Diogo Miguel Matos Vila Verde

Seizure activity and brain damage:
a tale of two hippocampi

PhD thesis in Biomedical Sciences

December 2020

UNIVERSITA
DI PAVIA



UNIVERSITA
DI PAVIA

PhD IN BIOMEDICAL SCIENCES
DEPARTMENT OF BRAIN AND BEHAVIORAL SCIENCES
UNIT OF NEUROPHYSIOLOGY

Seizuresactivity and brain damage:
a tale of two hippocampi

PhD Tutor:Marco de Curtis
PhD SupervisorGerardo Biella

PhD dissertation of

Diogo Miguel Matos Vila Verde

a.a 20192020






For Otilia






Acknowledgements

First and foremost, | would like tcknowledgeéMarco de Curtis for believing in
me whenfew did and taking me undéris wing. For all the help, mentoring amadivays
pushing me talo better. If it was not for you none of this would be possible so for that,
and much more, a big thank you.

To my mom, my wonderful goofy mom. You drive me insane most of the time,
but | love yai to death. Thank you for being you and always treating me like | am 10
years old even though | am close to 30 nbar. all the difficulties and hardshigisat you
enduredthank you for making me&ho| am.

To the rest of my family, for being present by side at all times and giving me
the support and care | always needespeciallyyou Félix and my little dork brother
Tomas.

To all the people in my laboratorgspecially Laura Librizzi, Laura Uva,
AlessandroFrancescand Gerardpfor being myltalian family andalways making me
feelwelcomeandhelpingmein everything that | need.

To all the EUGIia PhD family consortium, especially Josien, Tand Giorgio,
for being my partners in crima this EUGlia journey and making me laugore times
than | can remembeFor all the patience and good times, thank you. It woatdbe the
same without you guys.

To all my friendsyou know who you are. Thank you for being on my side at all
times and making my life a living hell most of the timekould n 6t tr ade vyou f
world.

To my rock, my safe haven, my everything, Marlene. Thank you for moving to
another country for me, thank you for your patience, thank yoyoiarlove, friendship,
laughs angmost of all, thank you fgoutting yourself in second place time and time again
for me Without you none of thisvould make any senserou6r e my .wonder w
Amo-te.




innovation programme under the Marie
Sklodowske&Curie grant agreement No 72205

o A This work has received funding from tr
EU-Glia PhD QUNBLISHY | yAZYQ& |21



Table of Contents

FAN o] o ()Y = 11 10] o F RS RRR 4
F AN o 1] £ = (¢ AP PRTRPT Xi

Chapter 1: Introduction

1.1 Status EPIlEPLICUS......ccoeieieeeece e 3
1.1.2 nonconvulsive Status EPIlePtiCUS..........uuvueeiiiiiiis e 3
1.2 ANIMAl MOAELS......ooiiiiiiiiiiiiiiiee e 6.
1.2.1 Systemic application of chemoconvulsants...............ccccoovieeeiiiiinieeeee, 6
1.2.2 Intracerebral drug application............cccoeeeeeiiieecceeiiiccieie e eeeeeee 7
1.2.3 Intracerebral electrical Stimulation..............ccuuvveiiiiiieeniiiiiiiiieeiececee e 9
1.3 Neuronal injury in focal NCSE............coooviii i, 10
1.4 Glial homeostasis in focal NCSE............oooooiiiiiii e 14

Chapter 2: Objectives

2.1 AIM OF thE WOTK ..o 19

Chapter 3: Materials & Methods

3.1- ANIMAl MOEL.......iiiiiii e 23
3.1.1 Implantation of electrodes and injection cannula....................cccceeee. 23
3.1.2 Unilateral intrahippocampal KA/saline injection and diazepam
=0 0] LTS3 (= 11 0] o SRR 25
3.1.3 VIdeGEEG reCording.........ccoiiieioiiiiiiiieees st eeenesee e 26

3.2- Molecular analysSiS..........couuiiiiiiiiiii e 27
3.2. 1 IMMUNONISTOCNEMISTILY......uuuiiiiiiiiiiiiiii et 27
3.2.2 Fluoro-Jade and TUNEL.......cccccuiiiiiiiiiiiiiceee e eeeeeeenees e 29
3.2.3 Morphometry analysis of microglia..............ccccoovviiieen i, 30
3.2.4 RNA isolation and quantitative reime PCR...............iiiiiiiiiiecciiiinnnns 31

3.3 Statistical analySiS.........coeuuuiiiiiiii e 33

Chapter 4: Results
O Y A To [ = C TR 37

vii



4.1.2 Acute 3days POSKA. ..o 37

4.1.2 Diazepam + KA .. ..ot ere e annnr e e e e e e e aaes 41
4.1.3 Chronc 1-month POSKA ... eeeea e 41
4.2. Immunostaining and apoptotic analysis............cccccvvvvviinnneiieveennnnn . 43
4.2.1NeUN and MAPZ.......o e ereer e e 44
4.2.2 Fluoro-Jade and TUNEL........cccooviiiiiiiiiiiiiceeiiieeeeeeeeeeeeeviineee e A8
4.2.3 GFAP QN IGG.. ...ttt a0
4.3. Morphological analysis of microghia.............ccccevvvvvivimmmeieeeiiiiiiinnenn. 53
4.4. Gene expression analySiS.........uuiiiiiiiiirieeeiee e 57
4.41- IL1-b, Cox2, HOL and 6FOS........cceoviieiiiee et 57
4.4.2 AQPA and K 4. L .o 59

Chapter 5: Discussion

T 1D 1 1= 51 [0 63

Chapter 6: Conclusion

0.1 CONCIUSION . ettt ettt e et e e ae e e e e e r e e e e e e e enan 71

Chapter 7: References

W 2 G (=1 (=] 4 (o1 =N TR 77

Appendix: Publications

8.1 Epileptiform activity contralateral to unilateral hippocampal sclerosis does
not cause the expression of brain damage markers..............cccccvemnnnn. 87

8.2 Seizure activity and brain damage in a model of focaloomvulsive status
27011 0] £ o U 103

8.3 Seizurenduced acute glial activation in the in vitro isolated guinea pig

8.4. Peripheral blood mononuclear cell activation sustains seizure acfi@dy

8.5 Brain pathology in focal status epilepticus: evidence from experimental
1 T0 0 1] £ 161

viii



Abbreviations

AQP4 Aquaporin4

ANOVA Analysis of variance

BBB Blood-brain barrier

CAl Cornuammonis 1

CA3 Cornu ammonis 3

CNS Centralnervous system

COX-2 Cyclo-oxygenase?

Cy3 Cyanine 3

DG Dentate gyrus

DZP Diazepam

EEG Electroencephalography

FJ Fluoro-Jade

FSGSE Focal, secondary generaliz8atusEpilepticus
GAPDH Glyceraldehyde phosphate dehydrogenase
GFAP Glial fibrillary acidic protein

HO-1 Hemeoxygenasel

Iba-1 lonized calciurrbinding adapter molecule
IgG Immunoglobulin G

IL-1b Interleukinl beta

ILAE International league against epilepsy
KA Kainic Acid

Kir 4.1 Inwardrectifier potassium channel 4.1
MAP2 Microtubuleassociated proteia

NCSE Non-convulsiveStatus Epilepticus

NeuN Neuronal nuclei

PILO Pilocarpine

ROI Region of interest

SD Standard deviation

SE Status Epilepticus

SSSE Self-sustainedtatus Epilepticus

TLS-HS Temporal lobe epilepsy with hippocampal sclerosis







Abstract

Objective: Focal norconvulsive status epilepticugncSE) is a relatively common
emergency condition that in most cases prestsah as first epileptic manifestation. In
recent years it became increasingly clear ttehovofocal ncSEshould be promptly
treated to improve postatusoutcome. Whether the presence of seizures duhisg
conditioncontributes to ensuing brain damage is not unequivocally demonstrated and is
here addressetMethods: We used continuous viddeEG monitoring to characterize an
acute experimentécalncSEmodel induced by unilateral intrahippocampal injection of
kainic acid (KA)in guinea pigs Immunohistochemistrymorphological reconstruction
and mRNA expression analysis wesedas markers toatect and quantify brain injury
at 3 days and 1 monthost focal ncSETo distinguish between the effects of seizure
activity vsexcitotoxic properties of KA, another cohort of animalsgenerated and i.p.
injected with diazepamResults: Seizure activity duringocal ncSEinvolved both
hippocampi and neuronal loss was limited to the-ifjgcted hippocampus. Diazepam
treatment reduced both ncSE duration and localikduced neuropathological damage.
Transient and possibly reversible astnal anicrogliosis associated witlpregulationof
astrocytiespecificaguaporin4 and K:4.1 genes was observethinlyin the hippocamips
contralateral to KA injectionipsilaterally,permanent gliosis was present and neuronal
lossas well ablood-brain barier dysfunctiorwerenot avertedinterpretation: Seizures

at the site of injection of KA worsen tissue damage. We also shofdaahcSE induces

a transient and possibly reversible activation of astro and microglia in regions remote
from KA injection, suggesting that seizure activity without a local pathogeriactor
does nopromote detrimental changes in the brdinese findingslemonstrate that focal
damage remains circumscribed to the lesional region ddiocgj ncSE and that the
propagation of seizure activitp regions remote from the primary site of injection did
not seem to exed harmful effect, in this modeLastly, ou study emphases the need

of antiepileptic treatment toontainthelocal epileptic focusduringfocal ncSE

Keywords: Epilepsy hippocampus brain damage focal nonrconvulsive status

epilepticus seizures

Xi
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Chapter 1 | Introduction

1.1 Status Epilepticus

One of thebiggest unanswereguestions in the epileptology field for yedras
beenweather seizureare a cause aronsequence of brain damagsatus Epilepticus
(SE) is a neurological emergency with considerable morbidity and motfality
characterized by continuous epileptic seizures and epileptic activity that pergisiut
remissionfor more than 5 minSE may occur in patients with a gristing epileptic
disorder, or can be caused byenove acute etiology. The newer classification of the
International League Against Epilepsy (ILAE) sets two conceptual timelines fos) SE:
differentiation betweea first threshold beyond which seizures are unlikely to stop (5 min
for generalized convulsive seizures, 10 min for focal seizusepgriodof time inwhich
SE can have longerm consequenced-or generalized convulsive SE thpsriod of time
has been estimated, mostly based on anatalies, at 30 mfnMoreover, tinical and
imaging studieseveakdfocal structural alterations in the brain of patiestisrtly after
convulsive SE resolutiod While there is increasing experimental evidence that
generalized convulsive SE produces lasting neuropathologic detrimental changes in
the brainof rodents and humaf§, non-convulsivestatus epilepticugncSE) is one of the
greateast diagnostics and therapeutic challemge®dern neurology.

1.1.2 non-convulsive Status Epilepticus

The newer ILAE classification initially categorizes SE semiology into
convulsiveor nonconvulsive, acaaling to the mostprominent clinical manifestation
(Table 1). Theerm ncSEincludes SE conditions associated with seizures that do not
generate motor (mostly, but not exclusively tedignic) movements, and may feature a
vast diversity of symptoms depend on the cortical region recruited during SHis
condition can be characterized by very subtle clinical features, such as a change in
behavior,mental statu®r minimalmotor symptomgasting longer than 10 min often
several hours/day$&ince the clinical features may be very discrete and sometimes hard
to distinguish from normal behavior without EEG monitoring, ncSE is usually overlooked
and consequently not treated properly vitsHongterm effects largely undetermined and

controversal among the scientific community
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Table 1- Semiology classification of SE accordingltd\E 2

Main category Sub-categories Details

A1 Prominent motor symptoms

) ) - Focal origin
A.1.1 Generalized convulsive o
) o ) - Difficult to assess
A.1 Convulsive SE A.1.2 Focal onset evolving into bilateral finical
) ) ) clinically
(a.k.a. tonicclonic SE) convulsive SE ] o ]
. - Patient clinical history
A.1.3Unknown focal or generalized .
is of great help

A.2 Myoclonic SE )
A.2.1With coma

(prominent epileptic i Generalized SE
o A.2.2 Without coma
myoclonic jerks)

A.3.1Repeated focal motor seizures
A.3.2 Epilepsia partialis continua

A.3 Focal motor SE A.3.3 Adversive status -
A.3.4Oculoclonic status

A.3.5Ictal paresis (focal inhibitory SE)

- Generalized SE
- Rare
_ - Mostly present in
A.4 Tonic SE - ) )
patients with
developmental
retardation

o - Extremely rare
A.5 Hyperkinetic SE -

- Focal origin
B 1_No prominent motor symptoms
B.1 Non-convulsive SE with - May be focal or
coma (a.k.a. subtle SE) generalized
B.2.1Generalized
B.2.1.1Typical absence status
B.2.1.2Atypical absence status
B.2.1.3Myoclonic absencstatus
B.2 Non-convulsive SE
i B.2.2Focal InB.2.2.1
without coma ] ) ) .
B.2.2.1Without impairment of - Aura continua
consciousness - Autonomic, sensory,
B.2.2.2Aphasic status visual, olfactory,

B.2.2.3With impairedconsciousness gustatory, emotional,
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physic or auditory

symptoms
B.2.3Unknown focal or generalized - Focalorigin
B.2.3.1Autonomic SE - Very rare

NCSE can be of generalized or focal orfgidrimary generalizedcSE typically
occursin patients with genetic (idioptaic) epilepsy €.g, absence SE) and seems to carry
few, if any, longterm morbiditieswith no evidence of neuropatholdgyAbsence SE,
indeed, may occur several times in patients without obvimggielaé SE may also
presenttself as focalncSEdue to a localized brain dysfunction and focal epileptiform
EEG activity; this may or may not secondarily depeinto tonicclonic seizures with
diffuse epileptiform EEG discharges. Therefgratients with focal 'eEmayalsosuffer
from generalized seizures (focal, secondarily generaktatls epilepticu$ FSGSE).
Recent epidemiological assessments of Splyayy the newer ILAE definitiofy indicate
a prevalence dbcal nSE in 36 % of all SE casgé#/hen FSGSE arising from an initial
focal nSE is included in the statistics, its prevalence increases-8%5 suggesting

thatfocal N6SE represents the most frequent form of humah®SE

The majority offocal NnSE etiologies are related to acetatical injuries (such
as cerebrovascular diseases, brain trauma, infections) or progressive conditions (e.g.,
tumor, neurodegenerative diseases), which are always related to focal alterations in the
brain Furthermoreseveral studies suggest that tireerlying etiology, age of onset, and
pre-existing comorbidities represent the most important determinants of SE prognosis
long term consequences and patholdd$: Additionally, clinical studies have showthat
ncSE producedlood biomarkers oheuronal damage even without an acute brain
injury*'314 and that patients suffering fromocal nSE hae a higher mortality than
patients with the same underlying disease (stroke, affygpioxic encephalopathy, etc.)
that did not experience facal n6SE*'’; all cohorts, howver, analyzed patients with
focal ncSEandFSGSEtogether. On the other harmther datassuggest thatfocal ncSE
may be associatedith a transient brain cognitive/neurological decline, followed by
complete resolution and clinical remission withourstlays/week$*°with no evidence
of longterm cognitive, memory or behavioral abnormaifes. Also,
neuropsychological examinatioperformed before and aftéycal ncSE (bothfocal and
FSGSH in patients with prexisting epilepsy did not show any differeada these

studieg*?®




Chapter 1 | Introduction

A chronic epileptic condition can be the consequence of both focal ncSE and
FSGSE.The most common type @hronicfocal epilepsy temporal lobe epilepsy with
hippocampal sclerosis (TLHS), is proposed to recognize repeateg@rolonged febrile
seizure® or a focal ncSE as initial precipitating factofhis condition is characterized
by focal uni or bilateral seizuractivity associated witlgliosis, major neuronal loss in
cornu ammoni$CA)1, CA3 and the hilus as well ascasionaimossy fiber sprouting and
granule cell dispersion in the dentate gyfd® Generally,it is preceded by an initial
precipitating event in ebrlife (trauma, infectionprolonged febrile seizuretc.)with or
without an obvious SE condition. Spontaneous epileptic seizures in TLE ensue after a
highly variable latent periodfom the initial acuteepisode during which alterations

leading toepileptogenesiand HSoccu?®.

Available clinicaldatais not clear enough to discriminate the specific actions of
the underlying SE etiologies from that exerted by prolonged epileptiform activity. This
information is clinically relevant, since complete seizure control is commonly enforced
to prevent longerm mnsequencesin spite of the fact that aggressive asdizure
treatment protocols may expose patients to potentially dangerous sideeffebise to
theintrinsic limitations of the studies performed on patient cohartsnal studies have
proven to be fundamental tool.

1.2 Animal models

Several experimental protocols have been used to induce SE in rodents, and they
canmainlybe divided into twanaingroups: injection of chemotoxirgsither systemic or
intracerebral)or electrical stimulationAlso, new models such as tHateralfluid
percussion injury* and SSPsapaein®2 have emerged in recent yedmst are still notas
widely used as the previous models.

1.2.2 Systemiapplication ofchemoconvulsants

Systemicpilocarpine(PILO) or kainic acid (KA) are commonly usethdudng
acute convulsive Swith widespread multifocal damatfe’® and for these reasons cannot

be considered as sheer models of focal AES®Evarious animal species (rat, mouse, cat)
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these treatments induce SE within an hour and result in multifocal lesions of cortical and
subcortical brain structureBloreover, & promoted by systemic KA and PILO initiates
with multi-focal epileptiform discharges that rapidly evolveisecondarily convulsive
generalized seizur&s The presence of prolonged convulsive seizures and the possible
diffusion of the systemiapplied convulsant in specific brain regions (such as brainstem
nuclei) induce a diffuse neuropathology andassociate with a highrate ofmortality®.

The chronic alterations induced by systemic PILO and KA include typical temporal
limbic pathologythat partly mimis the findings in huma@LE-HS*, but generally the
neuropathology is widespread in brain areas that are usually not affected irspaitient
TLE-HS. Therefore,systemicKA and PILO postSE models have been inaccurately
identified as models of mesial TL&nd focal ncSEdue tothe multifocal and bilateral

alterationd’ present in this modéhatarenot found in human TLEHS*42

1.2.2 Intracerebral drug application

Intracerebral KA injection offers detter approach to focal induction of
ictogenesis and epileptogenédis This includes intrénippocampdf**’, intra-
amygdald®°° and intra-cortical microinjections® of KA resulting in pathological
alterations that closelyesembleTLE-HS. Some studies propose that the acute SE
promotes secondary epileptogenesis and alterations in brain regions remote to the KA
injection sité>4495253 Nevertheless, intracerebral KA injection meauseeitherfocal
ncSE orFSGSE depending on the protocol (dose, site of injection, etc.) and animal
specie$ 484854 A small volume of KA (typically 50RI0 . 5 €L depending on
area) at a concentration that varies bet wee
a cannula inserted in the target regimsually CA1 or CA3 hippocampal regidhs
(amygdala is anoth@ommon area of injectiéf. An extended overview dhe current
literaturein regard tahe intrahippocampal KA animal model can be found in Figure 1.
If the protocol includes videBEG monitoring of the SE, KA injection is followed within
few minutedoy EEG-seizure activity in the injected region. SE nsppntaneously recede
or can be blocked by intraperitoneal injection of a benzodiazepinemmonly
diazeparrr.
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Ipsilateral Contralateral Extra-limbic
VOO ¥ y T -
Focal non-con-
vulsive SE
+ Verified EEG
SE phase ranging from
2-20h
Common markers include: + French, 1982 + Tanaka, 1882 * French, 1982 + Tanaka, 1982 X
3 = Tanaka, 1982 (dose dependent) + Leite, 1996 (dose dependent)
:%"'35‘ « Mathern, 1993 - Mathern, 1993 - Bouilleret, 1999
. « Leite, 1996 + Arabadzisz, 2005
Thianine + Bouilleret, 1999 + Groticke, 2008 Mot evaluated
+ Fluoro-Jade * Arabadzisz, 2005 + Pernot, 2011 . .
« Groticke, 2008 - Carriero, 2012 : U;:ﬁh?gga : E‘:{:‘;‘r‘ozgyu
Animal species; - Pernot, 2011 * Nog, 2019 e ' a2
« Gani 2012 - Welsel. 2019 Leite, 1996 Noé, 2019
- Rat N e Vi erde 2021 + Bouilleret, 1999 - Welzel, 2019
*Mouse 0 la Verae, « Arabadzisz, 2005 * Vila Verde, 2021
- Guinea Pig + Welzel, 2019 « Groticke, 2008
- Cat + Vila Vierde, 2021 '
Focal secondary
convulsive SE
+ Verified EEG
* SE phase ranging from
5-10n
Common markers include:
* Niss|
- Tmm + Leite, 1996 X - Leite, 1996 X - Riban, 2002
Animal species: * Riban, 2002 + Riban, 2002 Not evaluated
* Rat
- Mouse + Leite, 1996
Convulsive SE
* Verified EEG
* SE phase ranging from
4-20h
Common markers include:
* Niss|
» Timm
* Thionine
Animal species:
« Ben-Ari, 1979 « Ben-Ari, 1979 » Moneta, 2002 . A
:;ituse « Cavalheiro, 1982 = Cavalheiro, 1982 + Rattka, 2013 . g::aj\\f:‘el\:(19719982 X
* Mcneta, 2002 (dose dependent) (dose depenydent)
* Rasdt, 2009 « Moneta, 2002
* Rattka, 2013 « Rattka, 2013
Legend:
Not evaluated Not evaluated
« Raedt, 2009 « Raedt, 2000

Heatry rouor, EpikpiicTiaTagsd

Figure 1- Overview ofrelevantliterature forthe intrahippocampal KA animal model. Detasich as SE
duration, common markers analyzed and animal spacgegiven to better understand in which specific
papersieuronaddamage was found ipsilateral (first column), contralateral (middle column) fajkétion

and also,in extralimbic regions (last column).iterature is also divided by which type of SE was observed:
focal norconvulsive SE (focal ncSE first row), focal secondary convulsive SE (FSGSEecond row)

and convulsive generalized SEifthrow). Only literature where EEG/videBEG was employed was
included in order tgroperlyclassifywhich SE animals developeHX.represents no studies found fitting

that category. Not evaluated indicates that in those particular papers, that evaluation was not carried out.
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As previously mentionedsince mostprotocols involve temporal lobe areas, a
focal TLE-HS developsfollowing a variable latent period after theitial SE in the
majority of animalsSeizuresemiologyinclude a combination of reduced consciousness,
oral/facial automatismsand repeated secomdy generalization with toniclonic
movementsn some caséd®d %8, Seizure behavior has often been graded according to a
motor symptonoriented severityscale (Racine scaf¥). Seizure semiology and
electrographic activity (focahcSEvs FSGSH during SE may explain the variation of
reported pathophysiology aftéocal nSE**5%62 and theeby represesta substantial
confounder when distinguishir®Einduced and subsequent spontaneous seielated
pathophysiologyIn principle, aproper focalncSE model domparableto B2.2 sub
category in Table 1) should correlate with focal seizures with a minimal (if any) number
of convulsive seizures. This aspect is crucial, since generalized seizures associated with

FSGSEhave been demonstrated to correlate with extensive brain dzfage

1.2.3 Intracerebral electrical stimulation

Alternatively, focal electrical stimulation of the perforant path other limbic
structures can also induce either focal or secondary convulsive SE, with or without
damage beyond the area of stimulat?of%25°, Sincestimulation can be timely stopped
in thesemodels, the severity of the SE is often better controllechpared tothe
pharmacologicalmodels (KA, PILO, etc). Two main stimulation protocols are
commonly usd: high frequency (>20 Hz) tetanic stimulation for max9®%® min with
or without low frequency (<2Hz) prolonged stimulation, leading to assedfainedtatus
epilepticus(SSSE) Even though the perforant path is the most often used region for the

stimulation, the amygdalstimulationis often emplyed as wef®-”.

In the electrical rodent modebnimalsare implanted with isolated stainlested
electrodes into thdesired region and-2 weeks later, thresholds for electrographic after
discharges are assessed, followed by electrical stimulation. The stimulation induces a
subsequent seHustained continuous electrographic seizure activity medshy the
implanted electrodes. The SE was originally described tetesefiinate after around 8
h%8, but has in several subsequent studies been interrupted aftewith pentobarbital
or benzodiazepinegdiazepam). SSSE seizure semiologyies betweermnimalsand,

typically, 3 distinct behavioral types of SSSE can be obsera@dontinuousfocal
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seizures)) continuousfocal seizures, repeatedly interrupted by generalized convulsive

seizures; and) continuous generalized convulsive seiztites

Similar to the intracerebral modebs,classification into two different SE types
was defined in this modeh predominant (>90% of the timdédcal ncSE with focal
seizures featimg ambulatory, explorative behavior, orofacial movements, salivation and
chewing with impaired consciousness aFSGSE (>70%) characterized bgng-lasting
convulsive tonieclonic movements (secondary generalized from alfodgin)’®. The
brain pathology following these differeftical SE is very diverse. Histological analysis
of rat brains after the different SSSE types indicated that neuronal loskedte3SSE
was much more regionally restricted and lesgseeompared to neuronal damage after
SSSE with generalized convulsive seizures, which was similar to the brain damage seen
in the KA and PILO models of TLEHS®®. For example, Mhapeland colleagues
observedl weekpostSE for bothfocal ncSE and BGSE increased programmed cell
death/apoptosis within the dentate gyofishe hippocampus, and exclusively iBGSE
wasstill present aftet monti/®. In these models, local pathology at the site of stimulation
is invariably observed and the contralateral hippocampus afsyexpress damage

markers, in particular when tI8E is characterized by convulsive seizures.

Overall, regardless of the modednimal datahas revealed important aspects of
focal ncSE and its consequences but hawé provento beconclusive since the large
majority of these studies do not accuratedpresent a model of focal ncSE without a
secondary generalizatioand to this day theiis still scientificdebate on how mudhese
focal ncSEseizuresand th& associategpontaneousecurrentseizuresar e fipr ovoker
or bystanderso t o neur,pmduting lorgassng mamdul gl i al

consequences to the brain.

1.3 Neuronal injury infocal ncSE

As previously mentioned, intracerebral administration of drugs has major
advantages to study the effectsadibcal ncSEn comparison to systemic overall brain
damaging models that are aimed most of the time at the induction of a convulsive SE
However, he question of how much seizure activity during focal nd®8hout

secondary generalizatiprand subsequentlyluring spontaneous seizureontribute

10
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directly to neuronal loss is still debatabtezen though the majority of authors seem to
agree that at thlocal site of injection neuronal loss is a common featureng SE no
consensus has been found regarding the impact of seizure activity on other regions away
from the injection site that are producing seizure activity as vikdigarding the
intracerebal injection in the hippocampusr example while some authors show that
neuronal injuryduring ncSEis restricted to the injected hippocampus, with few
alterations in the contralateral hippocanfpd$®> 1’4, other have reported neuronal loss

not onlycontralaterallybut alsoin extrahippocampal regions such as the amygdala and
cortex” 5275 Moreover concerning chronic epileptic seizuregtahave shown in the

past thafurther seizures after the initial epileptogenic insult do not necessarily lead to
progressive cell los&Vhereassome authors argue that both the initial insult as well as
recurrent seizures contribute to damage developgfenthers show a lack of clear
association between the number of lifetime seizures and the severity of neuronal loss in
the hilus®” with a follow-up study demonstrating the ongoing neuronal damage 8 months
after ncSE with fluorgade positive cells in the hippocampus present in @&rdy 8 rats,

even though all animals had recurrent spontaneous séfzdreis and similar findings

in both rats and humans suggest that further seizures after the initial epileptogeitic

do nd necessarily lead to progressive cell [6<8

Onemajor aspect of neuronal loss evaluation #taiuld be taken into account
andcreates discrepancy between studies (besides dasagal specieandprotocol) is
how case dependerthis evaluationis. The interpretation of théatashould bedone
differently depending on which regias being evaluatedgsilateralvs contralateravs
extrahippocampupgas well asat differenttime points after focal ncSEto consider the

development of cell loss in a tinteependent mannéFigure?).

11
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Figure 2- Scheme of hypothetical relationships of neuronal and glial populations after focal ncSE induced
neuronal deathin all figures: green cells: resting astrocytes; blue cells: resting microglia; yellow cells:
normalneurons; orangeetls: epileptogenic neurons; red cetksactiveastrocytes and microglia; grey cells:
dead neurons/astrocytes/microglid) Focal neuronaand glialloss. A small cluster of dead neurarsd

glial cellsis shown to be clumped together within a network of nogelds Between thes2 completely
different populations is the group of neurons that are hypothetically epileptageroanded by astro and
microgliosis.(B) Diffuse neuronal losslhis schemellustrates scattered neuroaid gliallossas well as
epileptogenic neurons enclosed by gliosis spread across different @ea¢euronaland glial death
without generation oépileptogenicneuronsand gliosis.(D) Absence of neurondglial deathwith the
presence o& cluster okepileptogenimeurons and gliosis.

12
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When considering neuronal loss in models of intracerdbcal ncSE, different
situations can arise that should bensidered:typically, what happens after the
chemoconvulsant injectianto the brairis thedevelopment of amjectionzonethathas
the normalkexcitotoxic death of neurons and glia (gegjisin hypothesis A in Figurg)
associated to the properties of the chemoconvussdostanceAt the same timeanouter
near regiordevelops, with all theaflammatory processesducel by activated astro and
microglia (red glia in hypothesis A in Figu2gcausingneuronsa@ becomedysfunctional
and epileptogenic (orange in hypothedisin Figure 2) generatingseizure activityand
most likely recurrent spontaneous seizurewever, other scenarios should be
consideredas well it can alschapperthat after injection, a diffuse neuronal lasscurs
generating a dispersed gliosis andmeal loss/epileptic neurons across different brain
regions (hypothesis B in Figur®. This obviously requires analysis not only of the
injected area but acroghifferent regions remote to the injection zoeontralateral
hippocampus, amygdala, etthpt might be disregardefithe evaluation of thesextra
injection regiors is not carried outFurthermore, it can alsoccur (as depicted in
hypothesis C in Figur@) that the injection induces a zone where gl cells and
neurons (epileptic or npenter apoptosig a time dependent manndrthe analysis is
carried too early, thisegionmight be still developingpoptotigprocesses and show levels
of neuronal loss that do not properly reflect the fimaicome A good example of this
situationcouldbe when the hippocampus is injected and devedejzsire activityduring
focal ncSE,but no chronic spontaneous seizure actiatisesafter the latent phastue
to the absence of dysfunctional epileptogenic neurcasd, in consequence,
epileptogensis does not occur. Lastly, in hypothesis D of Figeescenaricould befall
where no cell loss is observed but the epileptogenic zdoen®d,and seizure activity
is beinggenerated. Thigtsiationcan potentially evolve into scenario A or C froigute
1 or, on the other handan be a transient effeehdafter a period of timall glial cells
return to theirestingstates and epileptic neurons remgémeraing spontaneous seizure
activity with no cell loss. A prime example of théguationoccurs (in some studi€s’)
when you have the contralateral hippocampus that generates seizure activity, but no cell
loss isobservedOf note, it should be mentioned thia¢se hypothesese notstatic,and
onehypothesis capvolve andbecome anothernewith the passage of time.
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Another fundamental aspect of evaluating cell [@sgl many othgprocessesn
focal ncSEs to take into accouritow glial cells that innately affect neuronal network

proper functioningare responding to the experimental conditions.

1.4 Glial homeostasis focal ncSE

Glial cells are highly complex cells that are considdrdlle fAgl ueo of
since they have a multitask housekeeping function that requires them to not only sense
but also respond to many signals, including alterations in energy supply, neuronal
activity, extracellular ion concentrations, osmolarity, amamgny others. Their
dysfunction has been for decades associated to epilepsy mainly through hyperexcitability
and inflammatoryrelated processe@ee extensive revief®). Inflammation in the
brain is triggered by reactive astrocyt@scrogliaand endothelial cells of the blodmain
barrier (BBB)that induceactivation and synthesis of pmoflammatory cytokinesaand
enzymeghat are able to cause major neuronal dysfunction, death and seizure induction
(Figure3). Furthermore, brain inflammation is able to affect the permeability of the BBB
directly via cytokinemediated activatidli. Studies have shown a quick inflammatory
response to acute seizures that largely impkcatéerieukinlb (IL-1b) signaling
pathway promoting chronic neuronalhyper excitability and synaptic reganization,
contribuing to the pathophysiologic process of epileptogef&&isin turn, seizure
activity is able to trigger the production of inflammatory molecules that affect seizure
severity and recurren¥e creating a loop that perpetuates brain dam@&igure 3).
Profound gliosis has been observed in models of intrahippocampalnicg in the
injected hippocampu®52727485 However, similar to the neuronal loss evaluation,
contralateral or extrhippocampal gliosis in these models has been inconsistently
described while in some studies, no gliosis was found in regions remote to
injectiorf®7273 othe's have reported GFAP immunoreactivity also contralateral to KA
injectiorr>8987 with one of these studies reporting a reactive astrogliosis that is
maintained over time in the ipsilateral hippocampuig decreases to control levels on

the contralateral sidé

Interestingly, it has been shown that astro and microgliosis associated with
inflammation can have neuroprotective r8%§ In fact, datashows that for instane

microglia can be either neuroprotective or harmful depending on their activation status
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which in turn is dependent on the inflammatarijeal?®*°. This balance, together with
the extent of gliosis (persistevgtransient effect), might explain why there iseatively

low incidence of seizuradivity in other neurological disorders associated with brain
inflammation

Inciting event in periphery Inciting event in the brain
(e.g. infection; autoimmunity) (e.g. infection; trauma; stroke; seizures)
Activation of Activation of
leukocytes glia and neurons

l l

Adhesion molecules; Interleukins; TNF; HMGB1
others complement; COX;
l chemokines;

- | [nflammation |-

adhesion molecules

BBB breakdown -

Extravasation Non transcriptional Transcriptional
Y
Albumin, IgG
Astrocytes Neurons: Astrocytes: Neurons and/or
TGF-B Src, PIBK PLA2 glia:
l MAPK l NFkB, AP1
Impaired buffering lon channels Glutamate Neurogenesis,
of potassium Glutamate and release sprouting,
and glutamate GABA receptors angiogenesis
| ; . |
Y
Increased
excitability
Y
Seizures - Cell death Develqpment
of epilepsy

Inflammation /

Figure 3- Pathophysiologicaschemeof inflammatory eventdinked to epilepsy These events can be
initiated in the central nervous system (CNS) by local injudieperipherallyfollowing infections or
autoimmune disordsthatlead to activation oflia/neuron®r leukocytes, respectively. These cells release
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inflammatory mediators into the brain or blood, thereby provoking a cascade of inflammetoegses

that cause a spectrumddmagingutcomes. The effects of brain inflammation contribute to the generation
of seizuresand cell death, which, in turn, activates further inflammation, thereby establishing a circle of
events that contributes to tlievelopment of epilepsyPeripheral pathway is shown in yellp\@NS
pathway isn blue inflammatory molecules are shown in pimikerged colors indicate the contribution of
each pathway to inflammation abtbod-brain barrier (BBB)XamageAdapted frorf.

In summation studies havaot unequivocally resoleewhether seizuractivity
aloneoccurring duringocalncSE have an impact on the extent, sevaritydistribution
of brain damagsincethisdamage has been mainly evaluated in modelsttiardo not
accurately represent a propfcal ncSE conditionwithout secondarily convulsive
generalizatioror do not focusnthe role of seizure activity in regions remote to the local

injectionzone.

With all this in mind, our present studyfocused on how much seizure activity
per seaffectsthe development of both localized and remote brain damage in a model of

focal ncSEwithout secondary generalization
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2.1 Aim of the work

With the present study wsoughtto betterclarify the role of seizure activity alone in
the development of brain damaged epileptogenesisot only in the local region of
injection but also in a remote region where there iglinect excitotoxic effect of the
injected chemoconvulsantin order to do, we used a previously characterized
intrahippocampal kainic acigkA) animal model of focal ncSE without secondary
generalizationdefined as a model in whialon-convulsivefocal seizuresccur during
the SE acute phase thatafter a latentperiod mimics human TLEHS with the
development ohippocampal sclerosis asgontaneous chronic seizuteg.

Following this rationglwe injected KA in the right hippocampus of guinea pigs and
after propewvideo-EEG evaluation, we examined the molecular change®ttatredn
the injected hippocampus (ipsilateral) to assess the local damage produced by KA +
seizureactivity. Moreoverjn order to study a remote region that was not affected by the
excitotoxic effect of KA but was generating seizure actiuityependentlyasverified
with EEG recordingsyve also examined the contralateral hippocampus to understand

how much seizure activitper sewas able to promoteng-lasting brain alterations.

Accordingly, thehippocampus of each guinea pig ipsilateral and contralateral to KA
injection were separatelyanalyzedin 3 main experimental conditions, with 3 different

ressonings for eachohort:

Acute SE phaseln this group, our aim was to evaluateiti@re intensacute damage

provoked bythe focal ncSEphase and likewise animals were followed for 3 days-post
KA injection to encapsule the main acute changes in this medelpreviously
described).

Chronic_epileptic phase Taking into consideration that the proper evaluation of

brain damagshould be done at various timeints, since cell loss can develop in a time
dependent manner, we produced another animal cohort that was similarly injected and
developed focal ncSE as the previous grdug were followed for dmonth postKA
injection (previously showras the average tinte develop a chronic conditian this

animal modée¥ 4. Moreover, in this group, not only we followed cell loss dirae, but

we were alsoable to evaluae if recurrent spontaneous seizure actiwtypuld be

responsibldor the exacerbation of the already established damage assesseddayise 3
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postinjection animal groupWith this information weavereable to understanadbw much
seizure activityper sewould be responsible for the development of brain dameéeut

the contribution of all the damaging processes occurring in parallel with seizure activity
during SE.

Diazepam treated group:By injecting diazepam systemically before KA injection,

we were able suppress most of seizure act{@sypreviously shen>®) and generate an
acute 3daysanimal group in which the only damage observed was due to the cytotoxic
effects of KA. By comparing this group (KA damage) againsath#e 3 dayfocalncSE
animal cohort (KA + seizures) we were ableadirectly observe how much local damage
was produced by KA alone and how muskizure activityfion top of KA would
exacerbate¢his damageThis knowledge was critical to understand if, in a clinical point
of view, the presence of seizarguring focal ncSE would be able to induce a higher
degree ofbrain damage sequalaempared to th@nderlying cage (trauma, infection,
etc.)that triggerd thefocal ncSE woulddo alonewithout seizureactivity.

In order to accomplish our goalafter generating our experimental groups and
validating our videeEEG data, several molecular parameters wesestigatedto assess
neuronal loss, we measuneeuronal markexNeuN and MAP2 as well as apoptoaish
FluoroJade and TUNEL.Stress related HQ and activitydependent -€os gene
expression was measured with gPERrthermorewe investigated how astrocytes were
responding to our experimental conolits by measuring the levels of GFAP and
astrocytiespecific aquapori#d and K- 4.1 mRNA levels as well as inflammatory
associatedgenes I:1b and COX2. Additionally, to examine how microglia was
responding in our study, we did an-depth profile of ther reactive states with
morphological reconstruction of these callsing IBA-1. Finally, bloodbrain barrier
alterationsveremeasureavith the assessment of blobdrnemoleculeimmunoglobulin
G (IgG).
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3.1- Animal model

The study is based on a representative populatiof atldlt female Hartley guinea
pigs (256300 g weight, 3 postnatal weeks of age; Charles River, Calco, Italy) housed in
a 12h lightdark controlled cycle environment widld libitumfood and water supply. The
experimental protocol was reviewed and approved by the Animal Welfare Office of the
Italian Health Ministry (Authorization n. 36/2048R, January 18th, 2016), in accordance
with the European Committee Council Directive (2010/63/EU) and with the 3Rs
principle. Efforts were made to minimize the number of animals used and their suffering.
Of the 49 animals, 34 were developed for the moleced@minationand 15 were

produced for the RNA expression analysis.

3.1.1- Implantation of electrodes and injection cannula

Forty-four guinea pigs were surgically implanted with bilateral depth
(intrahippocampal) and superficial (epidural) EEG recording electrodes. Briefly, 30 min
before surgery, animals were subcutaneously treated with 4.2 mg/kg carprofen
(Finadyne; Schering Ploug, Kenilworth, NJ, USpbsequentlyanimals were deeply
anesthetized with 5% isoflurane (Furane; Abbott Laboratories, Abbott Park, IL, US) and
were fixed on atereotaxic frame (SH; Narishige, Japan, Tokyo) adapted with guinea
pig ear bars (ER; Narishige) and a mask (GB} Narishige) to maintain gaseous
isoflurane anesthesi®uring surgery, isoflurane levels were maintained at2105%

After exposing andrilling the skull, 4 stainless steel screws of 1.1 mm diameter soldered

to stainless steel wires with golden plug at the opposite tip were used as epidural,
reference and ground electrodé&sgure 1A, B). Two epidural electrodes were placed
bilaterally over the somatosensory cortex, whereas reference and ground electrodes were
implanted into the bone above cerebellum. Two polyaroaited stainlessteel wires

(0.175 mm diameter; Advent, Eyrsham, Oxforgd United Kingdom) used as depth
electrodes were placed in the dorsainu ammonid (CA1) regions of both hippocampi
[stereotaxic coordinates: anteroposterBomm, mediolateral + 3 mm, dorsovent&l25

mm relative to Bregma according to Luparello (Z§€FigurelC). The electrode in the

right hippocampus was glued to a stainlstel guide cannula (23 gauge; Cooper Needle
Works Ltd, Birmingham, United Kingdom) for intrahippocampal injection, closed off
using a bent cannula (30 gauge; Cooper Needl&k¥ad). The distance between the
electrode tips and the cannula was 3.25 mm. The cannula ended just above the neocortex,
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preventing any damage to thpppocampugFigure2A). All electrodesvere inserted in

a pedestal connector (Plastic One, Roanoke, VA, U.S.A.) and fixed on thenstull
acrylic cement (Paladur; Heraeus, South Bend, IN, U.SMtgr surgery, animals were
hosted in individual cages and treated with subcutaneous injection of 5 mg/kg
enrofloxacin (Baytril; Bayer, Leverkusen, Germany) and carprofen (4.2 mg/kg) for 5
days and with intramuscular dexamethasone (1 mg/kg) every 12 h for 48 h. All implanted

animals survived the surgery procedure.

Figure 1- Implantation praedure (A) opening of the skulB) Epidural electrode implantatiofC) Final
headset structure with epidural and deep electrodes
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3.1.2 Unilateral intrahippocampal KA/saline injection and diazepam
administration

Seven days after electrode implantation4dlanimals were injected in the dorsal
CA1 area of the right hippocampus (ipsilateral) with either kainic acid (84) or
0.9% NacCl saline solution (sham operated aninmred&0) under continuous videBEG
recording. A 38gauge needle, connected to 5 pl Hamilton syringe via a polyethylene
tube, was lowered through the guide cannula imighe hippocampugFigure2A). After
brain adjustment, animals were injected unilaterally with a volume8fal9% NaCl
sdution with 1ug KA (Sigma, St. Louis, MO, U.S.A.) over a period of 2 mihen the
needle waskept in place for 2 min to prevent backflow of the injected solution and
subsequentlyulled out of the brain over the courselahin. Within 10 minfollowing
KA injection, epileptiform activity typical of a neconvulsivestatus epilepticugncSE)
was recorded in all animalg:or the diazepam (DZP) group, 30 min before KA
administration, animals were interperitoneally injected with diaze@a8nuf depending
on animal weight 3-4 pg diazepam was repeated 30 min after KA to terminate seizure
activity. Sham animals were injected in the right hippocampus with 1 pl 0.9% NacCl
following the same pitocol. None of the sham operated/injected guinea pigsvet
epileptiform activity in the EEG recordings. Acute phase animals were recorded for 3
days posKA injection; chronic animals wenddeoc-EEG recorded 7 days every other
week for no less than 4 weeks aftecal ncSE, to verify the presence of spontareo

epileptiform discharges and seizu(Eggure2B).

Five different experimental groups were used: naiweb;( not videeEEG
monitored; shamoperated/treated (Sham=10; 5 of those for mMRNA analygignimals;
KA-injected guinea pigs sacrificed either &d after KA injection (acute KA=14; 5
of themused for mRNA studigor 4 weeks poshjection (chronic KA:n=14; 5utilized
for mRNA investigatioly KA-injected animals treated with diazepam and sacrificed 3
days posKA injection (acute DZP KA: n=6). The animals used for the study of mMRNA
expression were videBEG monitored but were not included in the EEG analysis.
Nevertheless, they were carefully monitored to insure they HadaancSE similar to

the rest of the cohort.
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Figure 2- Implantationscheme and timelineA) Skull electrode implantation areas for epidural and deep
electrodes(B) Timeline for KA animal groups

3.1.3 Video-EEG recording

Continuous Wdeo-EEG monitoringbeganl week after surgery; implanted
pedestals were connected to a cable mounted on a swivel coupled to the preamplifier
stage of a BrainQuick EEG System (Micromed, Mogliano Veneto, Italy). Synchronized
videoEEG was continuously recorded 48h before injectibaseline), during the
induction offocalncSE and for the following 3 days in the acute phase animals (HA an
DZP + KA) and for 4 weeks in the chronic KA animal grq&pgure2B). EEG data were
recordedat 0.21.0 kHz, 2064 Hz sampling rate, with-b@ precision and higipass filter
at 0.1 Hz, using the System Plus Evolution (Micromedjdeo signals were
simultaneously acquired with digital cameras positioned with different viewpoints to
detect minimal motor events durirfgcal ncSE andchronic epileptic phase. Acute
seizures were defined as seizures occurring within 72hKshjection. Video-EEG
was analyzed offline and hippocampal EEG patterns during/after KA injection were

identified and quantified for each animBEG activity recorded ithe frontal cortex was
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utilized to identify thepresence of a diffuse EEG pattern (associatest of the time to
a convulsive phenotype$eizure events during Kikducedfocal ncSE were defineds
large amplitudespiking activity with clear and tonic bursting phases lorigan 20s,
followed by postictal depression coupled with continuods/thmic 1-3 Hz spiking
Seizures werealso automatically counted witha software developed by Vadym
Gnatkovsky to analyze IgnEEG recordingeriodswith a compressed time sc3eln
these animalsspontaneous seizuregre identified with 7 days videBEG recordings
performed every other week for 4 wedkgyure2B). Seizure discharges were identified
as focal unilateral or bilateral as well as convulsive orecamvulsive, based on the EEG
pattern distribution and video analysis.

3.2- Molecular analysis

3.2.2 Immunohistochemistry

At the end ofvideo-EEG recording sessions, animals were anesthetized with
sodium thiopental (125 mg/kg i.p., Farmotal; Pharmacia, Milano, Italy) and
transcardially perfused with 0.9% NaCl for 4nrmBubsequently, perfusion was done
with 4% paraformaldehyde in phosphate buffet 81 for 5 min. After fixation,
intracranial recording electrodes and guide cannula were carefully renBraets were
removed and immersed in 4% paraformaldehfate48h before cutting into coronal
section (50um) for immunohistochemical processinfwo srial coronal sectionger
animalrostral and caudal to the local damage induced by KA injection were selected and
blindly analyzed by independent researchérsstandardized protocol was used for
histochemical stainingriefly, after endogenous peroxidgamactivation (3% H202 in
PBS) and norspecific antigen binding sites blocking (1% BSA/0.2% Triri.00 in
PBS), freefloating sections were incubated overnight at 4° C withdiagredprimary
antibodies(Table 1)in 0.1% BSA/0.2% TritorX 100. The tissie was washed in PBS
and processed for 75 min with avidimotin-peroxidase protocol (ABC; Vector
Laboratories, Burl i ngame, CA, US). Visual i z
diaminobenzidine tetra hydrochloride (DAB; Sigma, Milano, Italy). Slieese rinsed,
mounted, dehydrated and cosgipped with distyrene plasticizer xylefPPX; BDH
Lab Supplies,LeicestershireUK). For endogenous guingég IgG immunostaining,
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slices were treatednly with the secondargntibody. The IgG immunostaining and the
amplification of the primary antibody labeling were obtained by 75 min incubation with
biotinylated goat antguinea pig lgGlmmunaostained sections were visualized using the
Scanscope software (Aperio Technologiéd, US).Staining for NeuN, MAP2, GFAP
and IgG were analyzed in five different experimental conditions (naive,-shatad,
acute KA, acute DZR KA and chronic KA). Quantitative field fraction estimatesre
carried out in both hippocampi using Image Plus 7 software (Media Cybernetics, Inc.
MD, US). Specific immunostaining density was estimated at 5x magnificatid® in
regions of interest (ROIs) positioned in CA1, CA3 and dentate gyrus (DG) with respect
to backgroungignal(Figure3). For eaclROI densitometry was automatically calculated
by the software on 2 adjacent slices in each hippocampal subfield (18pRCigin
slice; 3 ROIgersubfield) ipsilateral (right) and contralateral (left) to KA injection, after
symmetry between hippocampia® verified. Densitometric ROIs were positioned at
least 0.5 mm away from the electrode tracks to avoid inclusion of elecetfaded tissue
alterations in the analysis. For tridimensional reconstruction of microglial cells,
immundistochemistryusinglba-1 and DAPIconjugated to Cy3 was performed on 50

em t hi ck c ousimgrtha previsuslyg mentioned protocol

Table 1- Antibodies used ilmmunostainings

Antibodies Supplier Host Type Dilution
Cyanine 3 o
Merck Millipore Mouse Polyclonal 1:500
(Cy3)
DAPI SigmaAldrich Mouse Polyclonal 1:5000
Glial fibrillary acidic
protein Agilent Dako Rabbit Polyclonal 1:500
(GFAP)

Immunoglobulin G

Merck Millipore Goat Polyclonal 1:200
(I9G)
lonized calcium-binding
adapter molecule 1 Abcam Goat Polyclonal 1:200
(Iba-1)
Microtubule -associated
protein 2 Invitrogen Mouse Monoclonal 1:1000
(MAP2)
Neuronal nuclei
Merck Millipore Mouse Monoclonal 1:1000

(NeuN)
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Figure 3- Representation of thROIs employedin the immunostaining density analysitthe ipsi and
contralateral CA1l, CA3 and DRippocampal regions

3.2.2 Fluoro-Jadeand TUNEL

RegardingFluoro-Jade(FJ) staining,2 sectionsawayfrom the electrodetracks
for eachguineapig weremountedin distilled wateron glassslides,air-dried,immersed
in a seriesof gradedethanol(50, 75, 100, 75, 50%, 3 min eachstep)and washedin
distilledwaterfor 3 min. Sectionsverethentreatedwith 0.06%potassiunpermangaate
for 15 min, washed,mmersedin 0.001%FJ (Histo-Chem,Inc., Jefferson,Arkansas,
USA) in 0.1% aceticacid for 30 min andrinsedin distilled water. After drying, slides
wereclarifiedin xyleneandcoverslippedwith DPX. To quantify B* cells, cellcounting
was performed in CAl, CA3 ardlus areas of bothpisiand contralateral hippocampus
for each experimental group (at least two section/each animal). For each section, at least
2 adjacent notverlapping fieldgper area were captured under identical conditions at
40x magpnification (290 um x 290 umyith aLeica TCS SP8 microscopall FJ* cells
werethencounted using FldlmageJ (v2.0.0) independently by two investigators and
values averaged to a single vapexarea in both ipi and contralaterdlippocampusnd

compared to their corresponding controls.

To determine the apoptotic cell densieDeadEndE Fl uor ometri c
System (Promega, Madison, WI, US#pRs usedBriefly, 2 sectionsaway from the
electrode mark®r each animalvere mounted in distilled water on glass slidesdaid,
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and were digested witlO mg/mlproteinase K atoom temperaturéor 10 min, washed
twice in PBS and then fixed witPFA 4%for 5 min Each section was then incubated
with TUNEL detection mixture according to the manufacturers instructions for 1 h at
37°C. Slides werghenrinsed in PBS, aidried and cover slippedwith DPX. The
acquirement and analysigeredone in the same fashion @®viouslymentionedn the

FJ experiments.

3.2.3 Morphometryanalysis of microglia

Regarding théridimensional reconstruction of microglial structure, coronal brain
sections with 50 em thi cKrae®API (cedl muelei)ass e d
described above. Sections were visualized using a Leica SP8 confocal microscope
equipped with AOBSresonant scanner and motorized stagezxas well as DM camera
for widefield acquisition (Leica Microsystems, Germany), applying the LASX software
with navigator (version 3.1). Previews of the whole section in widefield (10X/0.3 dry)
using theDAPI chamel were taken in order to choose areas of interest, namely dorsal
CA1 stratum radiatumand DG (Figure 4), that were further acquired at a higher
resolution in the confocal mod2 sectiongperanimal, 0.5 mm away from the electrode
tracks). Two channellfe-1l and DAPI) Zstackimages (Zt ep i nterval s of
acquired using a 63X/1.4 oil objective and a DFC365 FX CCD Camera (Leica) with a x
y sampling of 72 nm. After acquisition, lewere eligible for reconstruction if the
following criteria weremet a) Iba-1-positive cell was surrounding a single DAR&ined
nucleus) cell did not present truncated processgsell was sufficiently individualized
to ensure the correct reconstruction of the processes. A tdi@0oélls,90for CA1 and
90for DG, were selected for reconstruction performed usimgle neurite tracer (SNT)
plugin available in Fl3lmageJ software (v2.0.0), an opgource tool previously
described to successfully assess tridimensional morphology of neurons and glial cells
93,94 Microglial morphometric mperties were evaluatdry quantifying the number of
processes, total length (in pmaverage number of intersections &aloll analysis
(number of intersections at radial inter

soma)
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Figure 4- Representation of thROls used for the morphological reconstruction of microglia in the ipsi
and contralateral CA1 and DG hippocampal regionsllioared and DAPI in blue3 cellsper ROl were
reconstructed.

3.24- RNAisolationand quantitative reaitime PCR

Fresh hippocampal brain tissue MRNA analysis was obtained from a group of
5 sharmoperated and KAnjected guinea pigs either 3 days9) or 4 weeksn=5) post
KA injection.Brains were removed and the whbippocampus dissected out on a cold
Petri dishanddorsal CA1 and DG ipsilateral and contralateral to KA injection were
further dissected (Figurg) and separately stored &0°C. For RNA isolation, frozen
brain tissue was homogenized in 120Qiazol Lyss Reagent (Qiagen Benelux, Venlo,
Netherlands). Total RNA was isolated using the miRNeasy Mini kit (Qiagen Benelux,
Venlo, Netherlands) according to the manufacturer instructions. Concentration and
purity of RNA was determined at 260/280 nm using a Nas@000 spectrophotometer
(Thermo Fisher Scientific, Wal t ham, MA , UsS:/
tissuederived total RNA were reverdeanscribed into cDNA using oligdT primers.
PCRs were run on a Roche Lightcycler 480 thermocycler (Répopked Science, Basel,
Switzerland) using reference genes actin and glyceraldehgdesphate dehydrogenase
(GAPDH) (see Tale 2f or pri mer sequences). PCR mix <co
SensiFAST SYBR Green NoROX kit (Bioline Reagents Limited, London, 0OK),4 ¢ M
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of forward/ reverse primers plus water to
run in duplicates and a negatisentrol containing water instead of cDNA was included

for each gene in each run. Cycling conditions were as follows: initietdeation at 95

°C for 5min, followed by 45 cycles of denaturation at 95 °C for 15 s, annealing at 65 °C
for 5 s and extension at 72 °C for 10 s. Fluorescence of the sample was measured via
single acquisition mode at 72 °C after each cycle. Primer gpBcivas assessed using

melt curve analysis after each run. To study potentially relevant pathogenic elements
(inflammation, glial function, activitglependent changes) associated to brain damage,
the following genes were analyzed:iaterleukinl beta(IL-1 b ;)b) cyclo-oxygenase?
(COX-2); c) heme oxygenasg (HO-1); d) cFOS; e) aquaporid (AQP4) and f)
inwardly rectifying potassium channel 4.1;{&1). Quantification of data was performed
using LinRegPCR imvhich linear regression on the Log (fhescenceper cycle number
datawas employedo determine the amplification efficien@er sample The starting
concentration of eaamarkerwas divided by the starting concentratiorttud reference

gene (GAPDH andActin) and this ratio was compared betwadrgroups

Table 2- Primer sequences used for quantitative-tiea¢ PCR

Gene Forward primer Reverse primer
IL-1 b CACAGTGGAATTTGAATCC GACACTAGTTCTAACTTGAAG
COX-2 CTTCCTGCGCAATGCAATCA GGCTTCCCAGCTTTTGTAGC
HO-1 ATGGAGATGGAGACGGGGAC AGTGAGGAACTGAGGGGTCG
c-FOS CCTGACTGTCGCTGATCCTC AAATCTCAGGTCCCCAACG
AQP4 CACTAAATCGAGGCCACAGC CCATGATGTCCTCTCTGGTGC
Kir4.1 CCACTGTACCTGGGACACAA CCATTATGGGCCGGCTTTCT
Actin CTACCTTCAACTCCATCA GGAGCAATGATCTTGATC
GAPDH CTCGTCATCAATGGAAAG GTGGATTCCACTACATAC
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Figure 5- Representation dfippocampal dissection for the mRNA analyéfs) Whole brain removalB)
Whole hippocampus(C) Slice of hippocampus right before being dissecteth CA1l, CA3 and DG
regions. Red arrow corresponddrijection needle mark.

3.3 Statisticalanalysis

All statistical analysis was performed in Grapad Prism 8.2 (GraphPad Software
Inc., San Francisco, CA, US). Prior to any analysis, identificatbroutliers was
performedusing the ROUT methodAfterwards, the Shapir®ilk normality test was
performed to access normal distributiihen normal distribution was met, enay
analysis of variance (ANOVA) was used to compare 4 independent groupgaineca
or unpaired Studenitest to match 2 groups directly, for dependent or independent data
respectively.Moreover when data was not normally distributed, the -panametric
KruskalWallis test followed by a MankVhitney U posthoc test was employed t
compare 4 independent groups and a paired Wilcoxon sigmédtest to relate 2
dependengroups against each other. In the morphology data, results are expressed as
means * standard deviation (SD) for the number of independent experimenthg
remaning graphical data is illustrated with boxplots with min., max., median and
quartiles shown. The confidence intervat (1) was set as 95% (0. 9!
difference between means was considered statistically significant at p values of less than
50005), 1% (0.01), 0.1% (0.001) and O0.01% (
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4.1.VideoEEG

Focal norconvulsivestatus epilepticugncSE) was induced by a unilateral intra
hippocampal injection of 1guin 1ul of kainic acid (KA) in the right (ipsilateral) dorsal
CA1 areaof 34 guinea pigs. Of thes&4 were sacrificed 3 days peliA injection (acute
postncSE phase) tassesshe pe& phase of brain damagas it was shown before in
publications from our group in the same animal m@défS Considering that time may
also be &ey factor in the generation/progression of damage, a different group of animals
(n=14; KA chronig were sacrificed 4 weeks po#tA injection, whch has been the
previously establishedtimepoint for these animalgo develop chronic spontaneous
seizure& 48 To unravel if seizure activitgturing focal ncSEexacerbatethe damage
established by KA, we treated another group of animads$;(DZP + KA) with
intraperitoneal diazepa (DZP). These3 groups were compareayainstshamoperated
animals (=10) that experienced the same protocol as all the atbkors but were
injectedwith a 0.9% NaCl saline solution instead of KMl these animals were seaded
into 2 large groupsl was used for vide&EG,immunohistochemical and morphological
analysig(Naiven=5; Shann=5; 3 days poskA n=9; KA chronicn=9; DZP+ KA n=6)
and the other for gene expression studies (Stren 3 days poskKA n=5; KA chronic
n=5).

4.1.1 Acute 3-days posKA

Within 5 min after KA injection, focal ncSE beganin the injected right
hippocampus ipsilateral KA in FigurelA). Subsequent seizurekiring focal ncSE
propagated to the contralateral hippocampus and both hippocampi generated seizures
79.7 £ 11.9 % othe time (nean + SDfigure1H) with no cortical EEG involvement
Seizureactivity wasdefinedas large amplitude spikingith clear and tonic bursting
phases longethan 20s, followed by postictal depression coupled with continuous
rhythmic 1-3 Hz spiking(Figure 1 A, B) Spikes and sharp waves were a common
interictal feature (not showrnimal behavior during seizuetivity was analyzed using
syndironized videeEEG recordings; seizuresccurring during focal ncSE were
classified ashonconvulsiveor secondarilyconvulsiveaccording to theRacine scale

(stages 43 correspond to neoonvulsive and 4/5 to convulsive phenotypiéh bilateral
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and diffuse EEG discharg®¥. Regardingthe KA groups, seizures durirfgcal ncSE

were 89.1 + 12.9 % neconvulsive (FigurdG), with the most commoanimal behavior
observed beingxploration, immobility ananoutifhead myoclonus witlan occasional

head noddingFigure3). A total of 115 focal secondarily convulsive seizueesging less
than20s werefoundamong 1071 seizuresalyzed10.8 £ 12.9 %occurring during the

focal ncSEof all 18 animals. The timgpent in secondarily convulsive seizures was
minimal compared to the duration of tfeeal ncSE (not shown) In only 4 animals 1.0

15 convulsive seizures were observed (out of 353), while the remaining 14 animals had
1-3 (Figure 1F). The inclusion of the @&himals with >10 convulsive seizures did not
modify the overall immunostaining densitometric results (see belbhe of the
animals processed for tmRNA expression analysis showetbre than Iconvulsive

seizure duringfocal ncSE. When the spectrogram software to automaticaiyect
seizures was employed to be certain each seizure was correctly counted, clear bursts for
each seizure were easily observed (Figure 2). Furthermore, preceding each seizure, a fast
activity eventwas frequently detected (Figuré Bottomblue arrowsn zoomed portion

No epileptiform activity was detected in sham animals recorded fdr &fter

intrahippocampal NaCl saline solution injection (not shown).
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Figure 1 - EEG and seizure features duringSEinduced by unilateral intrahippocampal KA injection in
KA and diazepan{DZP) + KA animals. EEG analysis was performed in 18 KA animals (9 processed 3
days after SE onset, and 9 chronic KA animals recorded/analyzedta ghase n=18) and in 6 DZP+

KA animals 6=6). (A) Compressed 7h EEG recording from left (contralateral) and right [ipsilateral (KA)])
hippocampus after KA injection i@A1 area of right hippocampus (vertical dotted line on both tra@d&ks).
Compressed 7h EEG recording from left (contralateral) and right [ipsilateral (KA)] hippocampus after
intraperitoneal administration &fZP followed by intrahippocampal KA injectiolfC) Mean seizureper

hour after KA injection (red trace) and KA precedeg DZP (blue trace)(D) Number of seizureper
animal treated with KA injection (red)s DZP + KA (blue). (**): p<0.0001 (unpairetitest).(E) Status
epilepticusduration in hourger animal after KA injection (redys DZP + KA (blue). (***): p<0.00Q
(MannWhitney U test. (F) Number of convulsive (yellow) and naronvulsive (green) seizures for each
animal.(G) Percentage of seizures characterized by a convulsive (yalbmgrrconvulsive phenotype
(green) (*#: p<0.0001 Wilcoxon signeerank tes). (H) Percentage of seizur@er animal defined as
focal bilateral (greemysfocal unilateral (greenysgeneralized (yellow).%f%): p<0.0001 (pairet-est).
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Figure 217 EEG spectrogram analysiBop 2 spectrograms represent both hippocampi recordings 4h post
KA injection. Bottom 3 spectrograms represent a zedwiew of 2 seizure events with a trademark fast
activity burstpreceding each seizure highlighted with blue arrow. On Top: red arrovatediKA injection

and blue arrows represent each seizBodtware developed by Vadym Gnatkov¥ky
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Figure 3 - Animal phenotype characterization. In total, 18 KA animals were vitlG monitored and
theirbehaviomwnhile seizing characterized and divided in 1 of 5 stages of the Racin®.deateach animal,
the percentage of seizurpsr Racinestage is represented in colohs.each stage, animals could also
develop pheotypic characteristic of previous stages.
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4.1.2 Diazepamt+ KA

Furthermore when KA animals were compared to D#Reated animalsfocal
ncSE duration was 8.3 £ 2.0 h in KAjected animaland washigherin regard tathe
DZP+ KA group(3.5 £ 1.5 hFigure 1B. Additionally, the number of seizurgeranimal
was higherin the KA group (63.5 £ 14.3 seizurpsr anima) in comparison to DZR
KA animals (11 + 6.3 seizurésgure 1C, D. Concerning the DZP + KA animal cohort,
the few residual seizurethat these animals experiencledd its origin in the injected
hippocampusind64.6% d the timeremairedfocal in the ipsilateral hippocampus (focal
unilateral) buttouldalso spread to the contralateral hippocaf(fpsal bilaterali 35.4%)
(FiguredA). All seizures observed in this group, were of a-nonvulsive nature (Figure
4B), with only subtle behaviors such as immobility amduthchewing being observed.

A B
25— 25—
Focal bilateral ;
201 201 I Non-convulsive
I Focal unilateral
] )
g 15 9 15
N X
% 10 3 10
W A
| I | I
L 1 | | | 1 | 1 | | | |
1 2 3 4 5 6 1 2 3 4 5 6
Time (h) Time (h)

Figure 41 DZP + KA animal EEG characterization. In total, 6 DZP + KAimals were vide&EG
monitoredfor 3 days posKA injection and their phenotypanalyzed(A) Sum of seizures classified as
focal unilateral (blueysfocal bilateral (orangep)er hour postKA injection. (B) Sum of seizureper hour
characterized by a nesonvulsivebehavior

4.1.3 Chronic 1-month postKA

As previously mentioned, KA chronic animals were vide6G monitored for 4
weeks posKA not only to detect subtle behaviors but also the development of
spontaneous chronic seizures. In all animals analyzed, a chronic epileptic condition
developed withrecurrentspontaneous seizurecurring and ipsilateral hippocampal

sclerosiglevelopingsee below)On average, animals had a latent phase7t 1.2 days
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until the first chronic spontaneous seizure veggsteredFigure5 B). Isolated spikes and
short bursts were alscommonlyobserved(not shown) Seizure activity was mostly
focally restricted to thenjected hippocampus/8.6% of the timeFigure5 A, C) and
spread to the contralateral hippocamposome occasion@1.4%) Similar to the DZP

+ KA animal cohort, theseanimals hadalmost no noticeablédbehavios while
experiencing spontaneous seizure activityeméorcing theconcept that it imbsolutely
necesary a constant EEG monitorintp be able to properly study the chronic epileptic

phasdn epileptic animal models
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Figure 51 KA chronicanimal EEG characterization. In tot&,KA chronicanimals were vide&EG
monitored for 4 weeks poskKA. (A) EEG recordingof a spontaneous chronic seizuirem left
(contralateral) and right [ipsilateral (KA)]) hippocampus/eeks poskA injection. (B) Latency period in
days from the end of SE until the onset of the first spontaneous seé&raeimal(C) Sum of seizureper
animal described as focal unilateral (blusjocal bilateral (orange)
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4.2.Immunostainingand apoptotic analysis

After videoEEG monitoring, animals were sacrificed either 3 days or 4 weeks
post injection and coronal sections were cut and immunestairevaluate neuronal cell
loss (NeuN and MAP2; representative microphotograph&igure 9), astrogliosis
(GFAP; Figure 12) and blooédbrain barrier disruptionlgG; Figure 132. Initially, we
started by evaluating the surgery procedure and the insertion of electrodes in the
hippocampuscould have beemotentially provokng some type ofdamage with
densitometric analysis of NeuN, MAP2, GFAP and IgG immunostaining in CA1, CAS,
DG andof naive animalsnE5) compared to shaimperatecanimals (=5). No statistical
differences were found by comparing thesgdups (Figuré A-D); therefore, the sham
group was used as our control condition throughaustindy.
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Figure 61 Semiquantitative analysis of NeuN, MAP2, GFAP and IgG densitometry in control (naive) and
shamoperated animalfercentage of densitometric changes in N6AN MAP2 (B), GFAP(C) and 1gG

(D) stainings in the contra and ipsilateral CA1 (left column), CA3 (middle column) and DG (right column)
subregions. Densitometric values were obtained from the same areas ofnr&ivand sharoperated
(n=5) control animals.

4.2.1- NeuN and MAP2

Densitometric measuremersisparately performed in the hippocampus ipsilateral
(KA + seizures) and contralateral (seizures only) toikjéction were compared to tine
respective regions in shaoperated animals and DZPKA group (Figures7 and12).
As shown in greliminary study performed in a differesgtof animalg®, 3 dayspost
KA decrease in NeuN and MAP2 densitometric values were observed in the ipsilateral
CA1l, CA3 and DG (only NeuN) with respect to the homologous subfields of-sham
operated animals (Figuie alsorepresentative panel Figure9). Theobservedeuronal
lossin the KArinjected CA1, CA3 and DG persisted in the KA chronic group, except for
DG in NeuN when compared to treham animal group (Figure7). Remarkably
densitometric NeuN and MAP2 values in the DZRA animal group (Figur&) were
higherthan the 3days KA group for all subfields and were similar to skgumea pigs
for NeuN (CA1 and DG) and for MAP2 (DGYoreover in the DZP+ KA group, the
values in CA3 for NeuN and in CAAndCA3 for MAP2 werelower compared to the
sham groupsbut higrer than the &lays posKA animal cohort (Figure 7). No
densitometric Neudr MAP2 changesveredetectedn the contralaterdlippocampus of
KA (both 3 days and 4 weeks) and DZRA animalswhen compared to their respective

shamcontrols(Figure7).
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Figure 71 NeuN and MAP2 serjuantitative densitometry analysisor (A) and (B): Grey columns:
shamoperated animals. Red columns: 3 days @stinjection (KA). Pink columns1-monthpostKA
injection animals (KA chronic). Green columns: animals treated with DZP and KA injected+B2¥.
Average percentage of densitometric changes in thénigkted (ipsilateral) and contralateral hippocampal
CAZ1 (first row), CA3 (middlerow) and DG(lastrow) subregions are illustrate(d) NeuN densitometric
values obtained from sham=5), KA (n=9), KA chronic (=7) and DZP+ KA (n=5) guinea pigs.*}:
p<0.05; {*): p<0.01; **): p<0.001 MannWhitney U tesx, (™ ): p<0.001 [oneway analysis of variance
(ANOVA)]. (B) MAP2 densitometric changes from the same areas of sirad), KA (h=9), KA chronic
(n=6) and DZP+ KA injection (n=4) guinea pigs.}: p<0.05; {"): p<0.001; ™ ): p<0.0001 (ANOVA).
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As previously mentioned, even though we defined our animal modkeicak
ncSE, we found that roughti0.8 = 12.9 % of all seizuremnalyzedwere defined as
convulsive seizures. The large majority of this convulsive seizures were present in 4
animals of the 3dayspostKA cohort(animals 4,8,11 and 12 in Figure 1E)kewise, to
investigate how mucth0% = of convulsive seizures would influertte evaluation of
damage (with NeuN, MAR2and belowGFAP and IgG we divided the 9 acute 3 days

postKA cohort into animalsvith < 2% of convulsive seizures (KAvsanimalswith 10%

+ convulsive seizures (KA andfound no differencevhenthe 2 groups were compared
against each oth€Figure8).
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Figure 81 NeuN and MAP2 semmjuantitative densitometgnalysis Average percentage of densitometric
changes in the KAnjected (ipsilateral grey shadingand contralatergdbreen shading)ippocampal CAl
(left panels), CA3 (middle panels) and DG (right panels) subregi@nfiustrated(A) NeuN densitomeic
values obtained from sham=5) and 3 daypost KA animals divided intoKA™ (<2% of convulsive
seizures;n=5), KA* (£10% convulsive seizuresi=4). Ns = nonsignificant. (B) MAP2 densitometric
values obtained from sham=5) and 3 daypost KA animals divided intoKA™ (<2% of convulsive
seizuresn=5), KA* (£10% convulsive seizuress4). Ns = nonsignificant.
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Figure 97 NeuN MAP2 and GFAP representative micrograpsuN, MAP2 and GFARmmunostained
coronal sections represented at low (upper pictures) and high magnification (lower pictures; dotted area
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