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ALS = amyotrophic lateral sclerosis
AP = action potential

AQP = aquaporin

i ¢ NJ ttran$ducin repeat containing E3 ubiquitin protein ligase
BMP = bone morphogenetic protein

BSA = bovine serum albumin

C&%n = intracellular calium

Cl = circularity index

CNS = central nervous system

CREB = cAMP response elerdeintding protein

DIV = days in vitro

DLTBOA = Dthreo- -benzyloxyaspartic acid

DYRKZ1A = dual specificity tyrospteosphorylationregulated kinase 1A
EAAT = excitatogmino acid transporters

Erk 1/2 = extracellular sigrnegdgulated kinase 1 and 2

Ex= equilibrium potential for K

ESC = embryonic stem cell

FBS #etal bovine serum

GABA y-aminobutyric acid

GBM = glioblastoma multiforme

GLAST= glatnate/aspartate tranporter

GLT1 = glutamate transportel

GS = glutamine synthetase

HAUSP = Herpesvirassociated ubiquitirspecific protease

HCN1 = hyperpolarizatiesctivated and cyclic nucleotidgated channel
15 I ldzyGAy3aG2yQa RA&SIasSa

HDAC = histone deacetylase



HIPPI shuntingtin interacting protein 1 protein interactor
IP; = inositot3-phosphate

JAKSTAT = janus kinase signal transducer and activator of transcription
Kext = extracellular potassium

Kav = voltaggated potassium channel

Kir = Kinward rectifier

KO =knockout

MPP+ = dmethyt4-phenylpyridinium ion

Nav = voltageyated sodium channel

NLS = nuclear localization signals

NRSE = neurarestricting silencing element

NRSF = Neurerstrictive silencer factor

NSC = neural stem cell

NSR100 = neuralpecific SEArg repeatrelated protein of 100 kDa
PAG = phosphatactivated glutaminase

PBS = phosphate buffered saline

t5 I tINJAyazzyQa RAaSIas
REL1 = repressor element 1

REST = repressor elemensilencing transcription factor
RGC = radial glial cell

RILP = REdteracting LIM domain protein

Rnput=iNput resistance

RT = room temperature

SEM = standard error of the mean

SOD1 = superoxide dismutase 1

SZ =schizophrenia

TBP = TAFBinding protein

TCA = tricarboxylic acid

Vh = holding potential

Vrest = resting menbrane potential

ZF = zinc finger



2. Abstract

Neuronrestrictive silencer factor/repressor element 1 (REi¢ncing transcription
factor (NRSF/REST) regulates many genes and signaling pathways involved in neuronal
differentiation, synaptic homeostasis andamtenance of normal glial cell functions.
REST activity is progressively downregulated in neurons during development, while it is
normally expressed in glial cells. Astrocytes are the most abundant glial cells and play an
important role in maintaining théunctional integrity of neuronal networks by forming
tripartite synapses. In this study, we have explored the in vitro role of REST in astrocyte
functions using REST conditional knockout mi¢@ESEKO). We studied the
electrophysiological properties of jpnary cultures of RESKO cortical astrocytes by the
patch-clamp method. We provided biophysical and pharmacological evidence of a
reduced plasma membrane density of the inward rectifyifigcilannel subtypes 4.1
(Kir4.1). Loss of Kir4.1 causes reductiorthef expression andactivity of glutamate
transporterl (GLTL), accompanied by a decrease in the astroglial glutamate uptake.
Because a reded activity of astrocye Kir4.1 has beerobservedin a number of
neurological diseases including temporal lobelemsy, we have studied the firing
properties of neurons caultured with RESKO astrocytes. Loss of Kir4.1 impairs the
astrocyte abilityto buffer extracellular K concentration that increased by neuronal
activity,indirectly enhances the action potentiring of neurons cecultured with REST

KO astrocytes. This study adds a new piece to the discovery ofr&ftfited
mechanisms in astrocytes and contributes to our understanding ofrth@lvementof

Kir4.1 and GF1 in a variety of neurologicdisorders.



3. Introduction

3.1. RESTn the brain

The regulation and balance of gene expression is criticathi®rdevelopment and
function of the central nervous system (CNS). The CNS worksbgnplex network of
signalling molecules/regulators to maintain a fine wwol of homeostasis and
orchestrate multiple gene expression progranThis function leads to a systematic
acquisition and maintenance of neuronal and glial morphological and functional
identity. The identification and characterization of these molecualed regulators, the
biochemical pathways that they control, as well as their target genes is essential to
understandingthe regulation of neuroal and glia cell development, functionand
pathology. Among these, many recent clues have shown thamntheon-restrictive
silencer factor/repressor element 1 (REllencing transcription factor (NRSF/REST
here calledRES)Iplays a central rolandernormal conditionsas well asn several brain
disorders.

RESTis a master transcriptional and pestanscriptonal regulator that modulates
diverse sets of proteitoding and norcoding genes REST wasndependently
identified by the laboratoies of Mandel and Andersoim 1995that discovered it as
protein expressed in all cells except mature neurons and hence desdoypdibth
research tems as arepressor of neuronal gené% Subsequent studiesof
bioinformatics and chromatin immunoprecipitation revealed thater 40% of REST
target genes are expresséathe CNS and encode for ion channels, synaptic proteins,
neural cell adhesioffiactors and guidance/migration molecul&$. Structurally, REST
belongs to the Kruppelype family ofzinc fnger (ZFjranscription factorshavingnine
ZFrepeats, eight of which locatedin the N-terminal domain(Fig 1). The multizinc
protein binds to a conseed 21-23 bp motifthat is known as RE, also called neuren
restricting silencing element (NRS#Eat has beendetected in a large number of

neuronal genes
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Zinc finger domain Lys-rich Pro-rich

Figure 1 Scheme of the steture of RESTepressor protein The REST protein contains a DNA
binding domain of eight ZFs (green cylinders), two remedsmains (RD1 and RD2), lysiaad
prolinerich domains, two ndear localization signals (NIL.& phosphodegron, and a further C
terminal ZF domaifmodified from Tangt al., 2027).

Neuronal and glial celisf different brain areas andpeciesexpress RESTIn general,
RESTs expresseth the whole brainduring developmentalthough in adult neurons its
expression istrongly decreasetf. Recentstudiesdescribedhigh levelsof RESTRNA
in most non-neuronal tissues undifferentiated neuronal progenitors glial cells,
endothelial cells and stem celtd areasinvolved inneurogenesis, such as the dentate
gyrug- %t It has been observed th®ESMRNA is differentially expresseddifferent
types of mature neurons d the adult rat brainwhereit is involved inthe maintenance
of neuronal identityby modulation ofthe expression level of its target gertiédn the
adultrat brain, RESTMRNA was found in neurdike cells including cells of the olfactory
system, cerebral cortex, hippocamg thalamughypothalamussubstantia nigra pars
compacta pontine nucleiand cerebellur?. The highest leved were detectedin the
neurons of the hippocampus, pons/medulla, and midbtaiMoreover, it has been
observedthat rat neuronsexpressREST splice variarifs All thesefindings collectively
lead to the idea that gene regulation by REST cbwaide different leved of activity
depending on the presence of €actors andits affinity for the target gens's. In
addition, REST might act orllgovea threshold concentration to control the expression
level of target gengin the variousneuronal populatiost?.

Althoughnumerousstudies havelemonstratedthat RESTRNA leveldecrease during
brain developmentit seems that its expressiancreasesith physiological agirg For
example, in prefrontal cortex extragtREST expressiovassignificantly higher in aged
individuals compared with young adults These studies suggest that RESTId be
importantas a neuroprotective modular, through thesuppressn of genespotentially

involved incellsenescence



3.2. REST structurasoformsand regulation

The humanRESTenecomprises 24 kb of genomic DNA, composedi)ahree non
coding alternative 5' exons associated with different poters, (ii)three coding exons
(IV-VI) and(iii) an internal exon with alternative splicing, exon N, conitaga premature
stop codon, between exon V and {g. 2'%. Exon N camive riseto six alternative
transcripts>'6  Structural analyses of the human, mouse and rat genomes
demonstratedthat the structure ofRESExons and introns ikighly conservel across
these specie$®

¢ KS { KNB SdesignatedSskset, et and océ &re depicted inFigure 2. REST
transcripts begin aanyof such exonsThe ranscriptsstarting at exortas are the most
abundant(about 80%9, whereasthe transcriptsunder controlof exors cbé and 6ce are
less common (19% and 1%, respectivély) ¢ KS LINSASy OS 2F (G KNBS
REST contains at least three promot@&remoter ca¢ isthe most active in nomeuronal
cells whereasdb¢ is more active in neuronal celland ¢ce has weak activity in noen
neuronal cells and neural progenittandnonein neuronal cellst’ Hence 6c€ acts as a
strong silencer of the other tw&ESPpromoters®. Thecelttype-specificregulation of
REST promoters by adjacent or distahancersrepressors dependen the action of
trans-acting factors binding to theseegiong®. In the promoter ofRES,TGChoxes are
located 8 S ¥ 2 NB ,Svihizhyare didaéting transcriptional regulatory elements
containing the sequenge-GGGCGG . TheGC boxeallowthe increaseof transcrption

of the RES§eneby potentiating the promoter activity fig. 2. The TATAke sequence
and the CAAT boxwo noncodng sequencs of nucleotides that influencegene
transcription are locatedupstream of the CG boxas the promoter Both elements
have a lowinterspecies conservatioand their modulatory effect on humamRREShas
not yet been proved®. Additionally, 2 kb away from exondaé, binding sites forthe
transcription factors Nanog and Ogtequired to maintain the pluripotency and self

renewalof cells were identified>18(Fg. 2.



Nanog Oct4‘ CAAT TATA GC TCF 1Kb

Figure 2Schematic representation dRESPpromoter region.RESTranscripts begin at one of three
FftGSNYFGA@StE e dzaSR p S E 2 féadoé Gandgics) Ustrear & exorBA 0t I O ¢
TATA and CAAT boxare locatedand 2 kb awaybinding sites foNanog and Oct4 (represented as

ovals)are found>®.

RESTundergoes alternative splicing to produce variamtgh different capacities to
mediate gene repressidh’® In addition to fulllength REST (isoform the RESTMRNA
splicing variants identified and characterizéds far, includeREST RESTéhamed also
sNRSFRESN62 RESN4, and RESBFJ%1° TheRESTfranscriptcontainsonly exon

1 and encodsfor isoform 2°. Threedistincttranscripts encode for isoform 3, also called
REST#4r sNRSHi) the RES'N62 transcript, generated by iagion of exon N (ii) the
RES-N4 transcripthat has an alternative spliciagiediated addition of 4 bp within exon
N, and (iii)the sSNRSRranscript, identified in humarsmallcell lung cancerthat has a
missing @erminal repressor domai§2! (Fig.3. TheRESBFDresulting from skipping

exon V and exon N, encaosifor isoform 4.

00—l — 00— REST gene

Splice variants:

W\F REST

S g REST1* Isoform 2

L m—

_\/\/ [:k/l:] REST-N62* |  Isoform 3 (sSNRSF/REST4)
W REST-N4*
_\/J_I REST-5FA*  Isoform 4

Figure 3 RESTmRNA and alternative splice variamt The human RESTgene comprises three
alternative noncoding 5' exons (represented by the first white box on the left), three coding exons
(dark blue) and the alternative N exon (light blue). The smaller boxes represent the ZFs containing
the DNA binding domaifwhite) and the NLS (red). The BESEplicing isoforms are represented
(modified by Faronato and Coulson, 2841



Amongthe splicingvariants, only REST4 and REST5 have been detected in féurons
with REST#heingthe most investigateane. The biological function of REST4 is not yet
fully understood albeit it is highly conserved inhumans mice and raf®. REST4
comprises the Nerminal repressor domain and only fiYe's havingan additional exon
between exons 3 and that leadsto a premature stop codoi. Therefore REST4 lacks
the critical domans required for RESThediated transcriptional silencing of target genes
and, in particular, the seventh ZF domain, which is thought to be responsible for binding
to DNA?2 As a consequencé should not be able to bind the REsiteon DNA When
REST4 was identified in 1998, it was shown to be capable of reprgssiagxpression
even without direct DNA bindifg In subsequent years, the hypothesis that REST4
operatesas a de-repressor hagmerged?. In this contet, it was proposed that REST
and REST4 interact to form an inactive heterodimer complex capable to prevent the
REST binding tthe RE1 sequence, causing depressioi®?4 It was found thaREST
transcriptcouldgive REST4 by the action of a splicing regulaterthe neuratspecific
Ser/Arg repeatelated protein of 10kDa (nSR100yvhich directly induces alternative
splicing of REST transcripts to produce RESTbnsequently, REST hagreatly
reduced repressive activityesulting inthe expression of REST targets in neural cells.
Blockade of nSR100 expression in the developing mouse brain impairs neuroffenesis
In addition, REST directly silences the expression of nSR100, thereby preventing the
expression of REST4 and other new@dcific alternative splicing variants in roaural
cells®. REST isoforms themselves play a key role in the physiological control ét. REST
Nakano and colleagues reported that pésinscriptional inactivation of REST by
alternative splicing is essential for the-tepression of many neuronal genes and, in
particular, is required for hearing in humans and nice

REST undergoes diffuse, contextdependent alternative splicing,leading to
approximately45 mRNA variantthat result in structurally and functionally different
isoforms of the REST protéinREST mutations that affect alternative splicoayld
impair the proper actin of REST, leading to a variety of pathological conditrarhsding
different cancer type¥$-2%26 Chen and Miller in 2013 examined tRESTpre-mRNA

splicing repertoire in 27 patients with kidney, liver and lung cancer and discovered that



all patientspresenteddifferential expession of REST splicing variamt®&oth cancer

cells and neighboringnormal cel$ 26, Moreover, lossof REST aniticreased splicing of
REST4 have been deteciedin aggressive subset of breast cancers and have also been
correlated with the development of prostate cancers with a neuroendocrine
phenotype&’?8 In addition, RESNI62 and sNRSF have been found in human
neuroblastoma and lung cancers, respecti¥efy These studies in humans have
provided insight intcseveralisoforms with contextspecific alternative splicing, relating
them to different cancer types and providing further insights into the complexity of REST
gene regulation

In contrastto the regulation of RESTarget genes,little is known concerning the
regulation ofRESExpressionlt is possible thaRESTHene expression is defined not at
the transcriptional level, but rather by pestanscriptional and/or postranslational
modifications in a celbpecific mannerln this contet, structural analyses of genomes
have shown that the structure of exons and introns is conserved and that there are three
p Sviherg/pgomoter 6cé acts as a strong silencer of the other two promotérs

(Fig. 2.

The transcriptional regulation of REST invalseveralpositive negative element¥,
includingthe cAMP response elemeifitinding protein (CRERe specificityprotein 1

and 3, the duakspecificity tyrosingphosphorylationregulated kinase 1A (DYRKAg
huntingtirrinteracting protein 1protein interactor (HIPPI), the Wnt signaling cascade
and microRNAsThecellulartranscription factotCREBalf-site, locatedin the first REST
promoter fragment operatesasa positiveRESTegulabr following CREB aticatior?.
Alsothe interaction ofspecificity proteinl and 3are importantto fine-tune REST
transcription during neuronaldifferentiation®®. DYRK1Aaffects the local spatak
temporal changesf REST levelaccording tdts dose and kinase activity HIPPI binsl

the promoter of RESTincreasing its expression both neuronal and non-neuronal
cell$?. Moreover, REST is a direct target of the canonical Wnt signediscad®. Wnt

and its receptors are expressenh a controlled spaiattemporal fashionduring CNS
developmentand are importantfor the normal growth ofneural tissué®. In fact,the

Wnt pathway controls neural stem celldifferentiation by direct REST regulatfén

10



Finally RESTRNA stability is regulated by several microRNAs such a218i&nd miR
9/miR-9*34, The first one negatively regulates RE&pressior, whereas the
bifunctional miR9/miR-9* targetstwo components of the REST complexR-9 targets
REST and mi& targets CORESTThe latter mechanism impésthat REST can regulate
its expressiory a double negative ®dback involving RESI€pendent expression of a
specific microRNA

REST shows different apparent molecular weigti® to the presence of post
translational modificationghat controlREST activit§. Among thesgthe most common
RESposttranslational modifications glycosylationconsisingin a covalenaddition of
one or more carbohydrates residu¢g 3 f & Oduhg ér after thesynthesisof the
protein. Although little is known about fdkéngth REST glycosylatj@xperimental data
obtained on REST4ndicated that REST mighteb Oglycosylatedon the Gterminal
region, a postranslation modificationthat is not required for RESTDNAbinding
activity?4.

Phosphorylatioriddephosphorylation processesalso play a key role in the
stability’degradation of the REST protei®®®. REST contains two nearby but distinct
degron motifs that serve as binding sit@me containing E1009 and S181and the
other containing S1024, S1027, and S£&3Phosphorylation of these serine residues
by casein kinase (CK1)facilitatesthe binding to a chaperone proteifi -transducin
repeatcontaining E3 ubiquitin protein ligasé ¢ NJthatitransports REST to the
proteasome for degradation®®. These data support the important role of
phosphorylation in theegulation of thestabilityand halflife of the REST protein across
a conserved phosphodegréfa A number ofkinasesinvolved in tuning REST level
through phosphorylatiorhave been identified over tin¥4°%. CKL, mentioned earlier,
has been found as a major upstream factor regulating TRE&ression through
phosphorylation of two neighboring phosphodegréhsvarious phosphodegrons are
present withinthe REST protein sequence and @liéint kinases can phosphorylate the
same residue.For example polo-like kinase 1directly phosphorylates the REST
phosphodegronacting a potent regulator of REST stability Nesti and colleagues
identified S8618364 as a target of phosphorylationby extracellular signategulated

11



kinasel and 2(Erk 1/2¥*. Furthermore, the phosphodegron can be targeteddogtein
phosphatase¥. TheGterminal domain small phosphatase 1 controls the stability of the
REST complex througlephosphorylation ofthe same site(S8618364) at the C
terminus of REST, protectiRESTrom degradatiori#2

The RESEequencéiasa specific consensus site for a Herpeswvassociated ubiquitin
specific protease (HAUSP), which acts asabiguitinase counterbalanéngthe activity

2 T 14¢Thilisteven HAUSP plays a key role in the regulation of REST expression during
neural differentiation. Thedownregulation of HAUSRygetherwith the upregulation of

i ¢NJ t AY oyefittzsBeyds fo adgiive modulatiorof REST protein lewl
enabling neuronal differentiatiof. Several pieces ofvidencehave beenrecently
collected showngthat the dysregulation of REST phosphoryatleads to severddrain
pathologie$®44. For examplethe phosphorylationmediated degradation of RESS
critical in the progression oftriple-negative breast cancemnd breakdown of this
mechanism impairsancertransformation, progression anbrmation of metastasi4’.
REST phosphorylation has also been relatedh® acquisition of neuroendocrine
phenotype in prostate cancer THs evdence ha highlighted the impact of
phosphorylation on REST stability under physiological and pathological conditions.
REST bindbe conserved 223 bpRE1 motif alsoknown asNRSEdistributed in the
target genes' regulatory regioh¥. RE1 has been found in more than,d00 genes
involved infundamental neuronakpecifictraits, includingvoltagegatedion channels
and neurotransmitter receptors synaptic vesicle proteis and neurotransmitter
synthesi®. Moreover, in silicoanalysisidentified nearly 2000 putative REST targets in
the mammalian genomeén both coding and norcoding gene%s*.

REST performs active gene represdigrits central DNAinding domain consistingf
GH: ZFssmall DNA recognition units thate usually organizein tandem, andoy two
repressor domains that reside at th¥- and Gterminals*®48, Thanks toits domain
organizationRES@cts as a scaffold recruiting multiple-oepressorssuch asnSin3 and
CoRES4dt the N and Gterminal, respectively?%% Thesetwo important co-repressos
recruit additional factord enzymesinvolved in chromatin remodeling andistone

modification Theyare controlled atmultiple levelsensuringa reliable repression of

12



their target genes3°° mSin3 interacts witlseveralhistone deacetylases (HDACs) and
with the methylated Cp&inding protein, MeCP3%°, CoRESAction involves histone
methyltransferases, HDACs anlromatin remodeling comples such asBrgl, G9a
and other$® (Fig.4). The chromatin remodelinggomplexes change the chromatstate

by adding factors for gene repression, as H3K9me2, and/or removing markers for gene
activation, as H3K4hus producinga more condensed and less accessible stifte
chromatirl. Among these factors the Brgl enzymerecruited by the Gterminal
repres®r domain stabilizeghe interactionbetween REST and REitesusing itsATR
dependent remodeling activity. Once associated with chromatin, REST mediates
repression through histone deacetyladastone demethylaseand histone methylase
activitie$3%4 Furthermore, REST also plays a direct role in transcrigtigene
repressioninteracting with both TATAbinding protein (TBP) andmall Gterminal
domain phosphatasestwo proteins involved in the transcription machin@?ty® In
particular, the interaction between REST and TBP inhibits the formation of the
transcription preinitiation complex®. Thesmall Gterminal domain phosphatase a
transcriptional regulator that silenssmeuronal genesind islocalized byRESTo the G
terminal domainof RNA polymerase, Iihere inducespolymerase deactivatiorby

dephosphorylatiorp>°6,

13



saa.  Endothelin-l

Figure 4 Schematic representation of lonterm gene silencing mediated byRESTAfter REST
binding to the REL motif, the corepressors mSin3 an@REST bind the-Mnd Gterminals of the
protein, resgectively. Both coremssors recruit HDACs, whereasRES &t the same timaecruits
other enzymes such as &94.SD1, and BGRfter several steps, loagrm silencing of target genes
may be determined by the interactions of recruited HP1 proteins to adjaoucleosomes, which
generate the compact chromatin stafe

Accordingto its expression in differertissues, REST mediateoth transient and long

term silencing, eitheby remaining associated with RIEsites itself or byeaving COREST
attached after itsdissociatiod®4°, thus represering an efficient mechanism of gene
modulation across multiple RE sites. The RE€IOREST complex triggers different
mechanisms of epigenetic silencing depending on whether it is required to inactivate
neuronal genes in terminally differentiated nereuronal cells or to inhibit neuronal

genes in embryonic stem and progenitor céllsin cellswhere longterm silencingof
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neuronal genesis required, the RESTOREST omlex needs toenroll chromatin
modifiers, such as HP1 proteins, which are recruited to adjacent nucleosomes, as shown
in several studiegFig. 4d)**5"58 In contrast, in stem cells, neuronal genes undergo
epigenetic modificationshat result in an inactivebut reversible chromatin state that

is available for subsequent activatigiy’.

3.3. REST an@N<&cells

A basic featuren vertebrates concerning the CNS development is that the diverse cell
types inside it arggenerated sequentiallyfirst neurons, followe by oligodendrocytes
andthen astrocyte§® At the beginning of neuralevelopment, duringhe expansion
phase, neural stem cells(NSCs)undergo limited amplification, mainly symmetric
divisions, producing a first pool of cortical progenitors that genesafscal radial glial
cells (RGCs). During the neurogenic phase, musaERGCs divide asymetrically to
generate nascent projection neurons, either directly or indirectly through intermediate
progenitor cells or basal RGEE. At the end of neurogenesiRGCs become gtjenic
and cortical progenitors revert to symmetric divisions generatitigodendrocytesand
astrocytes$®.

In general, individualellcategoriesare defined by thexpression of a unique repertoire
of cading and norcoding transcript®% A complex set of extracellular spatial and
temporal factors étermines the fate of stem and progenitor cells inside the nervous
system. These factors induce the sequential activasind/or inactivation of selective
classes of genes and combinations of transcription factiading to functionally
different cellsand determining neuronal and glial fate specificafi$ff. The acquisition
and maintenance of neonal and glial identif are epigenetically drivethough the
regulation of neural gendsy transcriptional repressors and corepressors

REST is involved in sevekaly biologicalprocessessuch asthe determinaion of
neuronspecific gene expressiatfter differentiation, and the control of the pathways
that underlieneuronal gene expression during early embryogenesis. Indbedpss of

REST ieritical for the acquisition of the neuronal phenotype, promotibhgth context

15



dependent gene repressidactivation, gene activatiorand longterm gene silencing.

In the case of gliogenesis, however, REST represses the expression of numerouds neural
specific genes in neural progenitor cells (NP&SY. The importance ofthe REST
functionwas demonstrated by studies using REEK&X modelsThemouseRESTull KO
embryoshave a normatievelopment until embryonic day 9.9ut after this stage, they
undergo cellular disorganization and wglgead apoptotic cell deatiproducing an
insufficient CNSgrowth and malformations of development leading to death at
embryonic day 11.5.

Together vith its corepressors, REBihibitsthe expression of numerous neurgecific
genes in embryonic stem cells (ESCs), in NPCs and in terminally differentiateeLmah
tissued®. REST iexpressedin neural progenitors where it performs epigenetic
remodeling to repress a widerray ofneuralspecific gens, includnggenes involved in

the formation and maintenance of synaptic contacts, axon guidance, synaptic plasticity
and structural remodelingsynaptic vesicle proteins, ion chaels, receptors and
transporters1315 In this contet, the loss of RESTuring the final stages of neuronal
differentiation is critical for the acquision of the neuronal phenotypebecauseREST
reduction subtendsthe selective upregulation of neurapecific genes'®374 Neuron
progenitors differentiate into mature neurons by a mechanism that allows the
dissociation of the REST repressor complex from thé &t of neuronal genéd At

the end when mature neurons are formed, REST protein reaches undetectable levels of
expressiof 43

Severalstudies have started to identify the specific components of REST regulatory
machineryduring developmen®. We have desdoed above thathe low expression of
REST allows the transcription of a large panel of genes, which are necessary for the
acquisition of the unique phenotype of neamd cell$376 By this,REST plays a role in
controlling neurogenesis e adult hippocampus, ithe maintenance o& pool ofadult

neural stem cell anth the cortrol of stagespecific differentiation by the coordinated
regulation of neuronal, ribosome biogenesis and proliferation gé€ésHowever,
recent studiessuggest that REStinction insidethe brain is also associatewith the

regional glialineage specificatiomnd differentiation. In glial cellsREST supports the
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expression/repressionof many genes involved in the lineage differentiation
maturation, presenation ofthe specific phenotypeas wdl as fortheir transformations
under several braindisease’®”. In this context, numerous studies have well
characterizedthe developmental stagepecific profiles for REST and CoREST target
genes in glial cefid>78

During neural development, the transitidrom neurogenesis t@gliogenesis implies a
return to symmetric division of progenitorand a sequential differentiatin in
oligodendrocytes and astrocyt®sREST is a critical factor drivisignificant changem
the signaling environment ogprogenitor NSC%"3 RESTs importantto maintain and
regulate general glial functiongs a function of thecontext andthe developmental
stage® >80 RESBupportsoligodendrocyte specification and maturation by targeting
genes involved in their developmental pathwagsich assonic hedgehogplatelet-
derived growthfactor and fibroblast growth factér The morphogersonic hedgehogs
secreted byNSCsind promotes oligodendrogenesis by inducing the egpien of Oligl
and Olig2, two essential determinants of oligodendrocytic fate. PDGF promotes the
growth of oligodendrocytic glial progenitor cells and aiotheir early differentiation
Hbroblast growth factomsignalinghas also been shown to promote gidendrogenesis
at high concentrations in progenitor cultures.

REST haalsobeen shown tostimulate progenitor specification to astroglial fate by
targeting key genesencoding forNotch, bone morphgenetic protein (BMR)Janus
kinase (JAKand signal transducer and activator of transcription (SJFA%82. Many
studies have reported the importance of Notch signaling in astrocyte formatinoeit

is a proproliferation factor critical for embryonic specification MPC#81.838¢ BMP
signalingsstrictlyinvolved in astrogliogenesis®>and particularly the subtype BMP2
that up-regulates and supports REST transcriptioming astrocytic differentiation of
NPCsbythe downstreamprotein Smad Thistranscription factotbindsto Smadbinding
elements in the regulatory region REof the RESTgené®. BMP and Notchyhich
promote astrogenesisgquire preactivation of theJAKSTAT pathwda§?288 It has been
postulated that theJAKSTAT pathway is fully agiin early neural progenitorsorking

as regulator omechanismshat promoteastrocytedevelopment angat the same time,
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deter neuronal differentiation in the embryonic cort&In thissense RESTs involved

in mechanisms Hat maintain a finest ratio between neurons and glial cells during
differentiation. RESTS alsocritical to ensurea constantselfrenewal of HSCs and NRPCs
becausewhen itis reducedto low levels for neuronal differentiatiorits expression in
cellsgererated from NPCdesignated tahe astrogliogenesisemainsunaffected”’.

As mentioned aboveyhen astrocytes are differentiatedRESTs normallyassociagd
with typicalneuronalgenes containing the REbinding sité®. Several studies observed
that when REST repressive functisras suppresseth astrocytes the neuronal gees
were derepressed, confirnmgthat REST prevents neuronal phenotype development in
astrocytic cell$8”. Indeed,Abrajano and colleagues describdit RESTSs involvedin

the recruitment of epigenetic and regulatoy co-factors that control glial gene
expressio®. REST together with the cofactor COREST, taegktrge number of genes
encoding epigenetic factors, such@BIA methylation factord)NA methyltransferases
and methylCpG binding domain proteins histone modifying enzymes
deacetylaseglemethylases and switch/sucrose nfermentable chromatin
remodeling compleX These gene panels demonstratéhat REST, togedr with
corepressorsplayskey roles in encoding glial cell identity and functién

Furthermore, RESIS critical inglial responsesgainstneuroinflammatory conditions
and pathological degeneratianwhen the nervous tissue environment must change
rapidly?®8% In rat NPQultures, signaling from inflamed tissue leads to expression of
RES™. In turn, it responds to these abnormal stimuli by reducing theinrogenic
capacity and promoting gliogenesis, resultdejerminantin the NP&pecific response
to innate immunity undepathophysiological conditiori&

Immunocytochemistry studiesn human cortexshow thatindividual astrocytediave
strong variabilityin REST expressfonin fact, REST astrocytic expression varies
enormously, from lowevek similar tothoseobservedn neurons, toveryhighlevelsas
those observedn microglid. The extreme heterogeneity of astrocytesin terms of
shape, size, protein and receptor express®well-known, but at the moment has not
been totallyexplained® % The deschied \ariablelevels of RESbuldplay acentralrole

in this highheterogeneity.
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3.4. RESEBnd brain disorders

Therole of RESTn braindisordershasbeen discussed iseveral recent articlé$2 REST

is a critical gene regulat, by direct and indirect mechanisms, in sevgrathological
processe®f CNSAs ofnow, numerouspieces ofevidenceindicate that REST is also an
important transcriptional regulator imature neurons characterized kayhigh plasticity

and rearrangementin this context, REST plays a key role in the regulation of genes
important for synaptic plasticity and homeostd&SisMoreover, REST is also involved in
normal agingnediatingneuroprotective pathways by the negative modulatioigenes
involved in neuronal deaffi. Thus, REST activation levels inside CNSotdmérdualism

of neuroprotectionrneurodegeneration in the aging brain.

Dysregulation of REST is implicated in several neurodegenerative disdradusling

I £ 1 KS DB NRIE NJ(PDY ay2Ry Qadzy G A y 3 (HP) (faR drecénireévibw & S a
seé®). Thefinal action of REST on its target genes depends on several distinct elements,
including thenature of target iself, the cell environmentaind the function &6 REST
effectors.Hence the perturbation of REST function may be due to the impairment of
several pathways, which may result in a wide spectrum of disoftlers

Different central diseases are linked to REST dysfunction in diverse brain cells. For
example, a negative modulation of RESTssociated to Schizophrenia (8Z)The
downregulation of RESH a neuronakell lineleads a deregulation of SMARCA2 gene,
which encodes BRM subunit in thgwitch/sucrose noffermentable chromatin
remodeling complex,which in turn produces an alteration of dendritic spine
morphology, an intermedi& phenotype of SZ

While, duringnormal brain agingRESThcrementshavea neuroprotective rolé, in AD
RESTis markedly downregulated iselected vulnerable neuronal populatiod$ In
particular, REST loses iitsrmal nuclearlocalization ancto-localizeswith amyloidi AY
light chain 3positive autophagosomealong with misfolded pathological proteitfs

This phenomenon leads to a depression ehgs that promote cell death anthe

development othallmarks of Apathology, ancht the same timepositively modulates
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the expression of stress response gsrthat delay the disease progressitnin HD
patients,oppositeto what happersin AD patients, an abnormal REST accumulation in
the nucleus of selectively vulnerable striatal neurossobserved, triggeringhe
pathological events that underlie the HDMutant huntingtin, a protein essential for
normal development before birth, impaired the interaction between REST nuclear
localization complex and huntingtassociated proteifl ,thus alteringthe appropriate
nuclearlocalizationof RES’P:%¢.

The role oRESTh PD has been recently investigatéfhenthe human dopaminergic
neural cell line, named S8Y5Ywas treated with 1-methyk4-phenylpyridinium io
(MPP+)a potent inhibitorof dopamine neuron&nown toproduces a Piike disease,

an increase iREST rising that produced a generatective effectwas observedf. The
same RESTependent effect was described also in vivg when nigrostiatal
dopaminergic neurongere exposed to MPPand REST lewkere increased®°°.

REST expressiondtso upregulatedduring stroké®. Normally, serine/threonine CK1
acts as an upstream signal regulating the stability of REBSphosphorylaing REST
serine residueandallowingthe recognition and the bindgof REST by o -TriCP ligase
39,1t has been shown that in differentiated neurons, global ischemia reduces CK1 and E3
i -TrCP ligaséevels resulting inan increaseof REST expression anslbsequentlya
down-regulation of REST psurvival target gené&’. Moreover,molecular and genetic
approaches have shown thRESTRNA and protein levels are consistently upregulated
in selectively sensitive mature hippocampal neuraai$er ischemic injury. fiese
increase correlate wth the reduction of histone acetylation and gene silencingtbé
AMPA receptorGluR2subunit®’. Calderone and colleagues reproduced ianvitro
model of ischemiaonsisingin oxygenglucose deprivatio of rat hippocampal slices

to study the role of REST during ischetfiaThey observed that hen RESTwas
selectivelydownregulatedby antisense oligodeoxynucleotidghe levek of GluA2were
alsodownregulaid, and this negative modulatiagignificantlyjoweredneuronal death

101 Thesefindings stronghsuggest thaRESPlaysa key role in théntracellularsignding

pathways mediatingelldeath after insult&’%,

20



The expression of REST is upregulatedeuropathic paif®, a state where pain
thresholds to common stimuli are decreaseddaanalgesic effects are attenuatéd

The repressive effect of RE3nay be involved in downregulation of ion channels and
analgesa genes that cause neuropathic pain. Indeed, it was found tivatsubtypes of
voltagegated sodium (Nav) and potassium channel§Kv) Nav2.1 and Kv4'%
respectively are downregulated in dorsal root ganglia after injury, likelyeringthe
pain turn-on threshold%,

As observedin neurodegenerative diseasea dysregulation of RES&velswas also
observed in diversdrain tumors Under these conditions REST was dowror up-
regulated ina tumorspecific mannét Blom and colleagues, in a study encompassing
161 nervous system tumors, foumd activating or inactivating mutatiomggulating the
REST gensuggestinghat its dysregulaton in the different tumor formsdepends on
external factors'%, The awnregulationof REST expression has been detected in several
neuroblastoma cell linesuch asn NS20Y, NIE11, amINIH3T3 celf§”. In contrast, in
medulloblastoma cedlandassociated tumors, REST shovkégh levels of expressioff.

In human glioblastoma multiforme (GBM), REST is highly expresseimorigenie
competent selfrenewing GBM cells, and its knockdown strongly reduces thaiitro
selfrenewal andn vivotumorigenic capacity, indicating that REST contributes to GBM
maintenancé®.

The d/sregulation of REST atitk repression of its target genes are also implicated in
the pathogenesis o$everal forms oepilepsy!®. Under physiological conditionREST
expression is low in the adult hippaopus butits levekincrease after seizuré¥<112,
The question concerninipe physiepathological significace of this increasés not yet
completelyunderstood'®1:3 A RESTependentregulatory regiorhas been identified

in the geneencodingfor the hyperpolarizatioractivated andcyclic nucleotidegated
channel (HCN1hat ispersistently dowraregulated after a proepileptogenic instii-114

The bloclkde of RESTnediated HCN1gene repressionin a mouse model of temporal
lobe epilepsysignificantly suppressed the develment of seizures, suggesting its
important role in epilepsy. Successive investigations found thgéne repression

resulting from increased REST was hwoited to HCN1 genesbhut alsoextendedto
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genesencoding other channels and signaling proté€¥isl The use of specific decoy
oligonucleotides to impair REST binding to thelRENA sequence of its target genes
elicited areduction in the initial seiure patterr{®!1%

A further link between REST dysfunction and epilepsy is caused by mutation of the REST
interacting LIM doman protein (RILP), which normally binds akdepsRESTn the
cytoplasm thus inhibiting and gene silencing activif. A mutation in RILP causes
mislocalization of REST in the progressive myoclonic epipgia syndrom#&®. In a
study concerningthis syndrome, several families were found to have a mutation
(R104Q)n the RILP translocatdt®. When this mutation was cloned vitro, it causel a
block of the normal REST translocation from the nucleus to cytésdhese results
suggest that tissuedearing mutant RILPhave constitutively active REST which
inappropriatelydownregulatests target gene&!®. Theprogressive myoclonic epilepsy
ataxia syndrome may occur when brain regions expressing mutant dépRy an
altered expression dREST target genes, resulting in dysregulation of neurotransmission
factors and hyperexcitabilit{>116

The increasinknowledge inRESTphysiology and pathologis promising for future
developments imew therapies forbrain disease®%. An interesting approach in this
sense, has been developed for HDAs previously mentioned, one of the mechanisms
contributing to the pathogenesis of HD is the acaulation of REST in neuronal nuclei
resulting inanincreased repression of targ@tsTwo pharmacologcal approachesable

to reduce REST complex formation thathedogically accumulates in the nucleus of HD
cellswere developed and subsequently tested in various cell linesramtya The first
drug called quinolondike 91 decreaseé the nuclear accumuaition of mSin3b, the
corepressor of the Nerminal REST operating complexhe seconccompound, X580,
decreasd REST levels in cdiig stimulatingts breakdowrt'’. After application of these
drugs, several REST targehgs increasedy.

In severalpain models, drugs against REST have hisselopedand tested. Notably,
two peptidomimetics that compete with the Xerminus of REST, called hifand C737,
have beerformulatedto inhibit mSin3bindingand mitigate gene repressiéf1° In a

mouse model of sciatic nerve injury, A% administration restored the threshold for

22



pain stimulation of €ibersto basal levefs8 C737 injection treated weight loss induced
by cold stress and acted as a therapeutic prote€tor

The most concrete therapeutic attempts regarding REST have been developed in
different cancer teapie$?. In the therapy of medulloblastoma, thieteractionbetween
REST and its @epressor mSin3 is targeted by some drtigat prevent their binding.
However, these drugs are still under investigatfoyi® Other RESTrgeted anticancer
drugs have an epigenetic function, affecting the viability of medulloblastomaells
Moreover, other drugs act binding enzymes such as t38&xd deubiquitinase USP37,
which are considered as astiedulloblastoma factof$®. Moreover, when REST
transcription was blocked in glioblastoma, a bloEkumor progression was aerved?.
Another therapeutic approach against breasancer is based on demethylation of
RES®,

Varioustypes of epilepsyare treated withvalproic acid?®. Theprecise mechanism of
actionof this drug isunclear Its pharmacological effects seem to involve tantrol of
GABA levelghe negative modulation oNav channelsand the inhibition of histone
deacetylasé®. In this context, valproic acié a highaffinity inhibitor of histone
deacetylase buit is not specific for forms 1 and 2 of the enzyme, which are critical for
transcriptional repression by RESalproic acid is lao known to act on sixteen other
forms of the enzyme, so its mechanism of action remains under investigation to develop
therapeutics specific for the first class deacetylddesuch diugs could be useful in
treatments for neurodegenerative disorders and learning and memory défefs
Potentially althe abovementioned therapies, either being uséaltreat brain disorders

or being investigational, hawbe common goabf modulatingRES&ctivity in neuronal

andnon-neuronal cells.

3.5. Astrocytes

Glial cells surround and envelop neuronal cell bodesvell adblood vesselsaxons and
synapses throughdtthe nervous systeAi’*%. Nervous systemligl cells are classified

based on morphology, function and locationside nervous system as microglia,
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Schwann cellsoligodendrocytes and astrocytéd. Microglia keep the brain under
surveillance for damage or infectitd. Schwann cells and oligodendrocytes wrap
myelin around axons in peripheral nervous system and i8,&Npectively33.

Astrocytes are the most abundant glial cells in the CNS and play a fundamental role in
the maintenance of homeostasis and neuropalysiology3%'6. Astrocytesjn addition

to define the microarchitecture of the brain artthvetrophic support functions, play
important roles in ke maintaininghe functional integrity of the whole braitt is known

that a single astrocgt connects about 19neurons, forming the s® I £ £ SR & G NA LI N
adylLlasSaéds 02y a keiindl,yadtsyRapticsidéNiditie Weridyliaatio

feet of astrocytes?’138 By this architecture, astrocytes are actively involved in the
regulation of synaptic function and information processifig They directly support
neurons in terms of energy andmetabolic precursors used to synthetize
neurotransmitters. Byhis mechanismtheyprovide a discrete and precise encoding of
synaptic signals and neurotransmissiosidethe neuronal network

Although they are not neurons astrocytes display exocytotic release of
gliotransmitteist®’that occurs primarily at tripartite synaps&814! They secrete factors

that regulate essential processes such as the number of synapses, postsynaptic activity
through upregulation of postsynapticeceptor expression antthe enhancement of the
release probability at the presynaptio/ef4%14,

Astrocytes are central elemesin the control of extracellular water homeostasis inside
the nervous systertt”148 To do this, they express a particular type of channel protein
called aquaporin (AQR)n the membrane surfadé®'>0 AQPs are a family of small
membrane chanels that facilitate bidirectional water transport in response to osmotic
gradient$’. Aquaporin type 4 (AQP4) is a member of this family and is the main water
channel in the brain and spinal cép8'>2 Highly expressed in astytes AQP4 are
localized to specialized membrane domains on astrocytic endfaetsareclose to both

blood vessels andastrocyte compartments that enompass glutamatergic
synapse¥%152 The central role of AQP4 in astrocytic function wlasnonstratedin

1997 when AQPRKOmice weregenerated®3. AQP4 play a central role in the modulation

of extracellular space diffusiétf, in synaptic plasticity and memory formatiép as
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well asin K buffering'>® cooperating with other membrane proteins such as* K
channel$®°,

Astrocytes also contribute tthe homeostaticcontrol of blood supply tahe brain by
their functional interactios with the vascular system, forming a cldgessociated
structure with blood vessel®. The functional coupling between astrocytes and
endothelial cells is essential to sa@p the bloodbrain barriet®’”. Theblood-brain barrier

is a biochemical barrier that regulates the passage of compounds between the
circulating blood andthe brain'®®, composedof endothelial cells astrocytes and
pericytes. Thanks to tle close interactionwith the vascular systenmastrocytes control
local blood flow using their processes and by relegseveral autacoids including
prostaglandins, nitric oxide and arachidonic &1d®° In this way, they are actively
involved in the fine control of energetic requiremeantontrolling regional increases in
blood flow, that in turn regulatethe concentration of oxygen and glucosethe brain
regionst>%160

Several astrocytic functions that underlgain homeostasisare due to intracellular
calcium concentration C&*n) fluctuations insidethe astroglial syncytiu$® Several
factors modulate the increase €a in astrocytes, most of which are released during
neuronal acivity. Among these, glutamatg-aminobutyric acid (GABA) and ATP are the
most important®%164 |n particular ATReleased duringynapticactivity, acts through
the activation of Gorotein-coupled receptors on astrocytmembrane surface. Thin
turn activates the inositol3-phosphate (1B) pathway leading to IRreceptor activation

and C&*release from the endoplasmic reticulufifig.5)16%165
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Figure5. C&* sources for vesickased secretioiin astrocyteds.

The increaseof Ca&%, propagates along astrocyte processesotligh gapjunctions
between adjacent glial cells, allowing’Caaves to propagate over long distancesdesi
the syncytiunt®”. Theconsequence of the increase G&%*n in astrocytes is the release
of gliotransmitters, such as ATP, glutamates@&ine and GABA"%" In addition, the
release ofseveral vasoactive factors at vascular endiags also regulated by Cd
waves. Among these, arachidonic acid, prostaglandinshy2@oxyeicosatetraenoic
acid, epoxyeicosatrienoic acids, phospholipase C and adenuswecbeerrecently well
characterzed™®®. Several studies have reported that the misfunction of thé& €ignaling
mechanism in astrocytes could ks important molecular determinant in several
neurologi@l disorders, including epilepsy, AD and*#4£8.16?

Thanks to the discovergf C&* channel expressionn astroglial membraneas well as
of other ion channels such as Bhannels,astrocytes are nowseenas fundamental
functional actors inside CR&8170 In this contet, astrocytes ardundamentalcells in
the homeostatic control of neuronal network algbrough the so calledspatial K*
buffering'’®. This process is functiomalcoupled to another important astrocytic
mechanism of control, glutamate bufferitg. The K* and glutamate buffering work
together to avoid hyperexcitation of the neuronal network and the fine tuninghef

whole CNSunctionality* "2
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3.6. Potassiumand glutamatehomeostasian the CNS

During sustmed neuronal activity, the extracellular' iKoncentration is temporarily
raised causing depolarization of neighboring neurons, which if uncorrected would
produce network hyperexcitability®. K* bufferingis performedrapidly by astroglial cells
primarily by the Kir channets®.

Kir channels are classified into seven different subfamilies (Kiit700) that include
more thantwenty members, depnding on their electrophysiological and molecular
properties’#17% At the astrocytic level, *Kouffering is mainly mediated by the Kir
channels containing the 4.1 subunit (Kir4.1), encoded byk@&JIgene’6. Astrocytes
from Kir4.EKOmice havea dramatic reductiorof Kir currents, cellular depolarization
and reduced K buffering capacity’’. Other than the homomeric Kir4.1 channel,
heteromericKir channeldave been described, formed by Kir4.1/Kir5.1 and Kif2.1
subunits albeitmuchless expresséd® The expression of Kir4.1 in both brain and spinal
cord astrocytesincreases during developmeérit-172.18 Under physiological conditions,
andnormal neuronal activity, astrocytes remove the excess'dfdfn the extracellular
space through Kir4.1 channels, redistributing it througle #strocytic syncytium to
distant sites where extracellular*Koncentration (K'ex) is low8. Because Kir4.1
channels show both weakly retifying properties and lack of intrinsic voltage
dependencethey enable both Kinflux and efflux by electrochemical gradiéftt In
addition, they are activelynvolved in the maintenance dhe negative membrane
potential of astroglial cell®. The control of negative resting membrane potential is
crucial for the regulation of Nalependent glutamate uptaké’. BecauseKir4.1
channet are strictly voltage and K'ex-dependent, K uptake occurs in the
hyperpolarized astrocyte wheK'ex is high ConverselyK release occurs when the
astrocyte is depolarized anex is low!’>. The Kreleased during neuronal activity will
be absorbed by astrocytes with strong negative membrane potential and redistributed
through gap junctions to astrocytes with weaklyga¢ive membrane potenti&f. These
astrocytes in turn will have a strong tendency to releas&here its concentration is

low, such asroundblood vessels>,
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Severaktudies have evidenced that some brain diseases have a common denominator
in the deficiency of astrocgtKird.Emediated currenst®%18, |n this context, reduced
expression of Kir4.1 has been found in mouse models of neurodegenerative diseases
characterized by impaired'lkkomeostais, such as HD and amyotrophic lateral sclerosis
(ALSY>187.18 HD mowse models have been associataith a decreasedfunctional
expression of Kir4.1 chanmseresulting in high extracellular striatat i vivg thereby
enhancingheuronexcitability Rescuing the loss of astrocytic Kirdtiannels resulted in

an improvement ofvarious symptons associated with HD in ouse models. These
findings indicate the astrocytic Kir4.1 as a potential cellular target for therapeutic
strategiesin HD%4,

A number of studies have established that Kirharmnels play a role in the onset and
progression of AL%:187.190 |n glial cells of the spinal cord of teaperoxide dismutase

1 (SODJ)%%3Amousemodel,a mutation thatcausesALS, a progressive loss of Kir4.1 was
revealed®. Sinceexposureof motor neuronto high extracellular Kconcentrations
resulted in cell deathit is likely that thdoss of Kir4.1 impairs perineural lkomeostasis

and contributesto motor neuron degeneration througéin excitotoxic mechanism in the
SOD#%**mutant mice'®>. A subsequent study haalsorevealed inpaired expression of
Kir4.1 in the brainstem and cortex of the SGFFAALS ra®”. Patchclamp recordings on
cultured cortical SOFPPAALS astrocytes displayed a significantly reduceti Kiurrent
density, atdifferent extracellulark* concentration$®’.

Downregulation of Kir4.1 channel expression has been reported in reactive astrocytes a
few days after global cerebral isched® Using the patckclamp technique,the
membrane properties of hippocampal astrocytesre studiedat various intervalafter
ischemigfrom 2 h to 5 weeKgs Astrocytes progressively depolarized starting 3 days after
ischemia, which coincided with Kir4.1 dowegulation in reactive astrocy$®.

Mutations inKCNJ1(he gene encoding the Kir4.1 subunits, have been associated with
seizure susceptibility in both mice and hum##48 In the mousegene, a single
nucleotide poymorphism (Thi262Ser)appears tobe involved in seizure susceptibility
control®, In the human genea single nucleotide pgmorphismleads toan Arg271Cys

subsftution in KCNJ1€hat isa risk factor for epileps§*. Recently, rare mutations in the
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Kir4.1 channel subunits have been reported to strongly impair channel condugtance
leading to severe clinical syndroméscluding epilepsy’*192

As evidenced byhe geneticablation of Kir4.1 in astrocytegnpaimrment of extracellular

K* buffering isfunctionally coupdd to the alteration of astroglialutamate uptaké??193

The pression of Kir4.1 sets the resting membrane potential eeailibrium potential

for K (K), typically around85 mV that ensues themaximalglutamatetransport rates
through gliakpecifidransporters which workmore efficiently at negative potentiai.

By this mechanismastrocytes preserve neuronal integrityy removing theexcess
glutamate resulting from synaptic transmissioithanks tothis buffering astrocytes
prevent a general excitotoxicity associated with #vecessiveactivationof glutamate
receptorsand the activation obxidativedependent stress patway¥<!%. The excess of
glutamate is collected by specific astrocyte transportersikmas excitatory amino acid
transporters (EAATY %% hy OS AYyaARS FadNRrOeGSax 3If dzil
ketoglutarate by glutamate dehydrogenase or by a transaminase reaction, and then
conveyed into the astrocytic tricarboxylic acid (TCA) éfkléAlternatively, it is
converted to glutamine by # enzyme glutamine synthetase (&$)Gluamine is
extruded by the Nadriven glutamine transporter SNAT3 into the extrasynaptic space
and taken up by neurons that convert it back to glutamate via phosphatéivated
glutaminase (PAG), restoring the presynaptic glutamate stéfé¥. This glutamate
recycling pathway represents a vital pathway inside ¥Nshd it is know as the

glutamateglutamine cycle (seEig.6).
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Currently five humansisoforms ofEAATransportersare known namedeAA 1, EAAT?2
EAAT3EAATANdEAATS 1% Theglutamate transporter&€AAT1 and EAAT2 and their
rodent homologglutamateaspartate transporter (GLASANd glutamate transporter

1 (GLT1) respectivelyare those most expressed in the astrocytic plasma membrane.
Both GLAST and GLT1 have a similar strecnd retain the 65% of homology at the
amino acid levé?’. Functionally, both transporters have the same affinity for glutamate
and are capable to reduce the extracellular glutamate concentration to the same
leveP%4205 However, they differ in the expression profile insithee brain and are
differentially regulated during developmefftt2°7 GLAST is found thuighout the CNS,

but in different concentrations in different regions. After birth, radial glial cells and
immature astrocytes in the forebrain and cerebellum express GLAST. In adulthood, it is

mostly found in Bergmann's glial cells in the cerebetfi#® Muller's glia in the
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retina?'%, and circumventricular orgartd’, while it has alimited expression irthe
forebrain.

In rodents,GLT1 is expressed at postnatal wegland reaches the adult levels by week
5212 In the adult brain, GLT represents the majoilEAATexpressed by mature
astrocyted®. GLT1 is mostly abundant in forebrain regions, with the highest levels in
astrocytesof the caudate nucleus, cortex and hippocamptis

Within the synaptic cleft, glutamate concentration can transiently increase frdf <
nM to 1 mM following action potentiats®>. Meanwhile, cytosolic glutamate
concentration varie from 1 to 10 mM in different cell typ&4. Under physiological
conditions, astrocytes maintain the extracellular glutamadéwel below the toxic
threshold in order to avoid neuronal hyperexcitability or receptor desensitiz&ffomo

do this, astrocytes can change the expressaod/or the activityof the transporter at
the plasma membranethereby fine-tuning the clearance of glutamate. In cultured
astrocytes the expression of both transportetis simulated by dibutyryicAMP or by
growth factors,in associatiorwith the morphological and biochemical maturation of
astrocyteg!®,

Alterations of the expression of astrotig glutamate transporters underlie multiple
neurological diseasessuch as traumatic brain injury, epilepsy and ALZ’. In
particular, several datghowedthat in the brin tissue of patients sufferingf ALS,
epilepsy, PDAD and HDXhe levels of GL-T and GLAST proteins are lo#/&®23,

Abnormal levels of EAAT genes are associated $#. Mice lacking EAAT1 showed
behavioral alterationsike enhanced locomotor activity in new environment, but not in
the home cag®®. EAATKOelicited spontaneous lethal seiresin homozygous mige
high susceptibility to brain injury, and short lifesg&h Heterozygous EAA'KDmice
showedabnormalities when compared with wiiype, such as increased locomotion in
a novel environment and improved freezing responses in the conditioned fedftest
Early researchdocumented decreased EAA and EAAT2 expression levels in AD
braing?’. Later analyses showed that astrocytic expression of EAAT2 was lower in AD
subjects with dementia than in patientsith mild cognitive impairment?8, suggesting

a protective role for EAAT2 expression in astrocytedeed, gene loss accelerates
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cognitive deficits given by AB. In classic AD transgenic models with global
overexpression of mutant proteins, @ecrease in EAAT1 and EAAT2 levels has been
observed, together with impeed glutamate reuptake activity and altered
glutamatergic neurotransmissié#->3L Some studies in astrocyte cultures argue that
EAATSs expression or localizatiomfiiencedoy Anyloidi = g KA OK A& GKS OI dzi
in AD and this would provide an explanation for the decreased glutamaiptake seen

in AL

Studiesperformed in vitro, in transgenic models, and patients with HD have found
abnormalities in EAAT2 transcript levels. Intigatar, lower levels of the EAAT2
transcript were detected in tissues from patients with HD compared to control
group$?. Strikingly, mutant huntingtin can diregtteduce transporter expressiosince

when mutant huntingtin was induced in astrocytethis was sufficient to decrease
EAAT?2 transcription and cause the HD phenotype in3fice

In ALS patients, glutamate levels in plasma eecdebrospinal fluidwere significantly
elevated in comparison with healthy patieAt$23° Increases in glutamate levels were
attributed to altered glutamate uptake. Later studies actually found a marked
downregulation of EAAT2 levels time spinal cord of ALS patiedt& Importantly, an
EAAT2 gene mutation has been identified that compromises glutamate transport likely
due toa defect in glycosylation that redusdts surface exposut.

There are several investigations concerning epileptic seizures and their influence on
EAATs expression lev@f§24C. Amount and function of glial EAATs decrease in the
chronic phase of epilepsy in both rodents and patients, and this ldatyributes to

brain damage and epileptogenesis. EAKI2 in particular, leads to seizures addath

in mice’2224% In contrast, EAAT2 overexpression in astrocytes reduces chronic seizure
frequency and mortality in aapilepsy modef®24L

GLT1 and GLAST are antiporters that carry a glutamate molecule itesidl together

with three N&* and one Hions while one K ion transported to extracellular space.
Since Kir4.1 channels are responsible for maintaining a negative resting potential in
astrocytes, they ensure maximal glutamate transport rates through -GL&nd

GLASA*2243 Indeed, blocking Kir4.1 channels with?Biahibits glutamate clearance,
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supporting the significant role of membrane hyperpolarization in glutamate
clearancé’’?44 In addition, KO mice for Kifdexperiencea drastic reduction of

glutamate uptakeand, accordinglyshow high susceptibility to seizufés
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4. Aim of the study

The transcriptional raglator RESTegatively controlseveralneuronal genes including
those encodindor neurotransmitter receptors/synthesizing enzymes, synaptic vesicle
proteins adhesion factors and ion chann¥lslt is ubiquitously expressed in nen
neuronal cells, such as glial celidiere it suppresss the expression @fenesimportant

for neuronaldifferentiation®®. Kir4.1 in astrocytes is largely resmible for K buffering

and for maintaining the astrocytic resting membrane potential. The setting up of a
negative membrane potential would ensure maximal clearance rates of glutamate via
GLT1 that has a higher density in the astrocytic membrane as’{Rell

Theprimaryaim was to investigate the role of REST in the function of astrotyigso.

We focugd our attention on the functional consequences of REST del@tigomimary
cultures of mouse cortical astrocytdsy sudying the changes in the two main
homeostatic functions of astrocytes, namédiclearanceand glutamate uptakeGiven

its close association with Kir4.1 and its importance in glutamate clearance, we also
sought to explore the relationshgbetween REST drGLTL. We also investigatkthe
consequencsof deleting REST in astrocytes on neuronsuwtured with them, testing

the hypothesis that impairment of Kir4.1 and GLWould cause hyperexcitability and

seizures.
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5. Materials andMethods

5.1. Animals and celtulture preparation

All experiments were carried out in accordance with the guidelines established by the
European Community Council (Directive 2010/63/EU of 22 September 2010) and were
approved by the Italian Ministry of Health (Authorization #(BL4PRon Dec 5, 2014).
Wild-type C57BL/6J were obtained from Charles River (Wilmington, MA) and
heterozygous GTinvREST miaeere kindly provided by Gail Mandel (Portland, United
States). They exploited a mouse line carrying a GT in the Rest intron (RestGT) between
non-coding exon l1a and the first cding exon, exon Zlhe GT cassette contains a splice
acceptor site upstream of a promotér S &galactosidase and neomycin gene fusion (b
geo) and a polyadenylation sequeft&RestGT mice were crossed to mice expressing
the Flpe recombinase transgetiéand this resulted in the inversion of the GT cassette
(GTinv) to restore normal splicing of Rest exons 1@exon 2, otaining RestGTi mice,
heterozygous for the inverted allele. RestGTi homozygous mice were provided to us by
the abovementioned laboratory.

Sequences containingeither active or inactive Creecombinase were cloned
respectively into pLePGKCreEGFP or lentitPGKn / MEBFP plasmiégf$249 The
production of VS\pseudo typed third-generation lentiviruses was performed as
previously described®. The transfection of astrocytes, obtained from Rest@dise
cortex, with lentivial particlesexpressing Cre results in-mversion of the GTinv
cassette, terminating transcription upstream of remainingiRequence.

Themousewas bred at the San Martino (GE, Italy) SPF animal fagilitytained on a
C57BL/6J background and propagated in homozygosity. Two females were housed with
one male in standard Plexiglas cages (33 x 13 cm), with sawdust beddingetaidop.

After two days of mating, male mice wenthdrawnand dams were housed individually

in Plexiglas cages and daily checked. Mice were maintained on a 12:12 h light/dark cycle

(lights on at 7 a.m.). The temperature was maintained at ZZdndrelative humidity
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at 60+10%. Animals were provided drinking water and complete pellet diet (Mucedola,
Settimo Milanese, Italy) ad libitum. Mice were weaned into cages of same sex pairs.
Primary cultures of cortical astrocytes were prepared from kyghotypesas described
before?>1252 All efforts were made to minimize suffering and reduce the number of
animals used. Brieflyjew-born pups (PO to P2) were sacrified and, after removal of the
meninges, cortical tissuwas enzymatically dissociated. Astrocytes were plated on poly
D-lysinecoated (0.01 mg/ml) cell culture flasks and incubated for about 2 weeks at 37
°C, 5% C£ 90% humidity in medium consisting of DMEM (Gibco/TheFischer
Scientific) supplemented toemch the final concentration of 1% glutamine, 1%
penicillin/streptomycin and 10%oEtal Bovine Serum (FBS; Gibco/Thethischer
Scientific) Typically cultured astrogtes are grown in a mediusupplemented withFBS
because, even though it does not represa physiological condition, it contains growth
factors and fifils severalmetabolic requirements of cultured celthat allow rapid
proliferation?>3254 | At confluence, astrocytes were enzymatically detached (trygpsin
EDTA) and plated on petri dishes {881 diameter) at a density of 4800 or 100000
cells/ml, dependingn the experiment. Cultures were incubated and maintained in the
humidified incubator at 37 °C, 5% £Qells were subjected to infection with lentivirus
O2 y i | ACyeXanfl Tre pnzymes, 3 days after plating on petri dishes. Astrocytes were
infected withlentiviruses an=10 multiplicity of infection. After 24 h from infection, half

of the medium was replaced with fresh medium. All experiments were performed after
7 daysin vitro (div) of lentivirus incubation. Transduction efficiency was always above
75%o0f astrocytes and was verified thanks to the nuclear expression of the GFP reporter.
For experiment concerning astrocytic/neuronatcatures, astrocytes were seeded on
poly-D-lysinecoated (0.01 mg/ml) on petri dishes (B&n diameter) at a density of
200,000 cells/ml. After 3 days of incubation, astrocytes were subjected to infection with
f Sy i A @A NHz&Cre@adyCielerzyhles/aRd the medium was replaced after 24 h.
Six days later, the complete DMEM medium was replaced with the Neurobasal medium
(Gbco/ThermaFischer Scientific) supplemented to reach the final concentration of 10%
FBS, 1% glutamine, 1% penicillin/streptomycin and 2% B27 (Gibco/Tkésoieer

Scientific). The day after, enzymatically dissociated hippocampal neurons obtained from
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18-day mouse embryos were plated on the top of astrocytes at a density gD@00
cells/ml in complete Neurobasal medium, as described above. Two hours later, all the
medium was replaced with a Neurobasal supplemented with 1% glutamine, 1%

penicillin/streptomycin and 2% B27.

5.2. Biotinylation, immunoblotting and

immunofluorescence

After 7 days from infection, cultured cortical astrocytes were washed three times with
cold PBS. Astrocytes were incubated with 1 mg/mL biotin (EZLinkNgd8bCBiotin,
Thermo Fishe&cientific, #21335) in phosphate buffered saline (PBS).@f1830 min

at 4 °C. After removing biotin, astrocytes were waslwite with Tris 50 mM pH 8,
waiting 5 min between each wash. Then astrocytes were waskieg with PBS pH 8.
Astrocytes were lsed with lysis buffer (150 mM NaCl, 50 mM tH{I, pH 7.4, 1 mM
EDTA, 1% Triton-200) supplemented with protease inhibitors. After 10 min of
incubation on ice, cell lysates were collected and clarified by centrifugation (10 min at
10,000 x g at 4°C). Spernatants were incubated with NeutrAvidin agarose resin
(Thermo Fisher Scientific, #29202) for 3 h. Proteins were eluted from the agarose resin
resolved by SDS/PAGE&d analyzed by immunoblotting.

The following antibodies were used: mouse monoclonal-Kid.1 (1C11Santa Cruz,
s$G293252), rabbit polyclonal arREAAT2(Cell Signaling Technology, #3838). Signal
intensities were quantified using the ChemiDoc MP Imaging System (GE Healthcare
BioSciences, Buckinghamshire, UK).

After 7 days from infection,uitured cortical astrocytes were fixed in PBS with 4%
paraformaldehyde (PFA) for 15 min at room temperat(iRff)and then washed with
PBS. Cells were then permeabilized with 0.1% Trit@@0<in PBS for 5 min and blocked
with 2% bovine serum albumin (BSAPBS for 30 min at RT. Then cells were incubated
with primary antibodies in PBS 2% BSA overnight afC4 Astrocytes were

immunostained with antibodies against mouse monoclonal anti glial fibrillary acidic
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protein (GFAP, Sigma Aldrich, Milan, Italy #@38After several PBS washes, astrocytes

were incubated for 1h with the fluorescent secondary antibodies in blocking buffer

solution. Astrocytes were then washed three times in PBS and then stained with Hoechst

for nuclei detection. After several wash@sRBS, coverslips were mounted with Mowiol

mounting medium. All images used for quantification of the immunofluorescence

intensity were acquired with a Leica SP8 confocal microcopy (Leica Microsystems,
Wetzlar, Germany).

Images were obtained using a 63kabjective at a resolution of 1024 x 1024 pixels and

Z-stacks were acquired every 300 nm. For each set of experiments, all images were
acquired using identical exposure settings. Offline analysis was performed using the

ImageJ software.

AstrocytemorphoR? 3& ¢l & ljdzt YGAFTASR Ay LYIF3ISWSE dzaiy3
tool AnalyzeMeasure function, to quairfly the following shape descriptors: field area

6> FASER LISNAYSGSNI 60>Y0 FyR OANDdzZ | NRAG& 7
202800 OANDdz F NAG& dzaiay3d (KS?; dreudditydzingeY OA NDc
from O (nfinitely elongated polygon) to 1.0 (perfect circle).

5.3. Glutamate uptake assay

For glutamate uptake experiments, astrocytes were plated at concentration of°2x10
cell/ml in 6well plates and experiments were performed as previously desdf2
Briefly, astrocyte cultures were washed three times with-pi@med (37 °C) HERES
buffered Hanks' balanced salt solution. 1 pCi/ml #f][l-glutamate (NET490001MC,
Perkin Elmer, Milan, Italy) was addedutdabelled-glutamate (#G8415, Sigma)reach

a final concentration of 50 pM to isolate Ndependent transport in standard bath
saline contained (in mM): 140 NaCl, 4 KCI, 2 Md@CCaG] 10 HEPES, 5 glucose. To
isolate Na-independent transport, NaCl was replaced by choline chloride (#C7017,
Sigma). To isolate Kirdmediated glutamate uptake oversaturation (600 uM) ofBa
(#342920, Sigma) was added to the*Nalution. To block glutamate transporters 100
UM of GLT1 blocker Dithreo-i -benzyloxyaspartic acid (BEIBOA#2532, Tocris) was
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addedto the N& solution. Cultures were incubated with the isotope on a heating plate

at 37 °C for 10 min. After three washes with PBS, cells were harvested into 400 ml of 1
M NaOH solution in MilliQ water. The samples for radioactivity detection were moved
to vials containing 2 ml of aqueous scintillation mixture and counted using a liquid
scintillation counter (1450 LSC & Luminescence Counter, MicroBete TriLux, Perkin

Elmer).

5.4. Patchclamp recordings

Infected astrocytes of botlgerotypeswere used for patcitlamp electrophysiological
recordings using the wholeell configuration as previously descriBeéd The
experiments were pdgormed 7div after infection, using an EPXD amplifier controlled

by PatchMaster software (HEKA Elektronik, Lambrecht/Pfalz, Germany) and an inverted
DMI6000 microscope (Leica Microsystems GmbH, Wetzlar, Germany). Patch electrodes
fabricated fromthick B N2 & A f AOF 0SS 3IflFaasSa ¢SNB Lz f SR
when filled with the standard internal solution. Recordings with leak current >200 pA or
ASNASa NBaradlryOS BHBmn am HSNB RA&AOFNRSRO®
Experiments were carrteout at RT (2€24°C).

Salts and other chemicals were of the highest purity grade (Sigma, St. Louis, MO). For
experiment involving astrocyte, the standard bath saline contained (mM): 140 NacCl, 4
KCI, 2 Mggl 2 CaGJ 10 HEPES, 5 glucose, pH 7.4, withHNa@d osmolarity adjusted

to ~315 mOsm/I with mannitol. The intracellular (pipette) solution was composed of
(mM): 144 KCI, 2 Mggl5 EGTA, 10 HEPES, pH 7.2 with KOH and osmolarity ~300
mOsm/l. Experiments carriedud under various extracellulaK'exx were done using

external solutions with Ksalts replaced equimolarly. Aliquots of Batre prepared in

MilliQ and 0.2 mM of Bawere added to the extracellular solution bdockK* channels,

in the presence of the internal solution described abdweexperimentsconducted with
L-glutamate were usedexternal solutions with 4Glutamate previously aliquoted into
extracellular solution. 1 mM-Glutamate was added to the extracellular solution to

stimulate G.F1 channels. To isolate the currents generatedGiyFl, 10 uM of the
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amino-5,6,7,8tetrahydro-4-(4-methoxyphenyh7-(naphthalenl-yl)-5-oxo-4H
chromene3-carbonitrile (UCPH] the selective GLAST channspecific blockerwas

added to the solution. To block glutamate transportet®0 uM TBOA (#2532, Tasy

was added to the Nasolution.

The different saline containing the pharmacologic agents were applied with a gravity
driven, local perfusion system at a flow rate of ~200 pl/min positioned within ~100 um
of the recorded astrocytes. The experimentsivit L[ mi g SNB LISNF 2 N¥ SR
astrocytes with lia i 10 ng/ml) or corresponding amount of vehicle (water) and patch
clamp experiments wereonducted24 h after incubation.

For experimerd involving astrocyte/neuron caultures, cells were maintained in
standard Tyrode solution containing (in mM): 140 NaCl, 4 KCI, 2 CMgCJ, 10 HEPES,

10 glucose, pH 7.3 with NaOH argmolality~315 mOsm/I. For the analysis of neuronal
excitability, D(-)-2-amino-5-phosphonopentnoic acid (BP5; 50 uM), &ano -7
notroquinoxaline2,3-dione (CNQX; 10 uM), and bicuculline methiodide (30 puM), were
added to block NMDA, neNMDA, and GAB#&eceptors, respectively. The standard
internal solution was (in mM): 126 K Gluconate, 4 NaCl, 1 W@3@2 Cagl0.1 BAPTA,

15 gluose, 5 HEPES, 3 ATP, 0.1 GTP (pH 7.2 with KOH). For recording miniature
excitatory postsynaptic currents (mMEPSCSs), bicuculline methiodide (30 uM), CGP58845
(5 uM), D-AP5 (50 pM) and tetrodotoxin (TTX; 300 nM) were added to the extracellular
solution to blak GABA GABA, NMDA receptors and generation and propagation of
spontaneous action potentials (APS).

Currentclamp recordings of neuronal firing activity and the following analysis were
performed as previously describ®d Neuronal cells were hold at potential €0 mV

and APswere induced by injection of 10 pA current steps of 1 s in pyramidal neurons
morphologically identified by their teardreghaped somata and characteristic apical
dendrite after 1216 div?72%8 The mean firing frequency was calculated as the number

of APs evoked by minimal current injection, whereas the instantaneous frequency was
estimated as the reprocal value of the time difference between the first two evoked

APs. The rheobase was calculated as the minimum depolarizing current needed to elicit
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at least one AP. Currectump recordings were acquired at a 50 kHz and filtered at 1/5
of the acquisitio rate with a lowpass Bessel filter.

Miniature excitatory postsynaptic currents (MEPSCs) were recorded frorddagity
hippocampal neurons in standard external solution containing the following: TIX; (1
Tocris Bioscience),-BP5 (5>m), CGP 58845 (1fm), and bicuculline (3ém). The
amplitude and frequency of MEPSCs were calculated using a peak detector function with
appropriate threshold amplitude and threshold area using the Minianalysis program

(Synaptosoft).

5.5. Statisticalanalysis

Data are expressed as means + standard error of the nfeaN) for number of cells (n)

or mouse preparations as detailed in the figure legends. Normal distribution of data was

I 44S5Sa3dSR dzia A yi B I iINBSnyaidEe SH/FRaNest Yas used to compare

variance between 2 sample groups. To compare 2 normally distributed sample groups,

the unpaired or paired 2ailed{ U dzR $tgsiiviasiused. To compare 2 sample groups

that were not normally distributed, the ngrarametric Man® K A { yUS&stQaas

used. To compare more than 2 normally distributed sample groups, we usedbne

two-g @ ! bhzx! 3 F2ff2¢SR Whendatk Sere. ndtyhdr@ayNE Yy A Q &
distributed, one and twoway ANOVA were substituted withetKruskai2 I £ f A 3 Q& | YR
CNASRYlIyRa g+ G6Saltasx NBALISOUGAQGHdces F2ff
multiple comparison test. Alpha levels for all tests were 0.05% (95% confidence
intervals). Statistical analysis was carried out using Origi@P¢@rigineb Corp.,

Northampton, MA, USA) and Prism (GraphPad Software, Inc.) software.
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6. Results

6.1. Astrocytes with REST deficiency preserve a normal
cellular morphology

We investigated the role of REST in astrocyte differentiation and function using
geneticallymodified RES" mice’l. We have acutely knoek-out RESDy infecting
primary astrocyte cultures derived fromicehomozygous fothe floxed mutant alleles

of the RESWith lentiviruses expressingcombinant CreWe cultured primary cortical
astrocytes frormew-born homozygous REST knenkmice and after re-plating them

on petri dishes at 15 djwve infected them with lentiviruses expressing mutanteC
recombinasen-CRE) or functionalr€recombinase (&) enzymes at 18 div for 24 h.
Then-CREs a defective, no#functional enzyme that representsuo control condition
(Ctrl), while @ is the functioning enzymayhich actsby silencing REST (KO). Infected
astrocytes were cultured until 288 div when were analysed morphologically,
biochemically, and electrophysiologically. Bahe andn-CREconstructs also contain
the gene encoding for Green Fluorescent Protein (GFP), wiffiers the advantage to
optically identify infected cells showinga nuclear localizatianThe level of astrocytic
infection was very similaunder both conditions D70%,Fig. 1A-Q. As expected, cells
infected by @ showedvery low leved of RESTMRNAandprotein compared to astroglial
cells infected byn-Qre, with the efficiencyof cell infection P75%) similaunder both
conditions Fig. D). Astrocytesin vivoexhibit a procesbearing shape (for a review).
Sincethere is evidence than vitrothe activation of REST influences the morphological
differentiation of primary astrocyté8, we measuredsariousmorphological parameters
from immunogtochemical images obtained lgonfocal microscopyCellswere co-
stained with antiGFARantibodiesto detectastroglia, aniGFP to detect infected cells
and Hoechst tovisualize nucleiAmong the morphological parameters vmeeasured
perimeter, area and of astrocytesunderboth conditions(Fig. ). Theresults clearly

indicate thatthe astrocyte morphology was not affected by RE®IEtion, asnone of
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the investigated parameters was significantly changdetween Ctrl and RESEKO

astrocytes.
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Figue 1.REST deletion did not produce changes in o@kphology of primary culturel astrocytes.

A. KO strategyMice with the inverted GT cassette Rest GTinv, resulting in normal splicing, were
generated by mating RestGT mice to mice containing the Flpesdeme (left).The infection of
postnatal astrocytes with Creecombinaseencoding lentivirusiesulted in reinversion of the GTinv
cassette splicing ofexons 1gc to theb-geo gene instead of exon &ndterminating transcription
upstream of remainingREST sequences(right). B. Representative confocal imagesf GFAP
immunostaining (red) irCtrl and RESTKO mouse primary culture of astrocytic cells (5. DAPI
staining was used to label cell nuclei (blue) and GFP (green) as reporter for infectel ergjks.
panek represent the superimposition of all imaggsO f S 0 | GlEekentage of-adfrdrytes
infected with Cre andDCre lentiviruses in control Qrl, black) and RESRO (KO, red) cortical
astrocytes (1720 div) The percentageof infected cells in both conditions was the saipe0.05,

{ G dzR Stgaiickaa | yy  U-fesh) (DyBargraph ofmRNA (left) and protein (right) expression
levels of REST evaluated by riimle PCRand western blding analysis in Ctrl andRESTKO
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astrocytes.E Analysis of Ctrl anRESKO astrocytic morphology. From lefi tight, bargraphs

represent theperimeter, aea and theClcalculated for Ctr{n=178) and KO (nt76) astrocytefrom

3independent preparationsAlldata are expressed as mesiSEM*p<0.01,***p<0.00m > { 1 dzZRSy (i Q&
t-0Sadkal yyUttkAySeQa

6.2. REST detion in primary astrocytes selectively
downregulates an inward rectifier current

To analyse the effects of REfletiononthe electrical membrane properties of primary
astrocytes, macroscopic currents were recorded by pafemp ushg whole-cell
configurationon isolatedCtrl andRES-KO cultured cellfCompared to Ctrl astrocytes,
RESKO cells displayed significantly matepolarizedresting membrane potentials
(Vrest) (Fig. 2A. To address the possibility that thdepolarizedVies could be due to a
change in background membrane conductanee applied a slow voltage ramp that
allowsmonitoringthe background conductance in a large range of membrane voltages.
Astrocytesvoltage clamped at the holding potentialj\vf-70 m\, were hyperpolarized
for 200 ms at100 mV before the application of a slow depolarizing ramp to +80FigV (
2B, inset).The results show thathile Ctrl cells had an outwardly rectifying ramp current
profile with physiologicainward currents at negative vages RESKO astrocytefad

no significant current atow potentials(Fig. 2B red and black trace, respectively). The
mean current densities (J=pA/pF)-400 mV and +80 mvi RES'KO astrocytemdicate
that the conductance was not significantijtered at positive voltage, it was twiold
smallerat -100 m\vith respect toCtrl astrocytesKig 20). The lack of inward current in
RESKO astrocytes was accompanied by an increiaséhe rectification profile of
macroscopic conductance.

We next soughto determine the voltagedependent kinetics of astrocyte currents in
the presence and absence of REST. A family of 28@lage steps (increments of 10
mV) froma Vi of -70 mVwere used to activate voltageand timedependent membrane
currents from-100 mv b +80 mV (insein Fig. 2D. Ctrl astrocytes exhibited sustained
non-inactivating negative currents at potentials bele®0 mV and nosanactivating,

guastinstantaneous positive currents at potentials abov® mV Fig. 2D,E black
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line/symbols).By contast, only nornactivating positive currents with an outwardly
rectifying profile were evoked at potentials abov&) mV INnRESKO astrocytegFig.
2D, E red line/symbols)The absence of this inward currentRESKO astrocytes was
accompanied by a sigicantincrease of thenput resistance (Rut, Fig. 2. In addition

to the sustained inward currentjn a subset of astrocytedelonging to both
experimental groupsdepolarizing steps abow®0 mV induced rapidly activating fast
inactivating currentgFig. 2G. This transient voltagdependent conductance peaked at
-30 mV and was abolished when extracellulat 20 mM Né&ex) was replaced with
choline (0 mM Na&xy) or when the classical Nahannel blocker Tetrodotoxin (TTX, 1
>M) was added tothe physiological recording solutiorFig. 2H) Importantly, the
percentage of astrocytes that exhibited tHi®na fidetransient Nd current was the
same for bothgenaypes (Fig. 2). Collectively, the results clearly demonstrate that
primary astrocytes in woh REST ueleted exhibit a selective downregulation of the
hyperpolarizatioractivated, norinactivating inward current and a depolarized resting

membrane potential.
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Figure 2 Effects of KO of REST astrocyte whole-cell macrosopiccurrentsA. RESTKOastrocytes
show amore positive resting membran@otential compared to € cells. B. Representative
macroscopicurrents recorded in @ (black)and RESTKO(red) astrocytes evoked with voltage
ramp protocol shown ithe inset C.Ramp arrent densities (J) of botbenotypes measured at00
and+80 mV using the protocol depictéal (B) show thatRESKOcells have &ignificant reduction
of inward current compared toQrl. D. Representative family of voltagend time-dependen
membrane currents evoked by the protocol showed in the ins&he nonrinactivating inward
currents were recorded only in control astrocytds.Currentdensity vs. voltage relationship of
currents elicited show the same level of outward currender both conditions, but a significant
reduction of inward component in KO cells (ins€tRnpu bar-graph calculated for botgenaypes
G. Representative recordings of voltageep currentsfor Ctil cells illustrating the expression of a
transienty activated inward currentThe insetshowsthe magnification of this component for both
gerotypes H. Statistical analysis of transient inward curretgnsitystudied at peak ptential (-30
mV) for Ctrl andRESTKOastrocytes in exteal solution containing 140 mM) mM of N& and in
presenceof TTX (1 uM)l. Percentage of expression of this conductance in lg#haypesacross
different culture preparatios (n=5).About 30% of bottCtrland RES'KOrecorded astrocytes show
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this Na'-dependent transierly activatedinward current. All data are expressed as meanstSEM
FLYF N®npT FfF Lii/SEima Y deR&\=iapand @87 for Ctrl alRESKO
astrocytes, respectively.

6.3. REST deletion negatively modulates an inward
rectifier K" current

The previousesults clearly indicate that primary astrocytes expressing REST displayed
both positive and negative sustained currents that changed polarity at aretthadn\,

while RESTHeficient cells exhibited only positive currergctivated at potentials above

-40 mV. We hypothesized that REST is necessary for the upregulation of a background
K" conductance, which also contributes to define the negatiwe: dbserved incontrol
astrocytes (se€ig. 2A. To address thigointin detail electrophysiological experiment
were carried outunder various extracellular‘iConcentrations (kxy). When Kext was
increasedfrom 4 to 40 mM in Ctrl, but not iIRES'KOastrocytes, the evoked ramp
currents changed polarity at more positive potentials, an effect that was paralsgied
reduction in current rectificationKig. 3A. The quantitative analysis of the J values
recorded under these conditions for CtrRESTKOgendypesusing a family of 200 s
voltage steps protocol, corroborate these findingSg( 3B. The analysis O¥est as
function of Kext in the two genaypes clearly indicates that this *Kcurrent directly
contributesto set the Vestin primary astrocytes expressimRESTFig. 3¢

Altogether, these results support the tenet thah control astrocytes the functional
expression of a background Konductance has a relevant role for setting the very
negative Vst The Kexx dependence of the current evoked at negative potentials
suggests that this conductanegmediated by inward rectifier Kchannel (Kir) andhi
particular by the 4.1 subtype, which several studies have identified to be largely

expressed by astrocytes inanybrain regionsn vivo# 178260261 gndin vitro?%2.
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Figure 3REST deletion decreases the astrocytic inwaedtifier K" conductance A. Representate
current traces ofCtrland RES'KOastrocytes evoked in 4 mM and 40 mM edellular K (K'ex) by
replacing equimolarly NaThe increase in*K: positively shifts the reversal potential {& of Ctrl
current, but not ofRES'KOcurrent. The shift in & to more positive potentials is accompanied by a
reduction of rectifyingprofile, which indicates the activation of an inwanektifier K channel that
approximates the behaviour predicted by the constant field theory for simpéd€trodiffusion.B.

JV plot of steadystate currents evoked in 4 mM and 40 mM d§kwith a wltage step protocol in
CtrlandRESKOastrocytes. The statistical analysis confirms the data presentedGnTAe shifts in
Eevmeasured in 4 mM and 40 mM ofdg were fitted by a leassquares linear regression. All data
are expessed as meaSEM(Ctrl, n=9;Yh X y ' 0 FFF L ftaAIGAAME ALIORER N Qf
test.

A distinctive feature of astrocytic Kir4rhediated current is its full blockade by low
micromolar concentrations of extracellular B&%2% To corroborate the hypothesis
that under our experimental conditions the backgrountiddrrent in RES&xpressing
astrocytes was mediated by Kir4.1 channels, comparative experiments were performed

in both Ctrl and RESKO astrocytes in the presenceabsence of B4. In Ctrl astrocytes,

48



the extracellular administration of Ba6 H nn >a 0 NBadzZ §SR Ay G(KS
the negative ramp currents but did not affect the positive current evoked at depolarized
potentials Fig. 4Aleft). The voltage intercept of ramp current before and afgae*
exposure was atD-75 mV confirming thatin these astrocytesthe background
conductance was mediated by aBaensitive K channel. By contrast, in RERD
astrocytes the BH challenge did not modify the evoked ramp curréfig. 4Aright).
Notably, the profiles of the current following Baadministration in Ctrl andcRESTKO
astrocytes perfectly overlappedadding further support to the concept that REST
specifically controls the functional expression of thé'Bansitive Kir4.1 current (data
not shown). The same results were achieved by means of a vedtageprotocol(Fig.
4B)that was also used to calculate the current density230 mV and +80 mV in the
presenceor absence of BAin astrocytes from botlyenaypes(Fig.4Q. The analysis of
the net effect of B&* calculated in both Ctrl anRESTKOastrocytes at100 mV and +80
mV Fig.4D) confirms the strong Basensitivity of the current activated at negative
potentials, a result that reasonably rules out the possibility that othérclkannels
subtypes contribute to the negative*Kurrent evoked in RESKkpressing primary

astrocytes.
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Figure 4 The inwardrectifier K* current downregulated by REST deletion is mediated by Kir4.1
channels. ARepresentative ramp current traces elazitinCrl and KO astrocytes before (black/red)
and after @rey) acute treatment with extracellular solutions contair’B@00 pM).Magnification of
the currents at negative potentials shown inthe inset.B. Representative current traces evokby

a family of voltage steps before (left) and after acute treatment of Bl RESTKO cells with
B&*(right). C. Statistical analysis of J recorded-200 (left) and +80 m\{right) for both genotypes
studied with or without B# as in(A) with the protocol depicted in(B). ***p<0.001, 2-way ANOVA
fof 26 SR o0& . 2y TSNNEY A Qarl, ncasfREIKAINS22) O Baf-GuipNdf B2
effect at-100 and +80 mV fdaCtrlandRESKOcells showing the selectivand completeblockade of
the inward currert expressed irCtrl cells. All data are expressed as mesBEM(Ctrl, n=24;REST
KQ n=22)***p<0.001X dzy LI ANBRSEGdRBYy sk Ay Se Qa

50

idSai



To further confirm that REST controls Kir functional expression, we took advantage of

the evidenceth & Ay G4 SNI Sdzl Ay wmihe Kirk.fmediated dri@est ynNB 3 dzt | (i
astroglial cell®3. To address this issuprimary astrocytes of botlgendypes were

incubated for 24 h witleither L [ m i ng/mlMon vehicle (veh). Under these conditions,

L[ mi  Laddispeificdllgecreased the number of astrocytes that displayed inward

current elicited by ramp stimulation in Ctrl astrocytes /' 2 -freated astrocytes

vs.77.5% of velcletreated asrocytes) but had no effect iIRESKO cells(Fig. 5A Q.

Accordingly, longi SN L[ mi S E LdgpalarkiBon o metzd GRin Ctrl
astrocyteswhich was not apparerin RES'KO cellsKig. 5B.
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Figure 5. Kir4.1 channels are downregulated b OK N2 y A O (i NS convfd abtliocyted G K L[ mi
but not in RESKO cellsA. Representative ramp current recordings in Ctrl &5KO cells treated

for 24 h witheither vehicle (black) or IL1 6 mn Yy J& GrfaStrocytdésir&atedhwith 1lilshow

a reduction of membrane potential value compared RESKO cells *p<0.05, ***p<0.001,

{ G dzR iy S D@k a | Yy U-KQ StafissicalQaalysis of J recorded-200 and +80 mV for

both gendypestreated in the presence or absencelbfl . ***p<0.001, 2-way ANOVA followed by

. 2YFSNNRBYAQA YdzEf GALIX S O2 YLI NR A/BhyCtrifiLS Zaid RESTT' HH X mc |
KONeh RESKO/IL1 astrocytes, respectivelypll data are expressed as meaSEM

The functional and pharmacological analyseslidgated that primary astrocytes
expressing RES@&xhibit Kir4.Xmediated currents while REST deletion caused
downregulation of Kir expression. To get insight at the molecular leuel the

mechanism underlying the observed effeste addressed the expssion level of Kir4.1

in subcellular compartments of both Ctrl and RE®I primary astrocytes.
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Immunoblotting and surface biotinylation experiments showed thathaugh REST
deletion did not change total Kir4.grotein expression, it significantly deased its
exposureat the plasma membrandg=(g. 6AB). Taken together, these results support
the hypothesis that REST controls the functional expression of Kir4.1 chandetisat
its absence alters thpost-translaional processes that govern the plasmmembrane

targeting and turnoveof Kir4.1.

Figure 6. Kir4.1 channels are less expressed at the plasma membrane inKRESIrocytes A.
Representative immunoblots of cell surface biotinylation performed in CtrlRB8KO primary
astrocyte cultures agast Kir4.1 Total cell lysates (input), biotinylated (cell surface, extracellular),
and nonbiotinylated (intracellular, intracellular) fractions were analysed by immunoblotting. Na/K
ATPase and GAPDH were included as markers of the plasma membrangasaticcfractions,
respectively B. Statistical analysis of the biotinylation experimgnData were normalized to the
mean value of control astrocytes treated with vehieed expressed as meatSEM *p<0.05,

{ G dzR 8y S &K a | Yy U-esk(h=4 yii&pendent preparations).

6.4. Kir4.1 downregulation byREST deletion impairs
glutamate uptake by GT1L

The activity of Kir4.1 channels is associatéth glutamate uptake by settingra close
to the negative reversal potential of" Khence increasing the aximal transport rates
via the Na-dependent GLIL transportef®’. To demonstrate that the functional
impairmentof Kir4.1channelsin RESKOprimary astrocytes affestglutamate uptake
we assagd of 3H-glutamate CH-Glu) uptake in Ctiind RESTKOastrocytes Cells were

infected and maintainedor one weekin culture (the same timewindow used for the
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