
kynurenate and GABAg responses were blocked by 1uM CGP55845A demonstrates that at RMP of -65
mV, single electrical stimulation of s. moleculare evokes a hyperpolarizing GABA response (left panel). The
peak amplitude of the response is not increased by 60 uM pentobarbital, suggesting that the CI” gradient
is the factor that limits the amplitude of the GABA, postsynaptic response. Addition of 10 uM acetazola-
mide inhibits the HCOj3 recycling described in the text, which stabilizes the GABA reversal potential and
uncovers a more prolonged hyperpolarizing response. This action of acetazolamide indicates that in pen-
tobarbital, the return of the membrane potential to RMP is not due to closure of GABA4 channels but rather
collapse of the CI” gradient. Tetanic stimulation (10 stimuli at 100 Hz) produces a marginally higher
amplitude of the response, though it dramatically increases the size of the depolarizing response, which is
also consistent with the idea that the CI" gradient is the limiting factor in determining the amplitude and
direction of the dendritic GABA4 response. Addition of 10 uM acetazolamide selectively inhibits the
depolarizing response by destabilizing the HCO3™ gradient. Thus, acetazolamide prevents the pentobar-
bital-induced prolonged opening of the GABA, channel from depolarizing the neuronal membrane, which
may limit the anticovulsant efficacy of pentobarbital.

So what does the depolarizing GABA response have to do with epilepsy? Going back to the
term “seizure”, epileptologists are always looking for mechanisms to generate sudden alter-
ations in the balance between excitation and inhibition. The depolarizing GABA response is
attractive in this regard because it is so activity-dependent: a circuit that works perfectly under
normal circumstances may become epileptic when driven too hard by its inputs if the GABA
signaling in the dendrites overwhelms the capacity of KCC2 to pump out CI', resulting in a
depolarizing rather than hyperpolarizing response. The depolarizing GABA response can act
synergistically with the NMDA receptor to excite neurons by removing the voltage-dependent
magnesium block of the NMDA rev:eptor,23 or by activating voltage-dependent calcium con-
ductances.’

If the depolarizing GABA response were important in epileptogenesis, one would predict
that an agent that inhibited the response should be a good anticonvulsant. One way to decrease



108 Recent Advances in Epilepsy Research

the depolarizing response is to limit the ease with which HCOj can sneak back into the cell as
CO,. Although it is not possible to alter CO, permeability, it is possible to decrease the rate at
which HCOj3™ is dehydrated to H,O and CO; by blocking the enzyme carbonic anhydrase.
This is the primary action of the anticonvulsant acetazolamide. Acetazolamide blocks the de-
polarizing GABA response,” and this is the best-characterized anticonvulsant mechanism for
this drug discovered to date."

Another prediction regarding the role of the depolarizing GABA response and seizures is
that anticonvulsants that act by increasing the open time of the GABA receptor should make
the depolarizing response more prominent. Pentobarbital prolongs the average open time of
the GABA receptor, and has been demonstrated to increase the depolarizing GABA response."?
If acetazolamide is added to pentobarbital, the increased GABA effect of pentobarbital can be
observed without an increase in the depolarizing response (Fig. 1). Thus, one prediction is that
these two clinically-used anticonvulsants should have synergistic actions. This has been experi-
mentally verified in vivo.*?* Benzodiazepines also increase the mean open time of the GABA
channel, so similar synergy should exist between acetazolamide and benzodiazepines. Aceta-
zolamide is available for intravenous as well as oral administration, so it may be time to explore
this synergy clinically, perhaps in a status epilepticus therapeutic trial.
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CHAPTER 9

Gap Junctions, Fast Oscillations

and the Initiation of Seizures

Roger D. Traub, Hillary Michelson-Law, Andrea E.]. Bibbig,
Eberhard H. Buhl and Miles A. Whittington

n this chapter, we shall review evidence that gap junctions can contribute to epileptogenesis
I in the hippocampus and cortex—but not just any gap junctions. Rather, we shall argue for

a role for a newly described sort of gap junction, located between the proximal axons of
principal neurons. Such axon-axon gap junctions promote epileptogenesis not so much by
enhancing synchrony, as by providing pathways for the direct spread of action potentials be-
tween neurons. A by-product of such spread is the ability of axonally-coupled neurons to gen-
erate oscillations at very high frequencies (>~70 Hz). It is of note that seizure activity, both in
vivo and in vitro, has been observed to begin with very high-frequency oscillations. If such
oscillations can be shown to initiate the seizure discharge, and not just be an epiphenomenon,
then targeting gap junction conductances may prove useful as an anticonvulsant strategy.

In Vitro Population Activities Paroxysmal to Greater or Lesser Extent
Which Depend on Gap Junctions

Field Bursts

Field bursts are a form of paroxysmal activity, most readily induced in CA1 but also present
in other areas (particularly those areas where the neurons are packed tightly in a laminar fash-
ion), that may be noted when individual neurons are hyperexcitable and chemical synaptic
transmission is suppressed.'™ Thus, field bursts are favored by very low Ca®* media, perhaps
with Mn?* added, and by elevations of extracellular [K*]. Field bursts are characterized both by
slow extracellular potential shifts and by large population spikes. The amplitude of such extra-
cellular potentials tends to be enhanced by tight laminar packing of the neurons. Given the
suppression of chemical synaptic transmission, the large population spikes suggested the exist-
ence of “nonsynaptic” mechanisms for the tight temporal synchronization of action potentials.
One such mechanism that was proposed was so-called field effects, produced by the flow of
current loops in the extracellular space, across neuronal membranes, and through neuronal
interiors.>® Given that extracellular currents are produced by electrogenesis in the entire local
neuronal population, field effects can, in principle, couple together nearby neurons. Indeed,
the extracellular potential gradients occurring during field bursts can be large enough that
effects on spike-firing timings could take place;” and small transmembrane depolarizations are
sometimes seen just prior to action potential firing, with such depolarizations being expected
with field effects.’

Nevertheless, experiments after the discovery of field bursts indicate that gap junctions are
probably required for field bursts to occur;® the paroxysmal events are also influenced by pH
changes (i.e., with increased pH enhancing, and reduced pH suppressing), in the way one
would expect for gap j unctions’ (see also Spray et al'%). It is noteworthy as well that low [Ca®1,
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media, which promote the occurrence of field bursts, alkalinize the interior of cells, thereby
presumably opening gap junctions."!

Fast (~200 Hz) Ripples in Vitro

Two distinctive (though probably related) types of “ripples” have been described in the
hippocampus. The first to be discovered were in vivo rizpples superimposed on the depolarizing
potentials associated with physiological sharp waves;' intracellular recordings'? indicate that
such ripples consist predominantly of population IPSPs, and we shall refer to such events as
“i-ripples”, where “I” stands for IPSP. Similar very fast rippling is now known to occur in cortex
in vivo in anesthetized cats, where it is also superimposed on depolarizing potentials in princi-
pal neurons—specifically, the depolarizing portion of the <1 Hz slow rhythm,'*!> and such
cortical ripples may be similar in mechanism to hippocampal i-ripples.

In addition, however, there are in vitro “p-ripples”, where the “p” stands for “population
spike”; the designation is applied because the ripple appears as a brief series of ~200 Hz small
population spikes (usually 100 uV or less), even when synaptic transmission is blocked in low
[Ca?*] media.'®!7 P-ripples occur spontaneously in principal cell regions, changing from spo-
radic brief trains in normal media, to almost continuous oscillation at similar frequency in low
[Ca®*] media.'® The extracellular potentials—typically tens of WV—seem far too small for field
effects to be relevant, nor are intracellular recordings suggestive of this mechanism. On the
other hand, a variety of gap-junction-blocking compounds suppress p-ripples, and p-ripples
are greatly enhanced by alkalinizing the medium—thus, p-ripples depend on gap junctions.
Intracellular recordings during p-ripples show spikes with notches and inflections on their
rising phase (that is, appearing to be antidromic), as well as spikelets,16 also called fast
prepotentials'® or d-spikes.'” The shape of these latter potentials suggested that the requisite
gap junctions responsible for p-ripples were in axons, a notion for which experimental support
was subsequently adduced (see below). Furthermore, it was shown in simulations that axonal
gap junctions—having a density corresponding to observed dye-coupling densities**—would
indeed be expected to generate very fast (>100 Hz) network oscillations?! (see also below). The
necessary (and observed) density of gap junctions turns out to be surprisingly low, with each
cell coupled to an average of about 1.5 to about 3.5 other cells. [In contrast, synaptic connec-
tivity between CA1 pyramidal cells is about 1%;%% in a slice with, say, 3,000 pyramidal cells,
this means that each pyramidal cell would synaptically excite about 30 others.]

As noted above, field bursts seem to depend upon gap junctions.® Furthermore, action
potentials recorded intracellularly appear to be antidromic, arising directly from baseline, some-
times with a notch on the rising phase; and small spikes are interspersed with large ones.” We
would guess, therefore, that field bursts are actually runs of p-ripples, associated with especially
large population spikes, due to hyperexcitability caused by the ionic conditions (or other
nonsynaptic effects). If our hypothesis is correct, field bursts then represent a form of
epileptogenesis that is a direct consequence of axonal gap junctions between principal neurons.

P-ripples may be related to in vivo i-ripples also, by the following mechanism: a burst of
very fast oscillation, generated by a network of electrically coupled principal cell axons, can
synaptically excite a collection of interneurons to generate a coherent fast oscillation as well.
Recall that EPSPs in interneurons tend to be large and fast,”>?* and that many interneurons
can fire at high frequency. A fast network oscillation in a population of interneurons can, in
turn, elicit a coherent train of IPSPs in pyramidal neurons, as observed in vivo.!? Simulations
based on this concept replicate many of the in vivo experiments.”’

Very Fast Oscillations and Seizure Discharge in TMA (Tetramethylamine)

A more complex network behavior occurs in hippocampal slices bathed in TMA, an alka-
linizing compound that is presumed to open gap junctions. It has previously been shown?® that
tetanic stimulation of the CA1 region leads to a ~1 second epoch of y oscillation (-30-70 Hz),
that is dependent upon activation of metabotropic glutamate receptors. When such a y-inducing
stimulus is given in the presence of TMA, the vy oscillation still occurs, but it can be followed by



112 Recent Advances in Epilepsy Research

a period of low amplitude, very fast (-100 Hz) field potential oscillation, and then by a seizurelike
discharge, lasting > 10 seconds, and consisting of a series of synchronized bursts.?” Interest-
ingly, the very fast oscillation continues during the seizure discharge (including being superim-
posed on the burst complexes), and also continues afterwards—one is reminded of the very fast
“afterdischarge termination oscillation” observed in the limbic system of rats, in vivo, after
tetanically-induced seizures,?® a phenomenon that could be nonsynaptically mediated. [One is
also reminded of the older observation of a ~200 Hz rhythm superimposed on single, tempo-
rally isolated, synchronized bursts in various in vitro experimental epilepsy models, including
disinhibition'”?? and low [Mg**],.>° Simulations indicate that recurrent excitatory synapses,
acting in concert with axonal gap junctions, could together lead to a synchronized burst with
superimposed very fast oscillation.”! While it is known that AMPA receptors are critically
involved in these experimental epilepsies, the role of gap junctions in producing the superim-
posed oscillation remains to be investigated pharmacologically.]

That gap junctions are involved in the in vitro VFO ¥ seizure discharge phenomenon is
suggested not only by the bathing medium (i.e., alkaline conditions); it is also suggested by the
observation that the gap-junction-blocking compound carbenoxolone in the bath (along with
TMA) does not qualitatively influence the evoked y oscillation, but it aborts both the subse-
quent VFO and the seizure discharge.”” For these reasons—and also because of strikingly simi-
lar electrographic phenomenology in some patients with focal seizures (see below)—we have
proposed that the (putatively gap-junction-mediated) VFO might actually initiate the suc-
ceeding seizure discharge”’—an hypothesis which, if true, could have practical consequences.
Possible mechanisms linking the VFO to the seizure itself will be discussed below.

Giant IPSPs in 4AP

4AP (50 - 100 uM) applied to hippocampal and neocortical slices leads to a variety of
population phenomena, including: a) epileptiform depolarizing bursts, dependent on AMPA
and depolarizing GABA4 receptors;®?? and b) giant GABA-dependent ;)Otentials, with hyper-
polarizing and depolarizing GABA,, as well as GABAg, components. 336 We shall consider
here, briefly, 4AP-induced GABAg-dependent “giant” potentials (in principal cells), that occur
when ionotropic glutamate receptors and GABA receptors are pharmacologically blocked.*>
Not surprisingly, subpopulations of interneurons fire (at least approximately) in phase with
each other, so as to elicit the GABAg potential in principal cells. Furthermore, at least some
interneurons®—as well as some principal cells’’ —simultaneously generate spikelets, or small
action potentials, during artificially induced hyperpolarizations, or during the giant IPSP itself.
4AP-induced giant GABAg-dependent IPSPs, and synchronous interneuronal firing, are sup-
pressed by the gap-junction-blocking compound carbenoxolone,?®* presumably via electrical
uncoupling of interneurons.

The question, then, is how might a population of interneurons fire trains of approximately
synchronous action potentials, when ionotropic receptors are blocked. DC electrical coupling,
and ultrastructural dendrodendritic (or dendrosomatic) gap junctions, are known to occur
between selected pairs of nearby interneurons.***> Nevertheless, in simulations of interneu-
ronal networks, electrically coupled between dendrites,*® network bursts occurred only under
conditions when action potentials could cross from dendrite to dendrite—and this appears
unlikely, in view of the experimentally observed properties of interneuron gap junctions. If it is
the case, however, that interneurons are also electrically coupled between their axons (at least to
a functionally significant extent in 4AP), then network bursts are readily simulated.*® As to the
spikelets in principal cells—presumed to be antidromic—which occur during the giant IPSP:
these spikelets can be explained if GABA released during the giant IPSP were to excite axons.
This is not as paradoxical as it sounds: bicuculline has been observed to suppress ectopic spikes
generated in Schaffer collaterals, 48 and some presynaptic terminals are depolarized by GABA.%

The mechanisms of 4AP-induced interneuronal network bursting are of possible relevance
to epileptogenesis, given the contributions that excessive GABA release can make to neuronal
hyperexcitability, at least under certain conditions.”®>
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y Oscillations Generated by Underlying VFO

Just as seizure discharges and gap-junction mediated VFO may be interrelated, so may
certain types of y oscillations and VFO also be interrelated. Such a relationship is important to
understand: y oscillations—at least some types of them—occur under g)hsysiological condi-
tions, and in vivo y oscillations are probably important for perception’*>* and memory.”®
Nevertheless, certain in vitro y oscillations are built, as it were, on a platform of VFO. (It is not
known if any of the multiple in vivo y oscillations are related to VFO.) The sorts of in vitro y
oscillations where this appears to be true are the ones evoked by carbachol,*® kainate,”” or by
pressure ejection (so-called “puff”) of hypertonic K* solution.’®>? These sorts of y share
several properties:*’

a. AMPA and GABA,4 receptors are both required.

b. Gap-junction-blocking agents, particularly octanol, suppress the y.

c. Principal cells are not strongly depolarized, and fire infrequently; but their firing, when it
occurs, is still (on average) time-locked to the population rhythm.

d. Interneurons fire at higher rates than principal cells, and are also time-locked to the popu-
lation rhythm.

e. The power spectrum of the field potential contains not only a y peak, but also a higher
frequency—albeit smaller—peak, typically 80 Hz or above.?”->¢ Blockade of synaptic trans-
mission, at least for y produced by pressure ejection of potassium, suppresses the y peak and
“unmasks” the higher frequency oscillation.?”

The above experimental observations, and others as well, can be explained by the following
type of model® (see also Fig. 2): a combination of spontaneous “ectopic” axonal spikes, along
with axonal gap junctions, leads to firing of principal cell axons that is organized into a
high-frequency oscillation.”! This activity synaptically (via AMPA receptors) forces the inter-
neurons to fire. The interneurons, however, inhibit not only each other, but also the somata
and axon initial segments of principal cells. Provided the gap junctions are not located too far
from somata (and available data—see below—suggest that the distance is < ~150 um), and
provided the IPSCs are large enough,? then such synaptic inhibition “chops up” the VFO into
segments whose duration is determined by the IPSC decay time constants, and hence gives a
y-frequency rhythm (cf. Whittington et al;”® Traub et al®')—but leaving some VFO compo-
nent as well. This scheme shows why AMPA receptors, GABA4 receptors, and gap junctions
are all necessary for the rhythm.

Understanding the mechanisms of carbachol/kainate/pressure ejection y oscillations is, we
believe, clinically relevant, particularly if similar mechanisms are at work in vivo—for exam/?le
during the y and very fast oscillations that occur during the slow (<1 Hz) rhythms of sleep.1 15
Thus, suppose one targets gap junctions pharmacologically in order to suppress the VFO that
appear to initiate certain focal seizures.”” Such targeting could well interfere with normal brain
rthythms. One type of experimental evidence that could be useful in analyzing this possibility is
based on a prediction of network simulations:*” many principal cell somatic action potentials,
during the oscillation, are expected to be antidromic. It would help to know if this occurs in
vivo. Very fast oscillations also occur as an apparently normal phenomenon during the cortical
sensory evoked responses, in rats, produced by whisker stimulation®*®—it would help to
know if these oscillations depend on gap junctions and involve (at least partly) antidromic
spikes.

What Effects Do Interneuronal Gap Junctions Have on Population
Activities in Vitro?

Up to this point, we have been discussing the effects on population behavior of axonal gap
junctions, primarily between principal cells, deferring for the moment a summary of the evi-
dence that such axonal gap junctions even exist. Presentation in this way is motivated by our
belief that the axonal gap junctions are the ones making a “primary” contribution to
epileptogenesis. Nevertheless, the reader may well feel confused: what about dendritic gap
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junctions, between interneurons? These are the ones for which there is abundant ultrastruc-
tural evidence,™% and whose properties—DC coupling ratio, prejunctional spike —
postjunctional spikelet transduction, entraining behavior—have been studied directly with
simultaneous dual intracellular recordings, in neocortex and hippocampus.**4>%4 So as not to
leave a gap in the reader’s understanding, it is necessary to consider interneuron (putatively
dendritic) electrical coupling as well: indeed, this coupling is also relevant to epileptogenesis, at
least in one experimental model (kainate application in connexin36 knock-out mice)—al-
though the connection betwen gap-junction-mediated effects and seizure phenomenology ap-
pears to be indirect. Our present (limited) understanding can be summarized with 3 experi-
mental observations, paired with insights gleaned from network simulations:

1. “Stabilization” of Interneuron Network Gamma (ING). ING can be evoked experimen-

tally in hippocampal CA1 among other places, by blockade of ionotropic glutamate recep-
tors, combined with tonic excitation of interneurons, for example by metabotropic glutamate
receptor agonists,® % or by pressure ¢jection of hypertonic K* solution.?”*? A synchronous
y-frequency oscillation then occurs that is critically dependent on mutual synaptic inhibi-
tion, with frequency being altered in predictable ways by application of drugs that act on
GABA, receptors.66’67 Simulations had predicted,66‘68’69 however, that this form of oscilla-
tion is readily “broken up” by “heterogeneity”, that is, by dispersion in some parameter
such as the tonic excitatory conductance “felt” by each interneuron. Further experiments
and modeling®! indicated that spatial extension of the cell array—swhich introduces both
axon conduction delays, and also localization in synaptic connectivity—destabilizes the
ING oscillation even further. Nevertheless, in experimental conditions—in which precise
homogeneity is unlikely to occur—ING does indeed exist, at least transiently.
A solution to this apparent paradox comes from the observation that carbenoxolone signifi-
cantly reduces the degree of synchronization of ING.”° Furthermore, spatially distributed
network models that incorporate dendritic interneuron-interneuron gap junctions—at low
density (average 2 per neuron) and reasonable conductance (-0.5 - 1.0 nS)—have greatly
enhanced stability of ING, compared to the case where gap junctions are not present. These
data suggest, therefore, one possible physiological role for the anatomically and physiologi-
cally observed denderitic gap junctions between interneurons: increasing coherence in a cer-
tain type of y oscillation.

2. “Stabilization” of y oscillations produced in vitro by kainate or carbachol. The y oscillations
induced by these drugs (as noted above) require ionotropic glutamate (specifically, AMPA)
receptors: they are not “ING”. Contributions of interneuron gap junctions to such y oscil-
lations have been studied by comparing hippocampal slices from wild-type mice with hip-
pocampal slices from mice in which connexin36 has been knocked out.”” [Connexin36 is a
major neuronal gap junction protein that is expressed primarily in neurons, especially inter-
neurons.”””'73] In the connexin36 knockout mice, very fast oscillations observed in low
[Ca®*] media'® are indistinguishable from wild-type; it therefore appears likely that princi-
pal cell axon gap junctions do not depend critically upon connexin36. On the other hand,
electrical coupling between nearby interneurons is far less common in the knockout mice
than in the wild-type mice. Thus, it is reasonable to conclude that effects on oscillations,
observed in the knock-out, are caused by the loss of gap junctions between interneurons.
What is seen, in examining power spectra of oscillating field potentials in the presence of
kainate or carbachol, is that y power is reduced by almost 1/2 in the knockout. In prelimi-
nary studies, we have refined our models of these types of oscillations,*’ so as to examine
this issue; specifically, we used longer model axons, so that ectopic spike generation was not
directly influenced by synaptic inhibition, and we included interneuron gap junctions as in
a recent study.”° Principal cell axonal gap junctions were located about 180 um from the
soma, somewhat farther than what has been observed with dye coupling (65 - 117 wm in 4
instances'"). In such a case, the model agrees with experiment, in that interneuron gap
junctions influence the mean power of the gamma oscillation.”®
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Figure 1. Simulated transition from y-frequency (-40 Hz) population oscillation to rhythmic series of
synchronized bursts (“seizure”), as the conductance of recurrent pyramidal/pyramidal EPSCs is gradually
increased. The y oscillation is generated cooperatively through an interplay of axonal gap junctions, and
excitatory and inhibitory synapses (sce Traub etal, ref. 60). Network structure was as in that paper, but with
gap junctions here located ~187 um from the soma, where they “feel” the influence of axon initial segment
and somatic IPSCs. Intrinsic properties of the model neurons were as in Traub and Bibbig.?® Two of the burst
complexes are expanded on the right: note the VFO superimposed on the burst complexes themselves, and
on the interburst interval (*), similar to what occurs in some epileptic patients, as well as in slices bathed

in TMA.?” (RD Traub, A Bibbig and MA Whittington, unpublished data.)

3. Epileptogenesis in connexin36 knockout. Hippocampal slices from the connexin36 knock-
out, when bathed in kainate, produce not only y oscillations, but also epileptiform bursts;
slices from wild-type mice, bathed in the same concentrations of kainate, produce only vy
oscillations, without epileptiform bursts.”# Evidently, at least under particular experimental
conditions, interneuron gap junctions are protective against epileptiform activity. Why might
this be? Here, we can so far only offer hypotheses. For example, 1) suppose that short-term
plasticity of pyramidal cell-to-interneuron synapses is different in wild-type and knockout,
a possibility suggested by the different amplitudes of population EPSPs in the two cases.”’
Alternatively, 2) suppose that short episodes of very fast oscillation lead to facilitation of
recurrent excitatory synapses, something which might plausibly occur in the presence of
kainate.”” Then, slices from knockout mice would have more stretches of VFO (their Y
being somewhat unstable) than do slices from wild-type mice, and—as a result—experi-
ence greater enhancement of recurrent synaptic connections. We know that, at least in
simulations, an imposed enhancement of recurrent excitation can lead to a seizure dis-
charge (Fig. 1).

If this latter hypothesis proves correct, then the link between interneuron gap junctions and
epileptogenesis is an indirect one, being mediated through a predisposition to VFO, itself
mediated by principal cell axonal gap junctions. Note also that in this scheme, principal cell
axonal and interneuron dendritic gap junctions act with opposite “sign”: the axonal gap junc-
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tions promoting, and the dendritic gap junctions (apparently) protecting against, epileptogenesis.
Undoubtedly, this scheme represents a major oversimplification.

What Is the Evidence That Principal Cell Gap Junctions Exist?

Much of the preceding discussion has assumed the existence of gap junctions between prin-
cipal cell axons. The hypothesis that such gap junctions exist arose from study of the shape of
spikelets—presumed electrotonic coupling potentials—which were recorded during a very fast
(-200 Hz) population oscillation that depended on gap junctions.'® Here, we very briefly
summarize the experimental evidence from hippocampus'' that axon gap junctions exist, and
that (at least some) spikelets represent decrementally conducted antidromic spikes. (See also a
recent review.”®) The experimental data'! include these findings:

1. Spikelets can be evoked in low [Ca®*] media by stimulating s. oriens at some distance from
the recorded neuron. Spikelets evoked in this way can follow, faithfully, stimulation fre-
quencies as fast as 500 Hz, characteristic of axonal firing behavior.

2. Spikelets quickly disappear when the Na*-channel blocker QX314 is in the whole-cell re-
cording pipette; additionally, spikelets increase in amplitude after a hyperpolarizing prepulse,
such as would diminish Na* channel inactivation. Hence, spikelets are not passively con-
ducted electrotonic potentials.

3. The amplitude and rate-of-rise of spikelets are reduced by carbenoxolone; this
gap-junction-blocking drug, however, does not affect the shape of action potentials directly
evoked and recorded in axons or in mossy fiber presynaptic terminals. Thus, a gap junction
lies in the path between the stimulating electrode and the soma of the recorded neuron.

4. Dual simultaneous recordings at soma and proximal axon of a single neuron show that the
spikelet is, indeed, conducted antidromically. Additionally, the spikelet appears in soma
before it appears in the apical dendrite.

5. Time-lapse confocal imaging shows that fluorescent dye injected into one pyramidal neu-
ron through a recording pipette passes along the axon and into the axon of a “dye-coupled”
second pyramidal neuron, whose soma and dendrites fill subsequently. Ultrastructural con-
firmation of the existence of axonal gap junctions is not yet available, to our knowledge.

How Do Axonal Gap Junctions Lead to Very Fast Oscillations?

The means by which axonal gap junctions generate very fast oscillations (> ~70 Hz) are not
intuitive. We use the word “generate” here deliberately and with reason, drawing a contrast
with a previously known role for gap junctions in rapidly oscillating systems, for example in the
medullary pacemaker nucleus of the electric fish.””>”® In this pacemaker nucleus, gap junctions
act to couple together, to entrain, individual intrinsically oscillating neurons, each of which has
a natural frequency (were it to be isolated) that is close to the population frequency. This is not
what happens in a hippocampal network, where the axons do not “naturally” and in isolation
oscillate at 100-200 Hz. Indeed, so far as is known, the period of the hippocampal very fast
oscillation is not directly related to a 5 or 10 ms time constant in the axonal membrane bio-
physics, but rather is related most closely to the sparse connectivity of the gap junctional net-
work. In principal cell networks, the gap junctions generate VFO, rather than entraining them.
The reasons underlying this assertion are laid out elsewhere.?!"7¢

What we can present here are the basic conditions under which VFO appear able to occur
in an axonal network:

1. There is a low rate of spontaneous “ectopic” action potentials in the axons (or presynaptic
terminals), 0.05 Hz/axon being sufficient in simulations.

2. There are enough axoaxonal gap junctions (each axon coupled to more than one other on
average), but not too many (each axon coupled to less than about 3 or 4, on average).

3. Action potentials can cross from axon to coupled axon.

From these considerations, which are based on extensive network simulations, we see that
VFO should be favored by factors that increase axonal excitability, such as kainate in the bath:”*-8!
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there should be more ectopic spikes and greater ease of spikes “crossing” the gap junctions; and
VFO should be favored by measures (e.g., alkalinization) that increase gap junctional conduc-
tance. On the other hand, synaptic inhibition on the axonal initial segment might shunt the
axonal membrane near the gap junction, and make it less likely for an antidromic spike to
reach the axonal gap junction, or—if the spike does reach there—then it is less likely for the
spike to cross the junction and evoke a spike in the coupled fiber.

Additional in Vitro Hippocampal Epilepsy Models

Besides the in vitro models discussed so far, there are other studies as well sugzgesting that
gag—junction—blocking compounds suppress epileptogenesis, including Ross et al,* Kéhling et
al,* and (Q Yang and HB Michelson, personal comm.). The mechanisms by which these
effects could be occurring are not yet worked out.

Gap Junctions and Epileptogenesis in Vivo

The link between gap junctions and epileptogenesis in vivo is indirect: there are associa-
tions, temporal correlations, between very fast oscillations and seizures. In experimental
epileptogenesis, for example using spontaneous seizures occurring in rats after kainic acid in-
jection, very fast field potential oscillations (even up to 500 Hz) have been observed prior to
seizure discharges,3*% with the sites of VFO generation being discrete and patchy. In clinical
observations, fast oscillations have been observed leading into focal seizures, in both adults and
children.” %87 Tn one study,”” a series of children with focal cortical dysplasias was briefly
described, with such a pattern of seizure initiation (i.e., with initial localized VFO) apparently
being characteristic.

Another suggestive set of clinical/genetic observations is this: on the one hand, the neuronal
connexin, connexin30, has been assigned to the gene band 15q14 in humans.®® On the other
hand, both familial rolandic epilepsy with centrotemporal spikes, and also juvenile myoclonic
epilepsy, have an association with this same locus.®”*° Tt will be instructive to know the genetic
localization of the protein(s) that mediate electrical coupling between axons.

How Could the Transition from Very Fast Oscillations to Seizure Discharge

Occur?

We have noted that fast oscillations can evolve into seizure discharges, both in experimental
(in vitro and in vivo), as well as clinical contexts.?”°! In addition, we showed (Fig. 1) that one
possible way for such an evolution to take place is through enhancement of recurrent synaptic
excitation. It is important to emphasize, however, that the evolution could occur by several
other means, including reduction in synaptic inhibition (Fig. 2), or by reduction in synaptic
excitation of interneurons (R Traub, A Bibbig, MA Whittington, unpublished data). Undoubt-
edly, details of these mechanisms will be worked out in experimental models; determining the
mechanisms in humans will likely prove difficult. There are, however, potentially significant
awards in therapy.

Summary and Unifying Hypotheses
The most important points we have raised are these:

1. Both experimental (in vitro and in vivo) and human seizure discharges may begin with a
very fast (>70 Hz) neuronal network oscillation.?”-7¢

2. Very fast oscillations (VFO) can occur in vitro without chemical synapses, but depending
on gap junctions. ¢

3. The gap junctions which generate VFO are located between the axons of principal neu-
rons, 11:21.76

4. Axonal gap junctions, working in concert with chemical synapses, can generate—depend-
ing on parameters—VFQO or gamma oscillations.?>:¢0
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Figure 2. Simulated transition from continuous very fast oscillation (VFO) to synchronized burst, as
synaptic inhibition of pyramidal cells is reduced (beginning at horizontal arrow, time constant for reducing
maximal IPSC conductance = 250 ms). The VFO was generated by distally located (-560 um from the
soma) axonal gap junctions between pyramidal cells, with 1.6 junctions per neuron on average. At this
distance, the gap junction site is little influenced by synaptic inhibition, so that VFO is continuous. Ectopic
action potentials originate in the axon distal to the gap junction. Synaptic interactions (including especially
recurrent excitation between pyramidal neurons) are present in this detailed network of 3,072 pyramidal
and 384 inhibitory neurons, similar to Traub and Bibbig.>> Some of the spikelets in the pyramidal cell are
indicated by vertical arrows. Note the fast oscillations superimposed as well on the synchronized burst. (RD
Traub, A Bibbig and MA Whittington, unpublished data).

5. The transition from fast (gamma or VFO) oscillation to seizure may depend upon
time-dependent alterations in one or more synaptic conductances, including recurrent ex-
citation between principal neurons.

6. The relation between interneuron dendritic gap junctions and epilepsy—at least in the
kainate model”“—appears to be an indirect one.

How might the presumed link between gap junctions and clinical epilepsy be further inves-
tigated? Two possible approaches come to mind: First, does pharmacological blockade of neu-
ronal gap junctions, in vivo, suppress seizures? It is of note, for example, that carbenoxolone is
approved for human use in Europe, for treatment of ulcer disease,”” and it seems to cross the
blood-brain barrier.” It is unclear, though, whether gap-junction-blocking compounds can



Gap Junctions and Seizures 119

attain CNS concentrations sufficient to block putative pathological gap junctions without
causing visual loss.” 9495 Second, how might one investigate whether axonal gap junctions are
increased in number, or have altered functional properties, in human epileptogenic foci? [There
is reason to believe that neuronal injury leads both to axonal reorganization and to enhanced
expression of gap junctions.”®®’] This issue may require technically difficult experiments in
resected brain tissue specimens, and also a means of visualizing axons, as well as gap junctions
located on them, in neuropathological material. For this, it would be most helpful to identify
the protein(s) constituting axonal gap junctions and to develop markers for them.
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CHAPTER 10

Functional Role of Proinflammatory
and Anti-Inflammatory Cytokines in Seizures

Annamaria Vezzani, Daniela Moneta, Cristina Richichi, Carlo Perego
and Maria G. De Simoni

Abstract
ecent evidence has shown that proinflammatory and anti-inflammatory molecules are
Rzynthesized during epileptic activity in glial cells in CNS regions where seizures initiate
nd spread. These molecules are released and interact with specific receptors on neu-
rons. Since various cytokines have been shown to affect neuronal excitability, this led to the
hypothesis that they may have a role in altering synaptic transmission in epileptic conditions.
Indeed, intracerebral application of IL-1f3 enhances epileptic activity in experimental models
while its naturally occurring receptor antagonist (IL-1Ra) mediates anticonvulsant actions.
Transgenic mice overexpressing IL-1Ra in astrocytes are less susceptible to seizures, indicating
that endogenous IL-1 has proconvulsant activity. Several studies indicate a central role of IL-1f
for the exacerbation of brain damage after ischemic, traumatic or excitotoxic insults, suggesting
that it may also contribute to neuronal cell injury associated with seizures. Finally, a functional
polymorphism in the IL-1§ gene promoter, possibly associated with enhanced ability to pro-
duce this cytokine, has been specifically found in temporal lobe epilepsy patients with hippoc-
ampal sclerosis and in children with febrile seizures. Thus, the IL-1 system may represent a
novel target for controlling seizure activity and/or the associated long-term sequelae. Further-
more, these studies suggest that other inflammatory and anti-inflammatory molecules pro-
duced in the CNS may have a role in the pathophysiology of seizure disorders.

Introduction

The concept of the brain as an immunologically isolated organ has been recently modified
since various evidence has shown functional interactions between components of the nervous
and immune systems.

In particular, many molecules and pathways associated with immune and inflammatory
responses have been identified in the CNS, and are activated in various pathophysiological
conditions. Among these molecules, pro- and anti-inflammatory cytokines are polypeptide
hormones which mediate a functional cross-talk between neurons, glia and cells of the immune
system (Fig. 1).

Cytokines have been implicated as mediators and modulators of various physiological CNS
functions, includin% effects on the hypothalamo-pituitary-adrenal axis, fever responses and
somnogenic effects.? Cytokines also affect various neurotransmitter systems,>* and the ex-
pression of neuropeptides and neurotrophic factors in several forebrain areas.>”

Cytokines have been suggested to play a role in diverse forms of neurodegeneration occur-
ring in hypoxia/ischemia, brain trauma, apoptosis and excitotoxicity (for review see ref. 8) and
in neuronal network excitability. In particular, electrophysiological findings have shown that
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Figure 1. Schematic drawing depicting resident glia, neurons and blood monocytes recruited from blood
vessels. These cell types can synthesize and release proinflammatory cytokines (interleukin(IL)-1, tumor
necrosis factor (TNF)-a, IL-6,IL-1 receptor antagonist (Ra)) in brain tissue following a variety of insults
(e.g., ischemia, brain trauma, excitotoxicity, seizures).

relatively low concentrations of IL-1f3, IL-6 and TNF-a 1nh1b1t long-term potentiation® ! and
affect excitatory synaptic transmission' " and ionic currents.'>!” Most recently, b10chem1cal
studies in in vivo models of seizures indicate that various cytokines are induced in CNS by
seizures.'’ 2% Moreover, pharmacological evidence in rodents and in genetlcally—modlﬁed mice
suggests that some cytokines have a significant role in modulating seizure activity.”

Cytokine Induction by Seizures

In vitro data have shown that several cell types, 1nclud1n% microglia, astrocytes and neurons,
produce and release cytokines under certain conditions.>?**” Recruitment of blood mono-
cytes may also contribute to the in vivo CNS production of cytokines in response to an inflam-
matory or neurotoxic insult.?*?? Activated microglia have been su§§ested to represent an early
inducible and major source of cytokines in epileptic tissue.'”?****>3 In particular, immuno-
cytochemical analysis of cytokines (TNF-a,, IL-1f, IL-6 and IL-1 receptor antagonist (Ra)) in
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Figure 2. Photomicrographs showing IL-1f, IL-6 and TNF-o. immunoreactivity in hippocampal subfields
of control tissue (A,C,E) and after limbic seizures induced by electrical stimulation of the rat ventral
hippocampus (B,D,F). Staining was enhanced by seizures in glia (arrows). Arrowheads depictimmunopositive
neurons. GG, granule cell layer; h, hilus; CA3, CA3 pyramidal cell layer; ml, molecular layer. Adapted from
ref. 24.

rodent CNS has shown that constitutive expression of inflammatory cytokines in normal brain
is low or barely detectable, whereas a marked increase both in microglia and astrocytes can be
induced within 2 hours by an acute epileptic event (Fig. 2)."° The increase in cytokines after
seizures is transient. For example, after limbic status epilepticus induced by electrical stimula-
tion of the ventral hippocampus, cytokines are rapidly synthesized (= 2h) and return to their
basal level within 24 hours (Fig. 3).*4 Among the pro-inflammatory cytokines, only IL-1f was
increased in the hippocampus of rats having spontaneous seizures 60 days after status epilepticus.
Interestingly, immunocytochemistry showed IL-1f staining in hilar interneurons and CA3
cells in the dentate gyrus but not in glia where this cytokine was produced after the acute
seizures were triggered.24

Cytokines are induced in forebrain regions where seizures originate and spread and their
synthesis is higher when seizure activity is associated with nerve cell loss, as shown by compar-
ing kainic acid- vs. bicuculline-induced seizures, the latter causing epileptic activity but
not cell loss.?

The evidence that both mRNA and protein content increase in brain tissue indicates that
seizures trigger de novo synthesis of cytokines. The mechanisms by which seizures induce the
synthesis of cytokines are still unknown. Although specific effects triggered by seizures may
play a role (e.g., protein extravasation from the blood-brain barrier®! or stress-associated events



126 Recent Advances in Epilepsy Research

IL-1pB, IL-1Ra OD/B-actin OD
n
N
=

IL-6 OD/B-actin OD
N

o

0.5

TNFa OD/B-actin OD

O'I T T T T }{ T T “ 1
0 6 12 18 24 3 7 60

hours days

Figure 3. Proinflammatory cytokine mRNA expression in rat hippocampus at different times after limbic
seizures induced by electrical stimulation of the ventral hippocampus. The level of mRNA is expressed as
the ratio of densitometric measurement (OD) of the sample to the corresponding B-actin. Data are the
mean+SE. Time O represents rats implanted with electrodes but not stimulated. Note the rapid and transient
increase in cytokine mRNA. IL-1f transcript was still higher than control level 60 days after seizures (see
text for details). Adapted from ref. 24.
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priming glial cells), an attractive hypothesis is that glutamate released from neurons during
seizures activates cytokrne transcription in glial cells. This hypothesis is supported by the evi-
dence that both ionotropic and metabotroplc glutamate receptors exist in glia and that
NMDA-receptor stimulation both in vitro and in vivo induces cytokine synthesis in glia.>*

Pharmacological Effects: The Focus on IL-1

Two IL-1 receptors have been identified. The type I and type II receptors (IL-1RI and
IL-1RII) are membrane proteins but only IL-1RI can induce a biological response (Fig. 4).
Type II receptor functions as a decoy receptor to attenuate IL-1-induced responses. An impor-
tant component of the IL-1 system is IL-1 receptor antagonist (Ra), a naturally occurring
antagonist of IL-1 which binds IL-1RI with a lower affinity than the proinflammatory cytokine.
Since only a few molecules of IL-1f are needed for cellular signaling, high molar excess (100-
to 1000-fold) of IL-1Ra is produced during inflammatory reactions to counteract IL-1f ef-
fects. However, in contrast to septic shock or inﬂammatory diseases, seizures increase IL-1 and
its receptor antagonist to a similar extent indicating that the brain is less effective in inducing a
mechanism to rapidly terminate IL-1f actions than the periphery. This suggests that the bal-
ance between IL-1f and IL-1Ra during seizures may play a role in altering neuronal network
excitability and/or the associated long-term events (e.g., epileptogenesis, neuronal cell loss).

Intracerebral i injection of human recombinant IL-1f in rodents enhances seizures caused by
intrahippocampal injection of kainic acid or bicuculline methiodide.”**® This action is
receptor-mediated since it is blocked by co-administration of IL-1Ra and involves at some steps,
not yet identified, an increase in glutamate neurotransmission. Thus, the proconvulsant activity of
IL-1B is prevented by selective blockade of the NMDA-type of glutamate receptors (Table 1).%

Itis noteworthy that IL-1Ra per se mediates anticonvulsant actions as shown by its ability
to decrease seizures in rats rnjected intrahippocampally with kainic acid or electrically stimu-
lated in the ventral hrppocampus 2324 and by reduced seizure susceptibility to bicuculline
methiodide of transgenic mice overexpressing IL-1Ra in astrocytes (Table 2).?> This supports
the hypothesis that endogenous IL-1p has proepileptogenic effects.

Electrophysiological findings have shown both inhibitory'*'? and facilitatory effects
IL-1P on glutamatergic transmission. High ranges of IL-1 (1 nmol to 1 micromol) produce
excitatory actions in brain, in accordance with evidence that the effects of IL-1p on neuronal
activity (and viability) depends on its concentration.’

14,15 of

Table 1. Effect of IL-18 and its receptor antagonist (IL-1Ra) on kainic acid-induced
EEG seizures

Drug Dose No Seizures Time in Seizures
(min)

Vehicle - 15.0+ 1.0 24.0+2.5

IL-1B 10 ug 16.0+ 1.0 52.3 £ 4.9**
IL-1Ra 1ug 14.0+2.0 22.0x4.9
+IL-1B 15.0+ 1.0 21.0+£3.0
IL-TRa 6 ug 8.0 £ 2.0* 13.4 = 2.6**
R-CPP 0.1 ng 16.0= 2.0 26.8 3.3
+IL-1B 16.0 = 3.0 27.0+5.0

Data are the mean = SE. Seizures were induced by intrahippocampal injection of 0.2 nmol kainic acid.
Drugs were intrahippocampally applied 10 min before the convulsant. IL-1Ra, 6 ug, was injected
intraventricularly 10 min before and 10 min after kainic acid. Seizure activity was recorded for 180
min. *p<0.05, **p<0.01 vs vehicle-injected rats. Adapted from refs. 23,25.
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Figure 4. Upper diagram shows the increase in IL-1Ra mRNA as compared to IL-1f. IL-1Ra increase is
delayed by several hours and returns to control levels faster that IL-1f. In addition, the molar ratio of IL-1Ra
toIL-1isapprox. 1: 1 orlower. This indicates that the brain is ill equipped for rapidly terminating the actions
of IL-1, differing from the periphery (see text for details). Lower diagram depicts the major components of
theIL-1 system: mature IL-1 is cleaved from the prepropeptide by caspase 1 and acts on IL-1 type I receptors.
IL-1 and receptor type I, in turn, couple to the accessory protein (AcP) to trigger the intracellular signal
cascade leading to activation of NFkB. IL-1 R type IT acts as a decoy receptor; thus, by binding the cytokine
prevents its interaction with R type I. Both receptors exist in a membrane-bound and soluble
(metalloproteinase-cleaved, MMP) form. IL-1Ra is produced by differential splicing of mRNA in three
different forms: IL-1Ra is released extracellularly while type 2 and 3 remain intracellular. IL-1 levels are
decreased by glucocorticoids (GC) or PGE2; IL-1Ra levels can be enhanced by GC or by anti-inflammatory
cytokines (IL-4, IL-13). GC also increase the synthesis of R type II (decoy).

Other factors are important for determining the effects of this cytokine, e.g., the functional
state of neurons (healthy or injured), the timing of cytokine release, the duration of tissue
exposure, and the brain region involved.
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Table 2. Transgenic mice overexpressing the human soluble form of IL-1Ra in
astrocytes (GILRA2) have decreased susceptibility to seizures

EEG Seizures Behavioral Seizures
Onset Duration Onset Duration
Clonic Tonic- Clonic Tonic-
Clonic Clonic
(min) (min)
Wild- 2.0=+0.8 84+1.5 29+ 04 6942 68.9+ 4.2 2.9+ 0.7
type
GIRLA2 7.7+ 4.4 2.8+ 1.6* 2.5+ 0.5 44.7 £16.0* 224 +79*% 0.7 =0.3*

Data are the mean = SE. Seizures were induced by intrahippocampal administration of 0.24 nmol
bicuculline methiodide. Note that EEG and behavioral seizures were strongly inhibited in transgenic
mice (*p<0.05, p<0.01 vs wild-type). GIRLA2 mice show an increase of about 15-fold in CSF IL-1Ra.
Adapted from ref. 25.

IL-1, GABA and Glutamate

The interactions between IL-1f and these neurotransmitters are of particular relevance for
epilepsy since it is well established that epileptic activity depends on the imbalance between
inhibitory and excitatory neurotransmission. In particular, 0.6 to 6 nmol/ml of IL-1 enhances
muscimol-induced Cl uptake in chick cortical synaptoneurosomes and potentiates GABA
receptor-evoked currents in chick cortical neurons in culture.'® In this study, systemic IL-1
raised the threshold to pentylenetetrazol seizures in mice. However, high concentrations of
IL-1 (>60 nmol) have been shown to decrease the peak magnitude of currents elicited by
GABA in hippocampal primary cultures and inhibitory postsynaptic potentials in CA3 neu-
rons.' 41>

In vivo microdialysis has shown that intracerebral injection of 0.6 pmol IL-1 enhances
extracellular glutamate levels in the cortex®® and 0.1 pmol/ml IL-1 inhibits astrocytic,
high-affinity glutamate uptake by nitric oxide production.*® However, sub-femtomolar con-
centrations of IL-1P increase adenosine release from hippocampal slices, which in turn inhibits
glutamate release acting at A, receptors.3 5 Thus, the concentration of IL-1 in the extracellular
compartment appears to be a key factor for determining its functional actions in the brain.

TNF-o and IL-6

In addition to their effects on synaptic transmission (see Introduction), these cytokines
appear to affect seizure susceptibility. Thus, mice specifically over-expressing IL-6 and TNF-a
in glia develop neurological symptoms and random seizures.”>>” Our recent evidence, how-
ever, suggests that TNF-o has anticonvulsant actions mediated by the p75 receptor.®®

Proinflammatory Cytokines and Nerve Cell Injury

Several in vitro and in vivo studies indicate a central role of IL-1f in the exacerbation of
brain damage after focal ischemia, brain trauma or excitotoxicity (for a review see ref. 8). The
role of TNF-a is still controversial: protective effects are suggested by studies in TNF receptor
knock-out mice,? since these mice showed increased neurodegeneration after intrahippocampal
injection of kainic acid; however, transgenic mice overexpressing TNF-a or IL-6 in 3%lia de-
velop chronic inflammatory demyelination, reactive gliosis and neurodegeneration.*®

The role of proinflammatory cytokines in seizure-induced cell damage is suggested by the
evidence that glia produce them to a larger extent when seizures cause neuronal injury;** how-
ever, this aspect needs to be further investigated.
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Human Epileptic Tissue

The expression of inflammatory cytokines has not been investigated in great detail in hu-
man epileptic tissue. Sheng et al* and Barres®! have reported increased IL-1 and functional
activation of microglia and astrocytes in brain tissue of humans affected by temporal lobe
epilepsy. The mean concentration of IL-6 was significantly increased in CSF and plasma within
24 h from tonic-clonic seizures in humans, while no significant differences were found in
IL-1p and TNF-o.. IL-1Ra was increased as well by 2-fold.* In children with febrile seizures,
the concentration of IL-1f in CSF was within the normal range.43 44 However, in these studies
CSF measurements were done on days 1-2 after seizures, which may be too late to detect
cytokine changes. Thus, cytokine induction occurs within 2 h from seizure onset in experi-
mental models and is transient. In addition, very low amounts of cytokines are enough to
produce autocrine/paracrine effects and it is possible that CSF measurements do not detect
these small changes.

Finally, a functional polymorphism in the IL-1$ gene promoter, possibly associated with
enhanced ability to produce this cytokine, has been specifically found in temporal lobe epi-
lepsy patients with hippocampal sclerosis®® and in children with febrile seizures.®® Thus, a
subtle anomaly in IL-1 to IL-1Ra ratio in the brain or developmental events during eatly life
could set up a cascade of events leading to hippocampal sclerosis and epilepsy in individuals
with this genetic predisposition.

Mechanism of Action

Cytokines are released from cells producing them: e.g., TNF-a is released from hippoc-
ampal slices at a larger extent after seizures.”” Once released from glia, which are the major
source of cytokines in the brain, they likely act upon their receptors on neurons (for re-
view see ref. 8). Often these receptors show rapid up-regulation in response to injury, e.g.,
IL-1R type II was increased in the rat hippocampus and various forebrain areas after lim-
bic seizures.?

In this scenario, while information about the functional role of TNF-a and IL-6 is still
scarce, IL-1P will act on target neurons to enhance their excitability. This may occur directly by
affecting ionic currents or indirectly by enhancing glutamatergic function and/or decreasing
GABA actions (Fig. 5). 141533 [t is possible that IL-1f induces post-translational changes in
NMDA or GABA receptor subunits.

Thus, IL-1R type I activation is associated with activation of signal transduction pathways
(e.g., activation of protein kinase C, protein kinase A and nitric oxide production)! which are
known to affect the responses of NMDA or GABA receptors to their endogenous ligands.
IL-1Ra will afford protection from seizures by antagonizing the action of IL-13 on receptor
type L. It is interesting to note that these receptors are densely concentrated on dendrites of
granule neurons in the hippocampus.2*45:4°

Thus, the balance between IL-1f and its receptor antagonist in brain may play a significant
role in the maintenance and spread of seizures and this may be of pharmacological relevance.

IL-1R antagonist is highly inducible and appears to be a well-tolerated protein,’® thus phar-
macological means that increase IL-1Ra/IL-1f ratio may be useful for controlling seizure activ-
ity even when other factors act to increase brain excitability.
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SEIZURES

MICROGLIA

NEURONS

Figure 5. Schematic drawing depicting the proposed mechanism of action of IL-1f. Seizures induce
glutamate release from excitatory synaptic terminals. Glutamate acting on ionotropic and/or metabotropic
receptors on glia induces the transcription of the IL-1 gene and/or activates caspase 1. The mature cytokine
is then released and acts on receptor (R) type I on neurons.*” Electrophysiological evidence indicates that
IL-1 inhibits GABA-mediated currents'® and increases extracellular glutamate disposition (enhanced re-
lease and decreased reuptake®®*#). These actions will mediate its proconvulsant activity in rodents. IL-1Ra
antagonizes these effects by blocking IL-1 R type 1.
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CHAPTER 11

Using the Immune System to Target Epilepsy

Deborah Young and Matthew J. During

Introduction

he sudden and transient disruption from normal brain function by the disordered,

synchronous and rhythmic firing of populations of neurons or seizures is the common

feature of a diverse collection of disease syndromes collectively called the epilepsies.
The epilepsies are estimated to affect 1-2% of the population, with the most common form
being temporal lobe epilepsy, which accounts for 40% of all types. The underlying cause of this
form of epilepsy is thought to involve an imbalance in excitatory and inhibitory neurotrans-
mission due to altered circuitry in the hippocampus resulting from the selective degeneration
of hilar, CA1 and CA3 pyramidal neurons but relative preservation of dentate granule neu-
rons.” Hyperexcitability in the hippocampus then occurs following synaptic reorganization of
the surviving dentate granule cell mossy fiber axons into the inner molecular layer of the den-
tate gyrus. While surgical resection is useful in alleviating seizures, particularly for intractable
temporal lobe epilepsy,®®4 pharmacotherapy is the mainstay of treatment for most forms. At
the cellular level, anti-epileptic agents mediate their effects through three major pharmacologi-
cal modes of actions: enhancement of inhibitory neurotransmission, attenuation of excitatory
transmission or modulation of voltage-dependent ion channels. While the use of one or a
combination of antiepileptic drugs can provide seizure control in most cases, there are also
many cases refractory to treatment. Additionally, many of these compounds have been re-
ported to negatively impact cognitive function,' suggesting the continuing requirement for
better and more specific treatments.

Using the Immune System to Treat Neurological Disease—

The Relationship between the Brain and the Inmune System

While researchers have attempted to harness the power of the immune system for treating a
diverse range of diseases including cancer, using the immune system to treat neurological dis-
ease in general has never been seriously considered a viable option. This is because the humoral
effectors of the immune system, the immunoglobulins, are large proteins and have limited
access into the brain due to the presence of the blood-brain barrier (BBB) which impedes their
entry and thus subsequent binding to target antigens in the CNS. However, there is limited
evidence that under certain conditions, antibodies can gain access into the CNS. One of the
most compelling and intriguing lines of evidence are the autoimmune diseases that involve the
CNS. Rasmussen’s encephalitis (RE) is a rare form of pediatric epilepsy characterized by severe
epileptic seizures that are relatively resistant to treatment with typical anti-seizure medication
and inflammatory neuropathology restricted to one cerebral hemisphere.”® Perivascular lym-
phocytic cuffs and scattered microglial nodules in the cortex, neuronal degeneration, and glio-
sis are key histopathological features of the affected hemisphere. The link between RE and
autoimmune disease was established following the serendipitous discovery that a small subset
of rabbits immunized with a recombinant GluR3 glutamate receptor fusion protein not only
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developed high-titer anti-GluR3 antibodies in the serum, but also a phenotype characterized
by seizures and inflammatory neuropathology strikingly similar to that found in RE.>! IgG
subsequently isolated from the sera from ‘epileptic’ GluR3-immunized rabbits was found to
have the ability to bind and evoke excitatory currents and kill mouse cortical neurons in cul-
ture. These cytotoxic effects could be reversed by the selective competititve antagonist CNQX,
suggesting anti-GluR3 antibodies promote seizures and excitotoxic cell death by acting as an
agonist at AMPA receptors.”® Anti-GluR3 autoantibodies were subsequently demonstrated in
human RE sera and shown to bind with moderate affinity to GluR3 overexpressed in HEK293
cells.’’ Removal of serum antibodies by plasmapheresis in RE patients transiently reduces the
seizure frequency and improves neurologic function as serum concentrations of GluR3 anti-
bodies are reduced, further corroborating humoral autoimmune processes in the pathogenesis
of RE.>*! Similar improvements in neurologic function were found with the selective removal
of IgG and IgM from the plasma of a RE patient by protein A affinity chromatography, with
direct correlation between reduced GluR3 antibody titers and clinical benefit.> A more recent
and independent study suggests that GluR3 autoantibodies can also destroy cells by a
complement-dependent mechanism.?® Rabbits immunized with a glutathione S-transferase-fused
GluR3 protein developed anti-GluR3 antibodies that had no excitatory properties when ap-
plied to cortical neurons in whole cell patch-clamp studies. However, robust cytotoxic effects
were found which were identified as being complement- dependent.? In corroboration of this
finding, IgG and complement factors of the membrane attack complex were found on neurons
and their processes in the cortex of brains of RE patients.”® This has led to the proposal that
these autoantibodies may therefore gain access into the CNS to trigger complement-mediated
neuronal damage, events that may be important in the initial phases of the disease. Similar
neuropathological findings have been reproduced in murine models of RE.*"*

While GluR3 may be the prototypic autoantigen, autoimmune attack on other brain anti-
gens, some identified®" and others as yet to be identified, may also be involved in some cases of
RE. Autoantibodies to Munc-18, an intracellular protein found in presynaptic terminals with
a role in synaptic vesicle release, has been reported in a RE patient also displaying serum
anti-GluR3 autoantibodies.®’ Thus, Yang et al, propose that additive or synergistic effects of
autoimmune attack on two different epitopes at two distinct sites of synaptic transmission
could impair function, leading to seizures and neuronal death. The ratio of the autoantibodies
in the cerebrospinal fluid and the serum relative to the total IgG concentration in the two
compartments supports the passage of Munc-18 autoantibodies across the BBB.®! However,
the significance of anti-Munc-18 antibodies in RE pathogenesis is debatable as it has not been
found in 14 other patients, suggesting it may be ancillary to the disease. Similarly, recent re-
ports suggest prevalence of anti-GluR3 autoantibodies in other forms of epilepsy, and thus
whether anti-GluR3 antibodies are specific for the diagnosis of RE is unclear.”

RE is but one of several autoimmune diseases involving the CNS that are associated with
serum antibodies to brain antigens which appear to gain access into the brain and mediate the
generation of complex neurological disease phenotypes.”’ Paraneoplastic disorders are autoim-
mune disorders that are a remote complication of some forms of cancer. These develop when
the ectopic expression of brain antigens by the tumor leads to a T-cell mediated-immune re-
sponse and/or autoantibodies that gain access to the brain to target neurons expressing those
antigens and mediate a disease phenotype.""'* Stiff-man syndrome is characterized by progres-
sive skeletal muscle rigidity, deficiency in GABA and circulating autoantibodies to GADG5, the
key enzyme involved in GABA synthesis.'”?*>> Gephyrin, a cytosolic protein required for clus-
tering of glycine and GABA4 receptors at the postsynaptic density of inhibitory synapses, has
also been identified as an autoantigen for Stiff-man.'? Rare cases of temporal lobe epilepsy and
other forms of epilepsy are associated with GADG5 autoantibodies”* and it has also been
suggested that a subgroup of drug-refractory temporal lobe epilepsy patients may be associated
with GADG5 autoantibodies, although further investigation is warranted.3%* Additionally,
autoantibodies to other brain antigens have also been linked to other rare forms of epilepsy.**
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Although many of these conditions are relatively rare, importantly these findings suggest
that under certain circumstances antibodies do have the ability to pass the BBB, bind and
modify the function of their target antigen. As antibodies to GluR3 are found in serum in the
large majority of immunized animals without apparent disease,’” it is clear that secondary fac-
tors are necessary for initiating the disease process. The identity of these factors has remained
elusive, although it has been proposed that a focal lesion leading to disruption of the BBB due
to trauma may be essential for immune-mediated attack. Indeed, trauma-induced breakdown
of the BBB has been demonstrated in experimental epilepsy and excitotoxic lesions. %4852

Using the Inmune System to Treat Neurological Disease—
Therapeutic Agents for Neurological Disease

While these examples argue against exploiting the use of the immune system to treat neuro-
logical disease, there is good evidence that antibodies can potentially be used as therapeutic
agents for altering the function of brain proteins. Monoclonal antibodies have been applied in
experimental Paradigms to disrupt signal transduction cascades mediated by neurotrophic fac-
tor receptors. > Following direct injection into the brain and binding to the extracellular do-
mains of the receptor, the subsequent blockade of the TrkA signalling pathway has allowed
researchers to elucidate the role of nerve growth factor in maintenance of long term potentia-
tion in rat visual cortex.”” More recently, the Alzheimer’s disease (AD) vaccines have sparked a
great deal of interest. One of the defining characteristics of AD pathology is the accumulation
of amyloid B-peptide and its deposition as plaques within cortical and hippocampal brain
regions. Immunization with amyloid B-peptide is associated with generation of high-titer amy-
loid B-peptide antibodies and the dramatic reduction of amyloid plaque burden and cognitive
deficits in transgenic mouse models of AD.%>>3 While several mechanisms of action of the
response to immunization have been proposed, the reduction in amyloid burden following
passive transfer of amyloid B-peptide antibodies indicates that antibodies can cross the BBB
directly to ameliorate the disease phenotype in an AD mouse model.* Importantly, this evi-
dence supports the contention that the immune-privileged state of the brain as being relative,
not absolute. Although anecdotal evidence has suggested the possibility of cerebritis associated
with the early stage clinical trials of a $-amyloid vaccine,® some researchers believe that this
might reflect the disease process, since AD is associated with a significant microglial compo-
nent, cytokine release and inflammation, complicating the analysis of adverse events associated
with the vaccine clinical trials.

Developing a Vaccine Strategy for Epilepsy

The NMDA receptor plays a key role in mediating excitotoxic-induced neuronal cell death
in addition to other activity-dependent functions such as learning and memory.” Structurally,
the NMDA receptor is a hetero-oligomeric complex composed of subunits from the NR1,
NR2A-D and NR3A subunit families arranged to form a ligand-gated, voltage-dependent ion
channel principally permeable to Ca** ions.”” Although widely expressed throughout the brain,
functional diversity of NMDA receptors in vivo is effected by incorporation of different NR2
and NR3 subunits with the essential NR1 subunit. The complete repertoire of subunit combi-
nations and heterogeneity of NMDA receptors throughout the CNS is still unclear. The NR1
subunit is necessary for formation of a functional ion channel,”? while the NR2 and NR3
subunits modulate channel properties.!> Both the NR1 and NR2 proteins are transmem-
brane spanning proteins with an extracellular N-terminus and intracellular C-terminus and
three complete transmembrane regions. An intramembrane loop forms between the first and
second complete transmembrane regions. The glycine binding site is found on the NR1 sub-
unit while the glutamate binding site is found on the NR2 subunit.!® At resting membrane
potential, the ion channel is blocked and activation of the receptor is dependent on binding of
the coli§ands glutamate and glycine and simultaneous neuronal depolarization which relieves
the Mg“*-dependent block, allowing intracellular passage of Ca?* ions.'©
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We have recently described a novel approach for epilepsy and stroke treatment involving
manipulation of the immune system to generate a humoral response against a target brain
antigen.?! In an experimental situation analogous to the autoimmune diseases described above
and in particular GluR3 immunization,” we hypothesized that ectopic expression of a specific
brain protein that has been sequestered behind the BBB may lead to generation of autoanti-
bodies specific to the target. These circulating autoantibodies would have limited access into
the brain under normal basal conditions. However, following an insult and associated BBB
compromise, events that occur following kainate-induced seizures”® and excessive glutamate
release,'™ increased passage of these autoantibodies would occur. These antibodies, instead of
having excitotoxic or disease-inducing activity, would have the ability to bind and alter the
function of the target protein to block processes involved in mediating insult-induced neu-
ronal injury.?!

Because the NR1 subunit is the common element in all NMDA receptors, we targeted the
NR1 subunit in our vaccination strategy.22 Thus, we proposed that vaccination against the
NR1 subunit would generate serum autoantibodies to NR1 that would have restricted brain
access under normal conditions. However, following an insult and associated BBB breakdown,
increased passage of NR1 autoantibodies, which could bind and neutralize NMDA receptor
function and thus block injury-induced neuronal death, would occur.

A Novel Genetic Vaccine for Stroke and Epilepsy

We utilized a novel genetic vaccination strategy based on the use of recombinant
adeno-associated viral vectors (AAV). This idea stemmed from our previous work showing
robust gene transfer and expression of -galactosidase protein in gut lamina propria cells fol-
lowing oral administration of an AAV vector expressing a lacZ reporter gene.”’ Many of the
transduced -galactosidase-expressing cells were antigen-presenting cells involved in generat-
ing humoral immune responses, indicating their potential for use as vaccines. AAV vectors are
derived from a nonpathogenic virus and genetically modified to undergo a single round of host
infection to efficiently deliver a gene-of-interest to mammalian cells. Several desirable features
including a broad host cell range and the ability to transduce both nondividing and dividing
cells leading to high levels of stable and sustained gene expression, make AAV vectors arguably
the vector of choice for human gene therapy.*!

To test our vaccination hypothesis, a high-titer AAV vector expressing a full-length mouse
NR1 ¢DNA under control of a CMV promoter was orally administered to fasted rats while
control animals received an AAV vector expressing the lacZ reporter gene or the saline vehicle
(Fig. 1). Robust NR1 or lacZ gene transfer and protein expression was found in gut lamina
propria cells subsequently confirmed as antigen-presenting dendritic cells and macrophages by
double-labelling immunohistochemistry using the corresponding cell markers (Fig. 1). PCR
analysis confirmed that transfer of the NR1 or lacZ genes following oral immunization was
confined to the gut, with no spread to the spleen, liver or testes. NR1 protein expression was
associated with NR1 IgG autoantibodies in the serum by as detected by Western blot analysis,
which increased in titer over the 1 to 5 month period. Similarly, 3-galactosidase autoantibodies
were found in the corresponding AAVIacZ-immunized animals. To further define the polyclonal
response and the epitope regions to which the autoantibodies were generated against, a series of
overlapping 16-mer peptides representing the entire 938 amino acids of the NR1 subunit was
used to screen the NR1 serums. The most prevalent peptides that the NR1 autoantibodies
bound to were those that corresponded to functional domains within the extracellular vesti-
bule of the receptor. More specifically, NR1 autoantibodies were generated against eg)itopes
that mapped to regions in the extracellular domains that are critical for glycine binding.” These
results suggested that targeted immunization against a brain antigen could result in generation
of a polyclonal antibody response to the target protein.

Vaccinated rats were screened for neuroprotective efficacy against the kainate model of experi-
mental epilepsy. Peripheral administration of kainate to rodents leads to a stereotypical progression
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Figure 1. The AAVNRI vector construct (A) was a full-length mouse NR1 ¢cDNA under the control of a
CMYV immediate-early promoter and bovine growth hormone (BGH) polyadenylation site flanked by the
AAV inverted terminal repeats (ITR). B. NR1 protein expression (blue) in the lamina propria (Ip) as assessed
by immunohistochemistry with propidium iodide counterstaining (orange) from a section from the proxi-
mal intestine at 4 weeks following NR1 immunization. The epithelial cell layer (ep) is also indicated. C.
SIRD, adendriticand macrophage cell marker (red) and (D) NR1 (blue) double immunofluorescentlabeling
with acridine orange counterstaining (green) in the gut lamina propria, showed NR1 protein expression in
antigen-presenting cells. (reproduced from During et al, 2000; Science 287:1453-1460).

through various seizure behaviors culminating in prolonged seizures or status epilepticus.® We
administered kainate at a dose of 10 mg/kg i.p. and monitored the appearance of electrographic
seizures and found there was an overall reduction in the expected frequency of developing
kainate-induced seizures from 68% in the control animals to 22% in the NR1-immunized
animals. The anti-epileptic and neuroprotective efficacy of NR1 immunization was verified by
TUNEL labelling and clusterin immunohistochemistry, a cell death marker'® (Fig. 2). Of inter-
est, one of the two NR1-immunized rats that had a robust NR1 autoantibody titer and devel-
oped status epilepticus did not show any TUNEL or clusterin labelling. The neuroprotective
efficacy was further explored in the endothelin-1 model of ischemic stroke, and NR1-immunized
animals were more protected against stroke-induced damage when compared to controls®" (Fig,
3). Antibody passage across an intact BBB was confirmed by sampling cerebrospinal fluid from
the cisterna magna from naive and both lacZ- and NR1-immunized groups of animals, with
only NRI autoantibodies detectable in cerebrospinal fluid obtained from NR1 animals.
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TUNEL clusterin

Figure 2. Hippocampal damage in the hilus assessed by fluorescent TUNEL (green) or clusterin (green)
immunohistochemistry combined with immunohistochemistry to the neuronal marker NeuN (orange).
After 45 min of status epilepticus, control lacZ animals (A,B) had extensive damage as indicated by these
cell death markers. No injury was found in any animal not developing status epilepticus (C,D). Only 2 out
of 9 NR1-immunized animals developed SE. One NR1-immunized rat showed extensive damage (E,F).
However, subsequent serum analysis confirmed this animal had not developed an NR1 autoantibody titer.
The remaining animal which developed a robust NR1 autoantibody titer showed no signs of injury despite
having 45 min of status epilepticus (G,H). (reproduced from During et al, 2000; Science 287:1453-1460).
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Figure 3. Reduced ischemic damage in the cortex and striatum of NR1-vaccinated animals after middle
cerebral artery occlusion. H&E staining of the striatum and/or cortical regions contralateral (A,C,E) and
ipsilateral (B,D,F) to the occlusion in lac (A-D) and NR1-vaccinated animals (E,F). Isolectin B4 staining
(G) detected microglial infiltration in the ipsilateral hemisphere. H. Total infarct volume (mean +SEM) in
naive (white bars), lacZ- (blue bars) and NR1-vaccinated groups (red bars). *P<0.01. (reproduced from
During et al, 2000; Science 287:1453-1460 ).
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As our results showed that NR1-immunization is able to manipulate NMDA receptor func-
tion, the effects on other NMDA receptor-mediated brain functions need also be considered.
With these receptors playing major roles in mediating synaptic plasticity associated with learn-
ing and memory, previous reports have established that systemic administration of pharmaco-
logical NMDA receptor antagonists at neuroprotective doses to experimental animals is gener-
ally associated with impaired mobility and deficits in learning and memory function.®®®? For
this reason, we have conducted a preliminary assessment of the effects of NR1 immunization
on mobility and performance of NR1-vaccinated and control rats in tests of cognitive func-
tion. Mobility as assessed by a line crossing and circular track test was similar for both NR1 and
control animals.?' Surprisingly, when these animals were challenged with more complex be-
havioral tasks that test learning and memory function, significant differences in performance
in these tasks were observed between the NR1 and controls. NR1-immunized animals showed
improved performance in the Barnes circular maze, a hippocampal-dependent spatial naviga-
tion task that requires rats to locate a dark escape tunnel hidden beneath one of 18 holes
positioned around the perimeter of a brightly lit table using visual cues. In comparison to
controls, NR1-animals showed reduced latency and required fewer trials to find the escape
tunnel.'” Similarly, NR1-immunized rats also exhibited a stronger freezing response than
lacZ-immunized rats in a fear conditioning behavioral paradigm, a contextual association task.?®

The results from our study suggest the neuroprotective effects found in the stroke and
epilepsy models following NR1 vaccination are mediated by NR1 autoantibodies that have the
ability to cross the BBB to bind and modulate NMDA receptor function. There is some evi-
dence that suggests the NR1 vaccination approach has some clinical relevance. An analysis of
serum from 270 stroke patients in Russia showed that presence of significant NMDA receptor
autoantibody titers was associated with improved neurological recovery, while the absence of
autoantibodies was associated with poor prognosis and death.?” Increased penetration of NR1
autoantibodies was found after kainate administration, suggesting autoantibodies may directly
mediate the neuroprotective effects at the time of insult. However, despite this observation,
there is also the possibility that the neuroprotective and anti-epileptic effects observed with the
vaccine may not be due to a direct effect of autoantibody antagonism at NMDA receptors at
the time of insult but result from downstream modulation of neuroprotective genes. This is
undergoing further investigation.

Concluding Remarks

One of the inherent problems with epilepsy and stroke is that the cascade of molecular and
biochemical mechanisms mediating insult-induced neuronal death are switched on rapidly,
leaving only a short therapeutic window for intervention against these events. The prophylactic
nature of an epilepsy vaccine is a novel feature of this approach, providing the advantage that
treatment could be targeted to patients considered at high risk for developing stroke or chroni-
cally epileptic patients that may be pharmacoresistant.

However, while these initial results look extremely promising, more research is required to
determine the efficacy and safety of moving such a treatment approach into humans. The
persistence of NR1 autoantibodies for many months and perhaps even years may have long-term
detrimental effects on brain function. Further work is also required to determine the specificity
of the effect and whether NR1 immunization modulates glutamatergic function at other
glutamate receptor subtypes, particularly in light of the effects of GluR3 immunization.”" Ad-
ditional concerns relate to the cerebritis in the B-amyloid vaccinated Alzheimer’s disease pa-
tients® suggesting that caution is needed in moving towards clinical trials. Furthermore, com-
parisons between an AAV approach and traditional protein vaccination strategies are also required
to determine whether similar neuroprotective responses would occur or whether this is a unique
feature of an AAV-based vaccine. Other considerations include determining the effect of the
vaccination in animals with preexisting epileptic conditions modeling that found in human
patients, particularly as altered NMDA receptor subunit composition in epileptic patients has
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been reported.**?> The enthusiasm for trials of NMDA receptor antagonists for epilepsy and
stroke treatment has diminished because they have performed relatively poorly in clinical trials
in comparison to the dramatic neuroprotective efficacy displayed in preclinical studies and
they have been associated with side-effects that have limited their clinical udility. Several of the
latest generation NMDA receptor antagonists have been reported to have fewer side-effects.”’
The NR1 vaccination is not associated with any obvious detrimental behavioral abnormalities,
but in fact may improve cognitive performance, reminiscent to that found with partial glycine
agonists.**4%® One of the key issues for future work will be determining the precise site of
action of these autoantibodies.

While we may be a long way from translating such technology to the clinic, it is clear that
these approaches, if successful, could pave the way for alternative methods for epilepsy treat-
ment. Active immunization against brain proteins and generation of autoantibodies that are
capable of entering the brain and modulating function of target brain proteins may open new
avenues for treatment of neurological disease.
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CHAPTER 12

Cortical Dysplasia and Epilepsy:
Animal Models

Philip A. Schwartzkroin, Steven N. Roper and H. Jurgen Wenzel

Abstract

ortical dysplasia syndromes—those conditions of abnormal brain structure/organization

that arise during aberrant brain development—frequently involve epileptic seizures.

Neuropathological and neuroradiological analyses have provided descriptions and
categorizations based on gross anatomical and cellular histological features (e.g., lissencephaly,
heterotopia, giant cells), as well as on the developmental mechanisms likely to be involved in
the abnormality (e.g., cell proliferation, migration). Recently, the genes responsible for several
cortical dysplastic conditions have been identified and the underlying molecular processes in-
vestigated. However, it is still unclear how the various structural abnormalities associated with
cortical dysplasia are related to (i.e., “cause”) chronic seizures. To elucidate these relationships,
a number of animal models of cortical dysplasia have been developed in rats and mice. Some
models are based on laboratory manipulations that injure the brain (e.g., freeze, undercut,
irradiation, teratogen exposure) of immature animals; others are based on spontaneous genetic
mutations or on gene manipulations (knockouts/transgenics) that give rise to abnormal corti-
cal structures. Such models of cortical dysplasia provide a means by which investigators can not
only study the developmental mechanisms that give rise to these brain lesions, but also exam-
ine the cause-effect relationships between structural abnormalities and epileptogenesis.

What Is Cortical Dysplasia?

The term “cortical dysplasia” has been used by different authors/investigators to refer to a
number of different histopathological brain phenomena. For the purposes of the present dis-
cussion, we will use the term in a relatively broad sense, to refer to a condition of abnormal
brain structure/organization that, in most cases, is due to a deviation from the normal pattern
of cortical development.>>3*1% [t is present in a wide variety of human diseases and syn-
dromes. The structural abnormality may involve general/widespread conditions (such as lissen-
cephaly) that are often associated with profound mental retardation; other cortical dysplastic
patterns are restricted to discrete areas of focal cortical abnormality, and may be asymptomatic.
Much of the recent interest in cortical dysplasia stems from its frequent association with seizure
disorders (i.e., epilepsy)—although the cause-effect relationships remain to be elucidated. There
have been numerous attempts to classify cortical dysplasia syndromes based on gross pathol-
ogy, radiographic findings, histological features, genetic abnormalities, and stages of develop-
ment most affected by the pathological process. None of these methods of categorization is
entirely satisfactory or all-encompassing, but each one may be useful depending on the ques-
tion at hand.
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Gross Pathology

Lissencephaly refers to a diffusely smooth-surfaced cerebral hemisphere without sulcation.
This condition is often associated with severe mental retardation and seizures in affected indi-
viduals. Lissencephaly has generally been classified based on histological characteristics. Type I
lissencephaly has a four-layered cortex: layer 1 corresponds to the remnants of the marginal
zone; layer 2 contains a mixture of normal layer II, III, and V neurons; layer 3 is a cell-sparse
zone; and layer 4 consists of a diffuse accumulation of heterotopic neurons.'° Type I lissen-
cephaly most commonly occurs in a sporadic form (isolated lissencephaly sequence) or as the
Miller-Dieker syndrome (MDS), a haploinsufficiency disorder with characteristic dysmorphic
facies, retardation, and seizures.”> MDS is caused by a mutation in the LISI gene,126 which
appears to be an important regulator of neuronal mictrotubule systems. Disruption of micro-
tubule function may be the basis of impaired neuronal migration in MDS (see ref. 59 for
review). Mutations of LIS1 have also been identified in 40% of people with nonsyndromic
lissencephaly. !

X-linked lissencephaly is another genetic disorder that produces lissencephaly in affected
males, and gives rise to subcortical band heterotopia in females. Subcortical band heterotopia is
characterized by a thick layer of cortex that extends diffusely throughout the white matter of
the cerebral hemispheres. It is caused by mutation in a gene, XLIS (or DCX), which encodes for
doublecortin, a microtubule-associated protein that appears to be important for normal neu-
ronal migration.

Lissencephaly with cerebellar hypoplasia (LCH) is a lissencephalic syndrome that includes
malformations in the cerebellum and brainstem. Two families with LCH have shown muta-
tions in the gene, RELN, which encodes for the protein reelin.®! RELN was first identified in
the mutant mouse, reeler. Reelin is produced by Cajal-Retzius cells in the marginal zone and is
important in the late phases of neuronal migration.®

Type II lissencephaly (also called cobblestone lissencephaly) is characterized by a complete
loss of normal horizontal lamination. Cortical neurons are arranged in vertical columns and
clumps, separated by thick septations of glial and vascular tissue; glioneuronal heterotopias are
present on the surface of the hemispheres. Type II lissencephaly is present in the Walker-Warburg
syndrome, where lissencephaly is accompanied by hydrocephalus, retinal dysplasia, and (in
some cases) v:-:ncephalocele.16 Type 1I lissencephaly is also seen in the cerebro-ocular muscle
disorders.

Agyria and pachygyria also describe “smooth” areas of the cortex. These terms usually refer,
however, to focal or regional areas without sulcation (as opposed to lissencephaly, where the
process affects both hemispheres diffusely).

Hemimegalencephaly is a rare disorder with enlargement of one cerebral hemisphere, and
may be accompanied by enlargement of the ipsilateral face and body as well. The involved
hemisphere may show several types of cortical dysplasia, and dysmorphic neurons have also
been described.””'?° Hemimegalencephaly may be seen in a sporadic neurocutaneous disorder,
the epidermal nevus syndrome, where it is associated with skin lesions and abnormalities of the
eyes and muscloskeletal system.''* Mental retardation, hemiparesis, and seizures (especially
infantile spasms) are the most common clinical manifestations of hemimegalencephaly.

Neuronal heterotopia is the occurrence of neurons anywhere in the brain outside of their
normal position. In the cerebral hemispheres, it may be classified as periventricular or subcor-
tical, and diffuse or nodular. Diffuse periventricular heterotopia may have relatively mild clini-
cal manifestations or may be asymptomatic. X-linked periventricular heterotopia is a genetic
disorder characterized by embryonic lethality in males and bilateral, nodular, periventricular
heterotopia in females. Affected females may also have patent ductus arteriosus and
coagulopathies. The gene responsible for X-linked periventricular heterotopia is FLNI. This
gene encodes for filamin-1, an actin cross-linking protein.®*

Focal cortical dysplasia (FCD) (also called Taylor’s-type dysplasia, forme fruste of tuberous
sclerosis, and type I1I cortical dysplasia in the Montreal classification system as described by ref.
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112) refers to localized malformations of the cortex that occur in their normal location (i.e., at
the outer surface of the hemisphere). Epilepsy is a common manifestation of FCD and, be-
cause it is localized, this disorder comprises the major disorder in patients who undergo surgi-
cal resection for epilepsy associated with cortical dysplasia.'”'?° Taylor et al'®! gave one of the
first detailed descriptions of FCD in surgical specimens from patients with intractable epilepsy,
and proposed a causal role for FCD in seizure generation. Gross descriptions of FCD often
include gyral abnormalities, thickening of the cortical mantle, and blurring of the interface
between the gray and white matter. Cortical areas exhibiting FCD show loss of lamination, loss
of spatial orientation of neurons, enlarged neurons with abnormal processes, and giant balloon
cells.’>* Areas of FCD may also be associated with benign, cortically-based brain tumors (such
as ganglioglioma and dysembryoplastic neuroepithelial tumor).'*® Because of their association
with FCD and their indolent nature, these tumors are suspected to be developmental in origin.

Tuberous sclerosis (Bourneville disease) is an autosomal dominant neurocutaneous syn-
drome characterized by cortical tubers, subependymal nodules, giant cell astrocytoma, and
hamartomatous growths and tumors in the retina, skin, kidneys and lungs. Histologically,
cortical tubers are indistinguishable from some types of FCD. Tuberous sclerosis is associated
with defects in two genes, 7SCI and 7SC2, which encode for hamartin and tuberin, respec-
tively.!>>1 The relationship between cortical dysplasia and the protein defects are still under
investigation.

Schizencephaly refers to an abnormal cleft in the cerebral hemisphere that extends from the
pial surface to the ependymal surface.'®"1* This cleft is lined by malformed cortex that often
shows polymicrogyria. Schizencephalic clefts are often bilateral or associated with an area of
cortical dysplasia in the homologous contralateral hemisphere.'? Because it involves loss of
tissue, schizencephaly has often been described as the result of an in utero injury. However,
recent reports of mutations in the homeobox gene, EMX2, suggest a genetic etiology in some
cases of schizencephaly.'>”>

Polymicrogyria is a gyral abnormality characterized by shallow, poorly formed, closely spaced
sulci. Histologically, polymicrogyria is classified as layered and unlayered. Layered polymicrogyria
shows a four-layered arrangement similar to that described for type I lissencephaly, with a
cell-sparse zone separating two neuronal layers. However, in polymicrogyria, the cell-sparse
zone appears to result from laminar necrosis of layer V, whereas in type I lissencephaly the
cell-sparse layer represents a zone of demarcation between the normotopic and heterotopic
neuronal layers.'®'? Unlayered polymicrogyria does not have this cell-sparse zone, and consists
of the remnant of the marginal zone overlying a disorganized neuronal layer.®” In many cases,
polymicrogyria is thought to result from ischemic injury to the cortex in the late prenatal or
perinatal period. This hypothesis is based on the appearance of laminar necrosis in four-layered
polymicrogyria, its vascular distribution, its common association with encephaloclastic lesions,
and the fact that perinatal cortical injuries can produce a similar histology in animals.”

Histology

Histological classification schemes are potentially very important for our understanding of
cortical dysplasia, since microscopic analysis can give a much better indication of the cellular
constituents of the dysplastic cortex. Cortical dysplasia can be broadly described by loss of
lamination, loss of spatial orientation of the neurons, abnormalities of neuronal morphology,
and abnormalities of cellular commitment. Loss of normal lamination is an almost ubiquitous
finding in cortical dysplasia, since proper lamination is degendent upon successful completion
of all of the major stages of cortical development.'®!?” Loss of spatial orientation is very
common in cortical dysplasia for the same reason. The incidence/frequency of neuronal
cytomegaly and/or cytoskeletal abnormalities is less clear. Enlarged, dysmorphic neurons have
been the focus of pathological descriptions of surgically resected dysplastic tissue since the early
report of Taylor et al."! These neurons are usually described as “giant,” with abnormal neuritic
processes, containing large amounts of clumped Nissl substance surrounding the nucleus and
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increased amounts of high and medium molecular mass neurofilament proteins.” In a large
surgical series from children with cortical dysplasia and intractable epilepsy, 56% of specimens
showed neuronal cytomegaly.'® A particularly dramatic example of such a dysmorphic cellular
condition is the “balloon cell”—large, ovoid cells with eccentric nuclei and abundant opales-
cent cytoplasm.'® They are found in some forms of FCD, and are also a hallmark of the
cortical tubers of tuberous sclerosis. A report that showed simultaneous staining for both GFAP
(a glial marker) and synaptophysin (a neuronal marker) in balloon cells pointed toward an
abnormality of cell commitment in these cells.'*® The actual incidence of balloon cells in cor-
tical dysplasia is not well known; they were present in 22% of specimens in the pediatric
surgical series of Mischel et al.'®®

There have been several proposed classification systems based on histology. Mischel et al
listed nine histological features of cortical dysplasia, and grouped them according to presumed
early, intermediate, and late developmental lesions. These authors hypothesized that earlier
lesions would result in more severe clinical phenotypes and later lesions would produce milder
problems for the patient. Using this system, they classified histological changes as severe (bal-
loon cells, neuronal cytomegaly), moderate (polymicrogyria, white matter heterotopia), or mild
(absence of the findings that constitute severe or medium abnormalities). Analyzing 77 chil-
dren with surgically-treated cortical dysplasia and epilepsy, they found that histologic grade
correlated with seizure frequency (more severe grade meant higher seizure frequency) and age
at surgical intervention (more severe grade meant earlier intervention). Palmini et al''! re-
viewed a surgical series of 30 patients and proposed a three-tiered histological grading system:
grade I consisted of abnormalities of lamination; grade II contained dysmorphic neurons; and
grade IIT contained balloon cells. They found that seizure control after surgery correlated with
histological grade (and the extent of resection) of the FCD. In this context, it is noteworthy
that Urbach et al'** recently reported favorable postsurgical outcomes (i.e., seizure control) for
focal cortical dysplastic lesions containing balloon cells.

Stages of Development

A useful classification system for cortical dysplasia groups pathological entities according to
the earliest stage of cortical development during which the pathological process became mani-
fest.!>1 Tt is based on abnormalities of three main stages of cortical development: group I
includes abnormalities of neuronal and glial proliferation; group II consists of abnormalities of
neuronal migration; and group III is comprised of abnormalities of cortical organization. Each
group is subdivided into focal and diffuse processes, and in the case of proliferation abnormali-
ties, whether proliferation is increased or decreased. This classification system has provided a
point of discussion for possible etiologies for the different cortical dysplastic syndromes (see

below).

Association of Cortical Dysplasia and Epilepsy

The close association of cortical dysplasia and epilepsy is evident from the frequent presence
of dysplasia in people who require surgical treatment for intractable epilepsy. The incidence of
cortical dysplasia in people that undergo surgery for intractable epilepsy has been reported as
39% in children®® and 14% across all age groups.120 However, these percentages are likely to
vary among surgical epilepsy centers, referral patterns, and regional attitudes regarding epilepsy
surgery in children and people with mental retardation. Since detection of cortical dysplasia
often requires detailed MR imaging techniques or microscopic analysis of the tissue (from
surgery or autopsy), estimates of asymptomatic cortical dysplasia (or cortical dysplasia that
produces impaired brain function outside of epilepsy) remain uncertain. Incidence of cortical
dysplasia in the general population is not known. Barkovich et al’ reviewed 537 brain MR
studies in children and found 13 (2%) cases of cortical malformations; 12 of these 13 children
had seizures and 8 had developmental delay. Leventer et al” reviewed all brain MR scans in
children from the Royal Children’s Hospital over a 6-year period (total number not provided)
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and identified 109 cases of malformation of cortical development. Seizures were present in
75% of these children and 68% had developmental delay. Therefore, although the number of
people with asymptomatic cortical dysplasia is difficult to estimate, the incidence of seizures in
cortical dysplasia is quite high among patients who are referred for MR studies of the brain. It
is also appears that, at least in some cases, areas of cortical dysplasia are sufficient to produce
seizures—since surgical resection of these lesions can abolish the seizures.”” 12154

What Are the Processes that Lead to Dysplasia?

As indicated above, recent advances in clinical and experimental research have shown that
brain malformations often represent disorders of cortical development during the embryonic,
fetal, and perinatal periods.1 5146 These structural malformations are extremely varied, de-
pending on the underlying processes and critical timing of the developmental aberration.”! In
each of these disorders, some defect in the proliferation, migration, and/or organization of
neurons (from their place of birth to the cerebral cortex) is the apparent basis of the dysplasia.
Depending on the severity and pattern of the lesion, the epilepsy-related clinical phenotype
may manifest at almost any developmental stage, from newborn to adult.

Developmental studies on human neocortex'** and on animal models? have defined three
broad developmental processes as key to understanding the disorders of cortical dysplasia: 1)
proliferation and differentiation (specification); 2) neuronal migration and further cell differ-
entiation; and 3) cortical organization, including synaptogenesis and circuitry formation.”*!>8
Each of these developmental stages is defined by specific patterns of gene expression and asso-
ciated multiple signaling mechanisms. Disruption or modification of these sié;naling pathways
can lead to developmental aberrations and formation of cortical dysplasia.”#% Detailed knowl-
edge about the processes occurring at these critical time points in the developing brain is essen-
tial to our understanding of the pathogenesis of cortical dysplasia (see Table 1).

Key Steps of Normal Neuronal Proliferation/Migration and Cortical
Organization

The development of the six-layered neocortex depends on a series of precisely timed prolif-
erative, migratory and maturational events.>103123 During earliest development, cortical cells
arise from a proliferative neuroepithelium, the ventricular zone, which contains the precursors
of neurons and glia."*® These cells undergo many cycles of proliferation, followed by waves of
postmitotic neuroblasts migrating to a final destination, to form the layered structure of the
neocortex (for review see ref. 124). Characteristic features of the early cortical development
include the following: 1) first-born neurons come to reside in the deepest layers of the cortical
plate, while the last-born neurons settle in the most superficial layers (inside to outside order4) ;
2) the majority of neurons migrate along radial glia into the cortical plate,””'** although a
small proportion follows a tangential migration route’®!>? (see also ref. 119); 3) after arrival in
the appropriate cortical layer, neurons form dendrites and axons, and initiate synaptic connec-
tivity; 4) a substantial proEortion of neurons undergo apoptosis. These early developmental
events occur during the 8™ to 14™ weeks of gestation in human development, and between
embryonic days 11 to 18 in the mouse’*®” and E14 to E20 in the rat."” A defect in any of these
key events can be linked to the pathogenesis of cortical dysplasia.'*®

Early cellular events within the ventricular zone—during proliferation/differentiation—
and/or failed apoptosis in the cortical plate may result in pathologic cortical patterns. For
example, neuronal precursors may fail to complete differentiation, or exhibit disturbances of
cytoskeletal elements essential for the initiation of migrzltiorl.3 972 Indeed, it has been hypoth-
esized that cortical dysplastic cells might arise as a clonal population of daughter progeny stem-
ming from a solitary (or small number of) abnormal progenitor cells. Similarly, the dysmorphic
cell types in the tubers of tuberous sclerosis complex might arise from proliferation of a single
precursor cell which sustains a “second hit” mutation in one of the TSC genv:-:s.163 Alternatively,
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Table 1. A speculative attempt to classify animal models and human syndromes based
on the stages of cortical development as outlined by Walsh (1995),
Schwartzkroin and Walsh (2000), and Gleeson and Walsh (2001)

Stage of
Development

Human Disorder

Implicated

Human Genes

Animal Models

Pattern Formation

Neuronal/
Glial Proliferation

Neuronal /

Glial Differentiation
(Cell fate
specification)

Neuronal Migration
Onset

Neuronal Migration
Early/Ongoing

Neuronal Migration
Late/Completion

Cortical
Organization
(including
synaptogenesis
and circuitry
formation)

Schizencephaly

Hemimegalencephaly
Microcephaly

Tuberous Sclerosis
Taylors-type focal cortical
dysplasia

Periventricular and Subcortical
nodular heterotopia

Type | Lissencephaly

X-linked Lissencephaly
(Subcortical band heterotopia)
X-linked periventricular
heterotopia

Early acquired cortical
dysplasia

Type Il Lissencephaly
(Cobblestone Lissencephaly)
Lissencephaly with cerebellar
hypoplasia

? Temporal lobe epilepsy with
dentate granule cell dispersion

Polymicrogyria
Microdysgenesis
Focal cortical dysplasia (mild)

Emx2

Unknown

TSC1 & TSC2

FLNT

LIST,
DCX

RELN

Unknown

Flathead rat/ Citron
K knockout, Tish rat

Eker rat
(TSC2 mutation)

LIST mutation,
MAM rat,
Irradiation,
Tish Rat (?)

Reeler,
p35 and cdk5
knockouts

normal neuronal proliferation may be followed by failure of appropriate migration (e.g., be-
cause of disturbances in signaling pathways or defects within the radial glia that normally
provide guidance).*#3*12? Recent studies on neuronal migration disorders, focusing on the
molecular and genetic bases of these disorders, suggest that key steps of neuronal migration
depend both upon proper actin and microtubule cytoskeleton interaction, as well as on proper
transduction of extracellular signals by migrating neurons.“*”>!"” The growing list of genes

that are known to regulate this process of neuronal migration

1,73,158

promises to reveal impor-

tant information about underlying molecular and cellular control mechanisms.
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Identified Genetic Abnormalities in Humans and Animal Models

The pathogenesis of most forms of cortical dysplasia remains to be determined. However,
cortical malformations are now increasingly categorized with respect to recent advances in
molecular genetics and description of genetic syndromes.'> For example, genetic loci for
Miller-Dieker lissencephaly syndrome (17p13.3'%), bilateral periventricular heterotopia
(Xq28°%), X-linked lissencephaly/subcortical band heterotopia (Xq22°!), and tuberous sclero-
sis (16p13.3”’) etc. have been identified, and have provided information not only about the
genetic underpinnings of some forms of cortical dysplasia, but also about the underlying mo-
lecular etiologies.”* The identification of genes for many of these disorders now allows for
integration of cortical defects in mice and in humans into a cellular framework, in which key
steps of cortical development are linked to gene-associated disorders (Table 1).

Tuberous Sclerosis—A Disorder of Disturbed Proliferation/Differentiation

Tuberous sclerosis complex (TSC) is a multi-organ, autosomal dominant syndrome
that causes characteristic malformations within the brain. The TSC lesions include tubers in
the cerebral cortex, and subependymal nodules and giant cell astrocytomas along the lateral
ventricle. In cortical tubers, the six-layered cortex is disordered (loss of lamination), and there
are abnormal-appearing (dysmorphic) neurons and astrocytes, including giant cells and bal-
loon cells (a pathological hallmark of TSC). In addition, heterotopic neurons are often identi-
fied in the deep white matter. Subependymal nodules located along the ventricular surface
contain a heterogenous population of cell types; some of these cells can apparently become
“transformed” into glial tumors. Mutations in two genes, 7SC! (chromosome 9) and 75C2
(chromosome 16) account for virtually all cases of tuberous sclerosis. These genes encode dis-
tinct proteins (hamartin and tuberin, respectively), which are widely expressed in the brain,
and are thought to interact in a molecular cascade that modulates cellular differentiation.'®?
The observed defects in cell type specification characteristic of TSC lesions may result from
TSC1 or TSC2 mutations that interfere with the normal regulation of cell proliferation or
specification. 10140

Some types of focal cortical dysplasia'' show pathologies that closely resemble TSC lesions
(see above). Sporadic focal cortical dysplasia has been associated with one or more spontaneous
mutations at the TSC and/or other loci.!*® However, there are no current genetic investigations
of focal cortical dysplasia that provide clues about the genetic bases of this dysplastic condition.

The Eker rat serves as an animal model to study the pathogenesis of TSC.!%4 Rats carrying
a null mutation at either of the 7SC2 alleles (homozygous 75C2 and 7SCI null mutations are
embryonic lethal) exhibit glial hamartomas,'®> subependymal hamartoma-like regions, and
dysmorphic neuronal cells (which are immunocytochemically reactive to both neuronal and
glial markers).

40,128

Periventricular Heterotopia—A Disorder of Neuronal Migration Onset
Periventricular heterotopia are clusters of neurons and glial cells that form gray matter nod-
.. . . . 2 153 « . »
ules lining the ventricle (or sometimes found in the white matter). > These “heterotopic
nodules (i.e., cells found outside their appropriate sites in cortical gray matter) are frequently
associated with refractory epilepsy. Neurons in these nodules may make synaptic connections
among themselves, between heterotopic nodules, and between heterotopic nodules and adja-
cent cortex.”® In the human disorder, a fraction of postmitotic neurons appear incapable of
leaving the ventricular zone, and it is thought that these abnormal neurons give rise to the
periventricular heterotopia—i.e., the heterotopia are due to a primary defect in neuronal mi-
ion.”®’2 Th, ic basis for X-linked peri icul dular h ia has been id
gration. e genetic basis for X-linked periventricular nodular heterotopia has been iden-
tified as FLN1.%% The role of FLNI gene product—filamin1—in neuronal migration is medi-
ated through modulation of the actin cytoskeleton. However, filaminl also binds to other
proteins involved in neuronal migration (e.g., integrins, presenilin), so it is not clear which of
these protein interactions is disrupted in the periventricular nodular heterotopic dysplasia.”>
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Further, in a recent clinical study, periventricular heterotopia without FLNI mutations were
found in five human fetuses (gestational ages 21-34 weeks). Analysis of these brains showed
disruption and abnormal projection pattern of the radial glia.'® This observation suggests that
at least one other mechanism for the development of periventricular heterotopia is a disruptive
process that directly affects radial glia, resulting in a failure of cells to migrate from the ven-
tricular zone.'?’

Lissencephaly and Double Cortex—Disorders of Ongoing Processes of Neuronal
Migration

Neurological disorders caused by disturbances during ongoing neuronal migration typically
affect the neocortex severely, and are associated with mental retardation and epilepsy. Migra-
tion along the radial glia over long distances towards the cortical plate may be interrupted,
giving rise to dysplastic patterns such as the lissencephalies.72‘80 One of these disorders, Type-I
lissencephaly, is characterized by a smooth cortex (see above). In double cortex, there is a nor-
mal six-layered outer neocortex, and an additional collection of neurons located “halfway to
the cortex”, in the subcortical white matter. The development of the normal neocortical archi-
tecture and additional heterotopia in the white matter suggest that some neurons have a defect
in ongoing neuronal migration.'"”* Double cortex is often associated with Lennox-Gastaut
syndrome. '’

Mutations of at least two genes have been implicated in the pathogenesis of these neurologi-
cal disorders: LISI (or PAFAH1B1) and doublecortin (DCX). 09126 1 7S 1, an autosomal gene
with normally two inherited copies, is located on chromosome 17p13.3. Patients with chro-
mosome 17 lissencephaly have a mutation in one of those two copies. In patients carrying large
mutations (including deletions involving L/SI and the surrounding genes 14-33 epsilon and
MNT), there is lissencephaly and additional dysmorphic features, which together constitutes
the Miller-Dieker syndrome.*”? Mutations at the X-chromosome-linked lissencephaly locus
cause a phenotype nearly identical to LZ/S1 mutations in males, but affected females display
subcortical band heterotopia.®”**72118 Several putative functions of LISI and DCX genes have
been hypothesized; for example, the proteins encoded by the LIS and DCX genes are
microtubule-associated proteins®®’% !4 that are highly developmentally regulated, and thought
to be involved in regulation of the microtubule cytoskeleton. How mutations in these genes
affect neuronal migration remains to be determined (reviewed by refs. 72 and 146).

There are few animal models [e.g., a Lis] mutation mouse “knockout”,®° and a spontane-
ous “telencephalic internal structural heterotopia” (tish) mutation in rat>!], which resemble
some aspects of human neuronal migration disorders. The mouse LisI model displays a disor-
ganized cortex (e.g., poor layer specificity, with superficial neurons placed in deeper layers).!
In electrophysiological studies, hippocampal slices obtained from Lis/ mutant mice exhibit an
abnormally high sensitivity to high potassium levels.®! The tish rat reveals morphological char-
acteristics similar to those of humans with subcortical band heterotopia, although the genetic
basis of the rat abnormality is clearly different from the DCX mutation in humans. A striking
feature of this rat cortex is a layer of gray matter localized below the normal gray of frontal and
parietal cortex.”® This band of heterotopic neurons has connections with both the overlying
neocortex and with subcortical regions (e.g., thallalmus);145 some animals develop behavioral
and electrographic seizures.?

Other Lissencephalies (Lissencephaly with Cerebellar Hypoplasia, Cobblestone
Lissencephaly)—Disorders Affecting Completion of Neuronal Migration

Some disorders both in humans and in mice show abnormalities of the architecture of the
developing cerebral wall. These conditions reflect disruption of neuronal migration during its
later stages. For example:
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Lissencephaly with Cerebellar Hypoplasia— Which Involves Disturbed Penetration of
Migrating Neurons into the Preplate

Some patients with lissencephaly display severe cerebellar hypoplasia; however, cerebral gyri
and sulci are present, and most of the patients have acquired microcephaly and severe cognitive
developmental delay, frequent seizures, and no ability to sit or stand without support.”® The
morphological pattern in the neocortex of these patients appears similar to that seen in the
reeler mouse.?> As in the reeler mouse, migrating cortical neurons are unable to enter the
preplate,'”” resulting in an inverted cortical lamination. Recent observations in patients also
suggest an underlying defect similar to that seen in the reeler mouse;* in particular, a mutation
in the gene for reelin—the basis of the reeler mutation—has been identified in two families.®!

Cobblestone Lissencephaly (Type-II Lissencephaly)—Disturbed Signals to Stop Migration

In cobblestone lissencephaly, the neocortex lacks gyri and sulci, but its surface has a
“cobblestone-like” appearance due to a defect in the final step of neuronal migration. In this
disorder, migrating neurons fail to arrest at the normal “stopping point”, penetrating the pia
and forming nodular heterotopia in the overlying subarachnoidal tissue. The gene for the
Fukuyama muscular dystrophy associated with recessive Type-II lissencephaly has been identi-
fied (named fukutin), but its function is not yet clear. Preliminary evidence shows that the
protein is expressed in layer-I neurons of the developing neocortex, suggesting that it acts as a
stop-signal for migrating neurons.”*'¥’

Recently described gene mutations in animal models have revealed additional genes that
regulate crucial steps in corticogenesis. These genes, which encode cdk5 (cyclin-dependent
kinase 5)° and its regulator, p35,2% appear to disrupt migration. CZk5 and p35 mutations
produce phenotypes in mice with an inverted neocortex, similar (but not identical) to that seen
in the reeler mouse. In the c4#5 mutant, the subplate is in the middle of the cortical plzm:—:;68
early cortical-plate neurons can penetrate the subplate, but later cortical-plate neurons can-
not.”? In contrast, in the p35 mutant, the subplate is beneath the cortical plate;’* the underly-
ing defect appears to be an incompletion of migration (i.e., neurons cannot migrate through
the cortical plate). p35 mutants develop behavioral and electrographic seizures and display
abnormal neuronal features such as dispersion of hippocampal pyramidal neurons and dentate
granule cells, abnormal dendritic and axonal arbors, and mossy fiber sprouting (often associ-
ated with temporal lobe epilepsy).'®

Prenatal Brain Insults Induce Development of Cortical Dysplasia

Disorders of neuronal migration in the cerebral cortex in humans occur in the first half of
gestation. Beside genetic factors, early prenatal events may play crucial pathogenetic roles lead-
ing to cortical dysplasia.''® Earlier reports in the clinical literature support the etiologic role of
specific prenatal events in the genesis of different neuronal migration disorders [e.g., cytomega-
lovirus infection associated with polymicrogyria;'° vascular abnormalities or maternal respira-
tory or cardiac arrest associated with schizencephaly and/or polmicrogyria'®]. Other case re-
ports support the importance of environmental factors in the pathogenesis of neuronal migration
disorders.>"#¢1%0 In some of these cases, severe respiratory infection (and/or viral infection) of
the mothers was thought to cause fetal circulatory failure or hypoxia, leading to Type-I lissen-
cephaly. In a recent study, 63 patients with Type-I lissencephaly were analyzed; 40% with
nonchromosomal forms of lissencephaly were linked with environmental prenatal factors.’?
Palmini et al''* have identified several specific environmental factors associated with develop-
ment of neuronal migration disorders and epilepsy (e.g., maternal ingestion of medication,
uterine abnormalities, significant maternal trauma, and exposure to irradiation). Choi et al®!
described 2 cases of full-term newborn infants exposed to methylmercury in utero (at 6 to 20
weeks of gestation) following maternal ingestion, leading to numerous heterotopia in the white
matter of the cerebral and cerebellar cortices, and disorganized cortical lamination. The role of
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methylmercury as an etiologic factor for cortical dysplasia has been experimentally con-
firmed;®®!" rat fetuses transplacentally exposed to methylmercury at E13 developed leptom-
eningeal glioneuronal heterotopia similar to severe malformations in humans.

Hemorrhagic lesions during early fetal development play an important role in developing
cortical dysplasia. Blood vessels of the periventricular zone and the external glial limitans mem-
brane are particularly vulnerable to prenatal hypoxia, circulatory disturbances, and/or trauma;
damage to these vessels often causes focal hemorrhagic lesions.”® The time point and size of the
hemorrhagic lesion, the local disruption of the radial glia, and the degree of white matter
involved are crucial factors in pathogenesis of the neurological sequelae. In periventricular
hemorrhagic injury, the lesion disrupts migration above the lesion (resulting in cellular hetero-
topia—acquired heterotopia—at any level above the injured site), and will cause post-injury
reorganization of the still-differentiating gray matter (leading to acquired neocortical dyspla-
sia).”>%?

Recent neuropathological studies on human infants who survived a variety of perinatally
acquired encephalopathies (and later died of unrelated causes) have shown that there is direct
damage to the still developing neocortex, as well as indirect or postinjury impact on its subse-
quent structural and functional differentiation. The post-injury differentiation of the primarily
undamaged cortical region adjacent to the injured site has been shown to undergo progressive
alterations (e.g., neuronal, synaptic, glial), resulting in a variety of congenital and/or acquired
cortical dysplastic abnormalities.

What Makes a Dysplastic Brain (or Brain Region) Epileptic?

The question about the bases of epileptogenicity—posed within the above context of corti-
cal dysplasia—is really no different from the issue that has generated so much work in the
general epilepsy research field. What is it, indeed, that makes epilepsy? As has been argued for
many years, one can initially separate theoretical “causes” into two categories—one focusing
primarily on the abnormal properties of individual cells, and the other emphasizing the abnor-
mal connectivity of the cellular aggregate. Although many epilepsy researchers find this catego-
rization rather artificial (and perhaps not very useful), it may have a more obvious role in
helping us think about cortical dysplasia. In some forms of dysplasia, there are fairly obvious
abnormalities in the features of individual neurons (e.g., balloon cells) (Fig. 1); are these cells
responsible for seizure initiation and/or discharge maintenance? In other forms of dysplasia,
the individual cells appear relatively normal, but their organization and/or connectivity are
obviously pathologic (Fig. 2); is it this organizational feature of the dysplasia that supports the
epileptic state?

Abnormal Cells? (“The Epileptic Neuron”)

Processes that Give Rise to “Dysplastic” Brain Cells

Some (but not all) forms of cortical dysplasia present with abnormal cell types. How
are those cells generated? And what are their properties, especially with respect to electri-
cal activity?

One vulnerable step during brain development is cell proliferation. Cell division at the
proliferative ventricular zone is normally highly regulated, with some daughter cells leaving the
zone, and others reentering to make additional cells.** Interference with this process—be it
from external insult, or from “internal” abnormalities (e.g., absence of appropriate gene prod-
ucts)—can lead to the generation of too many or too few cells. The timing of such interference
will also have an impact on the nature of the developmental abnormality, since cells of different
cortical layers leave the proliferative zone to migrate through the cortical mantle at different
developmental stages. Even the location of such interference may have a specific impact; for
example, since inhibitory interneuron populations are formed in, and migrate from, the me-
dial ganglionic eminence®!"” (not the ventricular zone proliferative location of the primary
(excitatory) cell populations), they may be differentially affected by some insults. Such a
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Epileptogenic neurons

Precursor

astrocyte

Figure 1. Epileptogenic cells. In some forms of cortical dysplasia, the abnormal cortex is characterized by
dysmorphic cells that are poorly-specified (exhibit positive markers for both glia and neurons), and have
multiple nuclei and abnormal processes (e.g., the “balloon cells” of tuberous sclerosis and Taylor-type focal
cortical dysplasia). “Giant cells” are also a feature of these dysplastic lesions. The origin of such abnormal cells,
and their functional properties—i.e., their roles in generating seizure activity—remain to be elucidated.

location-specific disruption may contribute to the loss of interneurons seen in the irradiated rat
model of cortical dysplasia.'?*

It is important to note, however, that any inappropriate proliferative process that gives rise
to a cortical dysplastic pattern seems to be restricted to the developing brain; it is not—as in a
cancerous tumor—an ongoing process that gives rise to continuing cell generation in the ma-
ture brain.

Other features of proliferation may also determine cellular abnormalities. For example,
incomplete cell division may yield a multi-nucleated cell. Or the DNA duplication process
may be inappropriately regulated, yielding cells with multiple gene copies. The consequences
of such pathologies are unclear, but may be key to understanding the balloon cell/giant cell
cytopathologies.

Another key step in this developmental process is cell specification. Is a given cell destined
to become a neuron or a glial cell? That specification is provided, presumably, by the precursor
cell and by signals from the surrounding tissue. As indicated above, abnormalities in such
signaling, even for a brief developmental window, could result in cells that have been inappro-
priately and/or incompletely specified. Specification may also become disturbed if/when daughter
cells don’t divide completely—perhaps resulting in a cell that contains multiple specification
instructions.
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Epileptogenic circuits

9 epileptogenic
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Figure 2. Epileptogenic circuits. In some forms of cortical dysplasia, the primary defect involves loss of cells
and/or abnormal localization of poorly organized (but otherwise normal?) cell groups. As a result, abnormal
connectivity develops between the affected brain region and surrounding cortical (and/or subcortical) brain
regions. In these brains, it is not always clear where seizure activity is triggered (or generated) with respect
to the dysplastic lesion.

Finally, where do these cells go? The migratory patterns of newly-born cells is determined
by a complex set of signals, and interference with any of these signals may result in incomplete
migration (premature stop signals), aberrant (heterotopic/ectopic) localization, or generation
of superfluous structures in inappropriate locations (e.g., periventricular heterotopia). In such
cases, the migrating cells (and thus, the cells that make up the dysplasia) could be relatively
“normal,” even though their migratory instructions are aberrant.

Abnormal Features of Neurons in Dysplastic Brain

Abnormal Cell Size and Shape

While normal neurons appear to come in a wide range of shapes and sizes,
cytologically-abnormal cells in dysplastic brain fall significantly beyond the normal range. Per-
haps the most dramatic example is that of the “balloon cell,” characteristic of; e.g., the tubers of
tuberous sclerosis.”"1>> These cells are generally spherical, and may measure >100 um in
diameter; they have multiple processes radiating from the cell body—but the nature of these
processes (dendritic? axonal? neither?) remains unclear. Indeed, it is unclear whether to con-
sider these cells as neurons or 6glia, since balloon cells stain positively for markers for both (e.g.,
synaptophysin and GFADP).® Preliminary electrophysiological studies indicate that these cells
are capable of action potential generation,'? but there are no studies to indicate whether these
cells receive functional synaptic input or send electrical information to other cells. Another
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abnormal cell type—but one that seems to be more typically neuronal—is the “giant cell,”
often found together with balloon cells in some types of dysplasia (e.g., Taylor’s focal dyspla-
sia). The genetic characteristics and electrical properties of these unusually large cells remain to
be determined.

Disoriented/Displaced Neurons

As described above, a large number of dysplastic syndromes are associated with heterotopic
cells and/or cell clusters (e.g., periventricular heterotopia), and even with additional cortical
layers (e.g., subcortical band heterotopia). Individual neurons in such misplaced structures
often appear relatively normal; as a population, however, these cell groupings are typically
rather disorganized.®® In contrast, there are conditions in which individual cell structure is
clearly aberrant. An example of this latter pathology can be seen in the dispersed granule cells
of the p35 knockout mouse."®® The granule cells of these animals are not only misplaced, but
many show gross dendritic and axonal abnormalities, including inverted and/or disoriented
dendritic trees, basal dendrites, and recurrent axonal collaterals. Also sometimes noted in dys-
plastic tissue is an abnormality in numbers and/or localization of inhibitory synaptic termi-
nals'®” (as well as changes in the colocalized peptides that are often expressed in GABA cells'“%).

Cells with Aberrant/Missing Channels/Receptors

Analysis of gene expression and protein products in dysplastic neurons has already begun to
yield evidence of abnormalities (compared to cells from “normal” brain regions). Studies in-
clude immunocytochemical and in situ analyses, as well as single-cell PCR determinations of
gene expression. These investigations have shown, for example, that cells in dysplastic brain
regions express different patterns of mRNAs for AMPA, NMDA, and GABA, receptors”®—
and results from electrophysiological/functional studies reflect these receptor abnormalities.”*!%2
In dysplastic tissue, long-duration (NMDA-mediated) excitatory synaptic events may become
more prominent, up-regulation of AMPA receptor subunits may play a role in seizure spread,
and GABA-mediated inhibition is sometimes much reduced.*®””- Interpretation of these
observations is complicated somewhat by the fact that the patients (or animals) from whom
this material is obtained usually have had long histories of seizure activity—so that these changes
may be due, at least in part, to the seizures themselves. However, in one animal model of
dysplasia, evidence of potassium channel loss has been observed in dysplastic brain regions, at
both the functional/electrophysiological and mRNA levels.”! While these animals do not have
spontaneous seizures, they are significantly more seizure-prone than normal rats (i.e., with no
dysplastic abnormality).

Incomplete/Immature/Multiple Cell Type Specification

As suggested above, cells in focal cortical dysplasia and in tubers of tuberous sclerosis appear
abnormal at several levels. For example, balloon cells are often multi-nucleated, suggesting
abnormalities in cell division. This observation, in turn, suggests that these cells are polyploid,
and express multiple gene copies. How those abnormalities might be functionally translated
remains unclear. Problems associated with this proliferation stage of development also appear
to extend to cell type determination. Studies of dysplastic tissue have found abnormalities in
intracellular signaling elements (e.sg., Dvl-1, Notch-1, Wnt) that are known to play a signifi-
cant role in determining cell fate.*>® As noted above, some dysplastic cells stain for both glial
and neuronal markers;°® the neuronal markers tend to be characteristic of immature neu-
rons.??*2% The function of these cells, that are neither (or both) neuronal nor glial, remains a
mystery. That they are characteristic of focal dysplasia associated with seizure initiation, and of
epilepsies that are rather resistant to traditional pharmacological treatment, suggest that grossly
dysmorphic cells may play an important role in determining the epileptogenicity of these de-
velopmental disorders.
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Glial Abnormalities

Glia also must be affected by interference with cell proliferation, cell type determination,
and migration during brain development. Thus, it is no surprise that studies of glial function in
dysplastic brain have shown significant changes in glial voltage-gated ion channel expression,'®
as well as reductions in such key features as glutamate transporters.*! Other key features of glia
may also be abnormal in various dysplastic lesions, including: enhanced glial proliferation;
disruption of radial glia (thought to provide the scaffolding for neuronal migration);'*? and
disturbance of the glial-pial barrier.

Abnormal Circuits? (“The Epileptic Aggregate”)

Dysplastic Patterns Associated with Abnormal Circuits

All cortical dysplastic abnormalities are associated with some reorganization of cortical cir-
cuitry. Such reorganization may be a consequence of too many or too few cells, cells with
different structural properties (e.g., recurrent axon collaterals, disoriented dendrites), and/or
displaced cells that must establish novel contacts. Although it is certainly possible to imagine
epileptogenic processes that depend strictly on changes in cell properties (i.e., without altered
circuitry), that situation does not apply to the dysplasia condition—which is defined by struc-
tural alterations. The question, then, is not whether structural reorganization occurs, but rather
what aspects of the reorganization account for the epileptogenicity. Circuitry issues that have
been studied in other epileptic conditions provide some guidance in this consideration. We
have learned, for example, that the following types of changes can give rise to epileptogenicity:
loss of inhibitory synaptic input to excitatory (principal) neurons; loss of excitatory input to
inhibitory neurons (disinhibition); enhancement of recurrent excitatory collateral connectiv-
ity; sprouting of excitatory (and inhibitory?) axon collaterals; changes in the relationships be-
tween glial and neurons; and changes in spatial relationship involving the extracellular envi-
ronment. How might these circuitry issues play out under dysplastic lesion conditions?

Cell Loss

As described above, a variety of dysplastic syndromes are defined by loss/thinning of spe-
cific cortical layers, the occurrence of micro-gyri, and the loss of specific cell types. With the
reduction of cell number, afferent axons face a significant problem in finding postsynaptic
targets. When they cannot find appropriate targets, they are likely to make aberrant synaptic
contacts. This situation has been investigated in, for example, the freeze focus microgyrus
model, which results in the loss of cells in cortical layers IV and V8384 Aq g consequence,
incoming (and local) axons make additional/abnormal synaptic contacts in the “normal” cor-
tex surrounding the microgyrus, which begins to initiate hyperexcitable electrical activity. The
fate of normal circuitry within the generally lissencephalic cortex has not yet been elucidated.
This type of brain must cope not only with absence of appropriate cortical targets for sub-cortical
afferents, but also a significant decrease of cortical efferents. The net functional effects appear
to be rather variable, and include seizure activity in a significant percentage of cases.

Additional/Misplaced Cells and/or Cell Regions

Pachygyria is a condition of multiple (often fused) cortical gyri. The thickness of the corti-
cal mantle is often increased in these brains, and the number of cells in cortex is significantly
higher than in normal cortex. These anatomical changes are presumably due to a defect in
proliferation, perhaps involving an inadequate “stop” signal so that neurogenesis continues
beyond a normal termination time. Just as lissencephaly results in a “dilemma” for cellular
connectivity, so in the pachygyria brain there is likely to be some confusion about how cells
should interact with which targets. The net functional result at this point seems unpredictable.

An even more complex pathology is seen with subcortical band heterotopia (“double cor-
tex”) syndrome, an X-linked lissencephaly which results in a relativelgz normal cortex, below
which (within the white matter) is a band of poorly organized neurons.®” The rat “tish” model**
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p35 knockout mouse Eker (TSC2 +/-) rat
mossy fiber sprouting dysmorphic cells

Figure 3. Circuitry and cellular abnormalities in models of dysplasia. A-C: Mossy fiber sprouting in dentate
gyrus of p35 knockout mouse. Deletion of the p35 gene gives rise to loss of normal cortical lamination and
to dispersed granule cells in the dentate gyrus. p35 knockout animals also show mossy fiber sprouting,
visualized with the Timm stain for heavy metals. A. Timm stain of normal dentate gyrus, showing mossy
fiber terminals confined to the dentate hilus (dark area); B. Mossy fiber sprouting (arrows—darkly-stained
processes reaching through the granule cell layer and into the inner molecular layer) in dorsal hippocampus
of p35knockout mouse; C. Mossy fiber sprouting in ventral hippocampus (p35 knockout), where exuberant
sprouting formsasupragranular layer of mossy fibers (arrows). Abbr.: IML—inner molecular layer; MML—
middle molecular layer; OML—outer molecular layer; GCL—granule cell layer; H—hilus. From Wenzel
and Schwartzkroin, unpublished. D-F: Giant cells in irradiated Eker rat cortex. Eker rat, a model of tuberous
sclerosis with a mutation in one allele of the 7SC2 gene, shows relatively normal cortical neuronal cell types.
However, when Eker rats are subjected to a “second hit"—a single dose of irradiation during P1-3—the
cortex shows dysmorphic “giant cells.” D. Low magnification NeuN-stained section through Eker rat cortex
(layers I-VI); E. Higher magnification of NeuN-positive neurons in cortex (boxed area in D), showing the
large, dysmorphic neurons more clearly; E Nissl-stained, high-magnification view of “giant cell” (arrow) in
Eker rat cortex. From Wenzel and Schwartzkroin, unpublished.

shows a similar sub-cortical band phenotype, which has been studied with respect to regional
connectivity and hyperexcitability. The “extra” band of neurons establishes connections with
subcortical structures (e.g., thalamus) and with the overlying cortex. Seizure activity in these
animals appears to be initiated within the overlying “normal” cortex.”> However, the aberrant
connectivity patterns within dysplastic gray matter—and its connectivity to “normal” cortex
(perhaps including positive feedback loops)—may provide a basis for this seizure susceptibility.

Other forms of heterotopia also appear to be the result of aberrant/failed migration of neu-
rons. Periventricular heterotopia, for example, involves a collection of disorganized but rela-
tively normal appearing neurons, arrested near their site of origin. In periventricular heteroto-
pia, connectivity of such cell collections remains unexplored. However, in the
methylazoxymethanol (MAM) animal model of heterotopia, the cells in the heterotopic cluster
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(often at the ventricular wall) appear to be of an origin consistent with a future neocortical
fate.” The cells in the heterotopia establish synaptic connectivity not only with neocortex but
also to the underlying hippocampus (and to other structures?), and thus serve as a possible
“disseminators” of electrical excitability—i.e., an aberrant nexus for the spread of seizure
activity.

Circuitry-Related Changes in Tissue Excitability

As is virtually always the case in talking about basic mechanisms of the epilepsies, discussion
always starts with an evaluation of the balance—the relative levels—of excitation vs. inhibi-
tion. Traditionally, the focus here has been on the relative strengths of excitatory and inhibitory
postsynaptic events. However, investigators have been able to assess a variety of related pro-
cesses (and structures) that may result in epileptogenicity. In dysplastic cortex, these observa-
tions include:

Changes in GABA and Glutamate Markers

Immunocytochemical and in situ hybridization studies have shown changes in the patterns
of receptor subunit composition, although these results are somewhat variable from study to
study. For example, in one immunocytochemical analysis, “dysmorphic” neurons showed in-
creased immunoreactivity for GluR1 and GluR2/3, prominent GABAARP immunoreactivity,
and varying NR2 immunoreactivity.®> Other immunocytochemical (ICC) studies have em-
phasized the increased NR1 and NR2(A&B) immunoreactivity.” Analysis of mRNA in
dysmorphic cells, in contrast, showed up-regulation of GluR4 and NR2B&C, but
down-regulation of NR2A and GABAARP1 sub-units; GABAyRa1&2, GABAsRB2, and GluR1
mRNAs were reduced in all cells of the dysplastic brain.?® Electrophysiological studies of dys-
plastic tissue have suggested alterations in the AMPA-mediated excitatory influences and in
GABA, receptor-mediated inhibition,”®'” and in NMDA (NR2B-mediated) excitation.*
Analyses of transmitter uptake mechanisms in dysmorphic brain cells have shown an increase
in neuronal glutamate transporter (EAAT3/EAACI),*! and a decrease in GABA transporter
(GAT1).'#

Modulation of Extracellular Environment

Even cursory analysis of a tissue section through dysplastic cortex reveals often dramatic
changes in the relationship between neurons and glia, in the patterns/separations of fiber bundles
and cell groups, as well as in the orientation of dendritic processes. These changes, in turn,
significantly alter the extracellular environment of neuronal populations. How such changes
may impact neuronal function remains an open question.

Sprouting and Aberrant Wiring

Sprouting—the development of abnormal connectivity due to the generation of new axon
collaterals—has been identified in a number of models of cortical dysplasia. This phenomenon
is most easily seen in the mossy fibers of the hippocampal dentate granule cells (e.g., in the p35
model),160 but also characterizes a number of systems in which “normal” axonal targets have
been removed. Both excitatory and inhibitory axons may sprout, so that the net effect of these
changes is not always obvious. However, the resulting abnormal synaptic arrangements provide
potential mechanisms for recurrent excitation and/or disinhibition, and thus for seizure initia-
tion. A different type of aberrant wiring pattern is seen in models of neuronal heterotopia (e.g.,
the MAM-exposed rat and the tish “double cortex” rat). Here, abnormal connections provide
additional pathways for spread of excitability from/to the abnormal cell structures,®® providing
additional avenues for synchronization and spread of seizure activities. These aberrant patterns
of connectivity (and perhaps the related changes in receptor/transporter molecules) may result
from “normal” brain mechanisms that are “attempting to compensate” for the dysplastic lesion.
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In all these conditions, it remains unclear whether the dysplastic structure is the origination of
seizure activity, serves as a low-threshold trigger zone, and/or simply facilitates spread.

Seizure Variability in Dysplastic Brain—What Makes a Given
Dysplastic Lesion Epileptogenic?

While it is possible to provide some experimentally-based suggestions with respect to the
question “What makes a dysplastic brain epileptic?”, there are really no data to guide a response
to the question “Why is there so much seizure variability across different forms of dysplasia,
and from case to case within a restricted category of dysplasia?” The comments below, there-
fore, are rather subjective proposals of which factors that might contribute to the epileptogenicity
arising from a given dysplastic lesion.

Given that there is so much variability from case to case, it seems unlikely that there is a
single factor that determines the epileptogenicity of a dysplastic lesion. Among the more salient
variables that could contribute to epileptogenicity are:

® Functionality of the lesion itself—i.e., to what degree does the combination of abnormal orga-
nization and abnormal cell types coalesce in a structure that is intrinsically hyperexcitable?

® Location and connectivity of the lesion—i.e., how does the dysplastic lesion interact with
the rest of the brain?

® Genetically determined predisposition of the “host” brain—i.e., what is the seizure-sensi-
tivity of the “background” on which the lesion is imposed?

® Developmental issues—i.e., when does the lesion develop and how does it interact with the
surrounding developing brain?

What Are the Qualitative and Quantitative Variables That Determine
the Epileptogenicity of the Dysplastic Lesion Itself?

Does Size of the Lesion Make a Difference?

Dysplastic lesions may be small/discrete, or comprise an entire hemisphere. In theory, even
if the lesion itself is not epileptogenic, a large size would give rise to many alterations involving
surrounding “normal” brain. Yet, it is not clear whether lesion size, per se, is related to net
epileptogenicity. In an analysis of the MAM rat model, there was only a very weak correlation
between extent of dysplasia and alterations in seizure threshold.”

How Is Epileptogenicity Related to Presence (or Absence) of Abnormal Cell Types?

There appear to be two fairly distinct “types” of dysplasia—those that involve only disorga-
nization of normal-appearing neurons, and those in which abnormal (“dysmorphic”) cells are
present. This distinction perhaps reflects the developmental timing of the dysplastic process.
Does presence and/or number of abnormal cell types determine epileptic propensity? Given
that cell-associated abnormalities in receptors/channels, etc. are most apparent in these
dysmorphic cells, multiplication of such cell types would, intuitively, lead to increased func-
tional abnormality. Whether such functional abnormality means epilepsy is unclear.

What Is the Nature of the Internal Connectivity Within the Aberrant Structure?

If dysplastic lesions are (or can be) the initiator zones for seizure genesis, then the properties
of cells intrinsic to the aberrant structure, and the patterns of connectivity within the structure,
must be critical to its epileptogenic nature. Enhanced inhibition among neurons within a dys-
plastic lesion would, for example, not provide obvious support for a “low-threshold” seizure
initiation zone. A high level of feedback excitation, however, would be an obvious means of
initiating hyperexcitable activities.
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What Is the Nature of the Connectivity Between Lesion and Surrounding
Tissue?

Where Relative to the Lesion Is the Seizure Initiation Zone?

Although the above discussion assumes the dysplastic lesion to be the seizure generation/
initiation zone, that may not always be the case. Current studies present rather different views
on that issue, and it may be that the site of seizure initiation varies with respect to the dysplastic
lesion (perhaps depending on the type of lesion and/or its location). Instructively, in tuberous
sclerosis, it appears that only some tubers are “active” (i.e, seizure generators)—although resec-
tion of active tubers may lead to “activation” of previously inactive tubers.”” Many of the hu-
man MRI/EEG coregistration studies are consistent with the view that seizure activity arises
from the dysplastic zone. However, many of the studies on animal models suggest that hyper-
excitability occurs primarily in the surrounding “normal” brain tissue (e.g., ref. 83). This latter
possibility makes intuitive sense if one considers the likelihood that the lesion area may be
significantly “deafferented” (and/or be primarily inhibitory), and that the surrounding tissue
experiences considerable reorganization (with increased afferent input) as a “response” to this
deafferentation. As indicated above, this reorganization may consist not only of gross anatomi-
cal features, but also changes in cell properties (different receptors, channels, transporters, etc.)
and/or changes in the number/position/nature of synaptic contacts.

What Brain Regions Are Most Likely to Support Lesion-Associated
Epileptogenicity?

Even in the normal brain, some regions are more likely to be the site of seizure initiation
than other regions (e.g., parieto-temporal vs. frontal). This propensity undoubtedly reflects the
nature of the region’s internal and external connectivity. How, then, does the presence of a
dysplastic lesion “interact” with the epileptic propensity of its host brain region? Do dysplasias
in temporal lobe more often give rise to seizures than similar lesions in frontal cortex? Also of
interest are the connectivity patterns between the lesion (and of the host cortex) and sub-cortical
structures. In nondysplastic brain, some seizure types (e.g., spike-and-wave associated with
absence) appear to depend strongly on cortical-subcortical interactions. Does that type of in-
teraction also influence the epileptogenicity of dysplastic lesions (e.g., ref. 87)?

Is There a Genetic Predisposition? What Is the Role of a 2" Hir?

Does Background Seizure Predisposition Influence the Epileptogenicity
of a Dysplastic Lesion?

Current data suggest that even epileptogenic treatment and/or single gene mutations are
more or less likely to lead to a seizure phenotype, depending on the background strain of the
animal that carries the mutation.'® It seems likely that such genetically-based variability in
background predisposition must contribute strongly to dysplasia-associated seizure activity in
the human epileptic population. However, this possibility has not been systematically explored,
even within genetically-defined experimental animal models. Of particular interest is the pos-
sibility that some type of “two-hit mechanism”'®*—e.g., genetic predisposition and develop-
mental trauma—is much more likely to lead to dysplasia-associated epilepsy than a single
dysplasia-inducing factor.

Does the “Double Hit” Hypothesis Explain the Appearance of Abnormal
(Dysmorphic) Cell Types?

Only a couple of the current animal models of cortical dysplasia exhibit dysmorphic cell
pathological characteristics. And only a few of these models are spontaneously epileptic (most
exhibit reduced seizure thresholds). Imposing a second insult—e.g,., irradiation or toxin expo-
sure—on an already dysplastic tendency may give rise to aberrant cell types. Does such an
insult also alter epileptogenicity?
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When During Development Is the Lesion Generated?

How Does the Timing of Dysplasia Generation with Respect to the Maturational
Sequence of Brain Development Influence Epileptogenicity?

Clearly, the timing of expression of the dysplastic influence determines (at least in part) the
cell types, location, and regional preference of the lesion. For example, expression of a dysplas-
tic influence during cell proliferation may result in incomplete cell division and the appearance
of dysmorphic cells with multiple nuclei. In contrast, if the disruption occurs during cell mi-
gration, normal-appearing cells may end up in heterotopic positions. Developmental timing
determines not only the “type” of dysplasia, but also the location (and, probably, connectivity)
of the lesions. As discussed above, these factors are all likely to contribute to the epileptogenicity
of any given dysplastic pattern.

Does Aberrant (e.g., Postnatal) Neurogenesis (or Gliogenesis) Contribute to the
Dysplasia and to Its Epileptogenic Propensity?

Current studies have shown that neurogenesis continues in many parts of the brain, even
after the major periods of neuron (and glial) formation during early development. Can such
late-developing cells give rise to (or contribute to) dysplastic pa\ttems?113 If so, the nature of
these cell types, and their connectivity patterns, undoubtedly influence the excitability of the
dysplastic lesion, and the likelihood that such an aberrant structure would support epileptoge-
nic function.

The list of factors that potentially contribute to epileptogenicity is perhaps discouragingly
long and complex. The list, however, is “hypothetical.” It may be that we can identify one or
two factors that provide the predominant influence with respect to dysplastic epileptogenicity.
The question simply awaits careful and systematic study.

What Do Animal Models of Cortical Dysplasia Tell Us about Human
Epilepsies?

Investigators have turned to animal models of cortical dysplasia to answer questions that
cannot be addressed in human studies. It is clear that no one study or model will answer all
questions regarding cortical dysplasia and epilepsy. Each model, therefore, should be evaluated
based on the pathological process that it is attempting to mimic and the specific question that
it is trying to address. Comparisons of animal models to human disease can be made based on
similarities in histological features, common gene alterations, and abnormalities in common
stages of cortical development. Animal models can be classified as injury-based, spontaneous
mutations, and transgenics.

Injury-Based Models

In utero irradiation produces diffuse cortical dysplasia in rats. If pregnant females are ex-
posed to 200 c¢Gy of external irradiation on E16 or 17, the offspring show microcephaly, dif-
fuse cortical dysplasia, periventricular and subcortical heterotopia, hippocampal heterotopia,
and agenesis/hypoplasia of the corpus callosum.?”1% The dysplastic cortex is reduced in depth,
with loss of lamination and of spatial orientation of the cortical neurons (Fig. 4A). Sgpontane-
ous electrographic seizures have been detected during long-term EEG recordings,”! and in
vitro slices (through regions of dysplasia) show enhanced epile;)tiform bursting compared to
controls, in the presence of partial GABA, receptor blockade.' There is also a selective reduc-
tion in density of parvalbumin- and calbindin-immunoreactive neurons in dysplastic cortex.'??
Pyramidal cells in dysplastic cortex show reduced frequency of miniature IPSCs compared to
controls,'” but there is no difference in miniature EPSCs. These studies suggest that in utero
irradiation results in a selective impairment of inhibition in dysplastic cortex due, at least in
part, to a loss of (or failure to produce) cortical inhibitory neurons. Reduced inhibition could
enhance the epileptogenic potential of dysplastic cortex in this model.
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Lee et al., 1997

Figure 4. Rat models of dysplasia. A) In utero irradation in rat. In utero irradiation induces regions of
dysplasia in neocortex, hippocampus, and around the ventricles. 1. Nissl-stained section, showing hetero-
topic neurons in the hippocampus (white arrow) and the periventricular region (dark arrow). 2. Higher
magnification section through neocortex, illustrating the loss of normal lamination, including collections
of neurons that extend through layer I to the pial surface (arrows). From Roper, unpublished. B) Tish rat.
Coronal section through the brain of a tish rat (acetylcholinesterase (AChE) staining), showing the hetero-
topia (white arrow), alarge structure located within the subcortical white matter. The heterotopic cell region
resembles the “double cortex” of subcortical band heterotopia (but is due to a different gene abnormality
and a different aberrant developmental process). Reprinted from Lee et al, 1997, with permission of the
authors and publisher. Copyright 1997 by the Society for Neuroscience.

Methylazoxymethanol acetate (MAM) is a DNA methylating agent. When administered to
pregnant rats on E15, the offspring show microcephaly, cortical dysplasia, periventricular het-
erotopia, and hippocampal heterotopia.'*’” Although they do not have spontaneous seizures,
MAM-treated rats have an increased propensity for seizures in a number of seizure mod-
els.726:6566 Increased numbers of bursting neurons have been reported in the dysplastic cortex,
periventricular heterotopia, and hippocampal heterotopia.®!?® In hippocampal heterotopia,
Baraban and colleagues have found: increased epileptiform bursting in slices bathed in elevated
extracellular K*¢ loss of Kv4.2 (A-type) potassium channels in heterotopic neurons?' (Fig.
5A-C); and the ability of heterotopic cell regions to generate epileptiform bursting indepen-
dent of surrounding hippocampal cells.® Heterotopic neurons in the hippocampus share many
features with layer II/III neocortical neurons based on morphology, birthdating, and neuro-
chemical profiles.”® These cells also form an abnormal functional bridge between adjacent
hippocampal neurons and overlying neocortical neurons.**’

The perinatal freeze lesion model produces a focal area of cortical dysplasia that resembles
four-layered polymicrogyria. Application of a cold probe to the skull of a rat pup (PO or P1)
results in focal necrosis of layers IV and V; however, later-generated neurons are able to migrate
through this region to create the more superficial layers of the neocortex.’® The injury creates
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Figure 5. Cellular abnormalities in models of dysplasia. A-C: Methylazoxymethanol (MAM)-exposed rat
hippocampus. MAM-treated rats have heterotopic neurons in/near the hippocampus, which exhibit elec-
trophysiological properties different from their normotopic neighbors. A. Expression of mRNA for the
Kv4.2 potassium channel subunit in control hippocampus. B. Kv4.2 mRNA expression in MAM-exposed
rat. This subunit is absent from the heterotopic neurons (box) in CA1. C. Higher magnification of boxed
areain B. Abbr.: CAl and CA3 - hippocampal subfields; DG — dentate gyrus; st. 0-a—stratum oriens-alveus;
st. rad — stratum radiatum. Reprinted from Castro etal, 2001, with permission of the authors and publisher.
Copyright 2001 by the Society for Neuroscience. D-F: Interneurons in flathead rat. The flathead rat shows
aselective loss of inhibitory interneurons, and the surviving interneurons are grossly abnormal. Three types
of inhibitory interneurons were imaged with antibodies against calretinin (CR), parvalbumin (PARV), and
calbindin (CAL). In all three types, the somal size was significantly larger in flathead rats (fh/fh) compared
to wild-type (wt) rats. Reprinted from Sarkisian et al, 2001, with permission of the authors and publisher.
Copyright 2001 by Oxford University Press.

an infolding of the cortical surface that is called a microsulcus. Although the animals do not
appear to have spontaneous seizures, the cortex adjacent to the microsulcus, the paramicrogyral
zone (PMZ), is intrinsically hyperexcitable.®> One hypothesis to explain this hyperexcitability
points to redirection of thalamic and callosal afferents away from the microgyrus and into the
PMZ, resulting in an imbalance of excitatory/inhibitory connections.®¥ This hypothesis is sup-
ported by findings of enhanced excitatory drive onto inhibitory neurons in the PMZ,'*! an
increase in the relative preponderance of spontaneous EPSCs over IPSCs,** and alterations in
barrel receptor fields that suggest reorganization of thalamic afferents.®> Other studies in
freeze-lesioned rats have focused on alterations in post-synaptic receptors. DeFazio and Hablitz*®
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showed increased sensitivity to ifenprodil, a selective NR2B agonist, in PMZ pyramidal neu-
rons. This sensitivity is characteristic of immature cortical neurons, and therefore may repre-
sent preservation of an immature phenotype in dysplastic neurons in this model. DeFazio and
Hablitz” also showed that neurons of the PMZ are not sensitive to zolpidem, a selective ago-
nist of the type I benzodiazepine receptor—a feature also characteristic of an immature recep-
tor profile. Finally, Redecker et al'*® showed specific alterations in GABA receptor subunits
throughout the ipsilateral cortex and hippocampus (and even in homologous regions of the
contralateral hemisphere); these changes, at least in some cases, again suggested an immature
GABA receptor profile. These studies support the concept of cortical dysplasia as a state of
arrested development, and show that a focal perinatal injury can have widespread effects on
cortical development.

Spontaneous Mutants

The telencephalic internal structure heterotopia (tish) rat is a spontaneous mutant that is
characterized by a large mass of gray matter that runs deep to the frontoparietal cortex (Fig.
4B); the affected animals exhibit spontaneous seizures.”* Although this structural abnormality
resembles subcortical band heterotopia in humans, the two conditions are genetically distinct
(tish is an autosomal recessive trait, whereas subcortical band heterotopia is X-linked). During
cortical development, tish rats have one preplate but two proliferative zones and two cortical
plates. The cortical plate that develops within the preplate shows relatively normal lamination,
but the “cortex” that develops deep to the preplate shows absence of lamination.”® As with
irradiated and MAM-treated rats, heterotopic cells in tish rats retain the capacity to form
long-range reciprocal connections with cortical and subcortical targets.'*#> Although the
mechanisms of seizure generation in tish rat are not known, in vitro slice experiments have
suggested that seizure activity may actually start in the “normal” cortex and then be synapti-
cally transmitted to the heterotopic cortex.??

The flathead rat was discovered as a spontaneous mutant with microcephaly and spontane-
ous seizures.'>""1%2 It is now known to result from a mutation of the citron kinase (K) gene and,
as such, is the rat counterpart to the Citron K knockout mouse.’® Citron K is normally ex-
pressed in neuronal progenitor cells, and is involved in cytokinesis. Neuronal progenitors in
Citron K knockout mice become stuck at the G2-M transition; this defect results in an in-
creased number of tetraploid neurons, and appears to initiate apoptosis in a large number of
these cells.’®¥! Knockout animals show a preferential loss of late-generated neurons, so that
the cerebellum and dentate gyrus are most severely affected. In addition, progenitors of
GABAergic interneurons in the ganglionic eminence show dramatic increases in apoptosis,
resulting in a significant reduction in the density of cortical interneurons.'! Interestingly,
surviving interneurons have giant ?roportions (Fig. 5D-F) with somal areas averaging 400 um?
for parvalbumin-containing cells;'*! the flathead/Citron K knockout is among the few animal
models with quantitatively documented “giant” (i.e., “dysmorphic”) neurons.

Transgenic Animals

Lis] +/- mice show major abnormalities of cortical development and seizures that correlate
with the degree of loss of function of the gene.®® Structural changes include diffuse cortical
dysplasia and disorganization of the hippocampal cell layers. Birthdating studies in Lis1
transgenics have shown impairment of neuronal migration in the neocortex and the hippoc-
ampus.’*®! The Lis1 protein likely regulates neuronal migration through its interactions with
the microtubule system (for review, see ref. 59). Functional abnormalities in hippocampi from
LisI +/- mice include increased epileptiform bursting in the presence of elevated extracellular
K* and hyperexcitability of the Schaffer collateral-CA1 synapse.®!

35 /- mice have disruption of cortical lamination due to an inability of later-generated
neurons to bypass earlier-generated neurons in the cortical glate.92 These animals also show
hippocampal abnormalities, and have spontaneous seizures.'®® p35 is a neuron-specific activa-
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tor of cyclin-dependent kinase 5 (cdk5) that is expressed in migrating neurons but not neu-
ronal progenitors;'>* this p35/cdk5 complex is important in late neuronal migration and lami-
nation. Investigations of p35 knockouts have focused on the hippocampal dysplasia, which
include heterotopic pyramidal neurons in the strata oriens and radiacum in CA3, the forma-
tion of a second pyramidal cell layer in the stratum oriens in CAl, broadening of the dentate
granule cell layer (with dispersion of granule cells into the molecular layer and hilus, and sprouting
of mossy fibers into the inner molecular layer), and the development of abnormal dendritic
orientations and prominent basal dendrites (in some granule cells). Since many of these abnor-
mal features have been reported in human mesial temporal lobe epilepsy, it is tempting to
hypothesize that disorders of neuronal migration—such as found in the p35 knockout mouse—
provide an initial substrate for epileptogenesis in temporal lobe epilepsy. This hypothesis is
supported by the recent finding of decreased reelin mRNA expression in Cajal-Retzius cells
from hippocampi of patients with temporal lobe epilepsy and granule cell dispersion in the
dentate gyrus.

Comparison with Human Cortical Dysplasia

In spite of all that has been learned from animal models of cortical dysplasia, direct com-
parison with human syndromes remains tenuous. For example, there is currently no good
model of severe focal cortical dysplasia characterized by dysmorphic, giant neurons and bal-
loon cells. Given this limitation, it remains important to study dysplastic cells taken directly
from human tissue.

The inability to reproduce a human dysplastic disorder in a rat or mouse is perhaps not
surprising, given that many of these disorders are a function of a developmental defect — and
that rodent and human have significant differences (temporal and spatial) that determine the
patterns of developmental change. Further, if the epileptogenicity of dysplastic lesions is deter-
mined, at least in part, by genetically-dictated predisposing factors, the different genetic make-
ups (and gene expressions) of human vs. rodent neurons (and glia) will have important conse-
quences for dysplasia-based epileptogenicity. It is nonetheless worthwhile to take advantage of
specific aspects of animal model systems in order to gain a better understanding of the develop-
mental mechanisms that lead to dysplasia, and of the “causal” relationships between various
patterns of dysplasia and epileptogenicity.

Injury-based models may reflect human cortical dysplasia that result from in utero or peri-
natal injury. The perinatal freeze lesion model looks very similar to human four-layered
polymicrogyria. In addition to those characteristics described above, reactive astrocytes in the
microsulcus show reduced dye coupling and reduced inwardly-rectifying K* channels. This
type of change may represent another important mechanism of epileptogenesis in injury-based
developmental lesions.'® Irradiated rat and MAM-treated rat represent cortical injuries earlier
in development. The disorganized and heterotopic neurons that are seen in these models mimic
many of the dysplastic features that were described in children with “acquired” cortical dyspla-
sia.'’! The findings from the irradiated rat suggest that inhibitory interneurons may have an
increased susceptibility to some types of in utero injury—which would in turn have major
implications for epilepsy associated with injuries of this type.

The connection between LisI +/- mice and human lissencephaly is obvious, since the model
was based on the human gene defect. However, even here there are differences in dysplastic
phenotgge (and, presumably, epileptogenicity) based on the specific nature of the gene muta-
tion.?*%% The more severely affected mice resemble some aspects of human lissencephaly type
I, although the classic four-layered arrangement of the cortex has not been described in the
mouse. In this lissencephalic condition, it remains difficult to isolate the specific abnormalities
that result in epilepsy. Modulators of late neuronal migration such as reelin and p35 can pro-
duce cortical dysplasia if they are disrupted experimentally. Mutations in the RELN gene have
been implicated in the rare syndrome of human lissencephaly with cerebellar hypoplasia, but
mutations of p35 and the cizron K gene have yet to be implicated in human disease. It is
noteworthy, however, that these latter mouse models do exhibit spontaneous seizure activity.
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Concluding Comments

Our current sophisticated characterization of developmental/structural brain lesions—made
possible in large measure by increased sensitivity of our tools for detecting these abnormali-
ties—has led to an awareness of cortical dysplasia as a major structural “contributor” to many
epileptic syndromes. Working with human clinical material, investigators have generated a
detailed characterization of cortical dysplasias, along with an analysis of the genetic mutations
underlying many of these abnormalities. Our current challenge is to elucidate the epileptic—
and epileptogenic—processes associated with cortical dysplasias, so that we can develop more
effective therapies (including “prevention”) for these epileptic conditions. Toward that end,
development of animal models provides an important window for investigation. What consti-
tutes a “useful” model for studying these dysplastic syndromes? Different animal models pro-
vide rather different perspectives on the dysplasias seen in human epileptic patients. Some
models are based on known genetic abnormalities (e.g., lissencephaly or tuberous sclerosis).
Other models are designed in an effort to “reproduce” the structural abnormalities (e.g., het-
erotopia, double cortex) seen in human brain. And still other models emphasize the generation
of chronic, spontaneous seizures. Few rat or mouse systems meet all the phenotypic require-
ments of the “ideal” model. It is important to remain aware of the strengths—and limita-
tions—of each new model, as we work toward elucidating the causal connections between
cortical dysplasia and epilepsy.
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CHAPTER 13

Malformations of Cortical Development:
Molecular Pathogenesis and Experimental Strategies

Peter B. Crino

Abstract

alformations of cortical development (MCD) are developmental brain lesions char-
M acterized by abnormal formation of the cerebral cortex and a high clinical associa-

tion with epilepsy in infants, children, and adults. Despite multiple anti-epileptic
drugs (AEDs), treatment of epilepsy associated with MCD may require cortical resection per-
formed to remove the cytoarchitecturally abnormal region of cortex. Single genes responsible
for distinct MCD including lissencephaly, subcortical band heterotopia, and tuberous sclero-
sis, have been identified and permit important mechanistic insights into how gene mutations
result in abnormal cortical cytoarchitecture. The pathogenesis of MCD such as focal cortical
dysplasia, hemimegalencephaly, and polymicrogyria, remains unknown. A variety of new tech-
niques including cDNA array analysis now allow for analysis of gene expression within MCD.

Introduction

Malformations of cortical development (MCD) include a heterogeneous group of disorders
also referred to as cortical dysplasias or neuronal migration disorders. MCD are characterized
by disruption of the normal hexalaminar structure of the cerebral cortex (Fig. 1) and aberrant
individual cellular morphologies (for reviews, see refs. 2, 23, 27, 115). MCD can uniformly
affect broad regions of the cerebral cortex as in classical lissencepaly and hemimegalencephaly,
or may be restricted to focal areas such as tubers in the tuberous sclerosis complex (TSC) or
Taylor-type focal cortical dysplasia (FCD). In some of MCD, the normal six-layered organiza-
tion of the cerebral cortex is replaced by a more primitive 4-layered arrangement, as in lissen-
cephaly and polymicrogyria, whereas in FCD or tubers of TSC, there is a virtual loss of all
lamination. MCD may also exhibit large collections of heterotopic neurons, as in syndromes of
subcortical band heterotopia and periventricular nodular heterotopia. The morphology of in-
dividual neurons in many MCD subtypes is abnormal, suggesting a pervasive disruption of
many steps important in neuronal development. MCD have been previously categorized on
the basis of structural pathological features such as gyral patterning (agyria, pachygyria,
polymicrogyria) or extent of cortical involvement (diffuse or focal). The developmental patho-
genesis of many MCDs remains to be defined; however, recent advances in molecular biology
and positional cloning strategies have permitted the identification of gene mutations respon-
sible for select MCDs that have led to more precise molecular diagnostic classification of sev-
eral disorders. As a consequence of these findings and understanding the functions of mutated
genes in normal development, a recent scheme has been proposed that classifies MCD accord-
ing to distinct neurodevelopmental stages including proliferation, migration, cortical organiza-
tion, as well as disorders that have not yet been specified (Table 1).°
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Figure 1. Malformations of cortical development (MCD).

Important Clinical Issues in Patients with MCD

The single unifying feature of all MCD is a high clinical association with epilepsy.>'® Mal-
formations of cortical development are a recognized cause of often intractable epilepsy in in-
fants, especially infantile spasms (IS), children and even adults.* Studies from most major
pediatric epilepsy surgery centers report that MCD are the most common neuropathologic
abnormality encountered when cortical resection is performed to treat IS and related intrac-
table seizure disorders of infancy or childhood.****11%112 Eor example, it is estimated that
MCD may account for 20% of all epilepsies'"** and in select extensive MCD such as lissen-
cephaly, hemimegalencephaly, and TSC, seizures may occur in 70-90% of affected patients.
More anatomically restricted malformations such as focal heterotopia or focal dysplasias are
also associated with medically intractable seizures.'®® Estimates are that nearly 30% of cortical
specimens resected as treatment for neocortical epilepsy contain some type of MCD. In fact,
recent advances in neuroimaging have demonstrated that many cases of “cryptogenic” epilepsy
are actually associated with small regions of cortex containing subtle cytoarchitectural abnor-
malities (microdysgenesis). Finally, a subgroup of adult patients with temporal lobe epilepsy
exhibit radiographic and histopathologic evidence of MCD either alone or in combination
with hippocampal sclerosis (“dual pathology” patients) suggesting that MCD is clinically rel-
evant in both pediatric and adult epilepsy patients.””

From a clinical perspective, virtually all seizure subtypes (e.g., generalized tonic-clonic, com-
plex partial, atonic, myoclonic, atypical absence seizures and infantile spasms) have been de-
scribed within the broad family of MCD. Anti-epileptic drug therapy in patents with MCD
often fails and surgical therapy provides the only hope for seizure remission.?>”®*® Unfortu-
nately, even with extensive attempts at localization of the seizure focus and skilled neurosurgi-
cal technique, seizure cure following surgical resection of focal CDs is successful in less than
50% of patients. Even worse, a subgroup of patients may not be surgical candidates at all.
Unfortunately, the mechanisms of seizure initiation and epileptogenesis is unknown in most
MCD and the existing animal models for many MCD do not fully recapitulate the human
condition. Thus, challenging issues are to explain the origin of the cytoarchitectural abnor-
malities in MCD and to understand how developmental malformations of the cerebral cortex
produce intractable epilepsy.

Developmental Contextual Background for MCD

Development of the human cerebral cortex is initiated at gestational week 7 and continues
through week 24 (for reviews, see refs. 51,79,96). The cortex is derived from progenitors that
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Table 1. Classification scheme for MCD (after Barkovich et al, 2001)°

1. Proliferative Disorders Il. Migration Disorders

Tuberous Sclerosis Complex Lissencephaly Type |
-Miller-Dieker

Focal Cortical Dysplasia -XLIS

Hemimegalencephaly Band Heterotopia

Microcephaly Nodular Heterotopia

DNET Cobblestone Lissencephaly

Type Il
Ganglioglioma -Walker-Warburg syndrome
Gangliocytoma -Muscle-eye-brain disease

-Fukuyama Muscular Dystrophy
lll. Organization Disorders
Polymicrogyria
Schizencephaly
Microdysgenesis

IV. Malformations, not otherwise classified
Mitochondrial
Peroxisomal

DNET = dysembryoplastic neuroectodermal tumor; XLIS = X-linked lissencephaly

reside in the embryonic ventricular zone (VZ) or from the ganglionic eminence (GE) in four
broad stages: 1) mitosis and proliferation of neural progenitor cells in the VZ and GE; 2)
commitment to a neural lineage and exiting mitotic phases of the cell cycle; 3) dynamic migra-
tion of postmitotic neurons out of the VZ and GE; and 4) the establishment of cortical lami-
nae. The process of cortical lamination involves radial migration of nascent neurons from the
VZ along radial glial fibers into the evolving cortical plate through an “inside-out gradient”.
Neurons destined to reside in deeper cortical laminae (e.g., layer V1), arrive first in the nascent
cortical plate, and subsequent waves of neurons destined for more superficial layers (e.g., V, IV,
I1I), must migrate through each preceding and established layer. A small proportion of cells
from the VZ migrate via nonradial pathways. In addition, cells move in a tangential pathway
from the GE into the cortical plate. As we study the pathogenesis of each MCD subtype, it is
important to place the putative molecular events responsible for the malformation into an
appropriate developmental context, since the genesis of each malformation is inexorably linked
to cortical developmental processes. The genes responsible for MCD have important functions
in one or more stages of normal cortical development. Thus, the histopathologic features of
each MCD render a fascinating view of the role that responsible gene plays in cortical develop-
ment by demonstrating the sequelae of loss of encoded protein function. In addition, the effect
of each gene mutation also highlights the developmental epoch in which that gene contributes
to corticogenesis; these critical time-points provide a framework to understand the interface
between gene mutations and abnormal neural development. For example, gene mutations that
alter mitosis will result in an effect confined to the proliferative stages of cortical development
but may have little effect on post-mitotic neurons. Similarly, a gene mutation that alters
cytoskeletal assembly during dynamic phases of neuronal migration will have distinct effects in
an actively migrating neuron versus a neuron that has already achieved its laminar destination.
In sum, a defined molecular event occurring within a specific developmental context results in
a characteristic malformation (for reviews, see refs. 23, 27).
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Table 2. Genetics of MCD syndromes

MCD Subtype Locus Gene

*Miller-Dieker Lissencephaly 17p13 LIS-1

eSubcortical Band Heterotopia Xq22 DCX

o XLIS Xq22 DCX

e Periventricular Heterotopia Xq28 FLN-1

e Tuberous Sclerosis Complex 16p13 tuberin
9934 hamartin

eFukuyama Muscular Dystrophy 9931 fukutin

*Muscle-eye-brain disease 1p32 POMGnT1

DCX, doublecortin; FLN-1, filamin-1;
POMGnT1, protein O-mannose beta-1,2-N-acetylglucosaminyltransferase
XLIS = X-linked lissencephaly

Molecular Neurobiology of MCD

Subtle developmental malformations may be observed in a variety of neurological and psy-
chiatric disorders without a definitive molecular correlate, such as dyslexia, autism, and schizo-
phrenia. Additionally, MCD may be observed in the setting of large chromosomal rearrange-
ments such as trisomy syndromes. The molecular pathogenesis of these MCD subtypes remains
to be defined. The greatest progress has come from analysis of human pedigrees with inherited
(autosomal and sex-linked) forms of MCD in which positional cloning strategies in have led to
the identification of at least 7 genes (Table 2) directly responsible for human MCD that are
associated with epilepsy. To better understand the function of the encoded gene products, the
role of these genes in normal development is being studied experimentally in transgenic or
knockout mouse strains. This chapter will focus on representative MCD from each category
(proliferation, migration, organization, and not yet specified) in an attempt to highlight how
the molecular pathogenesis of many MCD is becoming more clearly understood.

Disorders of Cellular Proliferation

The tuberous sclerosis complex is an autosomal dominant disorder characterized by cere-
bral cortical tubers that are highly associated with epilepsy. Tubers are the likely source of
seizure initiation in TSC patients’>® since resection of these lesions is often associated with
seizure control. Histologically, the normal hexalaminar structure of cortex is lost within a tuber
and neurons exhibiting aberrant somatodendritic morphologies and cytomegaly (dysplastic
neurons) are abundant within tubers. Giant cells are a unique cell type and a defining feature of
tubers.! 14 These bizarre cell types exhibit extreme cytomegaly, shortened processes of unknown
identity (axons versus dendrites), and often are bi- or multinucleate. Extensive astrocytosis is a
variable feature of tubers (for review, see ref. 26).

TSC results from mutations in one of two nonhomologous genes 7SCI'% and 7SC2.'%8
The 7TSCI gene encodes a protein, hamartin, and has virtually no homology to known verte-
brate genes. The 7SC2 gene encodes a 200kD protein, tuberin, that is structurally distinct
from hamartin. Both hamartin and tuberin mRNA and protein are widely expressed in normal
tissues including brain, liver, adrenal cortex, cardiac muscle, skin, and kidney.63 66,80 Tdentifica-
tion of an encoded coiled-coil domain in the carboxy region of hamartin'® raised the possibil-
ity of a functional protein-protein interaction with tuberin (and other proteins) that has re-
cently been demonstrated in Drosophila.”® Hamartin also interacts with the ezrin-radixin-moesin
(ERM) family of actin-binding proteins and may contribute to cell-cell interactions, cell adhe-
sion, and cell migration.”! Tuberin contains a hydrophobic N-terminal domain and a con-
served 163-amino-acid carboxy terminal region that exhibits sequence homology to the cata-
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lytic domain of a GTPase activating protein (GAP) for Rap1. As a member of the superfamily
of Ras-related proteins, Rap] likely functions in regulation of DNA synthesis and cell cycle
transition. Tuberin displays GAP activity for Rapl and colocalizes with Rap1 in the Golgi
apparatus in several cell lines.!"1"” The GAP activity of functional tuberin may modulate the
effects of Rapl on G- to S-phase transition during cell division. Mutations in 7SC2 might
result in constitutive activation of Rap1 leading to enhanced cell proliferation or incomplete
cellular differentiation. Recent studies in Drosophila suggest that hamartin and tuberin form a
functional heteromeric complex that is an important component of a pathway that modulates
insulin receptor or insulin-like growth factor mediated signaling.“”° This pathway functions
downstream of the cell signaling molecule Akt to regulate cell growth and potentially cell size.
Thus, loss of hamartin or tuberin function following 7SC! or 7SC2 mutations may result in
enhanced proliferation of neural and astrocytic precursor cells and increased cell size character-
istic of dysplastic neurons and giant cells commonly found in tubers of TSC. Of course, en-
hanced cell size may compromise neuronal migration and account for the loss of lamination
within tubers. Alternatively, loss of hamartin or tuberin function may independently compro-
mise neural migration via an interaction with ERM or actin binding proteins. Recently it has
been shown that hamartin and tuberin interact with the G2/M cyclin-dependent kinase CDK1
and its regulatory cyclins A and B."” Abnormalities of radial glial cells have also been impli-
cated in the pathogenesis of TSC.®”

An interesting issue in TSC is whether the cellular constituents of tubers collectively reflect
the cellular manifestations of TSC gene haploinsufficiency (heterozygosity) versus complete
loss of gene function in tubers (loss of heterozygosity). For example, all somatic cells in TSC
patients (including neurons), contain a single mutated copy of either TSC gene and are thus
haploinsufficient or heterozygous. With the interesting exception of tubers, it has been shown
that a “second hit” somatic mutation occurs in the second unaffected TSC allele (loss of het-
erozygosity) in a variety of TSC lesions resulting in loss of function of either hamartin or
tuberin. A “second-hit” mutation has not been conclusively identified in tubers and recent
studies suggest that haploinsufficiency effects alone may lead to tuber formation. Indeed, sev-
eral studies have demonstrated tuberin expression in tubers despite a known 7SC2 mutation
genotype.62 Alternatively, only a select population of cell types in tubers (e.g., giant cells) may
actually have sustained two mutational hits and thus these cells represent the effects of loss of
function in maturing developing neurons. This important concept implies that only a select
population of cell types in tubers (e.g., giant cells) may actually have sustained two mutational
hits and reflect loss of gene function during brain development. Other adjacent cell types in
tubers may be mere innocent (and haploinsufficient) bystanders whose migration into cortex
has been interrupted.

Focal cortical dysplasias (FCD) are identified frequently in resected surgical specimens from
patients with neocortical epilepsy.'* The precise developmental epoch in which FCD are gen-
erated is unknown (they are classified as disorders of proliferation) and there is little data on
whether FCD reflects an abnormality in cell proliferation, migration or laminar destination. !>
The search for candidate genes responsible for FCD is an area of intense research. There are
two competing hypotheses regarding the formation of FCD. The first states these lesions result
from an abnormality affecting a single neural precursor cell which in turn undergoes successive
rounds of division to yield a clonal progeny that comprise the cellular constituents of the FCD.
This scenario might develop if a somatic mutation were to occur in a single progenitor cell.
One intriguing possibility is that a mutation in one of the known MCD genes occurs as a
somatic event in a neural precursor, that then gives rise to a clonal population of neurons
within the FCD. The alternative hypothesis is that an external event affects the development of
multiple precursor cells that yield multiple nonclonal cell types as progeny. Histologically,
multiple cell types are present within FCD, including neurons with dysmorphic features (dys-
plastic neurons), neurons within the subcortical white matter (heterotopic neurons), and neu-
rons with excessively large cell bodies (neuronal cytomegaly). Thus, a pivotal question is whether
these cell types all reflect a central pathogenetic process affecting their laminar distribution and
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morphology or there is a select cell type that is actually the “dysplastic” cell type. Indeed, we are
not sure whether cortical dysplasia reflects a regional or cellular abnormality or in fact, if FCD
reflects an abnormality in radial glial cells. These considerations are relevant since the precise
phenotype of cells within FCD has not been clearly defined. While FCDs rarely, if ever, have a
familial inheritance pattern, the histologic features of FCD suggest a consistent or uniform
etiology.®>?> Tt has been speculated that FCD results from early somatic mutations in one of
the known MCD genes, or in a yet to be defined, or even novel gene. Alternatively, some
suggest that FCD is a late-occurring event, possibly even a postnatal event (see ref. 74) result-
ing from external injury such as trauma or hypoxia-ischemia. An interesting recent study dem-
onstrates discordant incidence of select FCD in monozygotic twins, suggesting that these le-
sions result from acquired factors, such as prenatal insults or postfertilization genetic
abnormalities.'® Furthermore, it is not clear at what point in cortical development FCD occurs.

An interesting feature of many dysplastic, heterotopic, and “balloon” or enlarged neurons is
the expression of a variety of cytoskeletal genes and proteins, many of which are expressed
under normal circumstances only in neural precursor cells. These proteins are normally ex-
pressed on a regulated developmental schedule during corticogenesis and are necessary for
appropriate neuronal differentiation, migration, and process outgrowth. For example, expres-
sion of select intermediate filament (IF) proteins such as nestin, o-internexin, and vimentin,
proteins typically found in immature neurons, has been reported in subpopulations of dysplas-
tic and heterotopic neurons within FCD.?>'** However, dysplastic neurons contain abnormal
accumulations of highly- and nonphosphorylated neurofilament (NF) protein isoforms which
are normally expressed in more differentiated neurons.>* Thus, detection of select IFs in FCD
that are normally expressed at either early or late stages of cortical development may yield clues
to the maturational phenotype of dysplastic neurons and supports the hypothesis that these
cells may retain components of an immature developmental phenotype.

Hemimegalencephaly (HMEG) is characterized by massive enlargement of one cerebral
hemisphere with abnormal genesis of both cortical and subcortical structures. The opposite
hemisphere may be histologically normal but subtle malformations or even focal dysplasias
have been reported radiographically or in rare autopsy specimens. The cortex shows a complete
loss of laminar organization and the presence of dysplastic, heterotopic, and large “balloon”
neurons. The cellular phenotype of these cells has not been defined although these cells express
many distinct intermediate filament proteins.?**>¢! Rarely, HMEG may be associated with
TSC as well as other syndromes including Proteus, Cowden, and linear sebaceous nevus syn-
dromes. Early studies suggested that HMEG was a proliferative disorder and that DNA poly-
ploidy could be demonstrated. However, more recent studies have not supported this hypoth-
esis and the mechanism of the malformation remains to be defined. The most curious aspect of
HMEG is the clear asymmetry of the malformation which suggests a very early and pervasive
abnormality in cortical development.

Disorders of Neuronal Migration

Lissencephaly is a severe developmental brain malformation characterized by loss of the
normal gyral patterns in the cerebral hemispheres, marked disorganization of the cerebral cor-
tical cytoarchitecture, and a high association with profound neurologic deficits and epilepsy.
The lissencephalies comprise a group of disorders sharing similar pathologic features that result
from mutations in distinct genes. Recent evidence has shown that the identified genes in each
syndrome play important roles in normal neural migration and thus, these MCD result from
defects in neural migration. There are two pathological subtypes of lissencephaly, Type I (clas-
sical) and type II (cobblestone). In type I lissencephaly, the cortex is thickened and without
gyti. The normal hexalaminar structure is reduced to a 4-layered pattern including a marginal,
superficial cellular, sparsely cellular, and deep cellular laminae. Cells in the deeper layers are
dysmorphic and exhibit features of pyramidal, fusiform, or rounded neurons without clear
radial orientation. One of the first MCD genes discovered was LIS-1 on chromosome 17p13.3
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in patients with the autosomal recessive Miller-Dicker lissencephaly syndrome.”® This syn-
drome is an autosomal disorder characterized by classical lissencephaly, profound mental retar-
dation, epilepsy, and craniofacial dysmorphism. Hemizygous deletions within the L/S-1 gene
are associated with Miller-Dieker lissencephaly in over 90% of patients. The encoded LIS-1
protein is the §§ subunit of platelet activating factor acetylhydrolase (PAFAH1p). Platelet acti-
vating factor (PAF) is a potent phospholipid messenger molecule whose intra- and extracellular
levels are controlled by PAFAH, which functions as a degradative enzyme for PAF. LIS-1 isa f§
subunit component of a trimeric al/al/f complex. PAFAH1f contains 7 repetitive stereo-
typed tryptophan and aspartate repeats (WD40 repeats) that likely function in protein-protein
interactions. Stimulation of the PAF receptor disrupts neuronal migration in vitro® and muta-
tions in the LIS-1 gene may lead to defective nucleokinesis (movement of the neuronal nucleus
during dynamic phases of neural migration). LIS-1 is expressed in Cajal-Retzius cells, the ven-
tricular neuroepithelium, a subset of thalamic neurons, and in the subplate in fetal brain speci-
mens.”>”” The LIS1 protein interacts with microtubules'®' and may function in destabiliza-
tion of these cytoskeletal elements during nuclear migration (for review, see ref. 39). A fungal
homolog of LIS-1, NudF, has been identified in Aspergillus nidulans and interacts with a down-
stream protein NUDE.>® These proteins interact with cytoplasmic dynein/dynactin subunits
and may contribute to nuclear transport. Two LIS-interacting proteins, Nudel and a mamma-
lian homolog NudE, identified by a yeast two-hybrid screen, are components of the dynein
motor complex and microtubule-organizing centers®” that are critical for neuronal migration.
In addition, LIS-1-dynein interactions may also regulate cell division. In mutant LIS-7 mouse
strains, there is a range of disorganization of cortical cytoarchitecture including abnormal hip-
pocampal and cortical lamination®® and electrophysiologic studies have demonstrated hyper-
excitability in this tissue.*?

X-linked lissencephaly (XLIS) is a classical lissencephaly although a few abnormally large
gyri (pachygyri) may be noted. While the neuropathologic features of XLIS are virtually indis-
tinguishable from Miller-Dieker lissencephaly and mental retardation and epilepsy are invari-
ably present in affected patients, there are no associated craniofacial abnormalities in XLIS.
Mutations in the doublecortin gene (DCX) on chromosome Xq22 in hemizygous males results
in lissencephaly®®3 whereas DCX gene mutations in females result in the subcortical band
heterotopia syndrome (see below). The mutational spectrum includes deletion, nonsense, mis-
sense, and splice donor site mutations,”” many of which are clustered in two regions of the
open reading frame.*’ The 40kDa DCX protein is normally expressed in post-mitotic neurons
during the limited time window surrounding neuronal migration (human gestational weeks
12-20; ref. 94) and thus mutational effects will be exerted only during this dynamic phase of
cortical development.’® A small proportion of mature neurons also express DCX.34 DCX is a
microtubule-associated protein that specifically interacts with, stabilizes, and stimulates tubu-
lin polymerization via a binding domain (“beta-grasp” superfold motif) that has been shown to
be disrupted in patients with DCX mutations.'”” DCX coprecipitates with LIS-1 protein'®
suggesting that these two molecules may reflect a pivotal common pathway in assembly of the
neuronal cytoskeleton during dynamic phases of neuronal migration.® A recent study has also
shown that DCX interacts directly with the AP-1 and AP-2 adaptor complexes involved in
clathrin-dependent protein sorting and potentially vesicular trafficking.*> Thus, in addition to
effects on neural migration, mutations in DCX might compromise movement of select pro-
teins or vesicle-bound molecules such as neurotransmitters that may enhance excitability and
foster seizures (see below). A related molecule, Doublecortin-like kinase (DCLK), shares se-
quence similarity to DCX in its N-terminal region and is also colocalized with microtubules.'*
DCLK is also a substrate for the cysteine protease calpain.'®> DCX contains a consensus sub-
strate site for c-Abl, a nonreceptor tyrosine kinase that also modulates cytoskeletal assembly.*®
The association with c-Abl may provide an important mechanistic link to specific cell path-
ways since a mutation in the mouse disabled] gene, a c-Abl binding protein, also results in
abnormal neuronal migration.
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Although LIS-1 and doublecortin mutations account for the majority of classical lissenceph-
aly syndromes, other lissencephalies exist that do not result from mutations at either of these
loci. A recent study reported two consanguineous pedigrees in which an autosomal recessive
lissencephaly syndrome associated with cerebellar hypoplasia was mapped to chromosome 7q22
by linkage analysis.” The i investigators postulated that the mutational locus for this syndrome
would be at or near 7q22 since this chromosomal region contains the reelin (RELN) gene and
mutations in this gene in mice result in neocortical mlgratlon abnormalities and cerebellar
hypoplasia, similar to those seen in the patient cohort.?® Reelin is a secreted protein that modu-
lates neuronal migration by binding to several cell-surface molecules including the very low
density lipoprotein receptor, the apoprotein E receptor 2, 031 integrin, and protocadherins.
RELN is encoded by 65 exons and spans more than 400 kilobase pairs of genomic DNA. A
precise 85 base pair deletion corresponding to exon 36 was identified in one pedigree that
resulted in abnormal splicing of exon 35 to exon 37. In the second pedigree, a second distinct
mutation was identified in which 148 base pairs corresponding to exon 42 were deleted. Both
mutations produced a translational frameshift followed by a premature termination codon and
resembled naturally occurring mouse reelin alleles. Western blot analysis of serum from af-
fected patients demonstrated reduced or absent reelin protein expression. Thus, other lissen-
cephaly candidate genes may exist.

Periventricular nodular heterotopia (PH) and subcortical band heterotopia (SBH) are
X-linked disorders characterized by differential phenotypes in males and females (for review,
see ref. 72). Nodules of abnormal neurons and astrocytes separated by layers of myehnated
fibers are identified along the lateral ventricles beneath the cortex in female PH patients.”"!
PH in females results from mutations in the filaminl (FLNI) gene, which is located on chro-
mosome Xq28. Hemizygous males die in utero although rare male cases occur (see below).
The encoded protein filamin1 is an actin-cross-linking phosphoprotein that modulates actin
reorganization necessary for cellular locomotion. In Drosophila, filamin is required for ring
canal assembly and actin organization during oogenesis.”> The precise mechanisms by which
loss of filamin1 function in PH leads to nodular accumulations of neurons remain to be fully
defined. A likely scenario is that neurons within the nodules are unable to migrate successfully
out of the embryonic ventricular zone as a consequence of actin cytoskeletal dysfunction and
remain trapped within the nodules. While DCX gene mutations in males cause lissencephaly,
DCX gene mutations in females are associated with the SBH (“double cortex”) syndrome in
which there is a bilaterally symmetric band of cortical neurons extending through the underly-
ing white matter of the centrum semiovale (see ref. 5). The subcortical bands contain hetero-
topic neurons which are of small pyramidal shape without clear radial orientation. Neurons
may be arrayed into clusters, sheets, or wide bands. Interestingly, however, the overlying cortex
exhibits normal cytoarchitecture. The SBH is separated from the overlying cortex and underly-
ing ventricles by normal white matter. A recent study has suggested that PH may result from
radial glial fiber disruption.'®

The sexual dimorphism of the PH and SBH/XLIS syndromes likely reflects differential
expression of the mutant or normal (FLN1) or DCX gene alleles within select populations of
neurons during brain development. Females with PH or SBH carry one normal and one mu-
tant allele for either the filamin 1 or DCX genes. As a consequence of X-chromosome inactiva-
tion (Lyonization), one of these alleles is no longer used for gene transcription. It has been
speculated that neuronal migration will be compromised in neurons in which the normal allele
is inactivated and the mutant gene is expressed. Neurons expressing the mutant allele will
become the cellular constituents of either the nodules in PH or the band heterotopia in SBH.
In contrast, those cells that inactivate the mutant allele and express the normal allele will mi-
grate to the appropriate destination and come to comprise the overlying “normal” cortex. In
males, only a single X-chromosome is present and thus if the mutant gene is inherited the effect
is either lissencephaly (XLIS) or a lethal state in PH. Sporadic male cases of PH have been
reported that result from truncating mutations in FLN1.'%*
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The Fukuyama muscular dystrophy syndrome (FCMD) and muscle-eye-brain disease (MEB)
are rare, autosomal recessive disorders (see refs. 21,22) that exhibit “cobblestone” (Type II)
lissencephaly in which there is a complete loss of regional and laminar organization that is
distinct from classical (type I) lissencephalies such as the Miller-Dieker syndrome. FCMD is
seen primarily in Japan and is associated with a debilitating muscular dystrophy as well as
seizures. The FCMD gene encodes the protein fukutin, which maps to chromosome 9931’
and may function as a secreted protein. MEB is associated with retinal dysplasia, congenital
myopathy, and lissencephaly. The MEB gene, POMGnT1,'*? which encodes an
acetylglucosaminyltransferase (POMGNTY1) that participates in O-mannosyl glycan synthesis,
is located on chromosome 1p32-34.%!

Disorders of Cortical Organization

Polymicrogyria (PMG) and schizencephaly (SCHZ) are fascinating disorders that remain
poorly understood. Both malformations have a high association with epilepsy. In PMG, the
cortex exhibits multiple small microgyri which reveal a four-layered lamination pattern. It is
not clear that PMG is a malformation of development per se and may instead reflect a destruc-
tive process occurring during later stages of corticogenesis. PMG has been reported in associ-
ated with a variety of neurological syndromes but a specific molecular mechanism has not been
identified. Recent studies have identified both X-linked and autosomal forms of PMG® sug-
gesting that some PMG subtypes are in fact inherited.

Schizencephaly is a rare MCD characterized by a full-thickness cleft within the cerebral
hemispheres. The cleft may be unilateral or bilateral and the missing portions of the cerebral
hemispheres may be replaced by cerebrospinal fluid. The walls of the clefts are lined by dysplas-
tic cortex. The clefts can be small or quite large. Radiographically, SCHZ is characterized as
either open- or closed-lip although as of yet these distinctions have no clear molecular corre-
late. While a proportion of SCHZ may be a result of intrauterine hypoxic-ischemic injury
there has been evidence that mutations in the homeobox gene Emx2 may be associated with
some forms of SCHZ."?

Epileptogenesis and MCD: How Does Cortical Maldevelopment
Lead to Epilepsy?

A pivotal question directly relevant to both clinical and laboratory investigations of MCD is
why cortical malformations are so highly associated with epilepsy. An overriding hypothesis
that has been supported by clinical studies is that in patients with focal types of dysplasias, the
seizures emanate from the malformation rather than surrounding cortex. For example, in Tay-
lor-type FCD, tubers, and polymicrogyria, intracranial grid recordings have clearly demon-
strated that the ictal onset zone is within the malformation.*®?® An important recent study
using human depth electrode recording showed that seizures in patients with PH may emanate
directly from the heterotopia® but these individuals may have multifocal epileptiform abnor-
malities. Interestingly, in a rat model for SBH, seizures were shown to emanate from the over-
lying cortex'® and not the heterotopia, although this finding has not been confirmed in hu-
mans. Surgical resection in SBH patients does not seem to be as effective as more focal resections
in other MCD.”

Several theories have been proposed based on studies in human MCD and in animal mod-
els of MCD that include altered synaptic connectivity, aberrant expression of molecules that
mediate synaptic transmission, and an imbalance between excitatory and inhibitory impulses
associated with the dysplasia. Solid evidence has been provided in favor of each of these hy-
potheses and it is likely that, broadly speaking, epilepsy in MCD reflects contributions from
multiple contigent and convolved factors. However, it is unclear at this time whether the mecha-
nisms of epileptogenesis in MCD will be similar or distinct across multiple MCD subtypes. In
other words, epilepsy in MCD may be more akin to a final common electrophysiologic or
clinical pathway for a variety of malformations. There may be important differences in
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epileptogenesis between individual MCD syndromes. As a corollary to this question, within
each MCD why are their distinct seizure phenotypes? For example, how can we mechanisti-
cally explain or investigate the occurrence of infantile spasms and complex partial epilepsy in
tuberous sclerosis or in two distinct MCD subtypes such as tuberous sclerosis and lissenceph-
aly? Implicit in this question is whether clinical epilepsy syndromes or semiologic subtypes are
specific for each MCD subtype or whether they reflect maturational contextual differences in
cortical development. This point is critical since the clear failures in antiepileptic drug treat-
ment for many patients with MCD may imply an essential flaw in drug utility as a direct
consequence of the pathoanatomic differences among these different brain lesions. Indeed, an
inherent question in this idea is whether future anti-epileptic drug design may be predicated on
individual cellular and molecular differences in epileptogenesis among different MCD sub-
types. A final point is that it is often a tacit assumption that aberrant cortical cytoarchitecture
alone is responsible for seizures in MCD. This is an especially important consideration since
MCD have been well-documented in patients with no history of epilepsy. Certainly, disorga-
nized synaptic connectivity within MCD and between MCD and the surrounding cortex may
enhance the likelihood of recurrent and propagated synchronous, paroxysmal discharges. How-
ever, an alternative hypothesis is that some of the genes responsible for individual MCD may in
fact also serve as epilepsy susceptibility loci that confer hyperexcitability to neurons regardless
of their laminar positioning.

The mechanisms of epileptogenesis in MCD have been investigated in human tissue and
animal models of MCD. Data addressing the physiological properties of neurons with MCD
remain sparse largely as a consequence of technical limitations of studying resected tissue in
vitro, including limited viability of the tissue slice, the paucity of connections between the slice
and surrounding cortex, and lack of true control tissue. Surprisingly little is known about
mechanisms controlling excitatory and inhibitory tone in several important MCD syndromes
including lissencephaly, band heterotopia, and nodular heterotopia. However, one MCD sub-
type that has been studied using cellular, electrophysiologic and recently, molecular strategies,
is Taylor-type FCD since this MCD subtype is frequently identified in neocortical epilepsy
surgical specimens as well as in temporal lobe resections. The cellular constituents of FCD may
include a variable population of dysplastic neurons, heterotopic neurons, and large “balloon”
neurons intermingled with neuronal subtypes of indeterminate laminar destiny. It is important
to remember that it has yet to be defined whether all neurons within foci of FCD are in fact
abnormal or within an incorrect laminar position, and thus how we view the physiologic re-
sponses of these cells may depend on how we weight the contributions of each cell type. One
hypothesis that has received experimental support is that there is decreased inhibitory and
enhanced excitatory tone in FCD.>!'% The few studies that have addressed this hypothesis
directly with field potential and intracellular recording within human FCD specimens have
shown that dysplastic cortex is hyperexcitable’>”® and that a subset of dysplastic neurons gen-
erate repetitive ictal discharges in response to the K* channel blocker 4AP that can be blocked
by NMDA receptor antagonists.” These electrophysiological responses may result from several
possible causes. First, several reports have demonstrated a reduction in the number of
parvalbumin, somatostatin, and GAD65 immunolabeled inhibitory interneurons in
FCD. 40103104 Ty cortical tubers, there are few GABAergic neurons identified by GAD65
immunolabeling and the expression of the vesicular GABA transporter (VGAT) mRNA, a
marker for GABAergic neurons, is also reduced.''® Interestingly, using proton magnetic reso-
nance spectroscopy to assay tuber samples, an increase in GABA was defined! suggesting a
possible compensatory response. Neurons within nodular subcortical heterotopias are largely
calbindin-immunoreactive, suggesting a GABAergic phenotype that has failed to migrate into
cortex.” Taken together, these studies suggest that there is a paucity of GABAergic interneu-
rons in MCD that represents reduction in the genesis of GABAergic cells, a selective failure of
GABAergic cell migration from the median eminence during development, or enhanced death
of GABAergic neurons. A second contributory factor to hyperexcitability in MCD is a selective
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reduction in GABA, receptor subunits in FCD which argues that the synaptic machinery to
modulate neural inhibition within FCD may be diminished. Reduced expression of GABA,
al, a2, B1, and B2 receptor subunit mRNAs is observed in human FCD* and GABAergic
terminals identified in close proximity to balloon neurons in FCD do not appear to make
functional synapses.”” The reduction in GABAergic neurons and loss of GABAergic receptor
subunits would alter critical inhibitory synaptic control and render neurons in FCD more
susceptible to sudden and prolonged excitability. A third factor related to hyperexcitability is
that recent reports have demonstrated the expression of several glutamate receptor subunits is
enhanced in FCD.24>12! For example, expression of the NR2B site has been shown to be
increased in FCD.2*8! This site has been shown to modulate sustained calcium-mediated de-
polarization and is an ideal candidate protein to account for recurrent hyperexcitability in
FCD. The expression of the NR2B site was correlated with more widespread epileptiform
abnormalities detected by surface grid electrodes.®> Increased NR2B mRNA and protein ex-
pression has been defined in tubers of the tuberous sclerosis complex by cDNA array and
receptor ligand pharmacology.'!® Increased expression of several other glutamate receptor sub-
units including GluR1 and GluR2 have been defined in FCD.?*® Diminished coupling of
NRI1 with calmodulin has been reported in 3 FCD specimens, an interaction that is essential
for inactivation of the NR1 complex.®' Two recent studies suggest that the number of excita-
tory neurons, as evidenced by expression of the neuronal glutamate transporter EAAT3/EAACI,
is increased in tubers''® and in FCD?*%’ suggesting that regional hyperexcitability in select
MCD may result from enhanced numbers of excitatory neurons as well.

Corroborative studies in several animal models of MCD support the idea of an imbalance
between excitatory and inhibitory tone in MCD.® These models include the freeze-induced
microgyrus, methylazoxymethanol (MAM), in utero radiation, and several spontaneous and
engineered rodent strains such as the flathead, OTX-1, p35, tish, and NZB strains (see ref. 4).
The histologic features of these individual strains are quite distinct and only very few of them
e.g., the flathead strain, exhibit spontaneous seizures. Yet differential expression of select glutamate
and GABA receptor subunits have been demonstrated nonetheless. For example, in the freeze
microgyrus lesion model, selective upregulation of the NR2B site has been shown using patch
clamp recordings® and there is a reduction in parvalbumin-immunolabeled neurons within
the microgyrus.® Interestingly, in a mouse model of cortical dysplasia generated by in utero
irradiation, there is a reduction in the numbers of cortical parvalbumin- and calbindin-immu-
noreactive neurons.” In rats treated with methylazoxymethanol (MAM), altered expression of
GluR2, NR2A, and NR2B were reported within the heterotopic cell islands in the hippocam-
pus and neocortex.” In the mouse Lis1 mutant strain, hyperexcitability in the CA3 hippocam-
pal sector reflected the cytoarchitectural disruption observed, including displaced somatosta-
tin- and parvalbumin-immunoreactive neurons.? Disruption of ion channel function may
also contribute to epileptogenesis of MCD, although few data regarding expression of these
channels in human brain tissue are available. In the freeze lesion model, loss of an inwardly-
rectifying potassium current as well as a reduction in gap junction coupling have been demon-
strated” although similar findings in humans are unknown. In the MAM model, selective re-
duction in Kv4.2 potassium channel was observed in heterotopia.'® These findings suggest that
animal models of cortical malformations can provide important insights into epileptogenesis
associated with MCD.

Experimental Strategies for Studying Epilepsy in MCD

Future studies addressed at the molecular pathogenesis of MCD will require implementa-
tion of novel strategies. For example, the generation of animal models that closely recapitulate
human pathologic abnormalities, direct electrophysiological recording from human specimens
obtained intraoperatively, identification of candidate gene loci in family MCD pedigrees, and
the application of gene and protein array technologies to both animal and human specimens
are several attractive approaches. Gene array analysis provides a rapid strategy to screen numerous
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candidate gene families in MCD. Alterations in mRNA expression can provide clues to the
developmental mechanisms leading to abnormal cortical cytoarchitecture in MCD. Analysis of
gene expression can be performed in whole tissue samples obtained intraoperatively or at
post-mortem examination and in fact the first application of gene expression analysis in human
epilepsy was implemented in cortical tubers. An additional advance was made when it was
shown that mRNA expression could be determined in single microdissected cells in fixed,
immunohistochemically labeled sections.?® The implementation of single cell mRNA expres-
sion analysis in human MCD permits assay of differential gene expression in distinct cell types
so that cellular heterogeneity can be addressed. Indeed, this strategy was used for the first time
to assay MCD associated with epilepsy including FCD, 2 TSC2811670°3nd hemimegalencephaly2 9
that have yielded clues as to the cellular and molecular heterogeneity of neurons in these mal-
formations.

Experimental Methodology

The experimental protocol to amplify cellular poly (A) mRNA from fixed tissue using an
oligo-dT primer was first described using resected surgical epilepsy specimens and has subse-
quently been outlined in detail.** The approach uses an oligo-d T primer coupled to a T7 RNA
polymerase promoter to convert poly (A) mRNA into cDNA directly on the fixed tissue sec-
tion by in situ (reverse) transcription (IST). In general, tissue sections are immunolabeled prior
to this so that cells can be characterized experimentally by phenotypic characteristics. Follow-
ing immunolabeling, tissue sections are treated with proteinase K to reverse excessive fixation
and then washed in diethyl pyrocarbonate (DEPC)-treated water. To initiate IST, an oligo-d T(24)
primer-T7 RNA polymerase promoter is annealed to cellular poly (A) mRNA directly on the
tissue section at room temperature. cDNA is synthesized on the section with avian myeloblas-
tosis reverse transcriptase (AMVRT). At this point, cDNA can be extracted from cellular poly
(A) mRNA and then processed for mRNA amplification and synthesis of a radiolabeled RNA
probe. This pool of aRNA will reflect the total population of genes present in the whole sec-
tion. Alternatively, single immunolabeled cells may be microdissected so that the mRNA can
be amplified and used as a probe of cDNA arrays to define gene expression in that specific cell.
Single cells can be microdissected from sections under light microscopy using a glass electrode
or a stainless steel microscalpel guided by a joystick micromanipulator. Recent technologies
also include the use of laser capture although the utility of this approach in single cells has yet
to be demonstrated. Fixed cells are then aspirated into a second glass microelectrode and trans-
ferred to a microfuge tube reaction buffer and incubated at 40°C for 90 minutes to ensure
cDNA synthesis in the single dissected cell.

c¢DNA extracted from whole sections or generated from single cells serves as a template for
synthesis of double-stranded template cDNA with T4 DNA polymerase I. mRNA is amplified
(aRNA) from the double-stranded cDNA template with T7 RNA polymerase. aRNA serves as
a template for a second round of cDNA synthesis with AMVRT, dNTPs, and N(6) random
hexamers. cDNA generated from aRNA is made double-stranded and serves as template for a
second aRNA amplification incorporating **PCTP. Radiolabeled aRNA is then used to probe
candidate cDNA arrays.

Gene Expression Analysis in Human MCD

Recent work has demonstrated that the expression of select gene families in MCD is dis-
tinct from normal cortex. Furthermore, the transcriptional profiles of individual genes in MCD
differs in phenotypically defined cells. For example, the expression of select glutamate and
GABA receptor subunit mRNAs is altered in tubers in TSC.!!® These changes in receptor
subunits are distinct from those identified in human FCD.?*?”-? Large scale cDNA screening
efforts using cDNA microchips have been undertaken and preliminary results reveal alter-
ations in select gene families. For example, increased expression of two genes, collapsin re-
sponse mediator protein 4 and doublecortin has been detected in tubers and focal cortical
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dysplasias (Lee et al, submitted). These genes encode proteins that are associated with cellular
proliferation and suggest that a subpopulation of cells in these MCD may be newly generated.
Recent identification of select proinflammatory cytokine genes in tubers such as ICAM-1 and
TNF-a suggests that inflammation may contribute to tubers and potentially epileptogenesis
(Maldonado et al, submitted).

Conclusions

In summary, the ability to assay gene expression provides a unique strategy to assay the
coordinate expression of multiple mRNAs in phenotypically defined cell types since interpre-
tation of gene expression assays of whole brain regions is complicated by contributions from
multiple distinct cell types within a tissue sample. Indeed, analysis of gene transcription in
single disease-affected cells versus adjacent unaffected cells provides a unique opportunity to
understand specifically which genes may be responsible for the pathologic features of the dis-
ease in question within select populations of cells. Furthermore, alterations in mRNA levels
have been correlated with and thus can be used to predict, changes in expression of proteins in
single cells.

Summary and New Directions: Targeted Therapy for Epilepsy in MCD

Prior to the 1990, the molecular pathogenesis of MCD was largely the source of specula-
tion. However, with the discovery of several genes responsible for MCD, including LIS,
doublecortin, FLNI1, TSCI and TSC2, it is clear that single gene mutations may account for
numerous subtypes of MCD. The identification of MCD genes now permits in-depth analysis
of the proteins encoded by these genes and may aid in designing new therapies targeted at these
molecules. Thus, in the future, we may hope to modulate pathways in select MCD syndromes
so that specific agents can be used to treat seizures in, for example, PH or TSC. Perhaps even
more exciting is the potential to design therapeutic strategies to actually abolish or prevent the
development of these malfomations in utero.
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CHAPTER 14

Functional Implications

of Seizure-Induced Neurogenesis
Helen E. Scharfman

Abstract
he neurobiological doctrine governing the concept of neurogenesis has undergone a
revolution in the past few years. What was once considered dubious is now well
accepted: new neurons are born in the adult brain. Science fiction is quickly becoming
a reality as scientists discover ways to convert skin, bone, or blood cells into neurons.

In the epilepsy arena, widespread interest has developed because of the evidence that
neurogenesis increases after seizures, trauma, and other insults or injuries that alter seizure
susceptibility.

This review discusses some of the initial studies in this field, and their often surprising
functional implications. The emphasis will be on the granule cells of hippocampus, because they
are perhaps more relevant to epilepsy than other areas in which neurogenesis occurs throughout
life, the olfactory bulb and subventricular zone. In particular, the following questions will be
addressed:

1. Do granule cells that are born in the adult brain become functional, and what are the limits
of their function? Do they behave homogeneously? Results from our own laboratory have
focused on cells that become established outside the normal boundaries of the granule cell
layer, forming a group of “ectopic” granule cells in the hilar region.

2. Is increased neurogenesis beneficial, or might it actually exacerbate seizures? Evidence is
presented that supports the hypothesis that new granule cells may not necessarily act to
ameliorate seizures, and might even contribute to them. Furthermore, cognitive deficits
following seizures might in part be due to new circuits that develop between new cells and
the host brain.

3. How do the new cells interact with the host brain? Several changes occur in the dentate
gyrus after seizures, and increased neurogenesis is only one of many. What is the interde-
pendence of this multitude of changes, if any?

4. Is neurogenesis increased after seizures in man? Research suggests that the data from human
epileptics are actually inconsistent with the studies in animal models of epilepsy, because
there is little evidence of increased neurogenesis in epileptic tissue resected from intractable
epileptics. Yet neurogenesis has been shown to occur in humans throughout adult life.
What might be the reasons for these seemingly disparate results?

Introduction

Neurogenesis is the creation of nerve cells. New neurons normally develop from progenitor
cells located in many areas of the immature nervous system during development. In the adult,
it occurs primarily in three locations: the subgranular zone of the dentate gyrus, the olfactory
bulb, and the subventricular zone lining the ventricular walls.
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Low level of normal
neurogenesis in the
subgranular zone

Increased neurogenesis
after seizures

Some new cells
migrate incorrectly

Figure 1. Schematic diagram of changes in neurogenesis of hippocampal granule cells after seizures. Top left:
Alow level of neurogenesis is normal in the adult dentate gyrus of the rat. A diagram of a transverse section
of the rat hippocampus is shown. Neurogenesis normally occurs in a layer positioned immediately below
the granule cell layer which is called the subgranular zone (SGZ). MOL = molecular layer, GCL = granule
cell layer. Center: Increased neurogenesis occurs after seizures. This is thought to arise from the SGZ
primarily. Lower right: After seizures induced by pilocarpine, some of the newly born cells appear to migrate
from the SGZ incorrectly, entering the molecular layer and hilus (arrows).

In the dentate gyrus, the subgranular zone is a thin layer that lies just beneath the granule
cell layer (Fig. 1). Ordinarily, cells are born there at a modest rate throughout life, although this
rate gradually decreases with age.56’76’90’116 Remarkably, seizures appear to increase the rate of
neurogenesis. This appears to occur after brief seizures,” kindling,°®’"%2 and after status
epilepticus induced by chemoconvulsants such as pilocarpine?®”? or kainic acid*>® or status
epilepticus induced by electrical stimulation.® Seizures following electroconvulsive shock also
increase neurogenesis.®**> Other experimental insults that injure the brain cause increased
neurogenesis also, such as experimental trauma or stroke.’"¢>** Importantly, a number of
experiments have shown that various facets of the biological responses to such events (e.g.,
seizures, trauma) may contribute to the increase in neurogenesis, indicating that seizures per se
may not be the only factor. For example, manipulations that increase neuronal activity, without
necessarily leading to seizures, induce increased neurogenesis.! 221242 Changes in stress also
increase neurogenesis. 4 Many of the neurons that are born in the dentate gyrus after seizures
migrate correctly, that is, into the granule cell layer’® (Fig. 1). However, others apparently do
not. Thus, new cells appear in the molecular layer and hilus after seizures’™” (Fig. 1). Presum-
ably, the new cells in the molecular layer were born in the subgranular zone and migrated into
and past the cell layer. They may fail to stop because in the adult brain the signals for migration
are weaker than in the developing animal, when virtually all cells know when to stop and the
granule cell layer is a very well defined space. Regarding the granule cells that migrate into the
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Figure 2. Ectopic hilar granule cells in the dentate gyrus after kainic acid-induced status epilepticus. A) A
section from a saline-injected rat demonstrates calbindin-immunoreactivity predominantly in the cell
bodies, dendrites and axons of dentate gyrus granule cells. PCL = pyramidal cell layer; HIL = hilus; GCL=
granule cell layer. Calibration = 200 pm. B) A section from a kainic acid-injected rat, over 1 month after
status epilepticus. Numerous calbindin-immunoreactive neurons surround the border of the hilus and
pyramidal cell layer (arrows). Same calibration as A. Used with permission, ref. 87.

hilus, the sites of origin may also be the subgranular zone, and in this case the cells may simply
miss the signal that tells them the correct direction to travel. Instead, they may migrate in the
opposite direction than they normally would move. What is extraordinary is that they appar-
ently continue to migrate in this direction, about 180° from normal, and do not stop for
hundreds of microns. Apparently they do stop eventually, because clusters of cells appear to
accumulate at the border between the hilus and area CA3 (Fig. 2). Therefore, it is likely that the
adult brain has a potent signal at that location that eliminates any chance that a dentate neuron
would cross into area CA3.

It is conceivable that the hilar granule cells actually don’t arise from the subgranular zone.
Instead, the site of origin may be the hilus itself, because this is an area that contributes, as late
as postnatal day 10, to granule cells that are normally situated in the granule cell layer during
adulthood;*? vestiges of this tertiary matrix might still exist thereafter. It is not entirely clear
that this matrix converts completely to the subgranular zone at maturation. However,
regardless of where in the hilus they are born, these cells still seem to migrate until the CA3/
hilar border, as if they have migrated there and then must stop.

Recent evidence indicates that cells from the periphery can be transformed into cells with
the characteristics of neurons.>* %195 This raises an even more heretical possibility. Some of
the new neurons that appear in the dentate gyrus could originate from the blood cells that
enter the dentate gyrus through breaks in the blood-brain barrier during seizures. This would
be consistent with the empirical observation that prolonged seizures (e.g., status epilepticus)
lead to more neurogenesis than weak seizures, because severe seizures would be associated with
greater breaks in the blood-brain barrier. In fact there does appear to be an increase in the
endothelial cell staining of the hilus after pilocarpine-induced seizures (see chapter by Croll et
al, this volume). But it is too soon to say whether these cells could become neurons.

Proving That Granule-Like Cells in the Hilus after Seizures Were
Newly-Born Granule Cells

Our studies of granule-like cells in the hilus that appeared after seizures at first focused on
whether in fact they were granule cells, and the evidence that they were born after seizures. The
data were at first anatomical: multiple cells that were immunoreactive for a neuronal marker of
granule cells, the calcium-binding protein calbindin D28K, were present in animals that had
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status epilepticus, but not saline-treated, age-matched controls.*” Our hypothesis, that these
were newly-born granule cells that had somehow ended up in the hilus rather than the granule
cell layer, clearly required proof. Our hypothesis stemmed from the work of Parent et al,”* who
had already shown that some of the new granule cells that arose after seizures appeared to be in
the hilus. Still, when we found very much larger numbers of calbindin-immunoreactive
neurons that were quite far from the granule cell layer, actually on the border with area CA3
and the hilus (Fig. 2), it was not clear that these in fact were the same cells as shown in the study
by Parent et al,”? which were much closer to the granule cell layer.

One argument against the hypothesis was based on several papers which actually showed
that some granule cells in the normal rat do exist in the hilus. 857 However, the number of
these “ectopic” granule cells is extremely small, and in fact in our own saline-control tissue,
there were rarely any hilar neurons that were calbindin-immunoreactive (Fig. 2). After ischemia,
there appear to be some ectopic hilar cells that have the general morphology of granule cells,
but again only a few.”> This contrasted with our observations in rats that had status epilepticus
and recurrent seizures, where in the average 50 Pm section there were often as many as 100
cells (Fig. 2).

It is important to consider the validity of calbindin immunoreactivity to identify granule
cells in this context. The immunoreactivity for calbindin appeared suitable to identify granule
cells because, in saline-treated controls, granule cells were consistently immunoreactive for
calbindin, as indeed many others have shown.®877:7 Yet calbindin is not a consistent marker
of granule cells after seizures. Thus, seizures lead to a decrease in calbindin immunoreactivity in
some granule cells,”'% and this was also evident in our epileptic tissue (Fig. 1 of ref. 89).
Developing granule cells also have weak labeling for calbindin,**!""7 so the cells that were
recently born might not be immunoreactive. Therefore, calbindin may not be a faithful marker
of granule cells after seizures. Thus, the number of granule neurons in the hilus after seizures is
difficult to estimate based entirely on calbindin immunoreactivity, and it could be underestimated
if many were recently born.

Based on the considerations above, it was highly unlikely that the neurons we found in
pilocarpine-treated rats were simply normal granule cells that were in the wrong place.
However, another possibility was that the hilar cells we surmised were granule cells because of
their calbindin-immunoreactivity and general morphology were actually a type of hilar
interneuron. The primary argument against this was the data from saline-treated controls,
which did not show many neurons in the hilus that were immunoreactive for calbindin.
However, calbindin-immunoreactive hilar neurons have been reported by others.” Further-
more, some interneurons that normally have low levels of calbindin might increase expression
after seizures. Indeed, this occurs for hilar neurons that express neuropeptide Y.""1%8

Therefore, a series of anatomical experiments were conducted to address the hypothesis that
the hilar neurons we suspected were granule cells were actually a type of interneuron. First, we
found that markers of interneurons (parvalbumin, somatostatin, GABA, GAD, calretinin) did
not coincide with the clusters of calbindin-immunoreactive, granule-like neurons in the hilus.
Thus, in serial sections through the dentate gyrus, clusters of cells were present at the CA3/
hilar border that were immunoreactive for calbindin, but adjacent sections failed to
demonstrate hilar neurons in that location that stained for markers of GABAergic neurons.
Interestingly, neuropeptide Y (NPY) did not label the hilar calbindin-immunoreactive plexus,
although it would not have been surprising if it had, because NPY labels some granule cell
axons after seizures, and sometimes there is immunoreactivity in their somata.”1% Glial fibril-
lary acidic protein (GFAP), which labels adult glia, also did not label these clusters of
calbindin-immunoreactive hilar neurons. Therefore, it was unlikely that the neurons in ques-
tion were glia.

Although these results were useful, there still remained a possibility that the neurons we
thought were newly-born granule cells were actually not. For example, perhaps they were VIP-
or CCK-immunoreactive neurons; indeed there are so many possible types of interneurons it is
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difficult to completely test the spectrum of possibilities. Another possibility was that our
antibodies performed differently in epileptic tissue than in control sections, or identified an
odd cell type that had not previously been described. Knowing that the hilus contains a
remarkable number of cell types,* and many undergo seizure-induced changes in gene
expression, questions still remained.

Perhaps the most convincing evidence came from the results of intracellular recordings
from slices of pilocarpine-treated rats with chronic seizures. Normally in an adult rat, or in an
aged saline control, it is quite rare to encounter neurons in the hilus with electrophysiological
characteristics of granule cells. Most neurons are either similar to mossy cells or
interneurons.3*% Thus, granule cells have high resting membrane potential relative to other
cell types (mossy cells, interneurons, and pyramidal cells). Strong spike frequency adaptation is
another distinguishing feature. Granule cells also have an action potential duration that is
consistent with a regular spiking neuron, the action potential has a high ratio of rate of rise to
rate of decay (dv/dt ratio), and there is no significant inward rectification or “sag” in response
to hyperpolarization from resting potential 3887103104113 Qther cell types may have one or
another of these characteristics, but not all of them. Therefore, it was striking when many healthy
hilar neurons were encountered that had electrophysiological characteristics of granule cells.

Furthermore, after intracellular injection of Neurobiotin into the hilar cells with the
electrophysiological “signature” of granule cells, the labeled neurons had the morphology of a
granule cell. Thus, there was a small, ovoid soma, dendrites with many spines, and a mossy
fiber axon. There were no thorny excrescences, consistent with the fact that these cells did not
have electrophysiological characteristics of mossy cells or pyramidal neurons. Some of the hilar
cells with electrophysiology like granule cells had a polarized dendritic tree, like a normal
granule cell (Fig. 3). However, others had “basal” dendrites and their dendritic tree was
therefore bipolar. This is actually consistent with the description of granule cells in the normal
location (i.e., in the granule cell layer) in epileptic tissue, which may have basal
dendrites.'”7?1921% However, a very high percentage of hilar granule cells had basal dendrites
relative to granule cells in the granule cell layer of epileptic tissue. This difference raises the
possibility that there were fewer morphological constraints on the developing dendritic tree of
the hilar “granule” cells as they differentiated, so they developed more basal dendrites. In
summary, these correlative electrophysiological-anatomical data provided additional evidence that
the calbindin-immunoreactive hilar neurons observed in fixed tissue sections were granule cells.

Particularly important was the mossy fiber axon, given that some interneurons have small
ovoid somata and can have spiny bipolar dendrites, somewhat similar to the bipolar hilar cells
we suspected were granule cells. But interneurons do not have a mossy fiber axon. The classical
meaning of the term “mossy fiber” is a granule cell axon that innervates stratum lucidum,
where its major branch projects to CA2 in a fiber that runs approximately 100-200 pm and
parallel to the pyramidal cell layer. Along its length there are giant boutons at regular intervals,
and these innervate the proximal dendrites of CA3 neurons."'>?#3¢3 There are also many
collaterals in the hilus, where giant boutons innervate the excrescences of mossy cells, and in
addition there are smaller, more conventional terminals that innervate dendrites of several
types of hilar neurons. In epileptic tissue, mossy fiber axons develop additional collaterals that
project to the inner molecular layer, referred to as “mossy fiber sprouting.” Sprouted axons
contact the dendrites of granule cells and interneurons in the inner molecular layer.”>”%!1!
Notably, the cells impaled in the hilus of epileptic rats that had electrophysiological features of
granule cells had an axon with the characteristics of mossy fibers. Because no other hippocampal
neurons have such an axon, it was a strong argument that the hilar cells which were impaled
indeed were a type of granule cell.

Thus, the combination of electrophysiology and morphology allowed us to easily
distinguish granule cells from other cells in the hilus/CA3 region (see also refs. 84 85,86).
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Figure 3. Morphology and electrophysiology of ectopic hilar granule cells born after seizures. A) The
morphology of a hilar granule cell from a pilocarpine-treated rat (arrowhead) is shown after intracellular
injection of Neurobiotin. For comparison, two granule cells in the granule cell layer (arrow) were also
injected. G = granule cell layer; H = hilus; P = pyramidal cell layer. Calibration = 100 pim. B) Physiology of
hilar granule cells. Responses to direct current injection (rectangular current pulses, as shown at the bottom)
are superimposed for a granule cell located in the granule cell layer (left, “granule cell”) and a granule-like
neuron located in the hilus (right, “hilar cell”) of the same slice. This slice was from a pilocarpine-treated rat
which had status epilepticus and recurrent seizures. A diagram of the location of these cells is shown at top
right. G = granule cell layer, H = hilus, P = pyramidal cell layer. Arrowheads mark spontaneous synaptic
potentials. Calibration = 20 mV, 50 msec. C) Comparison of pyramidal cell and ectopic granule cell activity.
Simultaneous extracellular recordings from the pyramidal cell layer of CA3b (bottom) and intracellular
recordings are shown for a hilar granule cell (left) and a pyramidal cell (right). This slice was from a
pilocarpine-treated rat that had status epilepticus and recurrentseizures. A diagram of the location of the cells
(dots) and extracellular recording (x) is shown at top right. The arrows point to the population spike of the
spontaneous burst discharge recorded extracellularly. Calibration same as B. Used with permission, ref. 87.

Taken together, the morphology and electrophysiology made a compelling case that the
granule-like cells in the hilus actually were granule cells (Fig. 3A,B; ref. 87).

What was the evidence that these hilar granule cells were in fact born after seizures? To
address this question, a marker of dividing cells, bromodeoxyuridine (BrdU), was used. BrdU
was injected after status epilepticus using two different schedules (1 injection per day, 50 mg/
kg, for 5 days, either days 3-8 after status or 4-11). In all cases, there were cells in the hilus that
were immunoreactive for both BrdU, which stains the nucleus, and calbindin, which stains the
cytoplasm (Fig. 4). Brdu/NeuN double-labeled cells were also present (Fig. 4). However, no
BrdU profiles were double-labeled with markers of GABAergic neurons (parvalbumin,
neuropeptide Y; Fig. 4). In addition, BrdU injections in the hours before status epilepticus, or
in saline controls, have not provided evidence of new neurons in the hilar region. Furthermore,
injection long after status (over one month) for 5 days (as described above, 1 injection per day,
50 mg/kg i.p.) did not result in labeled hilar neurons.
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Figure 4. Ectopic hilar granule cells are born after status epilepticus. A-B: Following injection of BrdU after
status epilepticus, tissue sections were double-labeled for BrdU and either NeuN (A) or calbindin (B). The
results showed numerous double-labeled neurons (arrows) at the border of the hilus and pyramidal cell layer.
Calibration = 30 m (A) and 60 pm (B). PCL = end of pyramidal cell layer. From ref. 87 with permission:
C-D. In a different animal, double-labeling with BrdU and neuropeptide Y (C) or BrdU and parvalbumin
(D) demonstrated no double-labeled cells, but numerous hilar neurons that were immunoreactive for
neuropeptide Y or parvalbumin (arrows). Calibration (in A) = 60 pim (C) and 120 pum (D).

Do All the New Granule Neurons Become Functional? Do They
Behave the Same?

Our experiments with the pilocarpine and kainic acid models suggested that hilar granule
cells that are born after seizures survive for long periods of time and become functional.
Evidence for their long term survival came from the studies of BrdU-labeled neurons in
animals that were not killed until over 1 year had passed since BrdU injection. In these animals,
numerous BrdU-labeled neurons were found in the dentate gyrus granule cell layer as well as
the hilus, and they were double-labeled with NeuN or calbindin. Thus, neurons that divided
after status appeared to survive as long as one year.

Regarding the development of neuronal function, intracellular recordings from hilar
granule cells in slices demonstrated that they could mature into normal, functioning neurons
with action potentials and other physiological characteristics of adult neurons. A recent study
in normal adult rats has also identified that neurons which are born in the dentate gyrus in the
adult animal can develop action potentials and membrane properties like normal adult granule
cells."”” Therefore, in both the normal and pathological situation, granule cells that are born in
the adult rat dentate gyrus develop functional characteristics of neurons, surviving at the very
least to maturity.
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Figure 5. Ectopic granule cells in the hilus are active during a spontaneous seizure. Immunoreactivity for
c-fos and calbindin in a pilocarpine-treated animal that had spontaneous seizures and was sacrificed 3 hours
after a spontaneous seizure was observed. A-B) There are two double-labeled neurons in the hilus (arrow),
enlarged in B. Calibration = 100 pim (A); 25 pum (B). C) Double-labeled hilar neurons in another animal
are shown. Calibration (in A) = 50 pm. Used with permission, ref. 87.

Additional evidence from both in vitro and in vivo studies indicates that not only are these
granule cells able to mature into functional neurons, but they also integrate into the host
environment, so that they discharge in similar patterns as their neighbors.

In vivo studies used pilocarpine-treated rats at the stage when they displayed recurrent,
spontaneous seizures. In these experiments, animals that had pilocarpine-induced status
epilepticus were observed approximately 1-5 months after status, during the period of time
when recurrent spontaneous seizures occur. Three hours after a spontaneous stage 5 limbic
seizure (convulsion) was observed, each animal was perfused with fixative and compared to an
animal that did not have a motor seizure in the last 8 hours, or a saline-treated, age-matched
control, in which stage 5 seizures do not occur (and it is highly unlikely that subclinical seizure
activity occurs). The immediate early gene c-fos was used as a marker of neural activity: we
hypothesized that if the newly-born granule cells were active during a seizure, they would stain
for c-fos, like other hippocampal neurons stain after a seizure. We thus used c-fos to mark a
neuron that was active, regardless of the degree of activity, which c-fos immunoreactivity
cannot describe. Indeed, in pilocarpine-treated rats with a recent seizure, there were numerous
c-fos stained neurons in the hilus, and they could be double-labeled with markers of granule
cells, such as calbindin and NeuN (see ref. 89; Fig. 5). There also were other cells in the hilus
that were c-fos immunoreactive, and they could be demonstrated, for example, by double-labeling
c-fos and parvalbumin or c-fos and NPY.®

Interestingly, at the 3-hour delay following a seizure, granule cells located in the granule cell
layer were either not immunoreactive or less immunoreactive than the hilar granule cells,
presumably because they become c-fos immunoreactive sooner and their immunoreactivity
wanes by 3 hours. 34115 Thuys, hilar granule cells seemed to adopt a pattern of activity
similar to their immediate neighbors, the hilar neurons, rather than the normal granule cells in
the granule cell layer. These data suggest that the development of seizure-related activity of
newly-born granule cells is highly influenced by their neighbors and local environment,
although the development of their intrinsic properties seems independent of their immediate
surroundings. Thus, there is a dissociation in the development of the interaction with host
neurons and the maturation of neuronal intrinsic properties. The data suggest that there is
little that can interfere with the membrane properties of these cells, the axon distribution, and
the general shape of the neuron (somata size and shape, dendritic patterns), but a great deal of
plasticity is possible for other variables, such as their final location and circuit-related behavior.
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Do all newly born granule cells become functional? It is certainly not known at the present
time that they all become mature, functional neurons. Indeed it is most likely that some do not
survive, because there are reports that more BrdU-labeled neurons are detected after seizures if
the animal is treated with a caspase inhibitor.3! And even if they survive, whether all become
functional or not is not clear. Some may develop to maturity, but others could have a different
fate. Although there is little evidence at the present time, it is possible that some become glia,
interneurons, or become dormant, perhaps retaining a capacity to differentiate at a future time.

Is Increased Neurogenesis Beneficial, or Might It Actually Increase

Seizure Susceptibility?

Another line of evidence that the hilar granule cells function differently with respect to the
host brain than normal granule cells came from in vitro studies. In these experiments,
pilocarpine-treated rats that had status epilepticus and recurrent seizures were used to prepare
hippocampal slices, and intracellular recordings were made from hilar granule cells as well as
other neurons in the slice.

Although the hilar granule cells that were recorded in slices were remarkably similar to
normal adult granule cells in their intrinsic properties (as described above), there was one
aspect of their physiology that was quite different than the activity of a normal granule cell.
Many of the hilar granule cells displayed spontaneous bursts of action potentials (Fig. 3C; see
ref. 87). These bursts occurred at variable frequency from slice to slice (usually ~1/10 sec), but
within any given slice the burst frequency was consistent. Each burst was composed of a
variable number of action potentials and arose on a large depolarization (Fig. 3C). The
depolarization appeared to be a giant EPSP because it increased in amplitude with hyperpolar-
ization and action potentials were triggered at its peak. We have also found subsequently that
bursts are blocked by the AMPA receptor antagonists CNQX (10 UM) but are prolonged if
exposed to the GABA, receptor antagonist bicuculline (25 UM).

Insight into the mechanism underlying these burst discharges was obtained when
simultaneous recordings were made in the area CA3 pyramidal cell layer, either intracellularly
or extracellularly (Fig. 3C). The bursts of ectopic hilar granule cells were synchronous with
bursts of area CA3 neurons. Many of the recordings of extracellular CA3 bursts were small in
amplitude, in all likelihood because there was some damage and loss of cells in the CA3 region
due to status and chronic seizures. However, all CA3 pyramidal cells that were recorded
intracellularly demonstrated epileptiform burst discharges that were synchronized with the
small field bursts recorded from the CA3 cell layer, indicating it was a robust phenomenon.
Interestingly, 54% of slices from animals that were examined less than 6 months after status
epilepticus did not exhibit bursts in area CA3, but 90% did if slices were from animals
sacrificed >6 months after status. The delay may be due to the time required for the
mechanisms underlying these types of burst discharges to fully develop, perhaps because
additional recurrent connections that are not already present must sprout and form functional
synapses. Some of this new circuitry may require synapses between hilar granule cells and CA3
pyramidal cells. Indeed, it may be that the new synapses that are required are the new mossy
fibers of the ectopic granule cells and the hilar collaterals from CA3 pyramidal neurons onto
ectopic granule cells. The first would require time to form synapses on CA3 pyramidal cells, and
the latter would also require time to “find” the new hilar granule cells and form functional
synapses. Since CA3 axons normally innervate the hilar region and some hilar neurons are lost
after seizures, the CA3 axons may be in a state that facilitates innervation of new hilar neurons.

This of course assumes that the circuitry required for burst discharges to develop are
chemical synapses, but one cannot rule out the potential role of gap junctions. The main
argument for a role of chemical synapses lies in the relative timing of the bursts of CA3 neurons
and the ectopic hilar granule cells. The peak of the first action potential of a given CA3 burst
began at least 1 millisecond before the onset of the depolarization of a simultaneously-recorded
hilar granule cell, and often there was a delay far greater than 1 millisecond; if there was no
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delay, gap junctions would be the more likely candidate. It is possible that ephaptic interactions
are a factor because the clusters of ectopic granule cells can be quite dense, and there may be
decreased efficacy in clearing extracellular potassium in epileptic tissue.”” However, there seems
to be quite a bit of damage in the CA3 cell layer in pilocarpine-treated rats, because it is very
difficult to obtain a healthy intracellular impalement outside of CA3b, and the field potentials
are quite small relative to control slices. This argues that ephaptic interactions would be less
likely, at least in the CA3 cell layer.

These data address the long-standing controversy that seizures beget more seizures, a
question that has clear implications for treating individuals who have just had their first
seizure. Especially when the individual is a child, it is not clear that anticonvulsant drugs are
needed to prevent another seizure, or desirable, given their side effects. It appears, at least in the
pilocarpine model in adult rats, that the pathophysiology in the epileptic brain can indeed get
“worse” as new circuits develop between excitatory neurons, in this case pyramidal cells and
newly-born granule cells. Therefore, intervention to block this recurrent excitatory circuitry
could be prudent. A major argument against this interpretation is that irradiation to block
neurogenesis after pilocarpine-induced status epilepticus did not block seizures.”* However,
this may simply reflect that there are many potential foci after pilocarpine-induced status, and
that neurogenesis does not explain seizures and epilepsy completely.

Thus, the hilar-CA3 region may contribute to seizures as one of many epileptic foci. After
status, the development of ectopic hilar granule cells would occur, and this would be followed,
hypothetically, by the formation of circuitry between the new cells and surviving CA3 neurons.
This would ultimately lead to repetitive “interictal” types of burst discharges. It could directly
foster a transition between status and subsequent seizures.

Notably, this “focus” may actually include other cells as well, such as the hilar mossy cells that
survive repeated seizures.®® These neurons are glutamatergic hilar neurons that discharge
synchronously with pyramidal cells in slices of pilocarpine-treated rats. Although we cannot be
sure at the present time what percentage of hilar mossy cells survive status and chronic seizures,
and what subset participates in pyramidal cell burst discharges, it is clear that at least some do.®

The implications would be slight if in fact these cell types, area CA3 pyramidal cells, ectopic
hilar granule cells, and hilar mossy cells, did not have such substantial projections to other
excitatory neurons. However, the opposite is actually the case. CA3 projections include
adjacent CA3 neurons, hilar neurons and CA1 pyramidal cells in the normal rat, and may
include other cell types in the epileptic rat if sprouting of the CA3 axon occurs. CA3 also
projects to the contralateral hippocampus. Ectopic hilar granule cells have, at least, projections
to the inner molecular layer and CA3 pyramidal cells, and may also innervate hilar neurons
because of the substantial collateralization of their axons in the hilus. These collaterals have
numerous varicosities, indicating potential synapses. The inner molecular layer innervation
may include granule cell dendrites, but it might also include processes of GABAergic neurons,
analogous to the projections of sprouted mossy fibers from granule cells located in the granule
cell layer. Mossy cells project to granule cells in the normal rat, both proximally and distally,
ipsilateral and contralateral. They also innervate interneurons. Therefore, the initial focal
discharges between relatively small populations of pyramidal cells, ectopic granule cells and
mossy cells could have substantial impact on other neuronal cell types, and have potential to
exit the hippocampus.

Figure 6 shows schematically how bursts within the CA3 region, ectopic granule cells and
mossy cells could lead to seizure-like activity in the hippocampus. Empirical observations sug-
gest CA3 bursts would occur first because simultaneous recordings showed that the first action
potential of a spontaneous burst in a CA3 pyramidal cell always occurred before the first action
potential of a simultaneously recorded ectopic hilar granule cell or mossy cell. Second, ectopic
granule cells or mossy cells could excite the granule cells located in the granule cell layer
because both project to the inner molecular layer. This would be particularly effective in depo-
larizing granule cells if the ectopic neurons and mossy cells were synchronized; asynchronous



202 Recent Advances in Epilepsy Research

CA3 burst
CA3 «— EGC
EGC+— GC
GC " GCvia
sprouted axons
GCs to CA3

to CA1

FEIRID

o

Figure 6. Schematic illustration of the development of widespread seizure activity from initial synchronized
burst discharges among CA3 pyramidal cells and ectopic hilar granule cells. 1. CA3 burst. Initially, activity
that is synchronized in area CA3 neurons develops after status epilepticus. The reasons may include
increased recurrent excitatory activity due to loss of interneurons, as well as sprouting among residual
pyramidal cells. 2. CA3 to hilus. Based on empirical findings in pilocarpine-treated rats, synchronized burst
discharges develop among pyramidal cells, newly-born hilar ectopic granule cells (EGCs) and hilar mossy
cells (MCs) several months after status epilepticus. This is likely to be due to the normal projection of
pyramidal cells to hilar neurons, and the mossy fiber axon that develops in EGCs. 3. hilus to GC. Because
EGCs have mossy fiber collaterals that contribute to the sprouted fiber plexus in the inner molecular layer®’,
and MCsalso project there, the bursts can potentially lead to activation of granule cells located in the granule
cell layer. This would be limited by whatever interneurons are innervated by EGCs and MCs. 4. GC to GC.
GC activation may be amplified because they are interconnected by sprouted fibers. However, this also
would be limited by the extent that sprouted fibers activate GABAergic neurons. 5. GCs to CA3 to CAl.
Strong excitatory activity that develops in the granule cell layer could potentially exit the hippocampus and
trigger a limbic seizure by the trisynaptic circuit.

depolarizations may not reach threshold in a granule cell, because granule cells are quite
hyperpolarized normally. However, synchronous release of glutamate, particularly on the
proximal portion of the granule cell dendritic tree, where both the terminals of mossy cells and
ectopic hilar granule cells are located, would be likely to depolarize a granule cell above its
threshold. Action potentials in even a few granule cells would be likely to be amplified throughout
the population because of recurrent excitatory connections within the sprouted network.
Indeed, this activity may serve as a trigger for the sprouted network that normally appears to be
silent. Of course, one would expect that at least some of this excitatory activity would be
limited by concurrent activation of GABAergic neurons, but if interneurons are damaged or
lost after seizures, as indeed appears to be the case, 10:18:50 GABAergic neurons might not limit
the glutamatergic activity enough to stop its progression. The balance of excitation and inhibi-
tion may shift as neuroactive peptides in the hippocampus wax and wane with the circadian
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Figure 7. Effects of ectopic hilar granule cells on normal signal processing in the trisynaptic circuit. It is
proposed that the development of ectopic hilar granule cells could contribute to cognitive deficits in
epileptics by interfering with the normal trisynaptic circuit. A) The trisynaptic circuit is schematized as
perforant path axons innervating distal granule cell dendrites (1), granule cell mossy fibers innervating
proximal CA3 pyramidal cell dendrites (2), and CA3 pyramidal cell projections to apical dendrites of CA1
pyramidal cells (3). The accumulation of hilar ectopic granule cells with axons thatinnervate pyramidal cells,
hilar neurons, and the inner molecular layer, suggests a multicude of complex pathways that would poten-
tially interfere with normal transmission along the trisynaptic pathway, as shown diagrammatically in B.

thythm.'®!>% Indeed, there may be several times of day when GABAergic inhibition would
not balance the effect of glutamatergic neurons on the sprouted granule cell network. Thus,
GABAergic inhibition could perhaps keep the network in control for the majority of the time,
but at certain times inhibition might decrease, leading to periodic large discharges and possibly
seizures.

Thus, the focal burst discharges in CA3-hilus could generate a larger degree of reverberatory
activity, and this might eventually leave the hippocampus via area CA3 neuronal projections to
CALl. Based on the findings thus far, the results support the hypothesis that new granule cells
may not necessarily act to ameliorate seizures, but might even contribute to them.

These circuit considerations also may have implications for the cognitive deficits following
seizures. Such deficits might in part be due to new circuits that develop between new hilar
granule cells and the host brain. These new circuits would be likely to disrupt the trisynaptic
circuit, and thus potentially interfere with normal learning and memory (Fig. 7A).
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In Figure 7A, the trisynaptic circuit is illustrated schematically as: 1) the synapse of the
perforant path onto granule cell outer dendrites; 2) the synapse of granule cell mossy fibers
onto CA3 pyramidal proximal dendrites; and 3) the synapse of CA3 pyramidal Schaffer collaterals
onto CA1 pyramidal apical dendrites. The activity along the trisynaptic pathway would clearly
be more circuitous by the addition of hilar granule cells, particularly given the evidence that
these new neurons have perforant path input, pyramidal cell input, and their own mossy fiber
axons.” Thus, information from the perforant path that would normally pass through the
trisynaptic circuit would be likely to pass through hilar granule cells. Information could
become “stalled” in a circular nest of intermediary pathways within the CA3-dentate region
(Fig. 7B).

How Do the New Cells Interact with the Host Brain?

This question actually can be addressed at a number of levels. One is the functional
relationship of the new neurons and surrounding adult neurons or “host environment,” once
the new neurons have been born, developed, and matured. This is discussed above.

A second issue is how the new cells and host interact as the new cells are developing. In
other words, do the mature cells influence those that are newly-born, and vice-versa?

Influence of the Host Environment on Newly-Born Cells

Clearly the host environment normally is quite influential on new neurons. Studies in
culture have shown repeatedly that addition of specific factors to the culture medium can have
a striking influence on neurodevelopment. In addition, transplantation of neurons into a new
location often leads to the transformation of those neurons into those with characteristics of
the new environment.

How might the characteristics of the epileptic “host” dentate gyrus influence cells that have
recently divided in the subgranular zone? One effect may be a spatial influence, because in the
epileptic dentate gyrus there are fewer cells in the hilar region than normal,>® and this might
provide an impetus to move into the hilus because there would be less competition for space
there. Thus, hilar cell loss after seizures may facilitate the entry of new cells to the hilar region.
In the normal adult hippocampus, the situation may be quite different, and indeed, newly-born
granule cells are found in the hilus under very few conditions other than those following
seizures. Furthermore, seizures without cell loss result in few new granule cells in the hilus
(Scharfman et al, unpublished results).

Besides spatial cues, there is a likely chemical influence of numerous peptides, growth
factors, and other substances in the host dentate gyrus (Fig. 8). These may provide
chemoattractive/repulsive forces as well as supportive, proliferative and developmental influ-
ence on developing neurons of the subgranular zone. Indeed, one common question of past
studies about the dentate gyrus has been the reason why so many substances that specifically
influence development are present in adult dentate neurons. The answer may lie in the fact that
ongoing neurogenesis occurs in the adult. Thus, some of the substances in adult neurons may
aid growth and development of newly-born granule cells. These substances are even more likely
to influence newly-born neurons after seizures because they appear to increase their expression
after seizures. Thus, although many neuroactive substances in the adult dentate gyrus modulate
adult neurotransmission, they could also have another function: to modulate neurogenesis.

The neurotrophin BDNF is one example. BDNF is normally synthesized in granule cells at
much greater concentration than other neurons in the brain,”>!"7 and until now the reason for
this has been unclear. In addition, the expression of BDNF increases after seizures.!>%? Why
should granule cells possess high concentrations of BDNF? And why should this increase after
seizures? It may be due to the need for BDNF in the environment of the subgranular zone,
where newly-born cells arise. Indeed, BDNF is localized in granule cell axons, not their
dendrites or soma, and the axons of course collateralize in the hilar region, where the subgranular
zone exists. One might ask how BDNF is released so that it can affect newly-born cells, and this



Functional Implications of Seizure-Induced Neurogenesis 205

stemcell o

; BDNF
: v

/.~ committed ® NPY
j neuron other

mature
heuron

Figure 8. Interaction of newly-born granule cells and the host environment. A-B) A schematic illustrates the
potential interactions between developing granule cells born after seizures and the adjacent adult (host)
neurons. After seizures, new cells are born in the subgranular zone, and at a similar time, there is altered
expression of various proteins in the surrounding adult granule cells and adult hilar neurons. The fact that
these two phenomena occur at a similar time may be no coincidence, because the proteins may enhance
growth, survival, and proliferation of newly-born cells. Examples include BDNE, zinc, neuropeptide Y and
somatostatin. BDNF and zinc are normally present in adult granule cells, and BDNF expression increases
in granule cells after seizures. NPY and somatostatin are present in a subset of dentate gyrus GABAergic
neurons. After seizures, some of these cells increase their expression of NPY, and many somatostatin-containing
neurons die. BDNE NPY, and zinc appear to have a positive influence and somatostatin a negative influence
on processes relating to cell proliferation, so the increase in BDNE NPY and decrease in somatostatin may
foster phenomena associated with neurogenesis. Interestingly, these same substances also have effects on
adult synaptic transmission, making their overall influence on the epileptic dentate gyrus network difficule
to predict. For further discussion, see text.

is not clear at the present time. Although it is likely that BDNF can be released using
mechanisms common to peptide release at synapses,” whether it can be secreted in a
non-vesicular manner or transported in some other way to specifically affect newly-born cells is
not presently known.

Neuropeptide Y is another example. This peptide has been shown to promote
neuroproliferation outside the hippocampus,® and it may do so in the dentate gyrus as well.’!
It is localized to a subset of hilar GABAergic neurons normally, and after seizures its expression
increases in those neurons.!” It also appears in granule cell axons of the hilus after seizures.®®
For many years the physiological role of NPY has been unclear, and recently it has been
associated with depression of synaptic transmission.'? These effects have been attributed to Y2
and Y5 receptors, mostly.'? Yet there are also Y1 receptors in hippocampus, and specifically in
the subgranular zone as well as the molecular layer.'% What role might NPY play at its Y1
receptor? The answer may be related to neurogenesis, because NPY’s proliferative effects appear
to be mediated by this receptor.®®>! The new data make it seem likely that NPY has effects on
synaptic transmission as well as a role in neuroproliferation in the dentate gyrus.
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Similar arguments may be possible with other peptides in interneurons of the dentate hilus
besides NPY, such as somatostatin, which appears to influence proliferation in peripheral
tissues and tumor growth.>”””883 Interestingly, somatostatin appears to influence proliferation
negatively, and has been suggested as a potential therapy to treat cancer. Therefore, it may be
no coincidence that, of all the peptidergic neurons in the dentate gyrus, the neurons which
synthesize somatostatin are the ones that are most vulnerable to seizures.?®1%8 Ag a result,
neuroproliferation after seizures may be positively modulated, i.e., by the loss of somatostatin.

Another player could very well be zinc, long known to be a native constituent of granule
cells both before and after seizures. It has often been asked why granule cells require zinc, and
moreover, so much more zinc than other neurons. A potential purpose is to influence
proliferation. The basis for this hypothesis comes from studies of the immune system, where
zinc stimulates proliferation of T cells by effects on DNA synthesis”> and the cell cycle.”®
Given that zinc is proliferative in the periphery, perhaps zinc also has a role in proliferation in
the dentate gyrus. Zinc could potentially influence neuroproliferation, or zinc could play a role
in glial changes, since some glia arise from the same lineage as some immune cells. Thus,
analogous to NPY and BDNE, zinc may not only influence dentate gyrus physiology,!%¢3¢112
but also have effects on proliferation.

Finally, GABA is a potential substance that might influence newly-born granule cells of the
dentate gyrus. It is normally present in hilar interneurons and, to a lesser extent, granule
cells. 374981 Afrer seizures, GABA increases in both the interneurons and the granule cells®® (see
also Sperk et al, this volume). GABA has many actions that are trophic and influence
development.#®

Thus, many substances that are made in neurons of the dentate gyrus, substances previously
associated with an influence only on neurotransmission of adult neurons, may have an
important role in the development and synaptogenesis of newly-born granule cells. This role
may explain the remarkable number of substances ordinarily synthesized by neurons in the
dentate gyrus, and why they appear to increase expression after seizures.

An important element that is unknown presently is how the substances would be released
into the extracellular milieu from the axons of granule cells and other hilar neurons so that they
could influence newly-born cells; one would predict that this would be critical if they were to
exert effects on immature neurons located in the hilus.

It is important to consider that some of the relevant factors may be released from astrocyrtes,
which are known to influence neurogenesis, although the exact mechanisms are as yet
unclear.”” Glia also have important roles in synaptic transmission in hippocampus.??>*>% After
seizures, these actions could become more potent as glia become increased in the hilar region.
In addition, there is a transformation of many glia into reactive microglia, which may have
additional functions besides those of normal glia.

Influence of New Cells on Host Neurons

One cannot rule out the potential influence of the developing neurons in the hilus or
granule cell layer on the host hippocampus, even before they are matured completely. This is
because immature granule cells have a few characteristics that may affect their neighbors. One
is a high incidence of electrical coupling. A second is a chloride reversal potential that produces
depolarizing responses to GABA rather than hyperpolarizations (see Staley, this volume). These
two characteristics are interesting in light of the fact that granule cells and interneurons of the
dentate gyrus increase synthesis of GAD and GABA after seizures. In the case of the granule
cells, it is not altogether clear when GABA is released, but it may not be through conventional
chemical neurotransmission, since the granule cells may not have the appropriate vesicular trans-
porter.”®!! Instead, GABA could be released by reverse transport (see Richerson and Wi, this
volume, see also refs. 74,114). In any case, one would predict that release of GABA onto the
immature hilar granule cells that are networked by gap junctions would lead to their synchro-
nous depolarization. If this were to happen at a time when the synapses of the immature cells
had formed on host neurons, such as pyramidal cells or granule cells, it might lead to synchro-
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nous activation and stimulate epileptiform activity. Indeed, it may be no coincidence that the
maturation of the new granule cells in the hilus is similar in length to the so-called latent
period, i.e., the time between status epilepticus and the first spontaneous seizure.

Is Neurogenesis Increased after Seizures in Man?

As described in part above, new data now exist that suggest that neurogenesis after seizures
may play an important role in epilepsy. However, one of the areas of research that has been
puzzling is that there has been minimal evidence for increased neurogenesis in human
epileptics. Thus, Blumcke et al'* showed that only the tissue from pediatric cases provided
some evidence consistent with laboratory animals, that neurogenesis might increase after
seizures. These data are surprising in light of the strong evidence in non-epileptics that
neurogenesis increases throughout life.>> One explanation could be that there is a difference
between the stages of epileptogenesis. Although acute seizures or status epilepticus increase
neurogenesis in a non-epileptic brain, after repetitive seizures or the chronic condition there
may actually be a decreased rate of neurogenesis. Thus, if tissue is examined at a chronic stage
of the disease, there may be little evidence of neurons that were recently-born. Another hy-
pothesis is that the tissue examined thus far comes from a select population of pharmacologi-
cally refractory epileptics who may not be representative of all individuals. It is also possible
that the patients examined by Blumcke et al'* were not representative even of
medically-intractable cases. Indeed, a different study of calbindin-immunoreactivity in human
epileptics demonstrated neurons in the hilus that had the general morphology of granule cells.”®

Yet even if the phenomenon of dentate neurogenesis is not as important to human epilepsy
as it appears to be in the rodent, there are other aspects of these findings that may be quite
relevant to the clinical condition. Indeed the possible abnormalities that arise from misplaced
neurons in the dentate gyrus underscore that in perhaps many of the idiopathic epilepsies there
are small areas of abnormal circuits. Each might be too small for current imaging techniques to
recognize, hence the use of the term idiopathic. Thus, a large subset of the idiopathic epilepsies
are actually epileptics with small migrational disorders. Whether the abnormal neurons were
born prenatally or born in the adult brain, it points out the potential importance of under-
standing every step in development. Indeed, the importance of understanding the molecular
basis of neuronal development has become a major emphasis in epilepsy research.

Summary

In this review, the focus has been on the remarkable changes in neurogenesis and function
of adult rats after status epilepticus. A number of robust alterations of structure and function
occur, independent of the plethora of changes already demonstrated and discussed concerning
seizure-induced gene expression and mossy fiber sprouting. Our challenge will be to identify
which changes are associated with epileptogenesis and which simply exemplify the remarkable
plasticity of the epileptic brain. If this can be done, it may be possible to construct new
strategies that are tailored to block epileptogenesis and epilepsy.
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CHAPTER 15

Febrile Seizures and Mechanisms
of Epileptogenesis:
Insights from an Animal Model

Roland A. Bender, Celine Dubé and Tallie Z. Baram

Abstract

emporal lobe epilepsy (TLE) is the most prevalent type of human epilepsy, yet the

causes for its development, and the processes involved, are not known. Most individuals

with TLE do not have a family history, suggesting that this limbic epilepsy is a conse-
quence of acquired rather than genetic causes. Among suspected etiologies, febrile seizures
have frequently been cited. This is due to the fact that retrospective analyses of adults with TLE
have demonstrated a high prevalence (20->60%) of a history of prolonged febrile seizures dur-
ing early childhood, suggesting an etiological role for these seizures in the development of TLE.
Specifically, neuronal damage induced by febrile seizures has been suggested as a mechanism
for the development of mesial temporal sclerosis, the pathological hallmark of TLE. However,
the statistical correlation between febrile seizures and TLE does not necessarily indicate a causal
relationship. For example, preexisting (genetic or acquired) ‘causes that result independently
in febrile seizures and in TLE would also result in tight statistical correlation. For obvious
reasons, complex febrile seizures cannot be induced in the human, and studies of their mecha-
nisms and of their consequences on brain molecules and circuits are severely limited. There-
fore, an animal model was designed to study these seizures. The model reproduces the funda-
mental key elements of the human condition: the age specificity, the physiological temperatures
seen in fevers of children, the length of the seizures and their lack of immediate morbidity.
Neuroanatomical, molecular and functional methods have been used in this model to deter-
mine the consequences of prolonged febrile seizures on the survival and integrity of neurons,
and on hyperexcitability in the hippocampal-limbic network. Experimental prolonged febrile
seizures did not lead to death of any of the seizure-vulnerable populations in hippocampus, and
the rate of neurogenesis was also unchanged. Neuronal function was altered sufficiently to
promote synaptic reorganization of granule cells, and transient and long-term alterations in the
expression of specific genes were observed. The contribution of these consequences of febrile
seizures to the epileptogenic process is discussed.

Introduction: The Human Problem

Among the epilepsies, temporal lobe epilepsy is often intractable and is associated with
significant morbidity in terms of cognitive and psychosocial dysfunction. The most common
pathology identified in resected temporal lobe tissue from patients with intractable TLE is the
constellation of mesial temporal lobe sclerosis.® This entity is characterized by selective neu-
ronal loss, gliosis and synaptic reorganization in discrete regions of the hippocampal formation
and related structures.*!1®3%5¢ The neuroanatomical alterations of the mesial temporal lobe,
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and particularly the hippocampus, can be observed using sophisticated neuroimaging studies,
including magnetic resonance imaging'>'”"*"%® permitting their recognition in vivo, in indi-
vidual patients. The convergence of temporal lobe seizures, MRI changes and the pathological
findings of mesial temporal sclerosis have been increasingly recognized as a distinct entity,
mesial temporal lobe epilepsy, which is quite likely the most common of all epileptic syn-
dromes in humans.

Whereas the neuropathological features of mesial TLE, i.e., mesial temporal sclerosis, have
been defined and extensively studied for decades, the relationship of the anatomical abnor-
malities to the seizures has remained controversial./>%>>%"8! A significant body of evidence,
including the presence of early features of mesial temporal sclerosis in young children, suggests
that in some patients mesial temporal sclerosis precedes the TLE, and is thus not a consequence
of the seizures."®3"> This has been interpreted to suggest that the hippocampal injury is also
the cause of the TLE. In contrast, progression of the hippocampal lesion on magnetic reso-
nance imaging in individuals with TLE who were imaged repetitively, and a correlation of the
hippocam4pal atrophy with the number of partial and generalized seizures have also been re-
ported.'?*178 These observations are in support of the notion of induction of mesial tempo-
ral sclerosis by the seizures themselves. These conflicting views illustrate that an understanding
of the causal relationship of neuronal loss in the hippocampal formation to temporal lobe
seizures remains incomplete, and is further hampered by the difficulty inherent in human
studies, i.e., their correlational nature.

A second striking correlation found in patients with TLE is the frequent history of child-
hood febrile seizures, and particularly prolonged ones.”? Thus, whereas the overall frequency of
febrile seizures of the general population in western countries is 2-5%, 2”4 retrospective analy-
ses of populations with intractable TLE indicate a frequency of a febrile seizure history of
20->60%. 11734065 This remarkable statistical relationship has raised the hypothesis that fe-
brile seizures—particularly complex ones (i.c., focal, prolonged or repetitive)—may produce
hippocampal injury that evolves into mesial temporal sclerosis.**3%”% However, the high
concordance of childhood febrile seizures in patients with mesial TLE is also consistent with a
functional or structural ‘predisposing factor’ that leads independently to both conditions. Put
differently, a genetically determined malformation or molecular dysfunction, or an early ‘ac-
quired’ lesion or insult (e.g., pre- or perinatal injury or infection) may predate and actually
cause bostl117 tllgg 1hsingocalmpal injury/mesial temporal sclerosis, as well as the complex febrile
seizures.” /1920

Given the high frequency of both febrile seizures and TLE, understanding the true impact
of the former, and specifically their causal relationship to TLE, is of enormous clinical signifi-
cance. However, studying the key questions relating to the acute and chronic effects of febrile
seizures on neuronal integrity and function cannot be achieved in the human, for obvious
reasons: Ethical considerations prevent the induction of febrile seizures in humans, and natu-
rally occurring febrile seizures are typically sudden and unexpected, and rarely occur in circum-
stances where electrographic monitoring is possible. Furthermore, the evolution of molecular
and fine structural alterations cannot be studied in the live human with currently available
technology. Thus, studying febrile seizures and their consequences on the immature brain re-
quires controlled and reproducible experiments which can only be achieved in an appropriate
animal model. Here we describe such an immature rat model for prolonged febrile seizures,
and discuss the contribution of data obtained using this model to the understanding of the
consequences of complex febrile seizures on the developing hippocampal circuit.

The ‘Optimal’ Animal Model

Animal models used for the study of human conditions are by their nature only an approxi-
mation of the ‘real’, actual disorder. Therefore, care should be taken to define the key character-
istics which are essential for any meaningful modeling of the human condition. In addition,
the features and nature of a given model dictate the scope of questions that can be addressed
using it. For example, substitution of hyperthermia for fever (it should be noted that hyper-
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thermia, typically drug-induced, is a not uncommon cause of seizures in children?*4”>%) does
not permit determination of the mechanisms involved in fever generation. Thus, it is conceiv-
able that separate models might be needed to address different questions related to the same
human problem. In addition to reproducing certain key elements of the human condition, it is
advantageous for a model to be relatively simple and inexpensive, and much should be known
about the relevant brain structures. These considerations have led to the choice of rodents over
primates. In the following paragraphs we discuss several other characteristics of a meaningful
animal model for prolonged febrile seizures.

Age Speciﬁcity

Febrile seizures are seen almost exclusively in infants and young chlldren, specifically be-
tween 6 months and ~ 5 years of age, with peak incidence at ~18 months.> An appropriate rat
model for febrile seizures should therefore employ rats which are in a developmental age equiva-
lent to the seizure-sensitive period in humans. However, data comparing rodent and human
brain development are rare. In addition, different brain regions develop at variable rates and
chronological ages, in terms of neurogenesis, migration, connectivity and function, and these
processes are not necessarily parallel in human and rat. These facts are important consider-
ations in defining the ‘appropriate age’ of an animal model of febrile seizures.

Early, detailed studies correlated rat and human brain development based on neuronal birth
dates, myelination and saltatory growth stages, and suggested that the 5-7 day old rat may be

“equivalent” to the human full-term newborn.?*% More selective comparative neuroanatomi-
cal studies have focused on maturational milestones in discrete limbic regions, specifically the
hippocampus and the prefrontal cortex.”*? Overall, these converging and complementary studies
suggest that in the rat the first postnatal week may be comparable to the third trimester gesta-
tional period of the human fetus, and the second postnatal week to the first year of human life.
For the hippocampal formation, specifically, we have recently summarized the information on
comparative developmental milestones in human and rodent (see Table 1).” For example, com-
parison of the maturation of synaptlc communlcatlon indicates that the maturational state of
the hippocampus of a 8 day old rat™® is roughly equivalent to the maturational state of the
human hippocampus at 7 months of age (see refs. 7, 71 for analysis of hippocampal neurogenesis,
connectivity and maturation of select synapses). Thus, based on anatomical data, rat hippoc-
ampal development during the second postnatal week seems to correspond best to the develop-
mental stage at which human infants and young children are most susceptible to febrile sei-
zures.

The ontogenetic profile of physiological responses of the developing rat brain to hyperther-
mia supports the end of the second postnatal week as the ‘rat equivalent’ of the human suscep-
tibility perlod for febrile seizures: The threshold temperatures requlred to generate expenmen-
tal febrile seizures are lowest during postnatal days 10-13, and rise rapidly thereafter®!
(Eghbal-Ahmadi & Baram, unpublished observations). Thus, because febrile seizures are a
developmental phenomenon confined to infants and young children, and because limbic neu-
ronal circuits (and particularly the hippocampal formation) are those suspected of involvement
in and vulnerability to febrile seizures, models of febrile seizures should employ developing
animals in which the stage of development of these limbic structures corresponds to the state of
maturation of the human infant and young child, i.e., the middle of the second postnatal week
in rat, and the end of the second postnatal week in mouse.

Tbmpemture

Febrile seizures are defined as those occurring in children with fever (rectal temperature of
at least 38.4°C) but without evidence of intracranial infection.®® In addition, it has been sug-
gested that in most normal children, threshold temperatures for febrile seizures exceed ~ 41°C.”°
Hence, animal models for febrile seizures should involve temperatures which are relevant to the
human condition, and are observed in children with fever and should not rely on extreme
temperatures (e.g., ref. 59). The ability to tightly regulate the temperature is an advantage of a
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Table 1. Selected milestones in hippocampal development: Human and rat

Category Event Human Rat
General Maximal growth velocity ~ 2-3 postnatal months 8-12 postnatal days
Hippocampal volume 10 postnatal months 11-30 postnatal days
approximates that of adult
Hippocampal-dependent ~ 4-5 postnatal years 15-16 postnatal days
learning/ memory function
Neuronal Birth of pyramidal cells 1st half of gestation 2nd half of gestation
Formation Onset:  before 15th week ~15th day
End:  24th week ~19th day

Differentiation,
Synaptogenesis

Afferent input

Birth of dentate gyrus (DG)
granule cells

Onset:
End:

‘Thorny excrescences’ on
proximal CA3 pyramidal
cell dendrites.
Onset:
Maturation:
Pedunculate spines:
distal CA3 pyramidal
cell dendrites
Onset:
Maturation:
Peak synapse overshoot
(DG)
Synapse density reaches
adult levels: DG
molecular layer
Period of maximal mossy
cell differentiation (DG)

Entorhinal cortex toDG
Supramammillary afferents
reach juxtagranular and
CA2 pyramidal cell layers

~70% prenatal (majority
by 34th week)

13-14th weeks
throughout life

postnatal years
3-7 months

3-5 years
postnatal years

birth
3-5 years
1-2 postnatal years

7-10 postnatal months
7-30 postnatal months
(adult-like by 5 years)

Prenatal: 19-20th weeks
Prenatal: ~20th week

~85% postnatal
(majority by 1st
postnatal month)
~18th prenatal day
throughout life

1st postnatal month

~9th day
21st day
1st postnatal month

7th day
21st day
9-14 postnatal days

21st postnatal day
7-14 postnatal days
(adult-like by 14th day)
17th prenatal day

Presumed 1st postnatal
week

Note: Gestation lasts 270-280 and 21 days in human and rat, respectively.
Modified from ref. 7, with permission.

hyperthermia-based model compared to fever-inducing agents. In addition, the majority of
established pyrogens do not induce substantive fever in the immature rat*>>! (Hatalski &
Baram, unpublished observations).

The relationship of brain and core temperatures should be carefully considered. In animal
models, core temperature is routinely monitored, rather than direct measurements of brain
temperatures. It should be noted that the relationship between the two may not be consistent
throughout the range of temperatures induced to provoke a hyperthermic seizure.”” This may
result in core temperatures that do not reflect actual brain temperatures. Therefore, calibration
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and standardization of parameters that influence the relationship of core and brain tempera-
tures: the rate of heating, and volume, direction and diffusion of the heat, should carefully be
standardized. Ideally, chronic measurement of brain temperature should be employed, but this
is not feasible in the immature rat.

Ascertainment and Localization of the Seizures

The behaviors induced by hyperthermia may resemble those seen during seizures, but
automatisms, stiffening and other motor phenomena may result from nonconvulsive discharges
in brainstem, basal ganglia or other subcortical regions. Therefore, electrophysiological correla-
tion of such observed behaviors should be obtained from behaving animals. In infant rats,
hyperthermia induces stereotyped seizure behaviors”#* consisting of tonic body flexion ac-
companied by biting and chewing (‘facial myoclonus’). These are typical for seizures of limbic
origin.” % Electrographic correlates should therefore be sought also in limbic regions, particu-
larly in amygdala and hippocampus. In addition to pinpointing the likely source of the sei-
zures, electrophysiological recording also from limbic rather than only from cortical regions is
justified by the normal sequence of maturation in these regions: cortical maturation is incom-
plete during the second postnatal week in the rat, resulting typically in poorly organized and
low-voltage cortical EEG activity.”®’ It should be noted that because EEG correlations of genuine
febrile seizures in humans are exceedingly rare,” they are not helpful in guiding placement of
electrodes in experimental animals.

Absence of Immediate Morbidity and Mortality

Febrile seizures, whether single, short and nonfocal (simple) or recurrent, more prolonged
or focal (complex) are typically not associated with immediate morbidity or mortality. There-
fore, an appropriate animal model of febrile seizures should demonstrate similar low morbidity
and mortality. In addition, a fundamental question related to hyperthermic seizures in the
young human is whether they result in long-term effects, i.e., loss of hippocampal neurons
and/or alteration of hippocampal circuitry leading to epilepsy. Therefore, an optimal model
should be suitable for long-term survival without the confounding effects of major stress, burns,
infection or general moribund states. An optimal model should use a defined, benign mecha-
nism for increasing brain and core temperatures, which is suitable for repeated exposures. In
summary, benign outcome not only reproduces the human situation, but permits meaningful
prospective long-term studies of the long-term consequences of these seizures on epileptogenesis
and neuronal function in general.

Hyperthermic Controls

The goals of setting up models of febrile seizures are to study the mechanisms or the out-
comes of these seizures. However, by definition, each model involves subjecting the brain to
hyperthermia, to simulate fever. Therefore, the effects of the hyperthermia per se must be
distinguished from those of the associated seizures. The potential effects of hyperthermia may
not be inconsequential. Hyperthermia induces a significant number of genes (e.g., heat shock
proteins), and both deleterious and protective effects on neuronal function and integrity. For
example, hyperthermia enhances seizure severity and the neuronal loss induced by kainic acid,*®
and when extreme, results in neuronal injury by itself.?® Therefore, experiments using febrile
seizure models should compare three sets of animals: normothermic controls, hyperthermic
controls, in which hyperthermia was induced, but seizures were prevented14’19’27’ ¢ and the
experimental group which has experienced both hyperthermia and seizures.

The Immature Rat Model

Based on the criteria outlined above, a rat model for prolonged febrile seizures was devel-
oped:*?%78 In this model, 10-11 day-old Sprague-Dawley rats are subjected to hyperthermia
which raises body and brain temperatures gradually via a regulated stream of moderately heated
air (using a hair-dryer, low-intermediate settings, air temperature ~43°C). The air stream is
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Figure 1. Electrophysiological characteristics of hyperthermia-induced seizures in immature rats. Records
were performed via bipolar hippocampal electrodes in freely-moving 11-day-old rats. A) Baseline tracing
of hippocampal activity during normothermia, showing a nonrhythmic pattern in the theta range. B) The
hyperthermia procedure provoked hippocampal electrographic seizures, manifest as trains of spike-waves.
Calibration: vertical, 50 mV; horizontal 1 sec.

directed ~ 30 cm above the rats, which are placed (1-2 at a time) on a towel in a 3 liter glass jar.
Core temperatures are measured prior to initiating the hyperthermia, then every two minutes
as well as at the onset of hyperthermia-induced seizures. These core temperatures have been
extensively correlated with brain temperatures (Eghbal-Ahmadi and Baram, unpublished ob-
servations). In over 400 animals, we have found that raising core and brain temperatures to an
average 40.88°C resulted in behavioral seizures in over 98%.

As mentioned above, the behavioral seizures are stereotyped, consisting of arrest of the
heat-induced hyperkinesis, body flexion and biting of an extremity, occasionally followed by
clonus. The epileptic nature of these seizures was confirmed by electrophysiological recording
from the hippocampi of behaving pups, using bipolar electrodes. As shown in (Fig. 1), hyper-
thermia induces a change in hippocampal activity from a nonrhythmic pattern in the theta
range (Fig. 1A) to the onset of rhythmic epileptiform spikes (Fig. 1B), which correlate with the
onset of behavioral seizures. In hyperthermic controls, given the rapid- and short-acting barbi-
turate pentobarbital prior to the procedure, the behavioral as well as the electrophysiological
seizures are blocked.

Animals are maintained hyperthermic (39-41.5°C) for 30 minutes, which is designed to
generate seizures lasting about 20 minutes. This reproduces the human condition of prolonged,
or complex febrile seizures (defined as longer than 15 minutes, and comprising only ~10% of
all febrile seizures.'? It is these longer seizures which have been statistically implicated in the
development of TLE.>!'?7¢ The 20-minute duration also avoids the onset of status epilepticus
(defined as continuous seizures for 30 minutes), which may carry distinct implications for
outcome (see refs. 2, 23). Following the hyperthermia, animals are moved to a cool surface to
regain normal body and brain temperatures, then returned to their mothers for rehydration. It
should be noted that weighing the animals before and after the procedure indicates little evi-
dence of dehydration (< 3% change in body weight). Furthermore, animals regain normal
activity rapidly after the procedure, and mortality has been <1%.

In summary, the immature rat model described above reproduces key features of prolonged
febrile seizures, those that have been statistically correlated with the development of epilepsy
and/or the presence of mesial temporal sclerosis. Using this model, we have started addressing
the question of whether the relationship of these prolonged febrile seizures to neuronal loss and
hyperexcitability is causal. In other words, the experiments described below query whether
prolonged experimental febrile seizures cause epilepsy. Furthermore, if these seizures do induce
hippocampal hyperexcitability, what are the underlying mechanisms?



Febrile Seizures and Mechanisms of Epileptogenesis: Insights from an Animal Model 219

(11)

100

(8)

~
o
1

% of rats
S

(2)

N
L3y
L

(1)
(
% © ©

H-seiz N-ctl H-ctl H-seiz N-ctl H-ctl
seizures status epilepticus

Figure 2. Differential induction of seizures and of status epilepticus in adult rats by low-dose kainic acid as
a function of prolonged hyperthermic seizures early in life. Kainic acid led to seizures in all adult rats that
had experienced prolonged hyperthermic seizures on postnatal days 10-11 (H-seiz; n=11). The majority of
these (n=8) developed status epilepticus. In contrast, only 2 out of 8 normothermic (N-ctl) and 1 out of 6
hyperthermic control rats developed brief seizures, none of them status epilepticus (reproduced from ref.
27, with permission).

Do Prolonged Experimental Febrile Seizures Increase Seizure
Susceptibility?

To determine whether the susceptibility to seizures is altered after prolonged febrile sei-
zures, rats were allowed to mature (three months), and then underwent extensive
hippocampal-electrophysiology and behavioral seizure monitoring.”” Both the hippocampal
tracings and the behavioral measures to date have failed to demonstrate the occurrence of
spontaneous seizures. However, when challenged with a sub-convulsant dose of the AMPA/
kainate-type glutamate receptor agonist kainic acid, adult animals which had sustained devel-
opmental febrile seizures were far more sensitive than age-matched controls to the develop-
ment of further seizures. In essence, a dose that failed to provoke seizures in normothermic and
hyperthermic littermate controls led to severe seizures in all adult animals which had sustained
prolonged experimental febrile seizures early in life (Fig. 2), demonstrating a ~four-fold in-
creased sensitivity to kainic acid. This increased susceptibility to limbic convulsants was con-
firmed in vitro:”” Spontaneous epileptiform discharges were not observed in hippocampal-entorhinal
cortex slices derived from either control or experimental groups. However, Schaffer collateral
stimulation induced prolonged, self-sustaining, status-epilepticus-like discharges exclusively in
slices from experimental rats. These data indicate that experimental prolonged febrile seizures
do not cause spontaneous limbic seizures during adulthood. However, they induce persistent
enhancement of hippocampal excitability that may facilitate the emergence of subsequent sei-
zures in response to even a mild (and perhaps not clearly demonstrable in the human situation)
trigger later in life.
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Do Prolonged Experimental Febrile Seizures Cause Neuronal Death

and/or Synaptic Reorganization?

Neuronal loss and resulting changes in hippocampal circuitry (e.g., mossy fiber sprouting)
in specific hippocampal subfields are characteristic of mesial temporal sclerosis in patients with
TLE (reviewed in refs. 6, 45). The loss of seizure-sensitive neuronal populations can critically
alter the balance of excitation and inhibition in the hippocampus, which may lead to long-term
hyperexcitability and a reduced seizure threshold later in life, as indeed found in this model of
prolonged febrile seizures. Therefore, we studied the short- and long-term effects of experi-
mental febrile seizures on neuronal survival and synaptic connectivity.

Acute neuronal death was studied using the in situ end labellng (ISEL) technique for VlSLl-
alizing apoptotic cell death, as well as using the Gallyas silver stain method (“dark” neuron®)
for visualizing neuronal injury. ISEL demonstrated no evidence for acute neuronal death in the
hippocampus when studied 1, 4, 8.5, 24 or 48 hours after the seizures. However, the seizures
did impact neuronal structure: the Gallyas method demonstrated dark, argyrophilic neurons
starting within 24 hours and lasting as long as two weeks after the seizures. Whereas the precise
mechanisms which render neurons argyrophilic are not known, selective uptake of the silver
stain is considered to arise from alterations in proteins constituting the cytoskeleton. These
changes have often been suggested to signify cell death. However, such ‘dark’ neurons can also
be generated by subjecting the brain to postmortem trauma, indicating that this process is
independent from the process of cell death.”” Indeed, neuronal counts carried out in the cen-
tral nucleus of the amygdala, where ~30% of neurons became silver-stained after experimental
febrile seizures, demonstrated no loss of cells.”® These findings suggest that the onset of the
avidity to silver may not necessarily mean neuronal death: the changes or injury which render
a cell argyrophilic may be reversible and not lead to cell loss.

That experimental prolonged febrile seizures do not cause neuronal cell death was further
confirmed in a long—term study,'" in which neuronal densities in the hippocampal formations
of seizure-experiencing animals and age-matched controls were analyzed three months after the
seizures. No difference was evident in the neuronal numbers of specific, seizure-sensitive hip-
pocampal cell populations of these experimental groups. However, the density of the mossy
fibers, the axons of granule cells, in granule cell and molecular layers was significantly increased
in seizure-experiencing compared to control rats 3 months after the seizures. These findings
indicate that despite the absence of seizure-induced neuronal loss, reorganization of the hip-
pocampal circuit, evident by mossy fiber sprouting, did occur.

Do Prolonged Experimental Febrile Seizures Alter the Rate

of Granule Cell Neurogenesis?

Altered neurogenesis of dentate gyrus granule cells, promoting aberrant, excitatory connec-
tivity in the hippocampus, has recently been progosed as an additional mechanism by which
seizures can modulate the hippocampal network.®® Seizure-induced neurogenesm may be par-
ticularly disruptive during hippocampal development, since neurogenesis in the dentate gyrus
peaks during the first and second postnatal weeks.>”® Therefore, we examined the influence of
experimental prolonged febrile seizures on granule cell proliferation: Rats experiencing experi-
mental febrile seizures and age-matched controls were injected with BrdU 3, 7 or 28 days after
the seizures, and numbers of BrdU-labeled cells were determined 48 hrs later. No differences
were found between seizure-experiencing and control animals at any of the time-points stud-
ied."! Thus, although granule cell neurogenesis in the immature hlppocampus may be influ-
enced by seizures during development,'># prolonged febrile seizures had no significant ef-
fect on this process. This might be due to the relatively short duration of these seizures, or to
other, as yet unresolved model-specific factors.
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Molecular Plasticity after Experimental Prolonged Febrile Seizures

Electrophysiological analyses in acute hippocampal slices from seizure-experiencing rats re-
vealed a surprising result: Despite the increased network hyperexcitability in the hippocampus,
the inhibitory perisomatic drive onto CA1 pyramidal cells was increased, rather than decreased."”
Conversion of enhanced, GABA-mediated hyperpolarization into neuronal depolarization may
be mediated by activation of the hyperpolarization-activated, cyclic nucleotide-gated (I1,) cur-
rent.*%? This led to the hypothesis that the Iy-current was altered after prolonged febrile sei-
zures.”®”” Indeed, whole-cell patch clamp recordings from CA1 pyramidal cells demonstrated
that the biophysical properties of the I-current were altered by the experimental febrile sei-
zures.?? In slices from seizure-experiencing rats, the Ip-current was activated and deactivated
much more slowly, and its half-maximal activation (V) was shifted towards a more depolar-
ized membrane potential. Both changes opposed the increased presynaptic hyperpolarizing
input, and could convert it to a depolarizing overshoot and action potential burst firing.?*”
These changes persisted for at least 3 months.

In teasing out the mechanisms which might mediate these changes of the Iy-current, it was
found that, unlike typical short-term modulation of the properties of the current, they did not
depend on alteration of cellular cyclic nucleotides. This led to the notion that this long-lasting
alteration of the I-current might derive from transcriptional regulation of the molecules which
constitute the h-channels: The Iy-current is generated by a specific type of channels, the
hyperpolarization-activated cyclic nucleotide-gated cation channels (HCNs). Recently, four
different genes encoding HCN isoforms (HCN1-4) have been discovered, each isoform form-
ing channels with significantly differing physiological properties (reviewed in ref. 67). Three of
these isoforms (HCN1, HCN2, HCN4) are expressed in CA1 pyramidal cells of the immature
rat during the age when febrile seizures can be provoked.'® The relative abundance of each of
these isoforms in a given cell has been shown to be critical for the physiological properties of
the channels, which, in turn, govern the overall HCN properties of the cell. 468 1n CA1 pyra-
midal cells, the HCN1 isoform, forming fast activating and deactivating channels with limited
conductance, seems to be dominant under normal conditions.>**® However, recent results
indicate that prolonged experimental febrile seizures—occurring during a period of rapid evo-
lution of the HCN isoform expression pattern'’—influence the mRNA and protein expres-
sion of these channel molecules. The expression of HCN1 mRNA was significantly decreased
and the expression of HCN2 mRNA significantly increased in seizure-sustaining animals by
one week later.'* Both of these changes increase the relative abundance of HCN2 compared to
HCNI in a given neuron, favoring the formation of slower kinetics (and potentially larger-
conductance) HCN2-homomeric channels, with altered biophysical properties. This alteration
in the molecular make-up of the HCNs would promote neuronal activity-dependent depolar-
ization and enhance the excitability of the hippocampal circuit.

Summary

What Has the Immature Rat Model of Prolonged Febrile Seizures Taught

Us so Far?

The original working hypotheses driving these studies of experimental febrile seizures sug-
gested that these seizures would either kill vulnerable neurons, or lead only to transient injury,
without long-term effects on the hippocampal circuit. As evident from the data above, both
hypotheses were refuted. The scenario emerging from the experimental data indicates that the
process of epileptogenesis in the immature rat—the transformation of a ‘normal’ limbic net-
work to a pro-epileptic one—is far more intricate and subtle than a simple composite of direct
or compensatory changes in response to cell death.
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Indeed, the data clearly indicate that experimental prolonged febrile seizures do not result
in death of neurons in amygdala and hippocampus. Vulnerable populations, such as the mossy
cells or specific interneuronal subtypes, were specifically labeled and counted, and no loss or
reduction in their numbers were found.!! The preservation of neuronal numbers was not due
to the birth of new neurons, since BrdU analyses demonstrated that the rate of neurogenesis
was not altered.

However, prolonged experimental febrile seizures were not “benign”. In the aftermath of
the seizures, the hippocampus was far more susceptible to minor excitatory input (electrical
current in the slice, kainic acid in vivo) compared with a hippocampus not previously involved
in febrile seizures. These striking and long-lasting changes rendered the animal more likely to
generate seizures. Thus, pro-epileptogenic changes may occur without the requirement for
neuronal death.

Insight into the mechanisms contributing to the hyperexcitability resulting from prolonged
experimental febrile seizures was derived from electrophysiological and molecular analyses,
which, to date, have provided specific clues. Early (within hours of the seizures) regulation of
calcium entry is modified, due to transient reduction of GluR2 expression and creation of
calcium-permeable AMPA channels.”” By several days after the seizures, striking changes in ion
channels, specifically in the molecular make-up—and hence the kinetics and voltage-depen-
dence—of the HCNs, emerge and persist long-term. These contribute significantly to conver-
sion of augmented GABA-induced hyperpolarization to activity-dependent hyperexcitation.
Many questions remain: How do the seizures lead to down-regulation of GluR2? What other
critical alterations result from altered calcium entry? What are the mechanisms governing HCN
expression in a spatially and temporally constrained pattern?

These and related questions are the focus of ongoing studies. These studies are carried out
in the hope that they will lead to further clues and to the discovery of the specific molecular
targets, the key determinants, of this seizure-induced long-term hyperexcitability. It is the dis-
covery of such specific molecular targets which could lead to the design of compounds which
will specifically prevent the consequences of the seizures, and thus perhaps prevent these
pro-epileptogenic effects of prolonged febrile seizures.
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CHAPTER 16

The Tetanus Toxin Model of Chronic Epilepsy

Timothy A. Benke and John Swann

Introduction
n experimental models of epilepsy, single and recurrent seizures are often used in an
attempt to determine the effects of the seizures themselves on mammalian brain function.
These models attempt to emulate as many features as possible of their human disease
counterparts without many of the confounding factors such as underlying disease processes
and medication effects. Numerous models have been used in the past to address different ques-
tions. Nevertheless, the basic questions are often the same:
1. Do seizures cause long-term damage?
2. Do seizures predispose to chronic epilepsy (epileptogenesis), that is long-term spontaneous
repetitive seizures?
3. Are these results developmentally regulated?
4. Are the underlying mechanisms of epileptogenesis and brain damage related?

In pursuing these questions, the goal is to determine how seizures exert their effects and to
minimize any side effects from the methods employed to induce the seizures themselves. This
requires a detailed characterization of the methods used to induce seizures.

In this chapter, we will review the literature regarding the tetanus toxin model of chronic
epilepsy with regard to its mechanisms of action, clinical comparisons, how it is experimentally
implemented and the results obtained thus far. These results will be compared to other models
of chronic epilepsy in order to make generalizations about the effects of repetitive seizures in
adult and early life. At this time, it appears that repetitive seizures cause long-term changes in
learning ability and may cause a predisposition to chronic seizures at all ages. In younger ani-
mals, both features of learning impairment and epilepsy are not typically associated with cell
loss as they are in adult animals. At all ages, some form of synaptic reorganization has been
demonstrated to occur.

Mechanisms of Tetanus Toxin

Clinical Syndrome

Tetanus is a neurological disease manifested by trismus (lockjaw) and severe generalized
muscular spasms. The syndrome is caused by the neurotoxin produced by the spore-forming
anaerobic bacterium Clostridium tetani in a contaminated wound. Clostridial spores are world-
wide, and ubiquitous, found in soil, dust, street dirt and human and animal feces. Spores are
resistant to heat and disinfection. The bacterium itself is simply a wound contaminant, causing
neither tissue destruction nor an inflammatory response.

Symptoms, caused by an exotoxin, may begin locally in areas contiguous to a wound with
local muscle spasms. The incubation period is from 2 days to months and frequently without
an obvious wound. Cephalic tetanus involves cranial nerves in association with head and neck
wounds. Onset is gradual, typically with dysphagia and trismus (50%), occurring over 1 to 7
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days, and can progress to severe, generalized, extensor muscle spasms (opisthotonus), which
frequently are triggered and aggravated by any external stimulus. Opisthotonic spasms are
often mistaken for seizures. Severe spasms persist for 1 week or more and subside in a period of
weeks in those who survive (90%). Involvement of the autonomic nervous system results in
cardiovascular instability, with labile hypertension and tachyarrhythmias. As little as 150 g of
tetanus toxin is lethal to humans. Neonatal tetanus, a common cause of neonatal mortality in
developing countries, yet also known to occur in association with the popular practice of “home
birth” in developed countries, arises from contamination of the umbilical stump. Mortality in
neonates ranges from 30-80%. Approximately 10-30% of survivors of neonatal tetanus exhibit
long-term sequelae such as mental retardation and spasticity, which is thought to be due to
hypoxic-ischemic injury associated with severe spasms. However, the possibility of permanent
damage to spinal cord anterior horn cells has not been ruled out.'”

Structural Details and Molecular Mechanism of Action

Tetanus toxin shares many features with the other clostridial neurotoxins, however certain
structural features confer unique mechanisms of action. Tetanus toxin (TT), molecular weight
150 kDa, is released following bacterial cell wall lysis. The inactive protein is activated by a
specific protease resulting in a heavy chain (100 kDa) and light chain (50 kDa) that remain
associated by non-covalent interactions and a disulfide bridge, whose integrity is essen-
tial for neurotoxicity. The heavy chain C-terminus appears to modulate binding to
ganglioside-containing neuronal membranes and a reportedly specific, though as yet not fully
characterized, TT receptor. Both low-affinity (nM) and high-affinity (sub-nM) binding sites
have been identified. The light chain N-terminus is a zinc metalloprotease. These unique struc-
tural features account for the 5 steps thought to describe neurointoxication:

1. binding,

2. internalization,

3. transport,

4. membrane translocation and

5. proteolytic cleavage of substrate (Fig.1).4

Step (3) appears unique to T'T compared to
the other clostridial neuronal toxins and likely
accounts not only for its unique clinical syn-
drome but also for potential novel features asso-
ciated with its use as a model for experimental
epilepsy.

Initial neuronal-specific binding (Step 1) is
thought to be mediated by the TT receptor lo-
cated at axonal endings that may terminate in a
wound, for instance. Such axonal endings could
be motor or sensory axons. Following subsequent
rapid internalization into an endocytic vesicle
(Step 2), TT is vesicularly transported within the

. 1
axon to the soma. In the case of anterior horn b "N lﬁ'm - .
o ; ptor
cell neurons, it is then transported to dendrites | "¢y [\)
where, it is thought, it is then released in an ) @f Binding Domain

exocytic fashion and subsequently taken up again Translocation Domain
== Activated

endocytically by the terminals of spinal inhibi- 5 .
. . L . ranslocation Domain
tory interneurons. Following acidification of the Proleasa
internal milieu of the vesicle, the light chain
translocates (Step 4) across the vesicle mem-

brane into the neuronal cytosol. There the Figure 1. Sequence of toxin intoxication. Adapted
metalloprotease specifically cleaves (Step 5) asite  from reference 4.
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on synaptobrevin,”” a vesicle protein whose function is required for vesicle fusion with mem-
branes. Synaptobrevin is associated with neurotransmitter-containing synaptic vesicles.® Hence,
in the case of glycinergic and GABAergic interneurons, by inhibiting the release of glycine or
GABA onto anterior horn cell motor neurons, TT exerts its main clinical effects of a spastic
paralysis. Since this is the main clinical effect of T'T, one could assume that its effects on inhibi-
tory transmission are primary and specific.

These processes have been confirmed experimentally. Experimental application of TT has
been shown to prevent the release of GABA in spinal cord cultures,” hippocampal slices'®!!
and cortical membrane 4preparations. 12 Injection of TT into spinal cord and cerebellum blocks
synaptic inhibition.'>'* Application of TT to spinal cord cultures results in epileptiform dis-
charges associated with a presynaptic blockade of inhibitory synaptic transmission while no
effect is found on post-synaptic responsiveness to GABA or glycine.’

However, both clinical and experimental evidence suggests that the toxin’s effects are not
solely due to its interference with inhibitory synaptic transmission. Clinically, autonomic dys-
function suggests that following uptake by sensory neurons, TT disrupts cholinergic neurotrans-
mission. Experimentally, TT prevents not only release of GABA'! but also glutamate, aspartate
and met-enkephalin release at similar concentrations.'? EEG activity is acutely suppressed fol-
lowing intrahippocampal injection of T'T,' suggesting an effect on excitatory transmission. In
hippocampal cultures, TT preferentially binds to presynaptic glutamatergic terminals where it
is taken up by synaptic vesicle endocytosis. Once in vesicles there, the characterized sequence
of toxin action follows, resulting in cytosolic cleavage of synaptobrevin.'®

The actions of TT may not be entirely due to a presynaptic blockade of vesicular fusion.
Since synaptobrevin is suggestively located on vesicles associated with insertion of membrane
receptors,'”'® TT could also prevent their insertion in postsynaptic membranes. Application
of TT to Torpedo organ results in not only a reduction in miniature endplate potential fre-
quency, but also miniature endplate potential size’. Indeed, intracellular application of TT can
prevent post-synaptic insertion of both GABA' and glutamate'”?? receptors in hippocampal
neurons. However, responses to exogenous GABA are not altered in hippocampus following
intrahippocampal TT injection, though these studies investigated only somatic GABA recep-
tors on pyramidal neurons.”! Thus, the ultimate effects of TT depend on transport within
neurons and their associated neuronal networks as well as the half-life of the toxin.

Trans-synaptic transfer appears limited to “single-jumps”. That is, following initial uptake
and transport, T'T moves across a single synapse to then exert its effect. This appears to be the
case for horseradish peroxidase-conjugated heavy chain TT fragment when injected intramus-
cularly. In this case, it was found to be present in motor neurons and to eventually accumulate
following trans-synaptic transfer in inhibitory terminals but did not continue beyond from
there.?? That is, TT did not then move to inhibitory somata and beyond. Similar results were
found at cholinergic terminals in spinal preparations.?® In both of these studies, some TT was
observed extrasynaptically and found to persist for several days at the sites of synaptic transfer,
leaving the possibility for further intoxication of these and other local neurons as possible.
Following injection of TT into the CA3 region of hippocampus, transport would be expected
to at least encompass the projection of axon terminals and dendrites present in the CA3 region
(Fig. 2). This would include mossy fiber terminals from dentate granule neurons, association
fiber terminals from CA3 pyramidal neurons and commissural axons from the contralateral
CA3. Dentate granule neurons follow a laminar projection, while CA3 associational and Schaffer
collateral axons to CAl, project diffusely to both dorsal and ventral hippocampus (ipsilateral).

Theoretically, following transport to CA3 cell bodies, TT could also be further transported
via Schaffer commissural axons projecting to the contralateral CA1 and CA3 associational
regions.?* Following intrahippocampal injection of the conjugated heavy chain TT fragment,
transport was noted into the contralateral hippocampal CA3 region but not in either ventral
hippocampus or in cortex.”> However, it is not clear if the presence of the light chain may
facilitate multi-synaptic transfer. This could take place at any infected terminal. Indeed, upon
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Injection

Figure 2. Spread of tetanus toxin. Following initial injection of TT into dorsal hippocampus (double cross
hatch), likely pathways of transport (cross hatch) are shown. Inset shows pathways in an idealized transverse
hippocampal slice. Pyramidal neurons are denoted by triangles, granule neurons by open circles, and
GABAergic interneurons by filled circles. DG=dentate gyrus, S=subiculum, mf=mossy fiber pathway,
pp=perforant pathway, Scc=Schaffer collateral commissural pathway, Fim=fimbria pathway for commis-
sural pathway, arrows=usual direction of transmission. Adapted from reference 24.

intrahippocampal injection of whole tetanus toxin in young animals, multiple epileptic foci are
established.?® Whether or not this is a property of toxin transfer or the establishment of epi-
lepsy in developing animals is unclear. As will be discussed, since epileptic foci appear limited
to either bilateral hippocampi?® or to the site of injection into cortex”” (but see ref. 28) in older
animals, this may be due to the development of epilepsy in young animals and not to transfer
of the toxin to distant cortical regions. Also, since the theoretical actions of TT include both
presynaptic as well as postsynaptic mechanisms, the contribution of each in areas into which
TT is transported is unclear. That is, the presence of TT in dendrites could lead to
down-regulation of post-synaptic receptors. As will be discussed, electrophysiological evidence
for this is equivocal.

Discrepancies exist about the half-life of TT. As mentioned, the clinical syndrome can per-
sist from weeks to months. Recovery at neuromuscular junctions occurs only following axonal
sprouting and the creation of new terminal endplates,29 suggesting that intoxicated terminals
are permanently damaged. In vitro studies have suggested that, following rapid uptake™ the
toxin half-life is from 33! to 62 days, while in vivo less than 1% persisted up to 9 d.alys.33
Labeling studies have noted the presence of HRP-conjugated TT for several days.”*** How-
ever, blockade of synaptic transmission in spinal cord cultures persists for over one month.>
Depression of GABAergic inhibitory transmission in hippocampus following intrahippocampal
injection persists for several weeks; however, this has been interpreted as a change in the prop-
erties of inhibitory interneurons secondary to epileptic activity since GABA release in this
system is only impaired for 2 weeks.** Persistent blockade of transmission likely occurs with
fewer than 10 TT molecules® and theoretically occurs with only one TT molecule? due to its
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enzymatic nature. The long duration of poisoning is likely due to its compartmentalization
and a lack of cytosolic proteases capable of destroying TT. 0.34 Thys, interpretation of results
using T'T in experimental models of epilepsy must seek to separate those results that could be
due to a persistent action of TT from those due to the seizures themselves.

Experimental Implementation

Goals of Model Development

Intra-cortical injection of tetanus toxin as a means of inducing seizures was first demon-
strated over a century ago.”” The technique re-emerged and was developed in the 1960s and
1970s as an experimental tool for studying epilepsy. Its development became directed by the
need for an animal model that exhibited a semi-chronic epileptic syndrome in order to explore
the effect of epileptic discharges on cortical function. That is, the goal was to develop an animal
model with spontaneous daily seizures for several weeks that then abated so that the effect of
chronic seizures versus the acute seizures themselves on cortical function could be studied.
Such functions included mood, memory, recurrent seizures and the mechanisms involved in
their generation. Thus, given the persistence of the mechanism of tetanus toxin, it seems an
ideal agent. However, as is often argued, it often becomes difficult to determine which of the
effects observed in this model are due to the toxin or the seizures themselves. As it arises, this
will be mentioned.

Laboratory personnel are typically immunized with tetanus toxoid and anti-titers are veri-
fied prior to studies. In general, the method requires an appropriate humane animal anesthetic
followed by stereotactic injection of the toxin into the brain region of choice under aseptic
conditions (see Fig. 2). Injection sites are accessed by means of a burr hole. Typically only a
single injection of a very small volume (nanoliters) is given. However, in some instances, mul-
tiple or bilateral injections are performed and in some cases this is done with the semi-permanent
implantation of a cannula.?®* Following wound closure and care, animals are returned to
their cages. The dose of toxin is often noted in either amount in nanograms or in terms of
mouse LDs. In older studies, a mouse LDsg was defined as the amount required to kill half of
a group of mice injected intramuscularly within 7 days (10* mouse LDsgs are equivalent to 1
rat LDs)."” Tgrg)ically the equivalent of a few mouse LDss are used; 1 ng is approximately 3
mouse LDsgs.”® Currently, an MDy ¢, defined as the minimal effective dose (0.25 ng) required
to elicit hind limb paralysis in all animals following intramuscular injections in adult mice, has
been used to assess potency.*®

Chronic Epilepsy in Adult Animals
Intra-Hippocampal Injections of TT

Overview

The usage and consequences of intra-hippocampal (typically into CA3 region) TT injec-
tions in adult (21 days and older) rats have been reviewed.''?”*® Studies have employed and,
where noted, included bilateral and unilateral injections of T'T into either dorsal or ventral
hippocampus. The findings are updated and summarized here with respect to a behavioral and
seizure description, correlation with EEG findings, duration and severity of epilepsy and in
vitro electrophysiological findings. This is followed by a summary of the pathological and
biochemical findings. Long-term behavioral consequences to animals are discussed. The sug-
gested mechanistic schemes for these findings are reviewed.

Seizures, EEG Correlates and Behavior
Injected animals begin to have seizures 1-2 days following the injection. Seizures in adult
rats typically involve a behavioral arrest followed by focal or generalized myoclonus or facial
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twitching. Occasionally they begin in sleep. Head rearing and rearing on hind feet follows this.
Occasionally the animals have so-called “wild running fits”. The ictal stage lasts 25 to 75 sec-
onds and is followed by a post- -ictal stage of unresponsiveness lasting up to 4 minutes followed
by resumptlon of normal activities.!® Intracortical recordmgs obtained within hours followmg
anCCthIl show that both evoked excitation and inhibition is impaired near the site of injec-
tion.* (This is also seen in vitro following acute application of very hlgh doses of TT to hip-
pocampal slices.**) One to two days later, the EEG shows eplleptlform activity arising from the
injected hippocampus initially and later bilaterally. Electrographic seizures appear to begin in
either hippocampus with bursts of 3-20 Hz spike-wave activity that subsequently generalize.
The non-injected hippocampus often develops larger discharges during the ictus and may dis-
charge independently following an ictus.*! Following the electrographlc seizure, relative elec-
trical silence is noted coinciding with the time the animal is unresponsive post-ictally. Interictal
spike frequency increases as the number of seizures increases. Animals have 4-5 seizures per
hour for 4 weeks, however this varies around roughly a 4-day cycle and most seizures occur
during the afternoon. One week after injection, some of the hippocampal discharges occur
without any overt behavioral seizure.?! After 5-7 weeks, the EEG returns to normal and sei-
zures desist.>% Rarely (<10%), seizures or EEG abnormalities may recur or pers1st ''In a
radial arm maze-learning task, rats learned more slowly than controls long after seizures had
abated.*? Rats developed life-long aggressiveness and hyperactivity soon after TT injection.!”

Further in Vivo and in Vitro Electrophysiological Characterization

While initial studies into the electrophysmloglcal characterization of the TT model in-
volved in vivo hippocampal recordings,*? the use of the hippocampal in vitro slice preparation
has allowed a more thorough characterization of the nature and origin of the epileptic dis-
charges and their persistence following TT injection. The TT model is unusual in this regard
since most models of epilepsy do not retain epileptic discharges in vitro.*> Three major find-
ings are apparent. First, hippocampal CA3 pyramidal neurons show permanently decreased
synaptic excitability by mossy fiber (from ipsilateral dentate granule neurons) and commissural
(from contralateral CA3 pyramidal neurons) inputs 4-6 months following bilateral hippocam-
pal TT injections. This is apparentlg not due to diminished intrinsic excitability since antidro-
mic population splkes are normal.*? Similar findings were found at 16 weeks following unilat-
eral TT injections.” Interestmgly, given that these animals had impaired learning, these same
animals did not have impairment of long—term potentiation (LTP) in the pathway of commis-
sural 1nputs to CA3 neurons.”? LTP is thought to be an in vitro correlate of learning and
memory. Conversely, permanently enhanced excitability of dentate gyrus granule neurons
(determined by larger, single orthodromic population spikes) and CAl pyramidal neurons
(determined by the presence of multiple orthodromic population spikes) is present ipsilaterally
and contralaterally to unilateral TT injections.?! Second, spontaneous epileptiform activity
arising from the CA3 region is temporarily present in vitro at similar tlmes to the observed
epileptic syndrome, that is, up to 7 weeks followmg b11atera1 TTi 1n;ect10n 3 and up to, but not
beyond, 16 weeks following unilateral TT anCCtlon ! This epileptic activity is present bilater-
ally even followin ng unilateral TT i mJectlon > and may be more consistently present contralaterally
to TT injection.” Third, synaptic inhibition in CA3 and dentate gyrus is temporarily abol-
ished in the hippocampus ipsilateral to the TT i injection site for up to 8 weeks followmg injec-
tion.?!#¢ Synaprtic inhibition contralateral to TT injection, while not abolished, is apparently
diminished somewhat, and it was found that the stimuli required to generate monosynaptic
fast IPSPs were twice that found compared to control slices. This suggested that interneurons
were either less exc1table (intrinsically or extrinsically) and/or that they were less efficient in
GABA release.* Such network alterations may explain the permanent changes in excitability
noted in CAl and dentate gyrus. Concurrent studies by these authors suggested that GABA
release contralateral to T'T injection was normal since they observed that GABA release ipsilat-
eral to the injection was transiently impaired only in the first two weeks following injection.>
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Regardless, inhibition is apparently only impaired up to 8 weeks following T'T injection, while
epileptic activity persists beyond this but it too diminishes finally 16 weeks following TT
injection.

Neuropathological Correlates

The TT model of epilepsy in adult rats is unique in that it is not associated with apparently
significant pyramidal neuron loss compared to other models.!” Remote from the injection site,
there is bilateral 10% cell loss in CA1 following unilateral injection of T'T into dorsal hippoc-
ampus and 30% cell loss in CA1 following unilateral injection of TT into ventral hippocam-
pus®’ (and reviewed in®®). Consistent with some degree of cell loss, microglial activation is
noted in these regions.”” Much larger doses of TT than are normally used do apparently cause
pyramidal neuron loss at the site of injection.*® However, morphologically it has been brleﬂy
reported that there is dendritic spine loss on CA3 pyramidal neurons near the site of i 1n]ect10n
noted 4 weeks following TT injection.*” CA1 pyramidal neurons 1psxlateral to the site of injec-
tion demonstrate a higher incidence of dye coupling, presumably via gap junctions along with
simplified apical and basal dendritic arbors.”® Aberrant mossy fibers that have apparently sprouted
enter the outer and inner molecular layers of the dentate gyrus and are noted bilaterally 4 weeks
following unilateral TT injection.’! Expression of mRNA encoding specific glutamate recep-
tor isoforms is transiently elevated bilaterally in a specific pattern (GluR1 flip in dentate gyrus
and GluR2 flip in all hippocampal sub-fields) at 4 weeks following unilateral TT injections.’
While presumably this could underlie increased excitability, the significance of this is specula-
tive given the unknown function of these specific glutamate receptor isoforms. Disparate con-
clusions have been obtained in an attempt to address whether increased excitability is mediated
by a loss of inhibitory interneurons. In a study utilizing interneuron-specific expression of
glutamic acid decarboxylase (GAD), inhibitor;r interneurons are apparently unaffected and
may exhibit a transient up-regulation of GAD.> Others have observed a selective, bilateral loss
of somatostatin-immunoreactive interneurons in the hilus of the dentate gyrus noted at 8
weeks following unilateral TT injection.>®

Effects of Anti-Convulsant Drugs

Two studies have looked at the effect of anti-convulsant drugs on the development of sei-
zures in the adult TT model. The first study2 was different from others in that it involved
multiple unilateral intrahippocampal injections of TT in cats. The resulting seizures were so
severe, that if control was not attempted with phenobarbital, the animals succumbed to status
epilepticus. This study, despite its limited size, suggested that if seizures were initially control-
lable with phenobarbital, this led to remission of seizures. However, in those animals that had
remission of seizures, repetitive seizures could be re-induced with a single injection of T'T that
required life-long phenobarbital for control for the resulting chronic epileptic syndrome. Im-
portantly, it has not been determined whether or not treatment with anti-convulsants resulted
in normal performance in learning tasks or minimization of any of the neuropathological changes
found.

In a subsequent study,” adult rats were pretreated with either intrahippocampal TT or
kainate, with or without suppression of seizures by phenobarbital, followed by a treatment
with intrahippocampal TT. Animals pretreated with kainate were more likely to develop chronic
spontaneous repetitive seizures, regardless of seizure suppression by phenobarbital, and in cor-
relation with damage to the CA3 region of the hippocampus. All animals that received only TT
treatment (with and without phenobarbital treatment) recovered from their epileptic syndrome.
Treatment with phenobarbital during the pretreatment with either kainate or TT did result in
a less severe epileptic syndrome during the subsequent administration of TT. This study did
not investigate the presence of subclinical seizures nor did it ascertain performance in learn-
ing tasks.
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Intra-Cortical Injections of TT

Compared to intra-hippocampal injections of TT; injections of T'T into adult rat neocortex
result in a more severe and prolonged epileptic syndrome. Seizures, abnormal EEG and in vitro
epileptiform activity are present for greater than 7 months following injection. These abnor-
malities are noted locally and diffusely, presumably due to transport of TT.” Similar findings
have been found following injections of T'T into cat motor cortex where it has been noted that
no significant cell loss is present.*® Similar to rat hippocampus, injection of TT into neocortex
results in a transient depression of GABA release only ipsilateral to the injection.’® Also, neo-
cortical injection of TT is associated with a focal up-regulation of GAD mRNA, as well as
mRNA for type IT calcium/calmodulin-dependent protein kinase, GluR2*” and brain-derived
neurotrophic factor (BDNF) which may play a role in aberrant neuronal sprouting.”® While
injection of TT into other brain regions has been attempted, these have been only briefly

described.?’

Discussion

The conclusion of many studies has suggested that the epileptic syndrome that follows TT
injection is due to impaired inhibition. However, investigators have argued that impaired inhi-
bition is a consequence of the seizures themselves and not directly due to the toxin itself. This
argument is based on the observations that the measured half-life of the toxin is short, release of
GABA is impaired only locally and in a transient fashion that mirrors the toxin half-life, the
contralateral hippocampus which has only mildly impaired inhibition has more dramatic epi-
leptic discharges in vitro, epileptic discharges persist after the recovery of inhibition and, when
seizures are controlled with anti-convulsant drugs, the syndrome is prevented. It s still unclear
if there is a central nervous system counterpart to the recovery from TT in the peripheral
nervous system that requires axonal sprouting and the creation of new terminal endplates.”’
The mechanism(s) of denervation (loss of CA3 dendritic spines) are equally unclear. It is thought
that focal loss of CA3 dendritic spines could underlie impaired CA3 excitation and perfor-
mance in learning tasks. This has not been studied thoroughly, however. Since it is known that
TT inhibits insertion of postsynaptic glutamate receptors,'””'® and that blockade of this pro-
cess can lead to spine retraction,’ a direct effect is theoretically possible. Perhaps by studying
dendritic spines in other hippocampal regions such as CAl or dentate gyrus this could be
clarified. Despite these reservations, the observations found in young animals suggest that it is
the impact of recurrent seizures that induces the epileptic syndrome.

Chronic Epilepsy in Young Animals
Intra-Hippocampal Injections of TT

Overview

The use of intra-hippocampal injections of TT in young animals (9-11 days old) has been
performed in our laboratory. These have always involved single, unilateral injections of low-dose
TT into the dorsal CA3 region. The findings are summarized here with respect to a behavioral
and seizure description, correlation with EEG findings, duration and severity of epilepsy and
in vitro electrophysiological findings. This is followed by a summary of the neuropathological
findings. Long-term behavioral consequences to animals are discussed. The suggested mecha-
nistic schemes for these findings coupled with that found in adult animals are presented.

Seizures, EEG Correlates and Behavior

Suppression of background activity was observed in EEG recordings in the first 12-24 hours
following T'T injection. Multifocal spikes from either hippocampi or neocortex developed in
the next 24 hours. Behavioral seizures, described as “wild-running” or “wet-dog shakes”, began
24-72 hours following T'T injection, were correlated with EEG recordings, and were found to
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arise either focally in the injected hippocampus or bilaterally. At their peak, approximately 1-3
days following TT injection, as many as 4-5 wild-running seizures per hour were observed.
Subsequently most seizures were sub-clinical in nature after 4 weeks. While only 20% of ani-
mals might be observed to have behavioral seizures in adulthood, when these animals were
reexamined in adulthood (up to 24 weeks following T'T injection) with EEG, nearly all had
abnormal EEGs consisting of either brief bursts of fast generalized spike-wave activity or brief
bursts of multifocal interictal spikes, typically without behavioral correlate.%° When tested as
adults, T'T-injected animals learned the Morris water maze more slowly compared to control
animals, findings which were independent of EEG abnormalities and any impairment in mo-
tor function.”

Further in Vitro Electrophysiological Characterization

Most hippocampal slices obtained from rats injected with TT in infancy exhibited epilepti-
form bursting from both the ipsilateral and contralateral CA3 region; this was independent of
the time following (up to 10 weeks) TT ir1jecti0n.26’61 Such bursting was not present in CA1,
however some slices exhibited unusual rhythmic (2-8 Hz) IPSPs. Membrane properties of CA3
pyramidal neurons were similar to control animals. Blockade of IPSPs in TT-injected rats
induced rhythmic epileptiform bursting in both contralateral and ipsilateral hippocampi com-
pared to rhythmic single spikes in control animals suggesting excitation was enhanced in TT-
injected animals.®!

Neuropathological Correlates

Injection of TT in infancy shares many findings with that in adulthood with a few quanti-
tative differences. No total cell loss was noted in any hippocampal region,26 however there was
found to be a dispersion of stratum pyramidale that was more prominent in the CAl region
and could not be explained by gliosis.”> Aberrant mossy fiber sprouting was also found bilater-
ally following TT injection.®’ Dendritic spine loss along apical and basal dendrites of pyrami-
dal neurons in CA3 has been quantified and found to exist bilaterally while axons from the
same CA3 neurons appear normal with regards to length and branching pattern.®?

Effects of Anti-Convulsant Drugs

The effect of the anti-convulsant carbamazepine in infant rats following unilateral TT in-
jection in infancy was markedly different from that found in adult animals.®> While able to
significantly limit the number of observed seizures, sub-clinical seizures persisted, though still
fewer than that found in control animals. Upon withdrawal of carbamazepine, behavioral sei-
zures recurred and subsequently abated with a similar, though delayed, time course comparable
to animals not treated with carbamazepine. This suggests that the seizures themselves appear to
limit their recurrence during development. Longer-term evaluation of these animals has not
yet been performed to determine if treated animals had normalization of their EEGs, as was
found in the study on adult animals. Again, as in adult animals, it has not been determined
whether or not treatment with anti-convulsants resulted in normal performance in learning
tasks or minimization of any of the neuropathological changes found.

Discussion

The persistent epileptic state in rats following unilateral hippocampal injection of TT in
infancy suggests two important conclusions. First, since the epileptic state persists well beyond
any conceivable persistence of T'T action (at 24 weeks, assuming a half-life of 7 days, only one
molecule of TT would remain), it is the effect of persistent seizures that causes the chronic
epileptic state. Second, the developing brain is more sensitive to early-life seizures to cause the
chronic epileptic state. An important distinction with the seizures in adult rats is noted, in that,
recurrent seizures in adult rats do not necessarily predispose to chronic epilepsy unless, as
recent reports have sugg%estecl,55 recurrent seizures induced by T'T are coupled with other agents
or treatments (kainate,”> hypoxia®) that cause hippocampal neuronal loss. Next, it is impor-
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tant to determine how recurrent seizures induced by TT in both adult and infant rats lead to
learning impairment. While it appears that it is the effect of chronic seizures, one could also
argue that it is the damage caused by TT. Mossy fiber sprouting is a common abnormality
found in most animal models of epilepsy and is not likely to be a consequence of TT itself. This
occurs even in the infant model, and its presence bilaterally following unilateral TT injection
suggests it is secondary to the seizures and not TT. Sprouting may also explain the increase in
neuropil found in CALl regions. Once the TT model is compared to other models of epilepsy,
a common denominator emerges in that in different models, early-life seizures lead to not only
chronic epilepsy and similar neuropathological changes but also learning impairment.

Comparisons to Other Models of Chronic Epilepsy

While clear distinctions exist in other models of chronic epilepsy between infant and adult
animals, these share many of the features of the TT model. For example, following
kainate-induced status epilepticus in adult animals, there are spontaneous repetitive seizures,
CA3 cell loss, mossy fiber sprouting into CA3 and dentate gyrus, sprouting into CA1 stratum
pyramidale and stratum radiatum, and impaired learning in memory tasks.®>®” However, if
animals younger than 14-21 days old are treated, the animals are apparently unaffected, even
following repetitive treatments.’® Newer studies now suggest that while kainate treatment in
animals younger than 14 days has neither neuropathological sequelae nor induction of sponta-
neous repetitive seizures, it is found to be associated with diminished LTP, learning task perfor-
mance, kindling rate and increased inhibition in the dentate gyrus.69 Furthermore, kainate
insult in infancy and again later in adulthood results in more prominent memory impairment
than a single insult at either time.”® Similar findings are noted with lithium-pilocarpine-induced
status epilepticus.”' > However, as suggested by kainate, repetitive episodes of status epilepticus
in infancy caused by lithium-pilocarpine are not benign. Following 3 episodes of status epilepticus
in this model, rats develop recurrent electrographic seizures (most of which were subclinical),
increased CA1 excitability, and diminished learning, all without significant neuropathological
changes such as cell loss (however mossy fiber sprouting was not assessed).””® This is very
similar to the findings of the chronic epileptic syndrome induced by TT in infancy and sug-
gests that repetitive early-life seizures are a common mechanism capable of creating a chronic
epileptic state that includes memory impairment without cell loss. Indeed, it is not just the
seizures themselves, it is the molecular pathways they trigger, as has been demonstrated by the
co-application of an NMDA receptor antagonist (MK-801) with lithium-pilocarpine in adult
animals. In this case, status epilepticus was not prevented but all of the sequelae were.””

The effects of early-life seizures are certainly model-dependent. In the fluorothyl-model,
early-life seizures are associated with impaired learning and mossy fiber sprouting but not
spontaneous repetitive seizures.”®”? In the hyperthermia model of febrile seizures, a single
prolonged seizure results in life-long susceptibility to convulsants, enhanced inhibition in CA1,
enhanced in vitro kindling, and enhancement of the membrane conductance 7, with subse-
quent hyperexcitability in CA1.89%2 Following a prolonged hypoxia-induced seizure, experi-
mental animals develop acute seizures and a chronic reduced seizure threshold to convulsants,
but neither mossy fiber sprouting nor cognitive disturbances. This model has now been shown
to be associated with increased expression of calcium-permeable %lutamate receptors, however
the exact role of this in the pathogenesis of this model is unclear.* Status epilepticus induced
by kainate in infant rats does not result in mossy fiber sprouting but does result in impaired
LTD, impaired kindling and impaired learning associated with enhanced inhibition in the den-
tate gyrus.®?

Thus, while each of these models has distinct mechanisms in the induction of seizures, their
common outcome suggests that it is directed by the repetitive experience of the seizures them-
selves. Since there are likely many mechanisms that could lead to spontaneous repetitive sei-
zures and/or learning impairment (similar to the clinical experience that there are many causes
of epilepsy), seizures are the likely trigger of any or all of these pathways that could be favored
by one treatment or another.
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CHAPTER 17

Brain Stimulation As a Therapy for Epilepsy

Jeffrey H. Goodman

Abstract

he failure of current antiepileptic therapies to adequately treat a significant number of

epileptic patients highlights the need for the development of new treatments for the

disorder. A new strategy that is currently being developed is to deliver electrical stimu-
lation directly to the brain to decrease or prevent seizure activity. Clinical evidence that electri-
cal stimulation could interfere with seizure activity was initially reported in the 1930’s. How-
ever, many of these early studies consisted of case reports or were poorly controlled. In addition,
there were a number of studies that failed to observe any beneficial effect of brain stimulation
on seizures. More recently, deep brain stimulation has been used successfully to treat patients
with movement disorders and vagus nerve stimulation has been shown to effectively decrease
seizure activity in a select population of epilepsy patients. These advances have led to a reexami-
nation of the potential therapeutic benefits of deep brain stimulation for the treatment of
epilepsy. There is now experimental and clinical evidence that direct electrical stimulation of
the brain can prevent or decrease seizure activity. However, several fundamental questions re-
main to be resolved. They include where in the brain the stimulus should be delivered and
what type of stimulation would be most effective. One goal of this research is to combine the
beneficial aspects of electrical stimulation with seizure detection technology in an implantable
responsive stimulator. The device will detect the onset of a seizure and deliver an electrical
stimulus that will safely block seizure activity without interfering with normal brain function.

Introduction

Current pharmacologic therapies for epilepsy fail to effectively treat 25% of the patients
with the disorder.! The remaining patients who derive some benefit from these treatments are
at risk of developing a myriad of side effects as a consequence of long-term drug administra-
tion. As a result, there is a need for the development of new effective therapies with a low
potential for side effects. One candidate is the use of direct electrical stimulation of the brain to
stop or prevent seizures.

There have been numerous attempts to use electrical stimulation of the brain to block
seizure activity but the reality is that while brain stimulation as a therapy for epilepsy holds
great promise, it is still in its infancy. Evidence from a number of animal and clinical studies
suggest | that direct electrical stimulation of the brain can block or decrease the severity of sei-
zures. > However, there are also a number of contradictory studies that suggest deep brain
stimulation does not decrease seizure activity.”” The problem with many of the clinical studies
is that they were not properly controlled, so it is difficult to determine the exact meaning of
their results. One controlled clinical study that examined the effect of centromedian thalamic
stimulation in patlents with intractable epilepsy did not observe a significant decrease in the
number of seizures.® The only controlled clinical study that has reported a significant decrease
in seizure frequency after electrlcal stimulation was the study that demonstrated the efficacy of
vagus nerve stimulation (VNS).? Intermittent electrical stimulation applied to the left vagus
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nerve provides effective seizure control in a select population of epilepsy patients. The mecha-
nism by which VNS decreases seizure activity is unknown.

Given the limited success of VNS, it is tempting to hypothesize that the delivery of an
electrical stimulus directly to the CNS, instead of a peripheral nerve, will result in a more
effective decrease in seizure activity. Deep brain stimulation (DBS) of the basal ganglia and
thalamic structures is an approved and effective therapy for movement disorders. The success
obtained with DBS as a treatment of movement disorders has led several investigators to exam-
ine the potential anticonvulsant effect of electrical stimulation delivered to these same areas.
There are several clinical re eports of decreased seizure actmty after high- frequency stimulation
of the anterior thalamus,'" the subthalamic nucleus,'? and the hippocampus.'® The results
from these clinical studies and recent studies using animal seizure models strongly suggest that
DBS has the potential to become a treatment for those patients with epilepsy who are currently
unresponsive to pharmacologic therapy or are not candidates for surgical intervention.

However, before DBS can be considered as a therapy for epilepsy several fundamental ques-
tions need to be answered. First, there is the overriding concern of safety. The effective stimulus
should not cause tissue damage, interfere with normal brain function, and most importantly,
lead to seizures. Secondly, where in the brain should the stimulus be delivered? Should the
stimulus be delivered directly at an identified seizure focus or should it be delivered at a site
outside the focus that has inhibitory projections to the focus? Finally, what type of stimulus
will be most effective? Will one type of stimulation be effective against many forms of epilepsy
or will the stimulus have to be customized to meet the needs of the individual patient?

Once an effective stimulation paradigm is developed, a method for delivering the stimulus
to the patient will also have to be developed. The stimulators presently used for VNS, and
those used for movement disorders, have been defined as blind or unintelligent since they
deliver current at a predetermlned intensity on a continual basis, 1ndependent of the patient’s
physiological state.™ An intelligent stimulator would be able to detect a seizure and deliver a
stimulus at the optimal time to prevent or stop a seizure. By decreasing the time that current is
delivered to the patient, issues of safety and the potential for side effects are minimized. Recent
advances in seizure prediction technology raise the poss1b1hty that in the near future an intelli-
gent stimulator will be available as a treatment option for patients with epilepsy.'#1°

Vagus Nerve Stimulation

Vagus nerve stimulation is the only approved therapy for the treatment of epilepsy that uses
electrical stimulation. The efficacy of VNS has been rated to be equal to that of a new anticon-
vulsant agent for patients with partial seizures but less effective than surgical resection.'® The
mechanism underlying the anticonvulsant effect of VNS is unknown. Several pathways have
been hypothesized as routes by which activation of the vagus nerve could lead to activation of
central structures with the ultimate effect of decreasing seizure activity.

The vagus nerve is a mixed nerve, which in addition to carrying parasympathetic fibers also
carries sensory afferents into the CNS. The cell bodies for these afferents are located in the
nodose ganglion. It has been hypothesized that activity in the vagus can enter the CNS by
traveling from the nodose ganglion to the nucleus tractus solitarius (NTS). One of the key
structures innervated by the N'TS is the parabrachial nucleus. Neurons in this structure project
to a number of thalamic nuclei thereby providing a mechanism for activation of thalamocorti-
cal circuits with the potential for modulation of seizure activity.'® The ﬁndlng that electrical
stimulation of the NTS interfered with the development of convulsive seizures in amygdaloid
kindled cats supports an anticonvulsant role for the NTS.!” Results from animal studies sug-
gest that the NTS also projects to the locus ceruleus, a brainstem structure with widespread
projections to cortical and limbic structures. The locus ceruleus has also been implicated in
mediating the effects of VNS, because when lesions were placed in the locus ceruleus, the
anticonvulsant effect of VNS was prevented.18 Therefore, the anticonvulsant effect of NTS
activation and VNS may be mediated through activation of the locus ceruleus.
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Independent of the mechanism of action by which VNS decreases seizure activity, VNS is
very effective in a small population of patients. However, the number of patients that do not
respond to this therapy is significant enough that the need for new therapies still exists. One
disadvantage of VNS is that it is impossible to predict before surgery which patients will ben-
efit and which will not.'® In addition, VNS is not free of side effects. Besides the potential
complications from surgery, some patients complain of hoarseness, voice changes and dysp-
nea.'’ When VNS is ineffective, additional surgery is required to remove the implanted elec-
trodes.

DBS As a Therapy for Epilepsy

The recent success obtained with deep brain stimulation for movement disorders and vagus
nerve stimulation for seizures has led to a renewed research effort to develop direct stimulation
of the brain as a treatment for epilepsy. However, it is unclear where the stimulus should be
delivered to obtain the optimal anticonvulsant effect. Two approaches are being used to assess
the efficacy of DBS for epilepsy. The first is to examine the effect of stimulation of areas away
from the focus that may be able to disinhibit areas of the brain that regulate seizure susceptibil-
ity. The second approach is to deliver the stimulus directly at an identifiable focus.

Activation of Seizure-Gating Networks—Animal Studies

The results from a number of experimental animal studies have identified several areas in
the brain that, when stimulated, act to regulate seizure susceptibility by raising seizure thresh-
old or by interfering with seizure propagation.'” These areas are referred to as seizure-gating
networks." Tt is interesting that many of the sites that decrease seizure activity are the same
areas that have been used in the treatment of movement disorders. A decrease in experimentally-induced
seizure activity has been regorted to occur after stimulation of the basal ganglia,”® cerebel-
lum,?522 anterior thalamus,? subthalamic nucleus,* mammillary bodies, locus ceruleus,2>%’
substantia nigra (SN),?*! and disinhibition of the superior colliculus.**

Of the sites listed above, the SN, the superior colliculus, and the subthalamic nucleus have
received the most attention. The pars reticulata of the SN is believed to be a central player in a
network that includes the striatum and the superior colliculus.'” Manipulations that inhibit
the SN tend to be anticonvulsant.’’*®> The SN sends inhibitory projections to the superior
colliculus.>*3> Therefore, any manipulation that inhibits the release of GABA from the SN
should disinhibit the superior colliculus.

The anticonvulsant effect of electrical stimulation of the striatum and the subthalamic nucleus
may also be mediated through the superior colliculus.***® The striatum sends inhibitory pro-
jections to the SN. Electrical stimulation of the striatum inhibits the SN, which disinhibits the
superior colliculus.?? The subthalamic nucleus sends excitatory fibers to the pars reticulata of
the SN.%” Stimulation of the subthalamic nucleus is believed to inhibit its output.>* Inhibition
of the output of the subthalamic nucleus results in an inhibition of the SN and a disinhibition
of the superior colliculus.***® The mechanism by which activation of the superior colliculus is
anticonvulsant remains to be determined.

The locus ceruleus sends widespread noradrenergic projections throughout the cortex and
limbic system. Evidence from a number of studies suggests that activation of these ascending
monoamine pathways can modulate seizure activity in several different experimental models of
epilepsy. Indirect activation of the locus ceruleus has been proposed as a possible mechanism
for the anticonvulsant effect of VNS.'® Direct stimulation of the locus ceruleus suppressed
penicillin-induced epileptiform activity in the ra®®?” and locus ceruleus lesions result in an
increase in epileptiform activity in the rat.>> Studies that examined kindling acquisition re-
vealed a decrease in the time to kindle when norepinephrine was depleted® and the alpha
2-adrenoreceptor agonist clonidine suppresses amygdala-kindled seizures.?! The increased sei-
zure susceptibility of the genetically epilepsy-prone rat has been partially attributed to a genetic
deficiency in norepinephrine.*? More recently it has been reported that transgenic mice that
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lack the ability to make norepinephrine have an increased susceptibility to seizures and that an
intact noradrenerligrc system is required for the ketogenic diet to inhibit flurothyl-induced sei-
zures in mice.””** The results from these studies strongly suggest that activation of the locus
ceruleus could be beneficial to epileptic patients.

The effects of anterior thalamic and cerebellar stimulation on experimentally-induced sei-
zures have also been examined. High-frequency stimulation of the anterior thalamic nucleus
raised the threshold for clonic seizures in rats injected with pentylenetetrazol (PTZ).” How-
ever, the effect of cerebellar stimulation is less clear Several studies farled to observe any change
in seizure activity after cerebellar stimulation.>® Maiti and Snider®! observed a decrease in
electrically-induced seizure activity in the amygdala and hippocampus of cats and monkeys
after midline cerebellar stimulation and cerebellar stimulation has been reported to decrease
the number and duration of paroxysmal events induced by penicillin in the cat.?

Activation of Seizure-Gating Networks—Clinical Studies
Clinical studies of DBS and epilepsy have not yielded the positive results that have been
obtained in animal models. The results from many of the early clinical studies are contradic-
tory because some find a decrease in seizure activity while others fail to observe any effect of
DBS. In addition, only a limited number of these clinical studies were properly controlled. The
controlled study by Fisher et al® that examined the effect of centromedian thalamic stimulation
on intractable seizures failed to detect a change in seizure frequency. Nevertheless, recent clini-
cal studies have examined the effect of stimulation of structures that have been shown to de-
crease seizure activity in animal models. There are reports of decreased seizure activity after
stimulation of the caudate,®%¢ the cerebellum, the anterior thztlamus,11 the subthalamic
nucleus,'? the central median thalamic nucleus,*” and the hippocampus.!> Robert Fisher at
Stanford is currently heading a clinical trial to investigate the effect of anterior thalamic stimu-
lation on refractory partial seizures."

Focal Stimulation

An alternative approach to using DBS to disinhibit seizure-gating networks is to apply the
stimulus to block seizures directly at an identified focus. Lesser et al*® were able to block
stimulation-induced seizure afterdischarges by applying a brief burst of high-frequency stimu-
lation. Velasco et al'® observed a decrease in seizure activity in patients with intractable tempo-
ral lobe seizures after application of direct stimulation to the hippocampus. More recently,
direct cortical stimulation has been used to decrease interictal spiking from the cortex of a
patient with mesial temporal epilepsy.*’

The effect of focal stimulation on seizure activity has also been examined in the kindling
model of epilepsy. There are several reports that showed that electrical stimulation, delivered at
a kindled focus, raised seizure threshold®®>! and decreased seizure frequency.”>”

Using the in vitro hippocampal slice preparation, several laboratories have demonstrated
that direct stimulation®®? and the application of electric fields®*®? can disrupt
experrmentally—rnduced epileptiform activity. Low—frequency stimulation effectively blocked
ictal activity in the hippocampal-entorhinal slice®® and in the amygdala-perirhinal slice.®

Selection of Stimulation Parameters

Many of the experimental and clinical studies that have examined the effect of DBS on
seizure activity have reported decreased seizure activity after stimulation. However, there are
also studies that failed to detect a change in seizure activity and some studies even observed an
increase in seizure activity after stimulation. A possible explanation for the variability of re-
ported effects of electrical stimulation on seizures may be related to the type of stimulus used.
Parameters such as stimulus frequency, intensity, duration and waveform may all be critical as
to whether a given stimulus will successfully interfere with seizure activity.
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Stimulus frequency seems to be a key parameter for disinhibition of seizure-gating net-
works. Many of the studies that report a decrease in seizure activity after stimulation of the
basal ganglia and thalamic nuclei used a high-frequency stimulus. Mirski et al*® observed an
elevation in PTZ-induced clonic seizure threshold after 100 Hz stimulation of the anterior
thalamus, while 8 Hz stimulation was proconvulsant. Why high-frequency stimulation was
effective is unclear. It has been suggested that high-frequency stimulation has a lesion-like
effect, causing the stimulated nucleus to stop functioning due to depolarization block, neural
jamming (disruption of the network caused by stimulation-induced neuronal impulses) or
preferential activation of inhibitory neurons.®’

Low-frequency stimulation appears to be effective for focal stimulation in the kindling
model’®> and in the in vitro slice preparation.’®%3%4 The low-frequency stimulus used in
these studies is reminiscent of stimulations that lead to long-term depression (LTD). Durand
and Bikson®® have suggested “...low-frequency stimulation possesses the greatest potential for
clinical benefit since the effect of the stimulation can last well beyond the duration of the
pulse.” High-frequency stimulation would increase synaptic efficacy, which could be epilepto-
genic.® Consistent with this hypothesis is the observation that the increase in kindled seizure
threshold that occurred after low-frequency stimulation lasted for days.”® It is interesting that
high-frequency stimulation of the NTS, a site distant from the kindled focus, interfered with
kindling acquisition.'” Together, these results suggest that low-frequency stimulation may be
more effective at the focus and high-frequency stimulation may be more effective in disinhibiting
seizure—gating networks. However, there are clinical findings that don’t support this hypothesis.
Lesser et al,* blocked cortical afterdischarge activity induced during brain mapping stimula-
tion with short bursts of high-frequency stimulation, and high—freqzuency focal hippocampal
stimulation was effective in patients with mesial temporal sclerosis."

It is unclear whether the choice of stimulus waveform is important. Several of the studies that
reported decreases in kindled seizure threshold and seizure frequency used preemptive sine wave
stimulation.”* But low-frequency square wave stimulation also appears to be effective.’**

Safety

The two primary safety issues associated with DBS are the requirement of chronic implan-
tation of intracranial electrodes and the possibility that the repeated presentation of electric
current could induce tissue damage. There are conflicting reports as to whether DBS causes
tissue damage. The consequence of the long-term electrode implantation and the passing of
current through these electrodes was examined in cat brains.”” The only histological change
observed in the tissue was gliosis around the electrode tract, but no additional damage was
associated with the passage of current or the chronic presence of the foreign material in the
brain. No tissue damage was found in the brains from patients with Parkinson’s disease exam-
ined at autopsy, which received up to 70 months of DBS.%® However, there is a case report of
thalamic damage in a patient who received DBS for Parkinson’s disease.®” There is also the
potential for tissue damage due to high current density at the electrode tip with low-frequency
sine wave stimulation.

There are reports that DBS can cause a decline in cognitive function accompanied by be-
havioral changes.”®”! Since many of the structures stimulated for movement disorders are also
being stimulated for epilepsy, it is likely that changes in cognitive function and alterations in
behavior after stimulation will also be a concern in patients with epilepsy.

The Future Is Now: Seizure Prediction Combined with Pre-Emptive

Stimulation

Any advancement that improves our ability to predict when a clinical seizure will occur will
enhance our ability to intervene and potentially prevent the seizure from occurring. New ad-
vances in seizure detection technology have provided evidence that seizures develop over time
and that the onset of seizure activity may actually begin hours rather than seconds before the
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appearance of a clinical seizure. This evidence came from studies that incorporated chaos theory
in their analysis of EEGs from epilepsy patients.”>”® This was consistent with reports from
patients who report symptoms hours before the seizure.”” In an important retrospective study
by Litt and colleagues' three different methods were used to detect changes in the EEG that
might predict seizure onset in a group of patients with mesial temporal lobe epilepsy. The three
methods used were: 1) to measure the total EEG energy in 5-min epochs; 2) detection of focal
subclinical seizures; 3) measurement of the accumulated energy for one hour, 50 min before a
seizure and 10 min after the seizure compared to one hour baseline measurements. Data were
collected from depth electrodes and subtemporal strip electrodes. EEG energy was determined
by squaring the voltage at each time point in the EEG and summing those values over a prede-
termined period of time. Using these methods, they were able to detect a series of subclinical
electrographic seizures that tended to increase in frequency around clinical seizures. They found
increases in EEG energy occurred as early as 7 hours before the unequivocal onset of seizure
activity. Increases in energy were not detected at electrodes distant from the focus. These results
suggest that once the appropriate algorithms are developed a responsive intelligent stimulator
can be designed. An intelligent stimulator would detect the early onset of seizure activity and
be able to deliver a preemptive blocking stimulus before a clinical seizure occurs. One of the
benefits of an intelligent stimulator over the stimulators currently used for DBS and VNS is
that an intelligent stimulator would deliver a stimulus only when needed, rather than continu-
ously delivering current independent of the patient’s physiological state.* This would decrease
the likelihood that the stimulus will cause tissue damage or interfere with normal brain func-
tion. An external responsive neurostimulator is currently being tested in patients with intrac-
table epilepsy.”®

Conclusion

Direct electrical stimulation of the brain has the potential to become a safe new therapy for
epilepsy. Several issues remain to be resolved. These include a determination of the optimal
sites and types of stimuli that will be most effective. It is anticipated that once this occurs, the
development of intelligent stimulators that combine seizure detection with the ability to de-
liver therapeutic stimulation will be possible.
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