TOWARD RESOLVING THE HUMAN NEOCORTEX EPILEPTIC PROTEOME

by

Gal Keren-Aviram

A dissertation submitted in partial fulfillment
of the requirements for the degree

of
Doctor of Philosophy
in

Biochemistry

MONTANA STATE UNIVERSITY
Bozeman, Montana

November 2013



O©OCOPYRIGHT
by
Gal Keren-Aviram
2013

All Rights Reserved



il

APPROVAL

of a dissertation submitted by

Gal Keren-Aviram

This dissertation has been read by each member of the dissertation committee and
has been found to be satisfactory regarding content, English usage, format, citation,
bibliographic style, and consistency and is ready for submission to The Graduate School.

Dr. Edward A. Dratz

Approved for the Department of Chemistry and Biochemistry

Dr. Mary J. Cloninger

Approved for The Graduate School

Dr. Ronald W. Larsen



il

STATEMENT OF PERMISSION TO USE

In presenting this dissertation in partial fulfillment of the requirements for a
doctoral degree at Montana State University, I agree that the Library shall make it
available to borrowers under rules of the Library. I further agree that copying of this
dissertation is allowable only for scholarly purposes, consistent with “fair use” as
prescribed in the U.S. Copyright Law. Requests for extensive copying or reproduction of
this dissertation should be referred to ProQuest Information and Learning, 300 North
Zeeb Road, Ann Arbor, Michigan 48106, to whom I have granted “the right to
reproduce and distribute my dissertation in and from microform along with the non-

exclusive right to reproduce and distribute my abstract in any format in whole or in part.”

Gal Keren-Aviram

November 2013



il

ACKNOWLEDGEMENTS

I would like to thank my mentor, Dr. Edward Dratz, who first planted the idea of
a biochemistry Ph.D in my mind and then gave me the opportunity to accomplish it under
his guidance, for his unlimited patience and support and for allowing me the time and
space to do it my way. I would like to thank Dr. Jeffrey Loeb, the head of the Systems
Biology of Epilepsy Project, for the opportunity to be a part of this amazing project, for
his great enthusiasm and encouragement along the way, his lab members, for a great
collaboration and friendship and the project’s patients who made it all possible. I would
like to thank my committee members, Drs. Martin Teintze, Brian Bothner, Frances
Lefcort and Mark Nelson for their encouragement and advice. I would like to thank the
Dratz lab members, past and present, especially Britt, Scott and Duane for years of heated
discussions, laughter and great friendship. I would like to thank my friends and family for
their love and support. To Dr. Ilai Keren, my husband and private statistician, for his
invaluable contribution to this work in both professional and personal domains and to our

children Neta and Noy for just being wonderful.



v

TABLE OF CONTENTS
1. INTRODUCTION ..ottt ettt ettt ettt enaesseenseenaeeneenseenseennens 1
ClNICAl EPIIEPSY .vvvieeiiieiiieeeiie ettt ettt e e e e tae e e ta e e s aaeesssaeesssaeessseeensseeensseeas 1
DIETINTIONS. ...vteeiteiieieee ettt ettt ettt et 1
L2016 (53 14 110) (0 o USSR 1
B IOIOZY .ttt ettt et et e et e b e e s tbeebeenaaeens 2
EDIlEPSY TYPES etteeeiiieeeiie ettt ettt e et e e et eeetaaeessaeeesbaaennsaeenans 3
TTEALMENT ....eeiiiiiiee ettt 4
Antiepileptic Drugs (AED) .....oooiiiiiiieieeeeeee e 4
EPIlePSY SUIZETY ..oiiniiieiiieiiecit ettt 5
Lifestyle ModifiCations..........cccueeiiieiiieniieiieeieeiie e 7
Summary of Clinical EPIlepsy ........cccveiieiiiieiiiiiieiieeieceece e 8
EleCtrOpRYSIOLOZY ....veieeieiie ettt e 9
Normal NeurophysiologY......cccuieviiiriieiiieiiieieeeie ettt seae e 9
Pathophysiology in EPilepsy.......ccocuiiiiiiiiiiiiieeieeeee e 13
EEG and Interictal Epileptiform Discharge (IED).........ccccoooerievieninienienceienene 14
Epilepsy Study MOEIS ......cc.ooiiriiiiiiiicee e 16
Status Epilepticus (SE) MOdEIS .......cccoecviiriieiieiiiiiieeeeeecee e 17
Kindling MOAEIS .......cooiiiiiiiiieiiee et 17
Post Traumatic Epilepsy (PTE) Models ........ccccoevieiiieniiiiiieieciececeeeeeee e 18
Cortical Injection of Ferrous Chloride..........cccceeiiieniiniiiniiiicieeieee 18
Cortical Undercut..........coovieiiiiiiiiiiiiiiieeieeteeeeee e 18
Lateral Fluid Percussion Injury (FPI) .....c.cccocoeiiniiniiiiniccee 19
Summary of Epilepsy Animal Models..........cccooouiieiiiiiniiiiiieeeeeece e 19
Systems Biology of Epilepsy Project (SBEP) ......cccoiviiiiiiiiiiiiiee e 20
Theories Of EPIleptogenesis.......ccovuiiiiiiiiiiieeiiieeite ettt ere e tee e sree e e e 21
AStrocytes in EPIIePSY ...cocveiiiiiiiiiieiiee e 26

2. PROTEOMIC ANALYSIS OF HUMAN EPILEPTIC NEOCORTEX
PREDICTS VASCULAR AND GLIAL CHANGES IN REGIONS OF

EPILEPTIC SPIKING ..ottt ettt sttt st 28
INEEOAUCTION ...ttt ettt 28
Material and Methods .........cociiiiiiiii e 30
Human Tissue Collection and Processing.............cceeeverereviienieeneenieeiienneeneeen 30
Protein Labeling and 2D-DIGE .........cccccoioiiiiiiieieeeeeeeeee e 31
Image Acquisition and ANALYSIS ......ccceeevuieiiiriieiiieiieeee e 32
StatistiCal ANALYSIS...ccuviiieuiieeiieeeie ettt e e ae e e e e e naaee s 33
Protein Identification by Mass Spectrometry .........cccceeeveeeiierieeiiienieenienieenen. 34
Pathway ANAlYSIS......eieciiieiiieeiiieecie ettt e e e e e e ereesenaee e 36

WESTEITI BIOTS ...oeieiiieieeieieeeeeeeeeeeeeeeeeee ettt eeeeeeeeeeeeeeeeeneeeeeeeeennnes 36



A\

TABLE OF CONTENTS — CONTINUED

RESULLS ...ttt ettt sttt ettt et e e bt e enbeeee 37
The Human Epileptic NeocorteX Prot€ome ..........coccueevveerieeniieniieniienieeieeeneans 37
From Expression to Histological Changes through Hierarchical Clustering.....39
Bioinformatics Analysis of Proteins of Interest.........c.ccooceevevienenveniineenennn. 46
DISCUSSION ...ttt ettt ettt ettt ettt e bt e st e e sbe e e st e bt e sabeesaeesabeeeseeeabeesateenseeees 52
High Interictal Spike Frequency is Associated with Vascular Modulation....... 53
Dysfunctional BBB in Epileptic Brain ...........cccceeviieiiiiiiiiieeeeeie e 56
High Interictal Spike Frequency is Associated with Decreased GFAPa........... 58
Canonical Pathways Involved in Refractory Neocortical Epilepsy................... 61
Biological Significance of Statistically Changing Proteins...........c.ccccceevuvnneen. 64
CONCIUSION ..ttt ettt et ettt e sttt e bt e s et e ebeesateenbeesneeenseas 66
3. TRENDS OF GLIAL FIBRILLARY ACIDIC PROTEIN ISOFORMS
EXPRESSION IN HUMAN EPILEPTC NEOCORTEX......ccccccteiiiniiiinienieieeeeniene 68
INETOAUCTION ...ttt ettt et b et e esaeenee 68
Origin of Focus Interest in GFAP .........cccoiiiiiiiiiiiceece 68
Study Approach and ATMS .........cccvieiiiiiiieiiieiierie ettt eaeeseae e 70
Aim One — Mapping the GFAP Isoforms..........ccccceeoiiiiiiniiiiiniiiiee 71
Aim Two — Expression Pattern Study.........cccoeeveevieriiieiieniicieeieeieeee 71
Materials and Methods .........c.cooiiiiiiiiiiie e 71
Quantitative Analyses of GFAP [SOfOrms .........cccovvveiiieeiiieeiieeieeeeeee e 71
Qualitative Analysis of GFAP Isoforms Distribution..........ccccceceevereieniincnicnnnene 71
Human Brain Samples and Processing ..........coccceeveuveercieeenciieeniieeeie e 71
2D Gels and Western BIOtS.........coouiiiiiiiiieiieiieece e 72
Mass Spectrometry Study of GFAP........coooviiiiiieeeeeeeeee e 72
RESUILS ...ttt sttt e 73
GFAP [soform DIStribUtION ....c...ooouiiiiiiiiiiiiiiiieeieeee e 73
GFAP Isoform Expression Patterns and Relationships .......c..ccocevenieniiiincnene 76
GFAP Mass Spectrometry StUAY .....cccvieeiiiieiiieeiieeeiee et 76
DISCUSSION ...ttt ettt sttt et ettt e b e et s bt et et e sbe e b e esnenbeenee 78
Comparison of Our Findings with the Literature.............ccccoevvieriiiiniiiinieeieens 78
Prospective Approach and Experiments Plans .............cccoeoievieniiiniinincnienieee, 81
COMNCIUSION ..ttt ettt ettt e s ae e et e s it e enbeesaeeeabeas 82
4. CONCLUSIONS AND PERSPECTIVES......coiitiiieeeeeeeeeee e 83
REFERENCES CITED.....coitiiiiiieiteieee ettt sttt et 85

APPENDIX A: Supplementary Material for Chapter 2 ..........ccoceoiiiiiiiiiniiiieniceeee 98



Table

Vi

LIST OF TABLES

Page
. Classification of Epilepsies........ccecuiiiiiieriiiieiiiieciie ettt 4
. Patient Clinical Information and Tissue Samples Used for this Study.............. 29
. Proteins of Interest (POIS) ....ccoviiiiiieiiiecic et 47
. Summary of GFAP Findings from our Proteomic Study...........ccccevevveennennnne. 69
. S3 — Spots of Interest by CIUSLEr.........cocueriiririiiniiiiiieneeeee e 107
. S4 — Spots of Interest by Fraction and Spot Number...........cccceveeeviieniennennne. 121
. S5 — Spots of Interest Mascot Search Information .............ccccoeviiiiiininncnne 137

. S6 — Spots of Interest One Hit Wonders (OHW)........cccceveviieiiiiniiieeeieeene. 151



Figure

vii

LIST OF FIGURES

Page
1. Proposed Mechanisms of Action of Currently Available AEDs
at Excitatory and Inhibitory Synapses ........cccoocveevvienieeiiienieeieeieeeee e, 10
2. Distribution and Synaptic Modulatory Function of Metabotropic
Glutamate Receptors (mGluRs) in Excitatory Synapses .........cccccceeeeveeerveeenee. 13
3. Correlation of Ictal and Interictal Discharges..........ccoceeveeieniininiiniencnicnenn 15
4. Overview of the Systems Biology of Epilepsy Project.........cccccoceeviriininncnnns 21
5. Epileptogenic Process in Symptomatic Temporal Lobe Epilepsy..................... 22
6. Time Course of Epileptogenesis .......ccuervirriieriieiieiieeiee et 24
7. The Role of Blood-Brain Barrier Dysfunction in Epileptogenesis.................... 25
8. Experiment FIOWChATIt...........cccviiiiiiiiiie e 38
9. Hierarchical Clustering by Spot Expression Patterns..........c.ccccceveveveincnicnneene 41
10. GFAP Quantification StUdies ..........cceeeeieriieiiierieeieee e 45
11. Angiogenesis is Associated with Interictal High Spiking
INEOCOTEICAL TISSUES ...uvveuiieiiiiitieeiie ettt 55
12. Canonical Pathways Involved in Refractory Epilepsy......ccccocovveveivinciiiininnns 63
13. GFAP Isoform DisStribUtiONS......cccueerueiriieenieniieiieeieeiteeeesee et 74
14. Qualitative Comparison of GFAP Isoform Distribution under
Different CONAItIONS ......cccueeeeriirieriirienienteeete ettt 75
15. Quantitative GFAP — Trains and Trends .........ccccceevieviieiiieniiniienieeieeseeeeen 77
16. Correlation of Acidic Shift in Heavy GFAP to Light GFAP.........c..ccccecenee. 79
17. Sequence Coverage of the most Intense spots in Heavy GFAP
SPOE TTAIMN...eeiiiieiiiieeiee ettt eee et e e e et e e e saeeeebeeestaeessseeessseeessneeennnes 80



Figure

viii

LIST OF FIGURES — CONTINUED

Page
I8. ST —2D Map Pl .t e 102
19. ST —=2D Map P2 ...ttt 103
20. ST = 2D Map CYLA ..ottt ettt sttt et e st ens 104
21. ST 2D Map CytBo...oiiiee ettt 105

22. S2 — Spots of Interest Expanded Dendrogram...........ccccceeeeevieniiiinienneennnne 106



X

GLOSSARY OF ABBREVIATIONS

2D-DIGE — two dimensional differential in-gel electrophoresis
AED - anti-epileptic drugs

Al - adherens junction

BBB - blood brain barrier

CNS — central nerve system

CRMP - collapsin response mediator protein

CSF - cerebrospinal fluid

DRE - drug resistant epilepsy

EAAT — excitatory amino acid transporter

EC — endothelial cell

ECM - extra cellular matrix

ECP - extra cellular proteins

EEG - electroencephalography

EZ — epileptogenic zone

FC - fold change

GABA — gamma aminobutyric acid

GFAP - glial fibrillary acidic protein

IED — interictal epileptiform discharge

ILAE - international league against epilepsy

LC-MS/MS - liquid-chromatograph tandem mass-spectrometry

LMW — lower molecular weight



X

GLOSSARY OF ABBREVIATIONS - CONTINUED

mGluR — metabotropic glutamate receptor
POI — protein of interest

PTE — posttraumatic epilepsy

PTM — post translational modification

RBC - red blood cell

SBEP — systems biology of epilepsy project
SOI - spot of interest

TBI — traumatic brain injury

TLE - temporal lobe epilepsy



xi

ABSTRACT

Epilepsy is a common and often devastating neurological disorder, which is not
well understood at the molecular level. Exactly why some brain regions produce
epileptic discharges and others do not is not known. Patients who fail to respond to
antiseizure medication can benefit from surgical removal of brain regions that produce
epileptic activities. The tissue removed in these surgeries offers an invaluable resource to
uncover the molecular and cellular basis of human epilepsy. Here, we report a proteomic
study, as part of a Systems Biology of Epilepsy Project, which utilizes in vivo
electrophysiologically-characterized human brain samples from the neocortex of 6
patients with refractory epilepsy, to determine whether there are common proteomic
patterns in human brain regions that produce epileptic discharges. This study is unique in
that comparison of protein expression was made within same patient, between nearby
epileptic and non-epileptic (or less epileptic) brain regions, as defined by their interictal
(between seizure) spike frequencies. Protein spots were resolved from three subcellular
fractions, using two-dimensional differential-in-gel-electrophoresis, revealing 31 spots
that changed significantly and were identified by liquid-chromatography tandem mass-
spectrometry. Interestingly, glial fibrillary acidic protein was found to be consistently
down regulated in high spiking brain tissue and glial fibrillary acidic protein levels
showed strong negative correlation with spiking frequency. We next developed a two-
step analysis method to select for frequently changing spots among the patients and
identified 397 of those proteins. Spots of interest were clustered by protein expression
patterns across all samples. This analysis predicted proteomic changes due to both
histological differences and molecular pathways by examination of gene ontology
clusters. Our experimental design and proteomic data analysis predicts novel glial and
vascular changes and changes in cytoskeleton and neuronal projections that provide new
insights into the structural and functional basis of neocortical epilepsy.
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INTRODUCTION

Clinical Epilepsy

Epilepsy is a common neurological disorder that affects the life of millions of
people in the United States and throughout the world. The following epidemiological and

clinical overview is intended to describe the condition, current practice and limitations.

Definitions

Epileptogenesis is “the process by which a normal brain becomes epileptic”
(McNamara et al 2006). An epileptic seizure is “a transient occurrence of signs and/or
symptoms due to abnormal excessive or synchronous neuronal activity in the brain”
(Fischer et al, 2005). Epilepsy is “a disorder of the brain characterized by an enduring
predisposition to generate epileptic seizures and by the neurobiologic, cognitive,
psychological, and social consequences of this condition. The definition of epilepsy
requires the occurrence of at least one epileptic seizure” (Fisher et al, 2005). Note that
this epilepsy definition replaced the commonly used phrase “recurrent seizures”, which
translated to the occurrence of at least two seizures (Bromfield 2006, WHO 2012), with
“enduring predisposition” (knowledge of family history, injury or structural abnormality)

and at least one epileptic seizure.

Epidemiology

The estimated epilepsy prevalence in the United States in 2012 is 2.2 million

people, which is about 0.7% of the population, with 150,000 new patients diagnosed each
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year. | in 26 people in the United States will develop epilepsy during their lifetime
(Institute Of Medicine 2012). World-wide, epilepsy prevalence is higher, about 0.9%, due
to higher prevalence in developing countries. Not only is the incidence rate and
prevalence higher in developing countries, the vast majority of the patients in those

countries do not receive the appropriate treatments (WHO 2005).

Etiology

In general terms, epilepsy develops as a result of brain insults. The insult is
followed by a long latent period in which the epileptogenic process takes place, followed
by the appearance of spontaneous seizures. Idiopathic epilepsy, where the cause is not
known, is assumed to be influenced by complex genetic and environmental interactions.
Different epilepsy etiologies are associated with the development of the disorder at
different ages and geographical locations. Congenital and developmental conditions are
associated with epilepsy incidence in infancy to adolescence. Degenerative and
cerebrovascular diseases are associated with epilepsy incidence in late middle to old age.
Brain tumors, infections and traumatic brain injuries are risk factors for epilepsy at all
ages.

Compared with developing countries, developed countries demonstrate trends of
reduced epilepsy incidence in the young age and increased incidence in the more elderly
groups. These trends are presumed to be due to better perinatal care and infection control
in the young and longevity-related increased prevalence of degenerative and
cerebrovascular diseases. Several infections, mostly parasitic, which are endemic to

developing countries or are related to a lack of resources, can substantially increase the
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prevalence of active epilepsy in under developed countries (Sander 2003, Ngugi et al

2013).

Epilepsy Types

Epilepsy is not a single disease, but is a spectrum of neurological disorders. The
classification and terminology of epilepsies have been debated and modified for several
decades. The high heterogeneity of epilepsy disorders makes the task of classifying them
very challenging. Advances in technology and progression of scientific knowledge
contribute to the need for dynamic re-classification. The International League Against

Epilepsy (ILAE, http://community.ilae-epilepsy.org) has recently published a revised

report (Berg et al 2010). In this thesis, we nevertheless chose to present the old
classification, since most of the literature is based on the old classification and
terminology and the revised ILAE classifications are still highly debated (Liiders et al
2012, Panayiotopoulos 2012).

The long term debate on classification of epilepsy and the multiple revisions
demonstrate the extreme complexity of the disorder, with multiple etiologies and clinical
manifestations, which also leads to inherent limitations in studying the disease. Epilepsy
classification has typically been made using two orthogonal categories or axes. The first
category describes the two modes of seizure onset. In partial or focal epilepsy (also
known as petit mal), the seizure originates from a single hemisphere, while in generalized
epilepsy (grand mal) the seizure originates in both hemispheres. A focal seizure can
sometimes spread to become a generalized seizure. The second category describes if the

etiology of the disease is known or not and is also divided to two general groups,
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idiopathic and symptomatic. Idiopathic (or primary) means that the cause is unknown and
this group includes the genetically determined epilepsies. Symptomatic epilepsy
describes the conditions that arose from a known brain insults. Cryptogenic epilepsy is
also included in the symptomatic group and describes conditions where there is a
underling cause suspected, but no clear known insult. Examples of common epilepsy

types, classified by the two orthogonal categories, are shown in table 1.

Epilepsy types Partial Epilepsies Generalized Epilepsies
e rolandic epilepsy e Dbenign neonatal (£
Idiopathic o childhood epilepsy with familial).con\:ulsions
occipital paroxysms e myoclonic epilepsy
(CEOP) e absence epilepsy
e frontal lobe epilepsies e West syndrome
e occipital lobe epilepsies e Lennox-Gastaut
Symptomatic e parietal lobe epil.epsie.s syndrome
e temporal lobe epilepsies
e Rasmussen’s
encephalitis

Table 1. Classification of Epilepsies. Classification of epilepsies and epileptic syndromes
by mode of onset and by known / unknown etiology. Adapted from Bromfield et al 2006.
Treatment

Once epilepsy is diagnosed the decision to treat is not always straightforward. An
individualized evaluation of the treatment benefits against possible adverse effects needs
to be made. In some epilepsies, with good prognosis (benign neonatal or absence

epilepsy) or rare seizures, the choice not to treat is sometimes preferred (Schmidt 2009).

Anti-epileptic Drugs (AED). Most patients are treated with AED, which are

actually anticonvulsants, aimed at preventing the recurrence of seizures. In contrast, anti-

epileptogenic drugs are aimed at preventing the development of epilepsy, after a known
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brain insult, or stopping its progression after the first seizure occurs (Temkin 2009, Loeb
2011, Mani et al 2011, Loscher et al 2013). There is a large and growing number of
approved AEDs. The drug of choice needs to be individualized to each patient with
consideration of seizure type, epilepsy etiology, efficacy, adverse effects,
pharmacokinetic profile, interaction with other medications and cost. The details of this
individualization process are beyond the scope of this introduction. Briefly, if seizure
freedom is not reached with the first drug, it can be substituted by a different drug or in
multidrug ‘add-on therapy’, additional drugs with different mechanisms of action might
be prescribed (Bromfield 2006, Schmidt 2009). The likelihood of seizure freedom was
found to decline with successive drug regimens (Brodie 2013). Despite all the new AED
that have been developed, seizures are often not controlled by AED and refractory or
drug-resistant epilepsy is found in more than 30% of the patients (Schmidt 2009).
According to the ILAE commission on therapeutic strategies (Kwan et al 2010) “drug
resistant epilepsy may be defined as failure of adequate trials of two tolerated and
appropriately chosen and used AED schedules (whether as monotherapies or in
combination) to achieve sustained seizure freedom”. In cases of drug resistant epilepsy

(DRE) a surgical option needs to be considered.

Epilepsy Surgery. This treatment category commonly addresses resection surgery,

although several non-resective surgical interventions are also used and will be briefly
described later in this section. Generally, the indication for epilepsy surgery is DRE, with

frequent disabling seizures.
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Resection of the epileptogenic region, ranging from a portion of a lobe to a whole
hemisphere, can be highly effective and potentially curative for focal epilepsies. The
probability for post operation seizure freedom increases in lesional (involving a structural
abnormality) epilepsy. These resection surgeries are most common for temporal lobe
epilepsy (TLE). Extratemporal resection surgery has lower curative rate than temporal
surgery, but may still be effective in reducing seizure symptoms (T¢éllez-Zenteno et al
2010). The criteria for resection surgery, besides DRE and significantly reduced life
quality, also include the feasibility of removing the epileptic foci without resecting
essential cortex. Therefore, surgery candidates go through an array of preoperative
evaluations and risk assessments.

Several neuroimaging techniques help identify regions of malformation or lesions
(MRI) or malfunctioning metabolism (fMRI /PET/SPECT). An important tool for
identifying the epileptogenic region is the electroencephalograph (EEG) evaluation.
Patients undergo long-term video-EEG monitoring to record several epileptiform
(interictal - between seizures) and ictal discharges, to locate the region of seizure onset,
as well as adjacent regions of abnormal interictal activity. When localization is not
sufficient using scalp electrodes, the more sensitive subdural electrode grid can be
positioned directly on the cortex surface, as phase one of the two phase surgical
procedure. The resection of interictal epileptiforn regions is associated with improved
surgical outcome. The combined findings from EEG evaluation and neuroimaging are

used to define the epileptic foci and surrounding tissue to be removed in order not to
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create new significant neurological deficit, as the result of the surgery (Bromfield 2006,
Morace et al 2012, Noachtar & Borggraefe 2009 Wu et al 2010)

Non-resective surgical interventions, that do not involve tissue removal, are
mostly palliative in nature, include corpus callosotomy which inhibits seizure spreading,
multiple subpial transections and neurostimulation, which have been receiving growing
attention. The basic idea of using neurostimulation to affect the EEG had been known for
more than 70 years and with the technological improvement has recently developed into a
practical option for treating epilepsy. Currently, vagus nerve stimulation (VNS) is the
only FDA approved approach in this class of treatment, and the other methods to be
described are in clinical trials. In general, neurostimulation can be done a) surgically
through cranial nerves such as the vagus or non-surgically through trigeminal nerve
stimulation (TNS) or by b) surgically through central nervous system stimulation such as
deep brain stimulation (DBS) or the non-surgical transcranial magnetic stimulation. The
mechanism of action of these neurostimulation approaches is not well understood, but is
thought to work through modulation of neural network excitability. Neurostimulation can
benefit patients with DRE who are not good candidates for resection surgery or can be
used as adjunct therapy with AED. Neurostimulation is relatively safe, reversible and
allows for fine tuning, although the overall efficacy is still lower then resection surgery

(Lockman and Fisher 2009, Wu and Sharan 2012, Healy et al 2013).

Lifestyle Modifications. Several non-surgical, non-pharmaceutical techniques are

known to help control seizures. a) Avoiding precipitating factors such as alcohol and

stimulants, irregular sleeping patterns and flickering light stimulation. b) Practicing stress
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reduction and relaxation techniques (Wolf 2002, Bromfield 2006, Diaz-Negrillo 2013).
c¢) Changing the regular diet to a ketogenic diet (KD) of restricted carbohydrates and
increased fat, which increases the production of ketone bodies. The high efficacy of
ketogenic diet had been established for almost a century, especially with children,
however KD is very restrictive which leads to low tolerability. The KD has mostly minor
adverse effects but there can be rare serious complications. Several less restrictive diet
approaches, based on the same fundamental limitations has been tried with good success.
The mechanism in which these diets affect seizures is not fully understood, although
experimental evidence for several distinct mechanisms have been recently described

(Duchowny 2005, Masino & Rho 2012, Danial 2013).

Summary of Clinical Epilepsy

Epilepsy is a relatively common and devastating neurological disease. It is
treatable in most cases, though the adverse effects of treatment; whether
pharmacological, surgical or behavioral, are many times still substantial enough to reduce
the patient’s quality of life and chances of prosperity. Excluding the option of resection
surgery, the most common treatments are aimed at eliminating the symptoms by
controlling seizures, rather than curing epilepsy. The surgical treatment can be curative
with no need for AED or greatly reduced AEDs. The complexity of the disease, which is
a derivative of the heterogeneity of the etiologies and clinical manifestations, and the
multifactorial basis of epilepsy, combined with the natural limitations of studying the
human brain; results in gaps in scientific knowledge and leads to suboptimal treatment.

Better understanding of epileptogenesis, why do some brain regions change and what is
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the difference between the epileptogenic and a healthy tissue, may allow the design of
curative treatments or better medications. Improved medications, with higher efficacy
and less adverse effects are needed for all epilepsy patients and specifically for those with
DRE. Future more optimal pharmacological treatments may be able to prevent epilepsy

in those with high risk of developing the disease or stop its progression once it is present.

Electrophysiology

Abnormal electrophysiology is the common clinical pathology of epilepsy. While
in many patients the epileptogenic zone (EZ) is lesional, with MRI presenting some type
of malformation or tumor, in other patients physical malformation cannot be detected and
the localization of the epileptogenic foci is based entirely on EEG recording (Noachtar &
Borggraefe 2009). The following overview will present the cellular basis for normal

electrophysiology and pathophysiology in epilepsy.

Normal Neurophysiology

The normal neuronal network is composed of specialized cells which process and
transfer electrical and chemical information. The intracellular signaling is by propagation
of electrical action potentials along the neuronal axons. Intercellular signaling, or
neurotransmission, can propagate in a dendrite-dendrite electrical synapse, or by
neurotransmitters in the axon terminal - dendrite chemical synapse. Neurotransmission
can have an excitatory or inhibitory nature, as a function of the participating neurons
(Stufflebeam 2008). The neocortex contains 6 layers, the principal pyramidal neurons,

which project information to distant areas, form excitatory synapses on the post synaptic
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Figure 1. Proposed Mechanisms of Action of Currently Available AEDs at Excitatory
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neurons, while the more localized interneurons, mostly form inhibitory synapses. The
players or components governing the normal neurophysiology are of interest in order to
understand pathophysiology and as treatment intervention targets (Figure 1). At the
intracellular level, localized changes in the transmembrane potential activate voltage
gated ion channels and sodium-potassium pumps. When the propagated signal reaches an
axon terminal, it triggers a calcium influx, which causes the exocytosis of the presynaptic
vesicles, containing neurotransmitters, into the synaptic cleft.

Glutamate is the primary excitatory neurotransmitter at 80% of the human brain
synapses and its two main classes of glutamate receptors are ionotropic and metabotropic.
The three glutamate ionotropic receptors are, a-amino-2,3-dihydro-5-methyl-3-oxo0-4-
isoxazolepropanoic acid (AMPA), N-methyl-D-aspartate (NMDA) and the kainate
receptor (Figure 1A). All three act as post synaptic ion channels. When activated by
glutamate the receptors depolarize the membrane, by allowing influx of sodium and
calcium ions into the postsynaptic neuron, with an outflow of potassium ions. This
change in membrane conduction process is very fast and when excessive can lead to
excitotoxicity (Bromfield 2006). Excess glutamate excitation leads to excessive calcium
accumulation in the cell cytoplasm, which can trigger toxicity or even cell death. There
are eight subtypes of glutamate metabotropic receptors (mGluRs). These are all G
protein-coupled receptors (GPCRs), which upon glutamate activation start a cascade of
signal transduction in the target cells. The mGluRs subtypes are grouped by their
signaling nature, synaptic location (pre or postsynaptic) and potential agonists. The three

groups are illustrated in Figure 2, with group I (1 or 5) (blue) considered to be excitatory
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and groups Il and III (2, 3, 4, 7 or 8) (black) being mostly inhibitory receptors (Benarroch
2008).

Gamma-amino-butyric-acid (GABA) is the major inhibitory neurotransmitter. It
also interacts with two types of receptors. The postsynaptic ionotropic GABA 4 receptor,
becomes permeable to chloride upon interaction with GABA, resulting in membrane
hyperpolarization and inhibition of action potentials (Figure 1B). The metabotropic
GABAGg receptor, can be located pre- post- or extrasynaptically. Upon activation,
presynaptic GPCRs can inhibit calcium channels to in turn inhibit the release of GABA
or glutamate. Postsynaptic GABAg receptors can induce long-lasting hyperpolarization
(inhibiting action potentials) by activation of inwardly rectifying potassium channels
(Han et al 2012).

In addition to ionotropic and metabotropic receptors, both glutamate and GABA
have specific transporters that effect the neurotransmitter concentration in the synaptic
cleft by re-uptake into the neuron or astrocytes. Many more proteins and small molecules
that effect neuronal excitability at the single neuron level, intrinsically or from its close
environment, are present, but are not mentioned here. The next level governing the
excitatory function is the network organization. The type of neurons interacting, their
numbers and the nature of the circuit connectivity (feedback or feed-forward inhibitions),
allow for the neuronal massages to be transmitted or stopped, as part of the normal

neuronal function (Bromfield et al 2006, Stufflebeam 2008).
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Figure 2. Distribution and Synaptic Modulatory Function of Metabotropic Glutamate
Receptors (mGluRs) in Excitatory Synapses. The different numerical designations are
described in the text. Used with permission from Benarroch E. (2008) Neurology 70
(12):964-968

Pathophysiology in Epilepsy

The complexity of the normal neurophysiology, which arises from the multiple
components and effectors in single neurons, as well as the neuronal and astrocyte
networks, is well established. The neuronal pathophysiology exemplified in epilepsy,
defined as “abnormal excessive or synchronous electrical activity”, can potentially occur
due to several types of modulation, which result in a downstream effect of unbalanced

higher excitatory or lower inhibitory neuronal function. The output at the neuronal level
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is increased by inward flow of sodium or calcium ions or by decreases in the outward
flow of potassium or inward chloride ions. At the neurotransmitter level, too much
glutamate or aspartate or too little GABA, can induce seizures.

Such excessive changes in local concentrations of ions and neurotransmitters can
result from intrinsic or extrinsic modulation processes. Changes to the local neuronal
environment can be due to modulations of the proteins or metabolites in the extra cellular
space (ECS), neighboring cells or due to astrocytic dysfunction. Network modulation can
affect any of the components governing excitatory functions in the neuron and synapse
levels. The modulation can affect channels, transporters or receptors at the gene
transcription level, their numbers and cellular distribution, posttranslational modifications
(PTMs), and their activation by secondary messengers and co-factors.

Increased excitability can also derive from changes in the neuronal networks.
Axonal sprouting of excitatory pyramidal neurons, neuronal loss of inhibitory
interneurons, or loss of interneuron inhibition, due to loss of its activating excitatory

neuron, have all been suggested as ictogenic or epileptogenic network changes

(Bromfield et al 2006).

EEG and Interictal Epileptiform Discharge (IED)

EEG studies have a central role in diagnosis and management of epilepsy. EEG
provides a graphical display of the cortical electrical activity, is relatively inexpensive,
and convenient. Clinically, rather than recording seizures, which are usually not frequent
events, EEG is mostly used to detect interictal (between clinical attacks) epileptiform

discharges, which are pathological activity patterns developed by epilepsy
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Figure 3. Correlation of Ictal and Interictal Discharges A) Interictal focal temporal
discharges in left mesial TLE. B) Ictal rhythmic 0 discharges of the same electrode. Used
with permission from Smith SIM (2005) Journal of Neurology Neurosurgery and
Psychiatry 76(2):2-7

patients. IED are distinctive sharp waves, spikes or complexes of electrical transients,

which are distinguishable from the normal background activity registered by EEG. These
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IED events are much more frequent than clinical seizures, about 50% of patients will
display IED in a first recording and about 80% of epilepsy patients will present IED, if
the study includes long term recording of wake and sleep patterns.

Typical IED and seizure patterns found in focal temporal lobe epilepsy are
presented in Figure 3 A & B, respectively. Note the electrode T3 with most pronounced
IED and seizure patterns indicates the epileptic foci. EEG is an important tool for making
a differential diagnosis of epilepsy from other possible seizure causes; differentiating
focal and generalized epilepsy, risk assessments for seizure recurring and localization of
some epilepsy foci. Localization using scalp electrodes is limited due to incomplete
spatial sampling, low sensitivity for cortical potentials and temporal propagation of
electrical activity away from the foci. These limitations can be largely overcome by using

long term subdural recording (Smith 2005, Bromfield et al 2006, de Curtis et al 2012).

Epilepsy Study Models

Multiple study models have been designed and tested during many decades of
epilepsy research, in attempts to experimentally recreate the epileptogenic nature or
epileptogenic process in systems ranging from cultured cells and rodents to primates.
Naturally, the aims of the different studies affected the choice of experimental systems,
whether the studies were designed to test the efficacy of new anticonvulsants or anti-
epileptogenesis drugs in models demonstrating spontaneous seizures or high
susceptibility to generating seizures. Variety in the study models arises from the need to

experimentally mimic specific types of epilepsy, from the multiple etiologies (idiopathic



17
and symptomatic) and the multiple manifestations (generalized or focal, temporal or
extra-temporal, with or without sclerosis, etc.). In other words, the complexity of the
study models derives from the complexity of epilepsy types and classification, as

discussed earlier. This overview will focus on the three major classes of animal models

(Loscher 2011, White 2012, McNamara et al 2006).

Status Epilepticus (SE) Models

Status epilepticus (SE) is an unremitting seizure which is a medical emergency
that requires medical intervention in humans in order to be stopped. A number of central
nervous system (CNS) insults are associated with SE, such as stroke, drugs or alcohol
abuse or withdrawal, sleep deprivation or a metabolic disturbance from a liver, kidney or
gastrointestinal source. Post SE, patients are at elevated risk of developing epilepsy.

Models of post SE are typically using rats and inducing status epilepticus by
applying electrical stimulation or chemical convulsants, such as the glutamate analog
kainite or the cholinergic agonist pilocarpine, to a specific location (hippocampus) or
broader areas in the brain. The resulted seizures are interrupted by researchers to prevent
mortality after sufficient time had passed to ensure the development of spontaneous
seizures, which will be delayed by a latent period of several weeks (Loscher 2002, White

2012).

Kindling Models

The term kindling commonly describes material that is easily ignited and is used

in starting a fire. In rodent epilepsy models, kindling refers to a phenomenon where
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repetitive seizure-inducing electrical or chemical (application of or withdrawal from)
stimulation results in increasing seizures (easily igniting a bigger fire), both in duration
and magnitude of response. The hypothesis underlying the progression of kindling is that
each of the induced seizures recruits more neuronal circuits to the effected network.
Although repetitive induced seizures are thought to lower the seizure threshold,

spontaneous seizures are not typically achieved in kindling models and a trigger stimulus

is still necessary (Bertram 2007, White 2012).

Post-traumatic Epilepsy (PTE) Models

Traumatic brain injury (TBI) holds the highest risk factor for epilepsy, and PTE
accounts for a fifth of all symptomatic epilepsies. Consequently, experimental PTE has
become a widely used tool for studying epileptogenesis. Different PTE models have been
developed, seeking to more closely imitate the heterogenic nature of a variety of TBIs.
Examples of several such PTE models, mostly with rodents, are described below

(Pitkdnen & MclIntosh 2006, White 2012).

Cortical Injection of Ferrous Chloride. Injection of ferrous chloride solution into
the rat cortex is thought to imitate TBI-related hemorrhages which breach the blood brain
barrier, with hemoglobin extravasation and iron-mediated reactions, leading to generation

of reactive oxygen species (ROS).

Cortical Undercut. This model imitates penetrating injury. A cut is executed

through the cortex and into the underlying white matter, attempting to minimize damage

to the dura and blood supply to differentiate it from the previous model.
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Lateral Fluid Percussion Injury (FPI). Imitating closed head injuries with edema
and increased intracranial pressure, by application of intracranial fluids with intact dura.

This technique commonly generates mixed focal and diffused injury.

Summary of Epilepsy Animal Models

Many more animal epileptic models have been described in addition to those
above. These include models that specifically address a certain etiology or manifestation,
such as genetic idiopathic models, tetanus model for partial epilepsy, models that mimic
febrile seizures or hypoxic-ischemic seizures.

The large number of animal models, which were specifically designed for AED
discovery in the epilepsy spectrum, have been successful in terms of finding and
developing numerous new drugs, over the last two decades, that suppress seizures by
diverse mechanisms and expanding the therapeutic options. Nevertheless, it should be
recognized that the percentage of patients with DRE has not decreased and not much was
achieved so far in the category of anti-epileptogenic and disease modifying drugs, despite
all the animal model work and drug development activities.

Many of the animal models described may be used in studying epileptogenic
mechanisms, both before the appearance of spontaneous seizures and the progression of
the disease after seizures appear. Indeed, many cellular changes have been found in these
prior animal studies, which lead to several hypotheses for the epileptogenic process. The
lack of an effective anti-epileptogenic drug, however, raises concerns and questions
regarding the validity of the animal models that have been used in the search for human

epilepsy cures (White 2012, Loscher 2011)
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Systems Biology of Epilepsy Project (SBEP)

The need to understand cellular mechanisms of epileptogenesis, in order to find
new drugs that will allow stopping the epileptic progression and even cure the disease,
was previously discussed. During focal seizures abnormal electrophysiology spreads to
neighboring areas or becomes generalized. Between seizures the epileptogenic brain
regions still display abnormal electrophysiology. Thus, instead of targeting downstream
cellular components which are assumed to be directly involved in the electrophysiology
and seizures, the SBEP focuses on identifying the differences between brain areas with
abnormal and normal interictal electrophysiology. A comprehensive epilepsy surgery
program, in which epileptogenic areas of drug resistant epilepsy patients are localized
and then removed, in addition to bringing most of the patients relief or cure from the
disease, also provides electrically-characterized human brain samples to the SBEP. With
considerations to not generate new neurological lesions, the surgical team typically
resects, besides the electrophysiologically abnormal tissue, some nearby normal tissue,
and therefore provides crucial control brain tissue from the same patient. The availability
of this control tissue overcomes major study limitations in prior studies that derive
inherently from using non-epileptic brain from a different person as a control sample.

In order to discover the molecular basis of epileptogenesis, the SBEP takes a
broad approach to analyze these tissues by applying three nontargeted omics techniques

to screen for epileptogenic changes at several molecular levels (Figure 4).
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Figure 4. Overview of the Systems Biology of Epilepsy Project. Used with permission
from Loeb JA (2010) Epilepsia. 51(3):171-7.

The integration of the findings from different omics studies with the clinical and
histological findings is expected to generate new knowledge and increasingly detailed
insight. In the next phase of the SBEP, new, knowledge-based epileptogenic hypotheses,
candidate biomarkers or better drug targets can be tested in animal models (Loeb 2010,

Loeb 2011).

Theories of Epileptogenesis

Considerations of the place of “epileptogenesis” in the chronology of epileptic
disorders are important when assigning molecular and cellular events as potential
intervention targets. A common view of epilepsy regards it as a progressive disorder, as
illustrated in figure 5 (reviewed by Pitkdnen & Sutula 2002, Pitkdnen & McIntosh 2006,

Pitkdnen & Lukasiuk 2011, Engel et al 2013). Epileptogenesisis is the process of
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Figure 5. Epileptogenic Process in Symptomatic Temporal Lobe Epilepsy. Used with
permission from Pitkdnen & Sutula (2002) Neurology 1, 173-181.

neuronal tissue becoming abnormal, taking place both in the latent period before seizures
appear and after seizures appear due to suboptimal seizure control, or possibly because of

the AED itself. Phases of epileptogenesis, with activation of different molecular events,
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have also been demonstrated by different models, within a latent period after insult
(Figure 6). Although there is an overlap between molecular events that are taking place in
the phases of epileptogenesis, it is not clear that the same pathways are involved in their
generation in all phases. Note that many of the events, which are evident from multiple
studies using different epileptic models, describe what seem to be opposite processes.
Examples are neuronal death and neurogenesis, glial cell death and gliogenesis, vascular
damage and angiogenesis (Pitkdnen & McIntosh 2006). Due to the multiple models
utilized in different studies, time points for all these events are unclear and the models are
of questionable application for the progression or validity of these events in humans, it is
no wonder a comprehensive epileptogenesis map, indicating the right target in the right
time for intervention has not yet been established.

Another important consideration, when studying epileptogenesis, is the brain
maturity of the target population. The developing brain, from infancy to adolescence,
presents a different background of activated pathways and immature neuronal network
systems, which gives it a naturally increased excitatory and decreased inhibitory nature.
This is also probably the reason for the high occurrence of several epilepsies in childhood
and commonly occurring resolution as the child “grows out” of the disease in several
years (Rakhade and Jensen 2009). The scientific community is focusing increasing
attention on the understanding of epileptogenesis in order to develop truly
antiepileptogenic drugs, which is leading to new study designs with higher chronological

resolution of the molecular events. Some of the antiepileptogenic treatments using animal
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models have demonstrated efficacy as disease modifying drugs (reviewed by Pitkdnen &

Lukasiuk 2011).
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Several of the and most studied hypotheses of epileptogenesis revolve around a
dysfunctional blood-brain barrier (BBB), dysfunctional astrocytes, increased
angiogenesis and their interactions, as illustrated in Figure 7 (reviewed by Oby and
Janigro 2006, Weissberg et al 2011, Liu et al 2012, Kovécs et al 2012, Marchi et al 2012,
Aronica et al 2012, Heinemann et al 2012, Seifert & Steinhduser 2013, Morin-Brureau
2011). Interestingly, these hypotheses shift the perception from neurons being the

primary epileptogenic “immediate suspects” to malfunctions of downstream players that
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are at the root cause of generating seizures. Astrocytes are no longer looked at as most
structural support or “glue” in the brain but as critical components in neurological

regulation, as described below.
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Figure 7. The Role of Blood-Brain Barrier Dysfunction in Epileptogenesis. Used with
permission from Friedman & Heinemann (2012), In: Noebels et al, Jasper basic
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Astrocytes in Epilepsy

Astrocytes serve a set of complex functions in the normal brain. The astrocytic
process is involved with pre and post synaptic neurons in the so-called tripartite synapse,
governing neurotransmission. The astrocytic foot is a structural component of the BBB
and astrocytes control vasomodulation. Astrocytes have major role in structural and
metabolic support for neurons in the brain. They are involved in normal immune response
and regulation of extracellular ionic concentration. Therefore, astrocytic dysfunction
might be expected to affect epilepsy and epileptogenesis.

Astrocytes are presumed to maintain the extracellular potassium [K'] regulation
environment through their inwardly rectifying potassium (Kir) channels, gap junctions
and AQP4 water channels. Impaired ion regulation due to impaired function or
expression of these components, in cases of hippocampal sclerosis or activation of
transforming growth factor beta (TGFf), can result in hyperexcitability (Seifert et al
2010, Steinhéduser & Seifert 2012).

Astrocytes are notably the main regulators of the extracellular excitatory
neurotransmitter glutamate. Excess synaptic glutamate is removed by the astrocytic
excitatory amino acid transporters 1 and 2 (EAATI1 & 2). The glutamate removed is then
inactivated / buffered by the astrocytic glutamine synthetase (GS). Several studies found
these proteins to be down-regulated in epilepsy (Seifert et al 2010, Steinhduser & Seifert
2012).

The glia-derived excitatory pathway, in which simultaneous excitation of

neighboring neurons is triggered by astrocytic Ca*” -induced glutamate release, favors
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neuronal synchronization. Epilepsy related increases in astrocytic Ca®>* levels can
therefore trigger seizures in the predisposed neighboring neurons (Seifert et al 2010).

Astrocytes also are involved in the CNS immune responses, being the source and
target of many inflammatory molecules. Several studies have indicated that astrocyte-
mediated inflammation is an epileptogenic mechanism (reviews Aronica et al 2012,
Vezzani et al 2013).

In summary, an increasing body of evidence points at astrocytic function as a
crucial component of normal electrophysiology. Dysfunction of any of the astrocytic
roles, described above, or an upstream trigger for this dysfunction, should be studied

further as possible targets for antiepileptogenic treatments.
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PROTEOMIC ANALYSIS OF HUMAN EPILEPTIC NEOCORTEX PREDICTS

VASCULAR AND GLIAL CHANGES IN REGIONS OF EPILEPTIC SPIKING

Introduction

Epilepsy is a neurological disorder that affects about 1% of the population
worldwide. It is often called a spectrum disorder because of the large number of
associated etiologies or ‘brain insults’. Similarly, the symptomatic seizures can be
clinically quite different depending on where they arise. While seizures can be treated
symptomatically with anti-epileptic drugs (AEDs), about 30% of the patients have
seizures that are refractory to medications and many of these can benefit from a surgical
procedure that removes electrically defined brain regions, while preserving normal
regions (Kwan & Brodie 2000, Yun et al 2006). These surgical procedures offer an
opportunity to use proteomic and other high-throughput approaches on resected human
brain tissues to probe the molecular basis of human epilepsy (Loeb 2010).

The heterogeneity in resected tissues generated from these surgeries has made it
hard to study the pathogenesis of epilepsy, in part due to an absence of proper control
samples. Previous studies have used specimens from non-epileptic, age and gender
matched individuals as control samples (Yang et al 2005, Eun et al 2009), but this is far
from optimal since natural biological variation could well mask epilepsy-specific
changes. We have developed a Systems Biology of Epilepsy Project as a new approach
to study human epilepsy. Rather than studying histologically pathological tissues, the

System Biology of Epilepsy Project focuses on human neocortical tissues as a function of
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the in vivo recorded electrical activities indicated by high spiking frequency between
seizures (interictal). Comparisons are made internally within each patient between high-
and low-spiking (or non-spiking) nearby tissue (Loeb 2011). In fact, high spike frequency
in certain brain areas has been found to predict the ictal-onset locations, and resection of

the interictal high spike tissue has been associated with good surgical outcomes (Asano et

al 2003).
Spike frequency of sample
Patient # Patient Gender Age hist::;it:r::logy
High Low

1 ep122 F 15 6 0 Normal

2 ep132 F 10 116 1 ?;f;lgsnfrﬁgzz':
3 ep150 M 33 371 115 Normal

4 ep158 M 1 85 0 Gliosis

5 ep159 M 27 27 2 Mild gliosis

6 ep165 F 3 212 56 Mild gliosis

Table 2: Patient Clinical Information and Tissue Samples Used for this Study.

Note that the histopathology of each patient was determined on different tissue segment
from each patient than those used for proteomic studies. The gliosis was most commonly
subcortically in the white matter.

Using this experimental approach, we have previously found highly consistent changes in
gene transcription between regions that produce seizures (Rakhade et al 2005, Beaumont

et al 2012) and high levels of interictal spiking (Lipovich et al 2012), compared to nearby

‘control’ regions with little to no epileptic activities. Here, we have taken a proteomic
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approach, using differential 2-dimensional gels (2D-DIGE), to study 6 pairs of high and
low spiking human neocortical tissues to determine if there are common proteomic
changes as function of abnormal epileptic activity across these patients. All of the tissues
investigated here were also used to show common transcriptional changes (Lipovich et al
2012; Dachet et al 2013, under review). Our results show consistent changes in proteins
that predict decreased glial cells and increased vascularity, as well as a hierarchy of

ontological changes that could underlie the development of epilepsy.

Materials and Methods

Human Tissue Collection and Processing

Human neocortex samples were acquired from six patients with refractory
epilepsy, following informed consent and institutional review board approval. Only
tissue regions that were studied in vivo, using long-term subdural grid electrical
recordings were used and were removed as part of the patients medical treatment in a
two-stage surgical procedure at the Comprehensive Epilepsy Center at Wayne State
University School of Medicine, as described earlier (Rakhade et al 2005, Beaumont et al
2012, Lipovich et al 2012). Briefly, recordings taken over several days were quantified
for their intrinsic interictal spiking frequency. Regions showing high spike frequency
were compared to nearby ‘control’ regions, defined as regions showing no or the least
amount of epileptic activity. After excision, the brain samples were further dissected, as
described by Loeb (2010) and Lipovich et al (2012) to provide adequate samples for a

range of analyses within the Systems Biology of Epilepsy Project and to allow the future
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integration of the data. Samples underwent subcellular fractionation to produce fractions,
P1 — nuclear, P2 — membrane, and Supernatant — cytosol, as previously described by
Beaumont et al (2012). The Bradford protein assay was used for protein quantification
(Bradford 1976). The fractionated samples were frozen and sent to Montana State

University on dry ice for proteomic analysis.

Protein Labeling and 2D-DIGE

Frozen samples were lyophilized at Montana State University and suspended in
denaturing buffer (7M urea, 2M thiourea, 3% (w/v) CHAPS, 1% (w/v)
amidosulfobetaine-14, 10mM Tris-HCI pH 8.4) to bring the protein concentration to
S5mg/mL. Samples were reduced with SmM tributylphosphine for 1 hr, followed by
alkylation with 10mM 4-vinylpyridine for 2 hrs, all at 4°C. The fluorescent dye labeling
procedure was done as recommended by GE Healthcare with a few modifications.
Briefly, all dyes, Cy2 (GE), Cy3 & Cy5 (synthesized by the Grieco group at MSU) were
brought to 400pMole/puL in dry dimethylformamide, and reacted with the proteins at the
ratio 8pMole dye/pg protein on ice in the dark for 30 min. The reactions were quenched
with 1uL of 100mM lysine for 10 min. After labeling, reaction tubes were combined to
contain 50pug of Cy3 labeled proteins from a High Spike sample, 50ug of Cy5 labeled
proteins from a Low Spike sample from the same patient and 50pg of Cy2 labeled,
pooled internal standard. The pooled internal standard of each subcellular fraction
contained an equal amount of protein extract from High and Low Spike samples from all
patients. A technical replicate was prepared with the same protein samples, using

reciprocal dye labeling between High and Low Spike samples. The combined labeled
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samples were brought to 450uL with re-hydration buffer (7M urea, 2M thiourea, 2%
(w/v) CHAPS, trace of bromophenol blue, 0.5% (v/v) final concentration 3-11 non-linear
ampholines (GE Healthcare)) and the solutions were loaded on 24 cm pH 3-11 non-linear
IPG strips (GE Healthcare) for passive re-hydration over night at 4°C in the dark. An
Ettan IPGphor II was used for iso-electric focusing with the protocol recommended by
the manufacturer. Focused IPGs were agitated for 30 min in equilibration buffer (6M
urea, 375mM Tris-HCI pH 8.8, 20% (v/v) glycerol, 2% (w/v) SDS), loaded onto 11%
SDS gels, and overlaid with agarose. The second dimension SDS-PAGE was carried out

using Ettan DALT twelve System, and the protocol recommended by GE Healthcare.

Image Acquisition and Analysis

A Typhoon Trio (GE Healthcare) was used for fluorescence scanning. The scan
resolution was 100pum/pixel and the manufacturer’s recommended settings were used.
The image analysis was carried out using Progenesis SameSpots software (Nonlinear
Dynamics, version 3.1.3030.23662). The three subcellular fractions were analyzed as
independent data sets, containing 12 gels and 36 analytical gel images in each set.
Standard settings were used for spot detection, background subtraction and ratiometric
normalization (equation 1). The initial statistical analysis utilized ANOVA test with p-
value <0.05 and fold change (FC) > 1.25 cutoffs to detect protein spot expression
differences between High and Low Spike samples of each patient. Spots that were found
to have expression differences in 3 or more patients were designated “noisy spots”.

Ratiometrically normalized spot volumes for each spot were exported for further analysis.
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In order to quantify relative concentrations of GFAP, the intensities of all GFAP isoforms
should be added together. Since different spots can not be related to each other when
using ratiometric normalization, a second analysis united the data from all three sub
cellular fractions and replaced ratiometric normalization with normalization by the total
spot volume (equation 2) for each color image. The spot intensity values used for each

spot were the average of the normalized volumes of its technical repetitions.

Eq. 1 — Ratiometric normalization for multiple stains per gel (with internal standard)

anax'p}l w5 Vr':is} ]
Vn(z’s} Vt':ax'p:l
NV, = ratiometric normalized volume of spot n

V. = total spot volume of the internal standard image (Cy2)

NV, =

n

Vi(exn) = total spot volume of an experimental image (Cy3 or Cy5)

V,.(is) = volume of spot n on the internal standard image

Via(exp) = volume of spot n on an experimental image

Eq. 2 — Total spot volume normalization for single stain gels (or semi-quantitative
analysis)

NV, = [—”] X5
Ve
NV, = total spot volume method normalized volume of spot n
V., = volume of spot n
V. = total spot volume of all spots in that image (V;+V,+...Vy, where N = total number of
spots)
5 = scaling value (default 100)

Note: equations 1 & 2 follow the notation of Non-linear Dynamics.
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Statistical Analysis

t-test - we used the Ime function in the R package nlme (Pinheirom et al 2012) to
independently test for significant natural log fold-change (high/low) difference from 0 for
each protein spot. A p-value < 0.05 for the two-sided t-test and FC > 1.25 was deemed
significant. Since only 34 spots passed the t-test cutoffs (out of 4400 spots), we have not
corrected for multiple testing, but many of these spots were authenticated. GFAP was
validated by Western blots, and excluding the two spots with ambiguous MS
identifications, all other statistically changing proteins had multiple isoforms, and each
isoform passed the t-test cutoff or were close to it. Thus, the multiple independent
identifications of the different isoforms strengthened the notion that these protein changes
were not found by chance. By implementing the mixed model mechanism of Ime, we
accounted for the variance structure of technical repetitions that were nested within the
values from the individual patients, which were imposed by the reciprocal dye-labeling
design of the paired experiments.

SOIs Cluster analysis - we used Ward's Minimum Variance Method to perform
hierarchical clustering in R (R Core Team 2012). Pairwise dissimilarities (distances)
between observations were computed with Cluster Package (Maechler et al., 2012), using

"Daisy" function and Gower's (1971) Metric.

Protein Identification by Mass Spectrometry

Preparative gels were run to resolve the proteins of each of the subcellular
fractions for protein spot picking and mass spectral analysis. The preparative 2D gels

contained a total of 500ug protein, including 450pug unlabeled fractionated epilepsy brain
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tissue, plus 50pg of the Cy2 labeled internal standard, which was used for gel alignment
with the analytical gels. After fluorescence imaging, preparative gels were stained with
silver Coomassie (Candiano et al, 2004). Spots of interest were manually excised from
the gels and in-gel digested with porcine trypsin (Promega) overnight at 37°C, as
previously described by Shevchenko et al, 1996. Extracted peptides were analyzed, using
one of the following two LC/MS/MS systems, previously described (Maaty et al 2012,
Maaty et al 2013), with small modifications. One system was an Agilent 1100 LC trap
(XCT-Ultra 6330), coupled with Agilent nano-chip LC (43mm 300A C18 separation
column with 40nL trapping column). Peptides were eluted with a 5-95% acetonitrile
gradient over 22 min. The second system was an Agilent 1100 HPLC coupled to a 6520
Accurate-Mass Quadrupole Time-of-Flight LC/MS (Q-TOF) and an in-line nano-chip
LC, as described above (Agilent Technologies). Peptides were eluted with a 5-50%
acetonitrile gradient over 16 min. MGF compound list files were generated using the
default algorithms in the DataAnalysis 3.3 (Bruker Daltonics) and Qualitative Analysis
B.04.00 (Agilent Technologies) for XCT and Q-TOF software, respectively. We used
MASCOT in-house version 2.2 (Matrix science, London, UK) to query the MS/MS
spectra, using the following parameters: database: SwissProt 2012 (534242 sequences;
189454791 residues), taxonomy: human (20317 sequences), enzyme: trypsin, allowing up
to 1 missed cleavage, fixed modification: pyridylethyl (C), variable modifications:
deamidated (NQ) and oxidation (M), peptide tolerance + 1.2 Da and 30ppm, MS/MS

tolerance + 0.6 Da and 30 mmu for XCT and QTOF, respectively. Protein identification



36
was considered significant using the default threshold of p < 0.05. For MS results see

supplementary material.

Pathway Analysis

Data were analyzed through the use of IPA (Ingenuity” Systems,

www.ingenuity.com, version 14400082, release date 2012-11-01). The IPA core analysis

was applied to the list of SOI with fold change values > 1.3 FC cutoff and default
parameters. The enrichment within the nervous system was tested using Fisher’s exact
test and predicted the involved pathways for each patient. A comparison analysis across
the patient population was used to identify pathways for which involvement was

frequently predicted (pathway —log(p-value) > 1.3, in at least 3 patients).

Western Blots

Sug protein of the high and low spike samples from the Nuclear fraction of each
patient, were each labeled with Cy3, as previously described, and resolved on mini 10%
SDS-PAGE gels, following the standard Bio-Rad procedure. The proteins were then
blotted on to Hybond-P membrane (GE Healthcare), using an XCell II apparatus
(Invitrogen), following the manufacturer’s recommended procedure. The membrane was
blocked with 5% nonfat dry milk in TBST (20mM Tris pH 7.6, 140mM NaCl, 0.1%
Tween 20) for 2 hrs, reacted with monoclonal mouse anti-GFAP (NeuroMab N206A/8)
at 1:1000 dilution in TBST for 2 hrs, washed three times with TBST, reacted with Goat
anti-mouse IgG Alexa 488 conjugated antibody (Invitrogen) at 1:2000 dilution in TBST

for 2 hrs, and imaged with the Typhoon Trio (GE Healthcare). ImageJ (Rasband, et al


http://www.ingenuity.com/
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1997-2012) was used for quantification. Six high intensity Cy3-labeled nuclear fraction

bands were used as loading controls.

Results

The Human Epileptic Neocortex Proteome

A surgical program provides the System Biology of Epilepsy Project and this
proteomic study, with electrically characterized samples from patients with refractory
epilepsy. The patients undergo a two stage procedure that begins with several days of
subdural electroencephalography (EEG) recording, followed by excision of the epileptic
foci and some electrically quieter “normal” surrounding tissue (as illustrated in the
experimental flowchart in Figure 8).

2D SDS-PAGE was carried out with improved protein resolution, sensitivity and
increased dynamic range, using subcellular fractionation and differential fluorescent
labeling of High and Low Spiking sample pairs from each of 6 patients using the 2D
DIGE method (Lilley & Friedman 2004). In total, more than 4400 protein spots were
analyzed, in independent data sets from the three subcellular fractions. In a t-test (p<0.05,
FC > 1.25), 34 spots were found to change between High and Low Spiking samples. 31
of these spots were identified by mass spectroscopy as 17 gene products, some of which
existed in multiple isoforms. Eight gene products were up regulated and 9 were down
regulated in high spiking regions (Table 3). Given the wide range of spike frequencies
and potential variance in absolute protein expression between patients, we also

hypothesized that spots that change within individual patients, but have a high variance
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between patients (“noisy” spots) are biologically significant and might indicate
involvement in an active process or molecular pathway that is changing, but would not
meet the criteria to pass a simple paired t-test. Therefore, we also selected these “noisy”
spots (FC > 1.25, that were up or down regulated in the high spiking tissue in at least half
the patients) of each sub-cellular fraction. A data set of 397 spots of interest (SOI)
resulted, including statistically changing (t-test) and noisy spots from all three fractions
and these SOI were further analyzed, using clustering methods. 2D maps of SOlIs are
shown in the supplementary material Figure S1.

In cases where a protein displayed a spot train of isoforms, in which each spot had
a similar expression pattern, only selected isoform spots were picked for mass
spectrometry-based protein identification, and the other isoforms in the regulated spot
train were assumed to be the same protein. Some SOIs were very low in abundance,
while some were not ubiquitously expressed, leading to their apparent absence in the
preparative gels. In total, more than 90% of the 397 SOIs were identified as arising from
146 gene products, and we did not attempt to characterize the numerous isoform
modifications present in the proteins at this stage in the project.

From Expression to Histological Changes
through Hierarchical Clustering

In human studies, biological variation is typically conceived as an inherent
limitation, which might mask disease or treatment affects. However, in this part of our
study, when our focus was to find proteins which co-express (change in the same

direction relative to the internal standard across all the samples, regardless of spike
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frequency), rather than to find disease effects (proteins that change between High and
Low spiking tissues), biological variation has actually been beneficial. The added
variation created unique protein expression patterns and therefore enabled better
separation of co-expressing protein groups (Figure 9). The use of a pooled internal
standard facilitates the comparison of spot expression across the whole dataset. To
provide more expression data points and higher pattern specificity, samples were treated
independently, regardless of patient and spike frequency, and variation in expression
between and within patients were weighted equally. All SOIs were clustered, according
to their expression patterns, across the 12 samples (6 patients x 2 spike frequencies).
Some spots cluster more tightly together, sharing short vertical branches on the
dendrogram, shown in Figure 9A. These tight clustering observations were also validated
by Leave One Out Cross Validation (data not shown).

The expression pattern similarities of a group of spots, within samples from the
same patient, and more notably between patients, indicate that the changes of all protein
spots in such a cluster should be treated as a collective, single finding, allowing for
reduction in complexity of the dataset. For example, groups of non-differentially
expressed isoforms, of a single protein, which is changing in expression across the
samples, will have the same expression patterns (see Figure 9B-C). Another example is a
protein complex that is expressed at different levels across the 12 samples, the subunits of
the protein complex will have the same expression patterns (change in the same
direction). It is likely that the tightness of the cluster will decrease with increasing

numbers of gene products in the complex, due to multiple regulations and involvement of
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Figure 9: Hierarchical Clustering by Spot Expression Patterns. (A) Spots of interest from

all three subcellular fractions clustered by expression patterns across all samples
(dendrogram), aligned with the heat map of the fold changes in spots of interest (High
/Low spiking) by patient. (B) Examples of two different expression patterns, which
represent the colored spots in the 2D gel image to the right, grouped together into two

distinct clusters. Each of the single lines connects a normalized spot volume of technical

replicates of high and low spike frequency regions of all 6 patients (the high and low
patient sample identifications are in the colored boxes above).(C) 2D gel location of
soluble fraction erythrocyte protein spots (red) and extra cellular proteins (green)

represented in clusters * and ** respectively. Note: horizontal spot trains are largely due

to several isoforms of single proteins.
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proteins which are ubiquitously expressed. However, due to the high biological variation
and the resulting enhanced clustering power of this study, we applied the same logic in
order to identify clusters that we hypothesize each represent changes in the number or
phenotype of a given cell type with the complex neocortical tissue. A given cell type was
predicted based on known cell-specific protein spots within a given group, identified
using mass spectrometry. Detailed information on protein identification by fraction and
spot is given in Table S4, on the SOIs cluster assignment in Table S3, and on MS
analyses of SOIs by Mascot search output that is provided in table S5.

Several histological changes were predicted from the hierarchical clustering.
Following the right most branch of the four main dendrogram branches in Fig 9A (see
Figure S2 for enlarged dendrogram and cluster number designations), we found several
indicators of blood, including platelets - indicated by a fibrinogen cluster (cluster 37),
that includes multiple isoforms of two of the fibrinogen subunits ( FGB, FGG). Evidence
for fibroblasts, smooth muscle or possibly pericytes, was indicated in this branch by co-
expression of TPM1, TPM2 and TAGLN (cluster 34). The presence of plasma in clusters
28 & 33 was indicated by proteins like albumin and components of high-density
lipoprotein (APOA1, APOD). Finally, the presence of erythrocytes was indicated in
cluster 27 primarily by hemoglobin, but also by a cluster of proteins, all of which are
present in high abundance in red blood cells (RBCs) (HBA, HBB, catalase, CA1,
BLVRB)(D’Amici 2012, Walpurgis et al 2012, Roux-Dalvai et al 2008). Since all tissue
sample surfaces were rinsed to remove blood before homogenization, we attributed

changes in blood levels to changes in vascularity in the tissues. Later analysis of the
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Systems Biology of Epilepsy Project parallel transcriptomic study also predicted changes
in vascularity, which were validated by histochemical staining as shown in Figure 11
(Dachet et al, 2013, under review).

The next dendrogram branch, second from the right in Figure 9a (cluster number
24 in Figure S2), contains mostly albumin isoforms, as well as other extra cellular
proteins (ECP). The distinct protein expression patterns between the extra cellular and
erythrocyte proteins (Figure 9B and cluster numbers 24 and 27 in Figure S2) indicated
that the changes in albumin levels are not solely due to changes in vascularity (circulating
serum albumin), and suggests the presence of albumin in the extra cellular matrix (ECM).

Many of the identified SOIs were related to cytoskeleton proteins, suggesting
structural or migrational changes in affected cells. Dominating this group of proteins,
with statistically significant down regulation in the high spike regions in all fractions of
all patients was GFAP (~50kDa): a commonly used astrocytic marker. As one of major
astrocytic intermediate filaments, the cytoskeletal GFAP mostly pellets in the nuclear
fraction. The total nuclear fraction GFAP SOIs (the sum of 6 spots of ~50 kDa + 5 spots
of 38-40 kDa ) normalized spot volumes (figure 10A), confirmed the decrease of GFAP
in the high spiking regions (paired t-test p-value 0.002, average FC 1.53, figure 10B).
Western blot analysis validated the decrease of total nuclear GFAP in high spiking tissues
(p-value 0.047, figure 10C). The spot group of lower molecular weight (LMW, 38-40
kDa) GFAP presented a different trend of expression across the patients. LMW GFAP
spots were mostly up-regulated in high spiking regions and notably clustered with blood

proteins as shown in cluster 32-33.
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If the LMW GFAP were excluded from the analysis, the six 50kDa GFAP
isoforms in the P1 (nuclear fraction) added together demonstrated a stronger down
regulation in the high spiking regions (p-value 0.002, FC 1.79). Interestingly, the
increase in total GFAP fold change (L/H spike) of the 50kDa isoforms was strongly
correlated with increased spike frequency (frequency difference High-Low = Aspike) as
shown in Figure 10D. The linear correlation coefficient was r = 0.96 with a p-value
0.002, using the Pearson product-moment correlation coefficient. Alternatively, since we
had only six data points, we evaluated the non-parametric association and found Kendall
tau coefficient of r = 1, p-value = 0.003 for the data plotted in Figure 10D.

The total GFAP changed only in the nuclear pellet fraction and did not
significantly change between high and low spike regions in the P2 and Cytosol fractions.
The total GFAP in the Cytosol fraction (Figure 10E), although still mostly higher in low
spike within patients, demonstrated a very different expression pattern between the
patients, when compared with the nuclear fraction (Figure 10B&E). The levels of cytosol
GFAP were more in agreement with the level of gliosis, which was assigned to the
patients by the pathological analysis (Table 2), and yet was not a good predictor for
astrogliosis status. The GFAP soluble pool (in the cytosol fraction) is presumably related
to the level of GFAP filaments (nuclear fraction) and might be affected by pathological
conditions (Newcombe et al 1986). Therefore, we evaluated the ratio of total cytosol to
total nuclear GFAP concentration, and found the ratio to be a good predictor for the
patient’s astrogliosis level, as can be seen by comparing the patient histopathology in

Table 1 to the data in Figure 10F.
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Figure 10: GFAP Quantification Studies. (A) 11 GFAP SOls are the blue marked spots in
2D SDS-PAGE of the P1 fraction, which were used for quantification of total GFAP. (B)
Total GFAP as the sum of total image intensity normalized volume (non-ratiometric) of
nuclear GFAP spots shown by patient and spike frequency (L-low, H-High). GFAP is
down regulated in high spike samples (paired t-test for all 11 spots or upper higher MW
(~50kDa) 6 spots, p-value 0.002, average FC 1.53 or 1.79, respectively). (C) Western blot
analysis for all nuclear fraction samples with monoclonal anti-GFAPa antibody,
validating the down regulation of GFAP in high spike samples (p-value 0.047). (D)
Correlation of fold change of nuclear fraction 50kDa GFAP (upper 6 spots) (L/H spike,
circle sized by the weighted total intensity) with differences in spike frequency for
individual patients (H-L). Y=200.29X-251, r = 0.96, p-value 0.002. (E) Sum normalized
volume of cytosol GFAP spots by patient and spike frequency. (F) Cytosol to nuclear
total GFAP ratio (11 spots).

Note - for GFAP quantification, the fluorescence spot intensities were normalized to the
total signal in each gel image. Values are given as the sum of relevant spot normalized
volumes in millions of volume units.
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Bioinformatics Analysis of Proteins of Interest

The list of 397 SOIs, represent 146 gene product proteins of interest (POIs).
Multiple representations of the same gene might arise from post transcriptional
(alternative splicing and/or posttranslational) modifications, as well as a SOI occurring in
more than one subcellular fraction. In this exploratory phase of the project, we did not
investigate modifications of gene products, but the changes identified have singled out
candidates for further study of modifications involved in the physiology. Additionally, it
should be noted that the bioinformatics tools currently available do not take this level of
protein isoform complexity into account.

Description of the 146 POIs are given in Table 3 and their FC by patient are
shown by color codes. Since multiple isoforms were often summed to a single gene
product, the protein fold change represents the average expression of each set of isoforms
for each patient. Therefore, the absence of a significant, net fold change in at least three
patients of a given protein with multiple SOls, is likely to indicate approximate
cancelation of FC by differential post-translational modifications. An exception was
made with regard to analysis of GFAP, which had two distinct groups of multiple
isoforms. The spot train having the expected MW and pl for full length GFAP, and
several isoforms with lower than the predicted MW and different levels of acidic shift
were analyzed separately as two gene products, GFAP ~50kDa and GFAP LMW (low

molecular weight), respectively.
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Ingenuity Pathway Analysis (IPA) was used to predict involvement of Canonical
Pathways for each patient. Many proteins are ubiquitously expressed in brain cells and
might be involved in a number of Canonical Pathways. The differential expression and
biological involvement of the erythrocyte proteins in relation to changes in vascularity,
was already addressed. Therefore, erythrocyte proteins were removed (unless the proteins
were also expressed outside the erythrocyte cluster) from the analyzed genes. After
considering the differences in expression patterns of the blood components, as well as
their size and likelihood of leaking out of the vessel under pathological conditions, the
rest of the blood components were included in the analysis, since they might have
interactions or cellular effects exterior to the blood vessels. Common involved pathways
across the patient population were found using IPA comparison analysis. Pathways
predicted to be involved in at least three patients were considered. The top 25 ranking
canonical pathways involved in human neocortical epilepsy, and the relative contribution

of each patient to the score are shown in Figure 12.

Discussion

Surgical resection of electrophysiologically characterized brain tissue from
patients with refractory partial epilepsy can be highly beneficial (Spencer 2008, Ziemba
et al 2011), and provides a unique opportunity to study the molecular and histological
changes associated with abnormal electrophysiological properties of epileptic human
neocortical brain regions. The System Biology of Epilepsy Project is taking advantage of

this opportunity to generate a clinical and multi-omics database to further our knowledge
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of the epileptogenic process and advance the search for better treatments (Loeb 2010,
2011). We used differential fluorescent labeling in 2D-DIGE to resolve and compare
protein expression and modifications between high and low spiking frequency tissue
sample pairs with no apparent histopathology. In the initial analysis we identified a
subset of proteins of interest, suggesting that these proteins might be involved in the
cellular changes that lead to epilepsy. Subsequent analysis focused on attempts to relate
this subset of proteins to epilepsy-related biological changes. Using hierarchical
clustering, we took advantage of the natural biological variation between patients as well
as natural, or epilepsy induced variation within the samples of each patient, to allow the
separation of groups of co-expressing protein spots that predicted histological changes.

High Interictal Spike Frequency is
Associated with Vascular Modulation

Many of the changing proteins, when clustered by their expression patterns,
suggest significant changes in blood vessels in high spiking neocortex. Although all but
one (CA1) of the individual protein changes did not reach statistical significance alone,
the group of proteins in the blood cluster suggested increased vascularity in high spike
samples in four of the six patients. Patient 1 had no change and patient 4 showed an
opposing trend, for this cluster, as well as most of the dataset. Since patient 4 is only one
year old, his brain is in a different developmental stage, which might be expected to
affect many of its “normal” and “epileptic” features.

The process of angiogenesis is associated with brain injury (Greenberg 2005,

Xiong 2010) and was previously described in temporal lobe epilepsy (TLE)
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(Papageorgiou et al 2011), with an association to increased BBB permeability (Rigau et
al 2007, Morin-Brureau 2011). We predicted by both proteomic and transcriptomic
studies, which were validated, using histochemical staining (see figure 11), that
angiogenesis is also associated with interictal high spiking neocortical tissues.

This finding also demonstrates the power of protein expression clustering to
interpret proteomic studies. Although carbonic anhydrase 1 (CA1) was statistically up-
regulated in high spiking regions, its co-expression with hemoglobin, among other
proteins highly abundant in erythrocytes, led us to interpret CA1 up-regulation as part of
increased vascularity. You et al (2005) suggested four proteins (hemoglobin, catalase,
peroxiredoxin and carbonic anhydrase I) as markers for blood contamination in
proteomic analysis of cerebrospinal fluid (CSF). We suggest that the similar expression
pattern of most of these proteins, with the addition of biliverdin reductase B (BLVRB),
defines them as erythrocytes markers, in any tissue. This is especially true in gel-based
proteomic studies, in which hemoglobin isoforms run close to the electrophoretic front
and may frequently be excluded from the analysis. In a gel-free proteomic study, Visanji
et al 2012 also found increased expression of catalase and CA1 in human epileptic brain,
compared with controls, and localized both proteins to astrocytes. In addition to CA1 and
catalase, they found seven hemoglobin isoforms, albumin, and alpha-2-macroglobolin to
be up-regulated in epileptic brain. They suggested catalase and CA1 had epileptogenic
roles in response to oxidative stress (catalase) and support to carbonic anhydrase 2 pro-
apoptotic/epileptogenic role (CA1). Although these mechanisms cannot be ruled out, our

proposed protein cluster marker provides an alternative explanation. We suggest that the
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Figure 11. Angiogenesis is Associated with Interictal High Spiking Neocortical Tissues.
Reprint from Dachet et al (2012), poster presented at Cold Harbor Spring Laboratory
Systems Biology: Global Regulation of Gene Expression March 20 - 24, 2012
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protein changes found by Visanji et al 2012 also indicate increased vascularity in the
epileptic brain.

The astrocytic foot is a structural component of brain vasculature, which can
explain the localization of catalase and CA1 to astrocytes. The hemoglobin isoforms,
catalase and CA1 are the most abundant proteins in RBC (D’Amici 2012). Furthermore,
CAL expression is limited to RBC and the gastrointestinal tract (Boron, 2003).
Additionally, alpha-2-macroglobolin and albumin are two major carriers of proteins in
the serum (Kragh-Hansen et al 2002, Mantuano et al 2008). Taken together, our
alternative explanation of increased vascularity in the epileptic tissues, accounts for

changes in regulation of eleven of the twelve proteins found to change by Visanji et al.

Dysfunctional BBB in Epileptic Brain

A dysfunctional BBB is associated with large number of neurological disorders
(Abbott 2006, Zlokovic 2008) and many studies address this phenomenon in epilepsy
(reviewed by Oby and Janigro 2006, Weissberg et al 2011, Liu et al 2012, Kovécs et al
2012, Marchi et al 2012). Our study provides further evidence for a leaky BBB in human
epileptic neocortex, but without correlation to the level of interictal spiking. Increase in
ECM Albumin is assumed to be the result of a leaky blood brain barrier (BBB) (Ivens et
al 2007, Marchi et al 2012). Therefore, the ECP changes (clusters 24-26) are interpreted
as due to a leaky BBB in the high spike area of patient number one, or due to decreased
vascularity in high spike of patient four. For patients two, three, five and six, a possible
explanation is an increased BBB leakiness in low spike tissue, counteracting the increase

in albumin levels, due to increased vascularity in high spike tissue. Taken together, the
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cluster analysis suggests epilepsy-related changes in BBB permeability or possibly a
dysfunctional BBB. Further investigation using more detailed histochemical analysis is
needed to clarify and further evaluate these suggestions.

The lack of association of BBB leakiness with high spike frequency in epileptic
brain is not surprising. The interaction between seizures and dysfunctional BBB has been
called “a puzzle of a chicken and egg” (Friedman 2011). Which one is the cause, which
one is the effect and what is their temporal relationship? Seizures can affect BBB
permeability (Janigro 1999) though it is not clear if such BBB alterations are restricted to
the seizure focus. Experimental disruption of the BBB can induce an epileptic focus in
the treated rat brain area (Seiffert et al 2004), or in the hemisphere contra-lateral to the
BBB disruption in humans and large animals (Marchi et al 2007). The disruption is
transient and largely reversible (Abbot et al 2010, Willis 2011) and the circumstantial
evidence for BBB dysfunction, i.e. extravascular serum albumin, is temporary. In a
process mediated by transforming growth factor beta receptor (TGF-BR), the serum-
derived albumin is quickly taken up by astrocytes, followed by numerous changes in
astrocytic protein expression, which are considered to be epileptogenic (Ivens et al 2007,
Cacheaux et al 2009, David et al 2009). Given the dynamics of the BBB in epilepsy, it is
therefore not surprising that although clearly involved, there was no significant

correlation with spike frequency and BBB disruption.
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High Interictal Spike Frequency is
Associated with Decreased GFAPa

Reactive astrocytes over-expressing GFAP (=gliosis) is a hallmark of
posttraumatic epileptic foci (Oberheim et al 2008). GFAP is the main intermediate
filament in astrocytes. The expression of GFAP increases as a function of age and is
affected by multiple pathological conditions (Middeldorp & Hol 2011). GFAP is
normally found primarily in the water-insoluble pellet fraction (Eng 1985) as a polymer,
with a small amount in the soluble protein fraction. However, astrogliosis increases the
proportion of soluble GFAP (Newcombe et al 1986). We evaluated the relative GFAP
concentration in both fractions and found that the increasing soluble to the insoluble
GFAP concentration ratio correlated with levels of gliosis from the pathological
assessment of the patients (Table 2), regardless of spiking frequency. This analysis
predicted normal tissues to have a soluble GFAP concentration of between one-quarter to
one-fifth of the concentration in the nuclear fraction. Diffuse and mild levels of gliosis
were associated with increased shift to soluble GFAP, until the soluble and insoluble
GFAP concentrations were about the same for the patient with the most pronounced
gliosis.

While four out of the six patients were found to have some level of gliosis, 50kDa
GFAP, as well as total nuclear GFAP, was down regulated in high spiking tissue of all
the patients, when compared with a low spiking tissue. Furthermore, the fold change
decrease in GFAP was related to the level of spiking, suggesting a causal relationship
between the two phenomena. In addition to the unexpected decrease in GFAP, o-B-

crystallin (CRY AB), another protein whose over-expression is a marker of epileptic foci
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(Sarant & Flores-Sarnat 2009), was found in our study to be down regulated in the P2
fraction of high spiking tissue. CRY AB is small heat shock protein, known to be strongly
induced in reactive astrocytes (Che et al 2001), has a role in the anti-inflammatory
response, and an anti-apoptotic role in astrocytes (Ousman et al 2007). CRYAB is also
known to regulate GFAP assembly and to co-aggregate with it in astrocytic inclusions
(Hagemann et al 2009). It is unclear whether the changes in expression of the two
proteins are related. It is possible that the co-reduction is due to a CRYAB & GFAP
complex, to a reduction in reactive astrocytes, or to astrocytic apoptosis that may be
mediated by the lack of protective CRY AB. The decrease in these two epilepsy foci
markers in the high spike tissue, suggests that the cellular changes associated with
abnormal electrophysiology are separate from the less localized cellular changes, such as
astrogliosis, which are likely to be associated with general trauma or stress.

Several GFAP splice variants have been described in the literature (Middeldorp &
Hol 2011), some of which have been found to be differentially expressed in epileptic
lesions (Martinian et al 2009, Boer et al 2010). However, our MS analysis of 2D gel
electrophoresis spots, in agreement with 1D western analysis, using a specific GFAPa
monoclonal antibody, indicates that the canonical 50kDa GFAPa is the variant in the
SOIs examined here. While the 50kDa GFAPa was down regulated in high spiking
tissues, the insoluble 38-40 kDa GFAPa modified products had a mixed expression
pattern and clustered with the blood proteins. Although the exact nature of this
modification process was not studied here, this co-expression might indicate that

insoluble 38-40 kDa GFAPa is an indicator for perivascular astrocytes or specific GFAP
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modifications, associated with the astrocytic foot process, which is an integral component
of the BBB (Abbott et al 2010).

An increasing body of evidence, identifying roles of astrocytic dysfunction in
epilepsy, has been described (recent reviews Aronica et al 2012, Heinemann et al 2012,
Seifert & Steinhduser 2013). Witcher & Ellis (2012) addressed a paradox in TLE, of
increased GFAP and decreased glutamate transporter EAAT2, which is predominantly
expressed in astroglial cells and throughout the astrocytic membrane. They consolidated
these co-occurring changes with the morphological interpretation of *“...decrease in non-
GFAP containing perisynaptic astrocytic processes...” Indeed, GFAP might not be an
ideal marker for non-reactive astrocytes, since it is not expressed throughout the astrocyte
cytoplasm and is not detectable in fine astrocytic processes (Sofroniew & Vinters 2010).
In epilepsy models, expression studies of key astrocytic proteins such as aquaporin-4 and
inwardly rectifying potassium channel Kir4.1, that are suspected to be epileptogenic,
revealed reduction in their immunoreactivity, specifically in cortical (and not
hippocampus) astrocytic processes (Kim et al 2010, Stewart et al 2010). Rakhade &
Loeb (2008) found that the glutamate transporter EAAT2 was down-regulated in human
neocortical epileptic foci in experimental settings, similar to our study. Thus, the decrease
in GFAP in high spiking regions in our study supports a hypothesis that GFAP positive
astrocytes are decreased. In addition, ALDHI1LI, an alternative candidate for an
astrocytic marker (Sofroniew & Vinters 2010), also exhibits a decrease in our dataset (FC

1.18, p-value 0.013). Additional studies are needed to more fully characterize the nature
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of the changes in GFAP positive astrocytes, whether they are due to a reduction in the

number of cells or to a change in their morphology.

Canonical Pathways Involved in
Refractory Neocortical Epilepsy

In a global proteomics study, the significance of a single protein change in a
biological pathway can be ambiguous. Even when it is known whether and how the
changing protein is modified, the ambiguity can remain, since many proteins are involved
in multiple pathways. Knowledge-based software, which predicts the involved pathways
from lists of changing proteins, is a powerful tool in the complex field of
neuroproteomics (Liu et al 2010). We queried Ingenuity Knowledge-Base Ingenuity
Pathway Analysis (IPA) to predict the pathways involved for each of the patients and to
identify the common, probable pathways that are associated with biological changes in
the high spike frequency tissues.

Many of the identified common pathways partially overlap in the molecular level
and share some of the same protein networks. For example, we have identified changes
in several protein components of the adherens junction (AJ), which pointed to several of
the proposed signaling pathways. “Remodeling of epithelial adherens junctions” and
“Epithelial adherens junction signaling” highlighted by the IPA in Figure 12, can also
indicate changes in AJs of endothelial cells (EC), and in our study appears to indicate
changes involved in blood vessels or BBB. This notion is supported by other signaling
pathways identified by Ingenuity analysis in our study, “germ cell—sertoli cell junctions

signaling” and “sertoli cell-sertoli cell junction signaling”. Sertoli cells are obviously not
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part of this neurological system, but the blood testis barrier and the BBB share some
structural and protein component similarities, namely, components of tight junctions, AJs
and gap junctions - which together generate the non-fenestrated barrier between
compartments (Abbott et al 2006, Cheng & Mruk 2009). AJ changes in the BBB can
affect its permeability (Willis 2011) and are also related to EC motility and angiogenesis
(Guo et al 2007, Carmeliet et al 1999), re-enforcing our focus on vascularity and BBB
dysfunction, as was also suggested by the hierarchical clustering.

An alternative interpretation to AJ changes in nervous system can be due to re-
modeling of synaptic junctions, where the synapses are held together by AJ’s (Yap et al
1997), as part of epilepsy related plasticity changes.

“Acute phase response signaling” was another pathway suggested by our study.
Although this pathway might have relevance to epilepsy, our study, due to its
experimental design, lacks the potential of finding systemic changes (in the blood) such
as acute phase response. However, this pathway, which is represented by a group of
modulated plasma proteins, might be mistakenly indicated in cases where there is
increased vascularity or BBB dysfunction.

“Semaphorin signaling in neurons” and “axonal guidance signaling” found in our
Ingenuity analysis, have a high degree component overlap. In a meta-analysis of
refractory epilepsy transcription studies, Mirza et al 2011 found these pathways to be up-
regulated. We have identified several proteins involved in these pathways, including
multiple isoforms of the collapsin response mediator protein (CRMP) family. The CRMP

family is homologous to dihydropyrimidinase, an enzyme responsible for uracil and
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Canonical Pathways involved in Human Neocortex Epilepsy
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Figure 12: Canonical Pathways Involved in Refractory Epilepsy. Top 25 canonical
pathways involved in refractory epilepsy, predicted with Ingenuity Pathway Analysis
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thymine degradation, explaining the identification of these degradation pathways in our
analysis. Of potentially great interest is CRMP2 (formally, dihydropyrimidinase-like
protein-2 or DPYSL2), which we found to be up-regulated in high spiking tissues.
CRMP2 is the most abundant and studied member of the CRMPs. It is known to have
multiple neurological roles, and to be involved in several neuropathology conditions
(Hensley et al 2011). The CRMP2 antagonist, Lacosamide, is specifically used to treat
refractory partial epilepsy seizures, by mechanisms that might involve stabilization of
neuronal firing through voltage-gated sodium channels regulation, or inhibition of
abnormal axon sprouting (Kelemen & Haléasz 2010, Freitag et al 2007, Wilson et al
2012).

Biological Significance of
Statistically Changing Proteins

As discussed earlier, understanding the biological significance of the change in a
single protein in a proteomics study can be challenging. Therefore, we combined the
statistically changing protein spots and the commonly changing spots (“noisy spots”) for
hierarchical clustering and pathway analyses. After the prediction of the histological
modifications and cellular pathways involved in high spike frequency tissues, described
above, we now return to some of the statistically changing proteins, not yet discussed, to
re-assess our understanding of the origins of the changing processes. Guanine nucleotide-
binding protein G(o) subunit alpha (GNAOTI) and LIM And SH3 protein 1 (LASP1), are
both involved in multiple cellular pathways. Our study did not elucidate a single pathway

which clearly indicated the biological significance of the observed down regulation in
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high spike tissue of GNAO1 and LASP1. However, we demonstrated that the expression
patterns of GNAOI in the P2 fraction and LASP1 in the P1 fraction are similar to those
of the insoluble 50kDa GFAP and CRYAB isoforms (see clusters 1 & 13 respectively in
table S3 in supplementary material). These GFAP and CRY AB changes were attributed
to changes in GFAP positive astrocytes, earlier in the discussion, which also suggests that
the changes in GNAO1 and LASP1 expressions may be of astrocytic origin.

Two neuronal phosphoproteins, alpha synuclein (SNCA) and synapsin IT (SYN2),
were up-regulated in high spike tissues. Both proteins might be involved in multiple
pathways and processes. Neuritogenesis and synaptic transmission are of special interest,
since both of these proteins localize in the presynaptic terminal and interact with
cytoskeleton proteins in the nerve growth cone (Hashimoto et al 2002, Fornasiero et al
2010). SYN2 involvement in epilepsy is also suspected, since certain genetic variants of
this protein contribute to the predisposition to epilepsy, as well as its differential effect on
inhibitory and excitatory synapses (Fassio et al 2011). Another phosphoprotein stathminl
(STMN1), which is involved in microtubule regulation, was found here to be up-
regulated in high spiking tissues. Zhao et al (2012) found over-expression of STMNI in
the neocortex of patients with intractable temporal lobe epilepsy, when compared with
neocortex of normal temporal lobes. They used immunoassays to localize the changes in
STMNI expression to neurons and suggested that STMNI participates in neurite
sprouting and synapse remodeling. Taken together, our results might indicate increased

neurite sprouting and synapse remodeling in the high spike brain areas. In fact, our



66
recent study supports this interpretation, showing quantitative, layer-specific increases in
presynaptic nerve terminals in epileptic brain regions (Beaumont 2012).
Further studies are needed to capture the nature of the posttranscriptional and
posttranslational modifications of some of the protein spots and to validate and extend the

suggested changes in cytoarchitecture of high frequency spiking brain areas.

Conclusions

This study compared the protein expression of low vs. high frequency interictal
spiking in nearby human brain neocortex tissues from the same individuals, as part of the
Systems Biology of Epilepsy Project. The focus on tissues with abnormal
electrophysiology allows for differentiation of proteomic changes specifically associated
with epileptic activity and not due to less localized secondary responses, such as
inflammation or gliosis. We combined proteomic, statistical and bioinformatics tools to
predict important histological changes and cellular pathways that associate with the
abnormal electrophysiology. We found a decrease in astrocyte markers in the high
spiking regions to be the only common histological change in all patients. Furthermore,
the increase in spike frequency in different patients was strongly related to the level of
decreased GFAP, astrocyte marker, suggesting causality between astrocytic reduction and
abnormal electrophysiology.

Contrary to what is thought for forms of hippocampal epilepsy, where there is a
diffuse increase in astrogliosis (astrocyte increases), our study suggests that the brain

insults that trigger epilepsy in the neocortex are associated with an astrocytic reduction.
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The reduction of reactive astrocytosis (GFAP) in regions of higher spiking suggests that
these cells may actually protect the neocortex from epileptic discharges, rather than cause
them. In contrast to a decrease in astrocytes, regions of high spiking neocortex showed an
increase in vascularity. The lack of increased vascularity in patients who exhibit
astrocytic reduction, might suggest that the angiogenesis observed is secondary to
astrocytic changes.

This study is the first to correlate proteomic changes directly with in vivo
recorded electrical brain activities that for the first time provides precise relationships
between different regions of the neocortex which produce epileptic activities. This type
of analysis has not been done for the hippocampus and may suggest that local regions of
the hippocampus with extensive gliosis may not in fact be as epileptically active as
nearby hippocampal areas with less gliosis.

The integration of the proteomic data with the clinical, histological and other
high-throughput studies of Systems Biology of Epilepsy Project is leading to the
discovery of a cellular interactome of epileptic neocortex. Such an interactome is
expected to extend and deepen our understanding and derive new, knowledge based,
hypotheses for epileptogenic mechanisms and therefore possibly new therapeutic

opportunities.
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TRENDS OF GLIAL FIBRILLARY ACIDIC PROTEIN ISOFORM EXPRESSION

IN HUMAN EPILEPTIC NEOCORTEX

Introduction

Glial fibrillary acidic protein (GFAP) is the major intermediate filament of mature
astrocytes and is frequently used as a biomarker for astrocytes and astrogliosis (Eng
1985). Its expression increases with age or can be stimulated by a wide range of insults
and pathophysiological states, which also increase the proportion of the soluble GFAP
(Fahrig 1994). Since this protein is involved in the astrocytic cytoskeleton, changes in

expression of GFAP might affect the astrocyte function and structure.

Origin of Focus Interest in GFAP

Our interest in GFAP was generated from findings in our proteomic study (see
chapter 2), which used 2D-DIGE to compare protein expression of high spiking
neocortex to a nearby, more normal, brain sample from the same patient with refractory
epilepsy, going through resective surgery. Changes in GFAP expression between high
and low spiking tissue were found in all three subcellular fractions (P1, P2, Cytosolic),
and each of the fractions resolved multiple GFAP isoforms, which we have divided into
two groups by their molecular weight (~50kDa & lower molecular weight (LMW)).
Expression GFAP in the P2 fraction was lower and mostly followed the same trends of
the P1 fraction, therefore we focused on the P1 and cytosolic fractions for our further
GFAP investigations. The summary of findings from our proteomic study is shown in

table 4.



69

Cellular fraction

Nuclear Soluble
Isoform group
Jin high spiking. Jin high spiking.
~50kDa GFAP
* - all isoform spots. T * - 4 more acidic spots

Mostly 4Min high spiking. Clustered (co-expressed)
LMW GFAP Mixed expression patterns
with vascularity

Jin high spiking.
Total GFAP % Jin high spiking
#+

Table 4. Summary of GFAP Findings from Our Proteomic Study. 1, | - up or down
regulation respectively. * - change in regulation was statistically significant. T- exhibited
negative correlation between the change in regulation (High/Low spiking) and the change
in spiking frequency (High-Low spiking). I - soluble to nuclear ratio predicted the
histopathology level of white matter gliosis for each patient.

These findings may be very significant in the field of epilepsy research, primarily
since the down regulation of GFAP in the epileptogenic zone (EZ) mostly contradicts the
consensus association of epilepsy with gliosis (Oberheim et al 2008). We believe this
contradiction arises from the lack of ability of the previous study models to separate
secondary gliosis (due to inflammation) from the primary cause or cellular changes which
cause the EZ. Furthermore, the reciprocal relationship between levels of GFAP and
spiking frequency (see Figure 10D and table 4) suggesting causality and a possible
protective role of GFAP (or astrocytes) in the EZ.

Many previous papers described LMW GFAP bands on one dimensional (Eng
1985, Newcombe et al 1986, Malloch et al 1987) or two dimensional (Muntané et al

2006, Korolainen et al 2005) western blots. Although these are generally regarded as

proteolytic products of GFAP, their occurrence between 36kDa and 50kDa probably has
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a biological reason and suggests that these LMW isoforms have possible biological
function. In our proteomic study, one of the observations from hierarchical clustering of
all spots by their expression patterns was that the P1 (i.e. cytoskeletal and non-soluble)
LMW GFAP isoforms clustered with the protein group that indicated and was validated
as indicating increased vascularity. Astrocytic foot processes are part of the blood brain
barrier. Thus finding GFAP in the group that represents changes in vascularity is not
surprising, but this co-expression was only true for the LMW isoforms and not for the
canonical 50kDa GFAP, which might suggest a structural difference between GFAP in

the astrocyte soma and the GFAP in the perivascular astrocytic foot.

Study Approach and Aims

Taken together, the different expression patterns of the multiple GFAP isoforms,
in different subcellular fractions, under different levels of astrogliosis, made it clear that
GFAP is a complicated protein. Our approach was to first further characterize the GFAP
expression, which we hoped will lead to a better targeted experimental design in future
studies, aimed at answering questions that arose from our proteomic study.

A highly detailed histochemical study is needed to answer questions regarding the
spatial distribution of astrocytic changes that was indicated in our proteomic study and to
specifically define the GFAP and astrocyte (by different biomarkers) distributions, size
and numbers in the epileptogenic neocortex, comparing High and Low spiking tissue.
This part of the study will be carried out in the future. Further proteomic characterization
can provide molecular background to help explain histological findings and the observed

expression patterns.
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Aim One — Mapping the GFAP Isoforms: since our previous study focused on

differentially expressed proteins in the epileptogenic neocortex, our first purpose here
was to follow all the GFAP isoforms expressed in both nuclear and soluble fractions of

normal and reactive (astrogliosis) human brain tissues.

Aim Two — Expression Pattern Study: to identify common expression patterns

between the expressed isoforms and try to relate those to amino acids modifications in the

proteins.

Materials and Methods

Quantitative Analyses of GFAP Isoforms

The quantitative analyses in this chapter were an extension of the work done to
quantitatively address the changes in GFAP in chapter two. See the previous chapter for
description of sample sources and preparations, 2D-DIGE and analysis using total spot

volume normalization.

Qualitative Analysis of GFAP Isoform Distribution

Human Brain Samples and Processing. Four human neocortical brain samples,

which were surgically removed from refractory epilepsy patients, were provided by the
SBEP tissue depository. Note that samples were from different individuals than in the
previous proteomic studies and therefore the electrophysiology was not considered.

Instead, samples were selected for different levels of astrogliosis, which was assessed by
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immunohistochemistry. Subcellular fractionation procedures and protein extraction and

quantitation were described earlier in chapter 2.

2D Gels and Western Blots. Protein visualization with 2D gels and western blots

was done as described in chapter 2 with a few modifications. Internal standards (IS),
containing equal amounts of all samples were made for each (P1 and Cyt) fraction and
labeled with Cy2 fluorescent dye. Each one of the samples (4 brain samples x 2 fractions,
P1 and Cyt) was labeled with Cy3 and co-resolved with the internal standard on a
medium range 4-7 IPG on a large format (24cm x 18cm x 1.5mm) 11% Gels, as
previously described.

After imaging, the resolved proteins were blotted on 20x20cm Hybond-P
membranes (GE Healthcare), using a Trans blot Plus cell (Biorad), following the
recommended procedure by the manufacturer (Biorad). The rest of the procedure was
done as described in chapter 2 with some modifications. We used rabbit polyclonal anti
GFAP antibody, which was diluted to 1:10,000 (Dako) and goat anti rabbit IgG Dylight
(Thermo scientific) at 1:20,000. The membranes were imaged as described in chapter 2.
Progenesis SameSpots and PG-240 software (nonlinear dynamics) were used for image

processing and alignment.

Mass Spectrometry Study of GFAP

The most intense spot of 50kDa GFAP was manually picked from preparative
gels, as earlier described. We used three proteases in parallel attempts to sequence the full

protein. Tryptic digestion was performed as described earlier. In addition, the
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endoproteinases Glu-C (V8) and ASP-N (Sigma) were, used as recommended by the
vendor technical bulletin. Peptide extracts from all three proteolytic procedures were
analysied by LC-MS/MS (Chip LC C-18 reverse-phase column), as described earlier. In
addition, some tryptic and V8 samples were sent to Agilent for analysis using a Q-TOF
with Chip LC HILIC column, seeking to investigate the most polar peptides and modified

peptides.

Results

GFAP Isoform Distribution

Labeling the samples with fluorescence dyes, allows for perfect alignment of the
western blot signals to the 2D-DIGE analysis (see Figure 13), and due to the
amplification of the western blot signal with fluorescence secondary antibody, we were
able to show that the GFAP isoforms, which generated our interest in the protein (50kDa
and LMW GFAP), represent the two main GFAP isoform trains in the human neocortex
samples. The two major trains, also denoted as “Heavy” and “light” GFAP by their
respective molecular weights, and isoform trains of several intermediate proteolytic
products with lower intensity were consistently found in all samples, regardless of
subcellular fraction or astrogliosis levels (Figure 14).

This specific experimental design, which includes a fluorescently labeled internal
standard, to improve the alignment accuracy, slightly compromised the quantitation using
western blots, since the proteins from both the target sample and the internal standard

were blotted and therefore contributed to the GFAP western signals. For that reason, we
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Figure 13. GFAP Isoform Distributions. A and B are representative 2D- Gel images of
the nuclear fraction from human epileptic neocortex with astrogliosis, showing
fluorescence images overlays of nuclear samples overexpressing GFAP (in red) with IS
(green) (A) or IS alone (B). C and D are representative images of the 2D-western blot.
Three fluorescence images overlay: IS in blue, nuclear sample with astrogliosis in green
and secondary fluorescent antibody to the primary anti-GFAP in red (C) and 3D western
blot image (D).

also validated the specific isoform distribution, using the more quantitative fluorescence
overlays of each sample with its IS (for example see Figure 13A).

Due to the western blot signals being nonlinear and slightly compromised by our

experimental design, leading to lowered quantitation power, and in addition to the low
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intensity of intermediate GFAP isoforms trains in the analytical gels, further analysis was
therefore returned to the Heavy and Light GFAP from the much larger proteomic dataset

described in chapter 2.

normal gliosis

Nuclear

Cytosolic

Figure 14. Qualitative Comparison of GFAP Isoform Distribution under Different
Conditions.
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GFAP Isoform Expression Patterns and Relationships

Some of the GFAP expression patterns that were related to spiking and gliosis
levels, were already discussed in chapter 2 and are summarized in table 4 above. In the
next step we investigated the relationship of Heavy and Light GFAP isoform spot trains.
Figure 15A shows the total GFAP in our 24 samples (6 patients, 2 spiking levels, 2
subcellular fractions). As expected from the involvement of GFAP in the cytoskeleton,
we observed higher GFAP concentration in the nuclear (P1) fraction in all but one
patient, who had marked gliosis. The ratio of Light to Heavy GFAP isoforms trains was
generally higher in the cytosolic fraction, when compared with the nuclear fraction of the
same patient. The exceptions to this observation were generally samples that had low
GFAP expression and therefore their ratios were presumably more highly affected by
background noise.

Investigations of isoform patterns within each train (Heavy and Light) have not
yielded any conclusions, though we did find a correlation of the acidic shift in the Heavy
train with the increase in the ratio of the Light and Heavy GFAP isoforms trains (Figure

16). This correlation was limited to the cytosolic fraction.

GFAP Mass Spectrometry Study

After recognizing the correlation of the acidic shift of the cytosolic Heavy GFAP
train increased in proportion to the Light GFAP train, the next step was to use MS to
investigate the proteolytic process leading to the Light train and the amino acid (AA)

modifications leading to the acidic shift. For that purpose we used MS files from our
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spiking level (L- low, H- high).
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previous study (chapter 2), as well as several new MS analyses, using preparative human
neocortex samples described in this chapter.

By comparing the matching identified peptides of Heavy and Light trains, we
predicted the proteolytic process observed is cleaving peptides mostly from the N-
terminal region of the protein, which is the “head” domain of the filament monomer. Our
sequence coverage was from AA 13-405, and 76-390 (432 AA in native protein) for
Heavy and Light GFAP spots, respectively (Image 17). Three proteases, Trypsin, AspN
and GluC were used individually as well as reverse phase and hydrophilic interaction
liquid chromatography (HILIC) in attempts to obtain the maximum coverage of the most
intense Heavy train spot, which lead to the coverage of 77% of the sequence, though

neither of the N terminal or the C terminal ends were found, as shown in Figure 17.

Discussion

Comparison of Our Findings with the Literature

Glial fibrillary acidic protein is an important protein for normal astrocytic
function. The regulation and modification of GFAP occurs at several levels, which highly
increases the complexity of the protein expression. Mutations in the GFAP gene can lead
to Alexander disease (Brenner et al 2001), there are multiple human GFAP splice
isoforms (Middeldrop & Hol 2011), and an array of known GFAP PTMs including highly
studied multiple phosphorylations (Takemura et al 2002, Inagaki et al 1994, Korolainen
et al 2005), glycosylation (Korolainen et al 2005), citrullination (Nicholas et al 2004),

and more.
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Figure 16. Correlation of Acidic Shift in Heavy GFAP Train to the Ratio of Light (red

circle) to Heavy GFAP isoforms trains. The acidic shift is expressed as the proportion of
the acidic spot 5 (pointed by the red arrow) relative to the total Heavy train volume.

Our GFAP isoform distribution turned out to be highly comparable with human
cortex GFAP isoform distributions found by others (Muntané et al 2006, Korolainen et al
2005). The qualitative analysis suggests that the GFAP isoform distribution (number of
isoforms and the spatial location on the 2-D map) is not changing between the cytosol
and nuclear subcellular fractions, nor is it affected by gliosis. These findings were in
limited number of observations and were compromised by internal standards in the
western blots, as discussed earlier and therefore, a more refined experiment, design for

visualization of detailed GFAP distributions, based on our experience, but with even

better resolution, should be considered.
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GFAP assembly and disassembly are controlled by phosphorylation and de-
phosphorylation at multiple sites and by multiple enzymes (Inagaki et al 1994, Tsujimura
et al 1994). Phosphorylation inhibits the assembly of GFAP monomers and controls the
disassembly of the polymeric filaments. Each phosphorylation shifts the isoelectic point
and is resolved on the 2D gels and it is therefore not surprising that the nuclear, non-
soluble polymeric GFAP expresses so many isoforms. Beside the different combinatorial
options with other PTMs that affect the protein pl, multiple phosphorylations are

plausible in tissues that contain active astrocytes with active cytoskeletons.

GFAP sequence coverage — 334/432 amino acids (77%)
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Figure 17. Sequence Coverage of the most Intense Spots in Heavy GFAP Spot Train.

Our findings that shift from nuclear polymeric to soluble isoforms and shift to
more acidic modified isoforms appear to be correlated with increased degradation, are in
agreement with the findings of Porchet et al (2003) who studied GFAP in aging and

Alzheimer diseased human cortex. A possible molecular explanation for these findings is
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given by Takemura et al (2002), who describes the protective role of GFAP
phosphorylation in reducing the protein turnover rate. If our observed acidic shift is due
to phosphorylation, than it is possible that the less phosphorylated (more basic) isoforms
are more easily targeted for proteolytic processing, which results in increased relative
proportion of the acidic isoforms in the Heavy train, as well as the increased ratio of

Light to Heavy spot trains we observed.

Prospective Approach and Experiments Plans

We have not, so far, gained any explicit knowledge to help explain our previous
observations regarding the decrease in nuclear Heavy train GFAP and the clustering of
Light train GFAP with increased vascularity in the epileptogenic zone.

It might be expected that the decrease in nuclear 50kDa GFAP is governed by
posttranslational modification of the protein rather than at the transcription level, based
on the lack of differential GFAP findings in the SBEP transcriptomic study (Loeb JA,
unpublished data) and based on the multiple modifications that are known to control the
filament assembly. One specific GFAP modification we suspect in our sample and were
not yet able to detect is citrullination. This is a specific arginine modification that causes
an acidic shift in the isoelectric point by elimination of the positive charge. The GFAP
filament monomer head is highly crowded with arginines and their citrullination might
interfere with assembly / disassembly processes by affecting the accessibility of the
phosphoenzymes or by other mechanisms. Intermediate filaments are common targets for
citrullination and in human cortex GFAP citrullination was detected in Alzheimer disease

and Multiple sclerosis (Nicholas et al 2004, Ishigami et al 2005). The mechanism
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Nicholas and Ishigami proposed for pathological effects of GFAP citrullination were by
promoting filament disassembly and by enhancing to immune response.

We suspect citrullination to occur in the N terminal region of GFAP since citrullin
is present in the non-truncated 50kDa GFAP (Nicholas et al 2004). We were not able to
detect the N-terminal peptides so far by mass-spectrometry and we might be able to
validate this modification using an anti-citrullin antibody. We could not find a reliable
commercially available citrullin antibody and are now in the process of establishing a
collaboration to secure the appropriate reagents. Another promising avenue for future
investigations will be additional MS studies, using optimization for detection of
citrullinated peptides, phosphorylation state, and other modifications, such as electron

transfer dissociation.

Conclusion

Some characterization of GFAP isoforms and the correlation of the isoforms with
eleptogenesis were gained in this work. This knowledge might contribute to better
understanding of GFAP in epilepsy and in other neurological diseases. This study assists
in re-focusing and re-directing future experiments. The combination of proteomic and
mass spectrometry with immunochemistry and histoimmunology are more promising
directions for full characterization of GFAP isoforms in the human brain epileptic

neocortex.
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CONCLUSIONS AND PERSPECTIVES

This project is the first proteomic analysis of electrically mapped human brain
tissue associated with epileptic seizures, compared to nearby much less electrically active
brain tissue from the same individuals. This strategy was made possible as part of the
multidisciplinary Systems Biology of Epilepsy Project. Other research groups in the
project are characterizing histology, messenger RNA expression, long non-coding RNA
expression and metabolomic abnormalities in the patient samples. As this data is
assembled, the next step will be to integrate the data into systems biology models that can
stimulate validation experiments and perhaps new approaches to prevention of the
development of epilepsy after brain insults or to discover more effective pharmaceutical
treatments.

We identified numerous human brain proteins and protein isoforms in nuclear,
membrane and cytosolic fractions. Many of the isoforms identified did not have the
molecular weight or isoelectric point that is predicted from the full transcript of the parent
gene, pointing to the importance of proteolytic modification or other substantial
posttranslational modification of these protein species. The identification of this body of
proteins and the clusters of proteins that vary together may be useful to other
investigators who are striving to understand the mechanisms of epilepsy and
eliptogenesis as well as other neurological diseases.

This project illustrates advantages of proteomics using differential 2D gel analysis
to reveal changes in patterns of intact protein expression levels and posttranslationally

modified protein isoforms, between different tissues. For example, a major finding is the
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changes in isoforms of the protein GFAP that are correlated with electrical spiking
frequency in the brain regions that are associated with epileptic seizures. Such patterns
of modified protein isoforms would tend to be missed by the widely used shotgun
proteomics methods, which digest all the proteins to peptides and uncouple many of the
combinations of posttranslational modifications, before separation and analysis.
Clustering of the protein isoforms by their expression patterns appears to provide more
informative findings than changes in single proteins. Another major finding, which was
revealed from clustering, is the prediction of increased vascularity in the high-spiking
tissues, which was previously unrecognized, but was subsequently confirmed by
histology.

The realization that GFAP is implicated in epileptogenesis and elevated electrical
spike activity focuses attention on the possible role of brain astrocytes in epileptogenesis.
GFAP is a marker for astrocytes and the role of astrocytes in maintaining the blood brain
barrier, providing nutrients to neurons, and controlling neuron excitability is being
increasingly appreciated in the field. This work also tends to draw attention on the need
to characterize the multiple isoforms of the proteins that change in association with
epilepsy. It may be that advances in top-down proteomics will facilitate the
characterization of the detailed protein modifications that are observed to change in these
studies. The next steps in future work are to develop systems biology models of
epileptogenesis, drawing on the wide range of —omic data that is being developed by the

multidisciplinary research teams in the Systems Biology of Epilepsy Project.
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SUPPLEMENTARY MATERIAL — DEFINITIONS AND CONTENT

ID Level

Tables S3-5 contain a column which indicate the level of certainty for each
protein identification. The four ID levels are: $ - identification, * - assumption, / -
ambiguous and X — unidentified. The assignment of an ID level to a spot was decided as

follow.

$ - Identification

Assigned in cases of MS ID of a single protein with multiple peptides or Western

blot validation.

* - Attribution

Assigned when the protein ID was inferred from the MS information and/or 2D-
PAGE information. For example a) MS ID of a protein by a single peptide (OHW), b) in
case of a spot in which multiple proteins were found by MS analysis or when there is no
MS analysis, comparing the spot’s expression pattern with those of identified,
neighboring or partially overlapping spots, can assist in excluding or assigning protein
identification. ¢) Mascot emPAI quantitation tool can be beneficial in selecting or
excluding proteins when multiple proteins are indicated by MS to the same spot. Since all
SOIs were chosen based on experimental changes (ratio of spike frequencies), the emPAI
indication of one of the proteins found in the spot as much more abundant than the others,

suggests this protein is more likely to be causing the spot’s intensity change.
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/ - Ambiguous

Assigned when the MS analysis of the spot (or of neighboring spot with similar
expression pattern, in cases of no MS analysis) found more than one protein that could

not be excluded (as described above).

X — Unidentified

Assigned for spots in which no protein identification was found in MS analysis

and could not be inferred from other neighboring spots.

Supplementary Figures and Tables Navigation

Figure S1 — 2D Maps of all Spots of Interest (SOIs)

Each image represents 2D-PAGE of proteins from one subcellular fractions using
pH range of 3-11 (non-linear) and MW range 200-15kDa. SOIs are marked by blue
perimeter and spot number. Note - the SOIs numbers in the cytosolic fraction are split

across two images (CytA & CytB) in order to allow their visualization.

Figure S2 — Spots of Interest (SOIs) Dendrogram

Visualization of hierarchical clustering of 397 SOIs by their expression patterns.
The dendrogram was divided into two main branches (A & B) and an enlarge image of
each branch is shown. An arbitrary distance cutoff was used to separate the dataset to 37

groups of spots.
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Table S3 — Spots of Interest by Cluster

SOIs ordered by their dendrogram position. Include the protein assignment and

the spot expression ratios (H/L) for each patient.

Table S4 — Spots of Interest by Fraction and Spot Number

Spots ordered by fractions and spot number, includes protein assignment and

description.

Table S5 — Spots of Interest Mascot Search Information

Provides Mascot search information of identified proteins.

Table S6 - Proteins that were Identified from a Single Peptide (one hit wonders, OHW)

This file contains the spectra and masses of the fragmented peptide. Notes: a) all
the proteins had supportive information for identification (see table S6), b) all OHW

received a decreased ID level (* instead of $).
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Figure S1 — 2D maps of all Spots of Interest in the three subcellular fractions. The spots
identified are listed in Table S4. P1 is the nuclear fraction and P2 is the membrane
fraction. CytA and CytB are identical images of the cytosolic fraction used to

accommodate different SOI numbers.
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Figure S2 — Spots of Interest (SOIs) Expanded Dendrogram
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Table S6 — MS information for protein identified by a single peptide (OHW)

Gene Note Accession MS file m/zmeas. z Am/z Score Sequence Modifications expected
[ppm] MWipl
FABP5  *f Q01469 QTOF 008 4642837 2 216 522 KELGVGIALRK 15.8/6.6
BLVRB  *t  P30043 QTOF 067 7569396 2 -1.66 624  KTVAGQDAVIVLLGTRN 22371
FABP5  *f Q01469 QTOF 071 464.2852 2 106  47.4 K.ELGVGIALR K 15.8/6.6
PCMT1  *  P22061 QTOF 075 598.8040 2 231 462 K.VFEVMLATDR.S Oxidation:5  24.9/6.7
CA2 *+  P00918 QTOF 076 4942900 2 072 324 K.VVDVLDSIK.T 20.3/6.8
LASP1  *t Q14847 QTOF 079 709.8690 2 235 35 K.GFSVVADTPELQR.| 30.4/6.6
SOD1 * P00441 QTOF 120 7513895 2 474 375  K.GDGPVQGINFEQKE 16.3/5.7
CA1 *t  P00915 QTOF 142 4857981 2 437 348 K.VLDALQAIK.T 29.0/6.6
TAGLN  t Q01995 XCT 015 6107700 2 -130.3 676 R.TLMALGSLAVTK.N Oxidation: 3~ 22.7/8.9
ALB t  P02768  XCT 024 6797400 2 -11545 69.6 K.AVMDDFAAFVEK.C Oxidation:3  73.0/5.9
o ngggﬁ"r XCT 046 8345200 2 15388 1048 RADALQAGASQFETSAAKL Deamidated:5 10 12.8/7.9

Note: ID further information - (*) indicate matching observed and expected 2D-PAGE
MW/pl. (T) indicate identification of 2D-PAGE proximal spot as the same protein.
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LASPI1, Q14847, QTOF 079
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