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1 Abstract

Chloridegyi ang k€K regul ators of neur onal eXxci
Despite their centr al rol e i n GABAergic tra
intracellul ar chl ot)i dendc ointcent empboal (HZ€hami
under st ood. Thi s t hespsvairnesstdgrades pmlowsi [0C
behaviour al stat es, how t hese fluctuations
consequences for brain activity.

During my PhD, I focused on improving the que
[@lin ~viVofirst empl oyed LSSwCl opHenssent aens
measure absolute chihnmgesr idi MfeaireomtalcgrCdi ti ons

to the development and characterization of i ClI
optimized for stable andiacanidnbe i @empar edcewt t
previous indicators, i Clima exhibaltesgirecalucrean

and enhanced chloride affinithy,l uenabtiogsdetha
previously inaccessible.

Using LSSmCl opHensor i n combinati on wi t h el
behaviour al paradi gms, I i nvestigateddg t he n
fluctuations and tiwake kiospdiwng It of csureaept hat
foll ows a diurnal pattern, peaking when intra
[ @Glprevents seizure occurrence, linking chlori
epileptiform activity. i Clima enabled chl ori
circadian ostggand asugoestoifngg Cl hat rhythmic ioni
cellular feature. During epileptic event s, i CI
subsequent recovery, providing unprecedented t
Further momae,alilblwed the visualization of phys
cortical pyramidal neurons following visual st
synapti dsaghavstyhat were unsensctabl Ehiwsthepr
to date, the first demonstration of this type.
Toget her, these results demonstrate that chl or
regul ator of neur onal physiol ogy. Under st and
comprehend how cells regulate their fumation
represents a major advancement in optical t C
sensitivity and stability necessary to quanti
resolution. Yet , t he exploration ofhec nleoxrti de
generation of optical tool s wildl uncover how
basic signalling to the brainbés electrical an (
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IChl ori de: a problematic mea

t he most abundant anion in the body, chl ori de
| types. Chhasi drteonsi YE€EIly been studied as a
pl asma and'ceoxntcreancterl’dbyuiloeari (Gl&€1 n body fluid io
ume homeostasis, 4Yonids bltolar efrerss,urmai ftCadi ned
ept for some di s'k,a sien tsrt adcesl sl .cuel danrlr dfkle vodnrCil( g sC |
siderably between cell |t yspeismudarad i djnm.nr Bepbnsag
thelial cells is as high as 60 mM, while in n
mM to( BOsaenMer et Whli.l,e 2b0e2iOn)g i mportant for t he
cell"™hagp@exa, n€d attention |l argely due to its
i bition in the central nervous system (CNS) .
i bitory respamsesbungucedabyd (MGABA3 ramlde gilryc
erpolarizing cell, thus affecting the most [
itability.
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ond that, the idea that chloride is not only ¢
is getting releybhpschar t &t Tahciise nt2hDoRuDgeh tf iweal sd
el oped with the discovery of the direct chlor
] ki nas(ePsi aplaat hewta y®kt hegr20b4rrvations support t}
e the role of chlorideOkabemodudmltiitng2 @& ilel txipo
of channglBe&atri W& tWal BEe si2d0e0s2,) t heldawnldds clamel ods [ (
static than was hi storically thoulghs$. hiRgllewnt s
variegated and conftAl nwoasal wtchmdngi P23 ThPsacucci
mi ght be true not only at the I evel of individual
as distinct dendriti c bmiacnrcohdeosma iTnhse weoxuilsdt eandcde ao fi
of complexity to dendritic comput adgrciaononly i s

< o<

—’“D-—w
- X< ® O O

evaluated by temporally resolved optical i magir
(Lodovichi .et al., 2022)

For all this reddans wamesadbeennagn|[ Cimport-ant goal
Ilhas been assessed with patcimediampd Bwywrrecordn
vol tcalgeemp conditi on, the chloride reversal pot e
cal cullabtye u[sGIlngnst heq®MNati on. Although this techni
valuabl e insights in the field, it does have |
chl oride based on the reversal potenti al i's not
al so inchundeet @ cbhamponent; (b) chloride I evels ins
by the composition of the pipette solution, unl e
This approach, however, typically involves highe
(c)tedremi ni ng the reversal p a tne nitisivabl i gohfl yG AdBeAnear ngdiicn
and technically compl ex; (d) the technique is |i
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undeerel ativel y-dyrnarmile, chwdhdbsi onsk RatTthoe, |2 0m4)e

knowl edge of s-peocdfng shtesi dem bi ological S
progress in the study of intracellular chlori
relied on chemical sensors t o vneornyi t ohatchyetr
fluorescent protein -b¥YRB) ngposseesmar keldahi dern
the devel opment of genetically encoded chlori
this field. Bel ow, an overvvewbedn tdmp imay end t @\
years to study intracellular chloride is provi

2. 1Chlemi cab sensor

The wearliest attgdgmpt sedoomoeiynohe{iCt fluoresc
gui notbiarsieudm pr obes smethhfiBd 8PQop6opy !l (lgluli :1loe y n
& Verkman, MOABEf Noxycar bémeytl hnoext yhgyu i iveelr ikrmiawnm)e t

al . ,),1aa%ad MEQ hey hyl qui bkl amf uen), al .derl ¥&&)i v
the fluomephoxgeqoi n&l guae. ( MPl)lese dyes operate
collisional qguenching: when excited, the fluo
no-nadi ative energy transfer upon collision wi
fluorescence inersiiviiy pdmpatghkt.[ €lhese20i2n0di ca
were advantageous because they are insensitiv,
kinetics in the microseconed irmeendgd,uoaned cpernacvei o e
to changles Homwepv€F, they were also | imited by
wer e -rmagdn ometri c, meaning the fluorescidbmutece sig
also by dye |l oading efficiency malklinnggl edu and tdi
SchwaBrltozo m, .AlddI %)i on al Il i mitati ons -gunecn cuhdiendg pahtc
high dye conhGeddesatetonsl ., 200dndKlainmkioeet mamb
permeability, as in the case of MEQ, which re

form (di HMEQ) pri 6Ashbtoaelktubar,upndbe

To i mprove quantitative reliability, efforts
i ndicators by chendsealsliyi coupmplairsigntsa t@lve&l ref e
fluorophore. A foundabDMXR@)] ehiaompl el i rks bHEB
ami noqguinolinium (AQ) via a rigi(daypaaeman enalt
1999)Simil ar probes were constructiemdsemysi pave
chromophores, such as aminofluorescein (AF),
( NA) , providing spectral separation for nor m
ratiometric sensors ofttemoissuud f eadmidons hdomgll foawnc
batch variability, due to challeng@gBbBwéensicoatr e
1994)To i mprove this, a more advanced strategy

with Clendars,eda rbNAometric indeseasotivieadyienf(
on one DNA strand and a reference fluorophore
stramdulf)ee This design ensures a defined 1:1 st
[ Gmapping over the f u(l9a hpah yesti odfio.g¢iocadd ér)a ntghee <
mol ecul e conjugates still suffer from photobl e
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However, chemical chloride indicators suffer fr
inability to be genetically targeted to specifi
susceptibility to photobleaching, wdayriiabmi mosty ir
cases, the lack of ratiometric r eadoAurtosiwhi& h heé

Ratto,. 2014)

d o b High

0 cl

/Dm SPQ: R= - =
Ve Low
0 L Cl™ -

N
R
MQAE: R = )\0/\
Low chloride High chloride
5 mM 100 mM

MEQ: R= CHZCH?_ - -

Figult®tructure of chemical Exampl ¢ ¢l erodsleescsualfes . s ean)s or s

based on the quinoline core (bl uel}s.en®attiiome tMQ ¢ brl eupeor
a dinsensitive fBh)XCdéreoplwor euse@R) .t he stoichiometry betw
nucleic acid strandssecnosnijtuigvaet eBAQ o( btlhuee n&léTasniotnidye and

AF647 (red circle) to obtain a ratiometric readout (A
Zajac et. al., 2020

2. 1Gé&netically sencoded sensor
The discovery that the fluorescence of YFP is s
moment in chl ori de Wantahgtienrg .& |Jna npdds® BR8ebnsi Enagyvt eodn

that YFP6s fluorescence was quenched in the pres

the way for the development of geB)etd wiatldlyl e nfcord
in vimaging. The iniHildBQseasmutwas WFPh i mproved
due to the introbiucdiog oiftea rheadri dehe chr omoph
significantly increased chloride affinify, | ower
from ~777 -mMpenYWwWPldoWadbdemMe.t RUr.t,hero 0dpt i mi z a:
l ed t-BH1Y¥8&RA52L, whi chgdborwnu gthat 88 emM, a value appr

physiological intr d&é6®dl mM)ar makl ogi d¢ waabpée( for
dynamics i(rmcandwrtdams. e Al & |hoyu g20ednte) sad ifoinr sthdi cat or ¢
not ratiometric, they offered superior photost al

genetic targetabidiype, sapllcowiocg athadr sadbédlcle!l [ ul ar
advantages-mndeul simdyesi o & Ratto, 2014)

A key limitatiSwmasoft heaidlag k-iGiB€e ras icthilvoer irdeef er ence
which made quantification prone to artifacts. Th
Cl omel eon, a r-rbhasemesencsoFRE&EIMposed of cyan fluor

as donor anstnsidhlver iYddP variant (" Topaz") as acc

10
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peptidener & AugustUpmoen, czhd0O)i de binding, Y FF
guenched, reducing FRET efficiency. The emis
ratiometric readout . However, Cl omel eong suffe
ranges from 87 to 167 mM, depending on pH,
guantification o) Kphgsi &1 AggusAddi€ti rODI0) Yy, it
strong dependence on intracellular pH, i miti
Cl omel eon variants was screened, | eading to Su
better adfi2di tyM @K pH 7. 1) -tanodi siemprraotvieod tsh agm}
brighter donor (Cerul ean()Grainmdl ey tdtmiale.d, |2 hk3®)r
Al |l -by&csPed S6GEHECf er from some degree of pH sensit
is positioned close to the chromophore, and t
chromophore protonation and chloride binding.
exi sts pryedionmiintasntplr ot onated form, which inter.
i ncreasing quenching efficisdmay.c hThoerielfeo rdee c rte
| ower pH, reflecting this enhanced biraditmheg, é
chromophore is predomMAmnastdy&dRptrtoo onad® k4; Gri
For exampl e, Super Cl omel eon shows yanofac~<i6d 4di
meaning that even small variations in physiol
substantialggegstriomat iiomn.[] Clhis represents a cri
dynamic physiological or pat hol ogi cal ocront ext
i schemia).

To address the issWAg ocfi opldt)idretiveer| fogpr2edrldle ,op He n s
dual sensor that -cemdii niewe av arhiGHPri2de Y )EGFH R h( E
red chaodiigrtsensitive referenmendneuro)r.op@loopeHen
all ows simultaneous measur ement of intracel |l u
multiple wavelengths (458, 488, 560 com¥ i gud at
provides the abilitgvatloueisntfeorrn aela cyh cnaeltiBbarraetnee n
p H, thereby diswamdupldhtogpadmentCd. Further in
LSSmCl opHensor, where the red fluor opthokes i s 1
shift protein. This wvariant all ows better se
enhanced perf opmatnecro sminecptywoand | Pai eded matgi a
201.6)

Recent loyn, GHK ng., phi-ddéePi vednmMmR®onGreen) have
These proteins increase wbheaidri nf| uacrommd ceamrge tw
guenc-hasgd mech@hasvebk et al . | 2016 ; Tut ol , Kar
et al .., Wh@1%®) stil]l under development, they ma
robust signal interpretation, together with a
present. Mor eover, continued research i h this
chl obimde&i ng sites, such as the(Bnal @esetriabed
These discoveries may ins{ygiemertaheé omatcihd mali diee €
i mproved specificity and functionality. Effor
i mproveddpplendence, subcel l ul ar targkeei hor ar
monitoriuag afnassitenGls duri fbodgwiaphi cetcal vjtgo?2

11
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pK, Ky Excitation peaks Emission peaks
Clomeleon
SuperClomeleon
ClopHensor
LSSmClopHensor
6 7 50 100 150 400 500 500 550 600
pH [Cll mM A (nm) A (nm)

FiguxEeatures of s ome S.Relplriessleend aGEGN of the prSoperties of
Thermodynamic parameters refer t o irne cwdnfibriara ndeef gr ©t ebn c ha
physiological pH and multiple points indicate multiple publ
excitation or emi ssion peaks reflects whether the sensor

presence of aekdistif@emali nclmamsi c pHodoviehiti.en. aAdapked2from

2. 1L BSmMCIl opHensor

LSSmCl opHensor is a genetically encoded sensor o
two fluorescent proteins that are trans-lated tog
l i nker dqFRigguBahec e Thi s all ows the correct 1:1 stoic
thus consenting the ratiometric analysis of the
sensitive green f | é6@FPgs aerdt aprcctl eirri,det iensEensiti v
protein, the LSSmKate2. The | attero6s choice was
excitation and emission maxima that could allow
excitation wavpetlienmaglt hf otrh altotihs tohe ¢Peerdandet he
a l , .2MHb&ever, as described in the previous sec!
results to be both delpernpgleamtti ownl aH,’@GRBeChoes st uc
shown that changes in pH @&fifgeBbfe Wwhel exchtati da &
suppress its fluorescence throughkigwWpdocess know
The chromophore can be both in a protonated or

above, this KeeteptemelschwlihompiHde LSSmCI|I opHensor was r
pKof 6.67 N 0.05 at 36AC5an#47 amMaapapdn?. X.

The protonated and deprotonated forms of the <ch
spectrum, and the measured spectrum is the weigh

spectra intercelcltedi ni stoteeh @ shtmitpce cp diirct .waAtel engt h,
excitation coefficients of the two states are e
efficiency remains constant regardless of the re
the protonat é@GFA oohw cmrfopgter € abs omalkxs madn g iag SBOI
nm and the deprotonated form at 960 nm, their ex
2-photBing udb)e. At this wavelength the excitation ¢
therefore the total excitation is independent of
i sosbestic point provides a reference that i s

equi mj brmaki ng it a power f ul internal control
LSSmClIl opHensor , performing the imaging at the is
minimize the effect of pH shift. I ndeed, when &

12
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i sosbestic point, the change in the emitted gr-r
in the agppaiéehbuK the additional change of th
Thus, imaging at the isosbestic poi ntl Agrmobsd oc e
et al .., 2010)

(@n

d

=24 A 2.0
E2GFP
& pH 8.0
- % 1.54
O
= 8 1.0
n S
= 0.5-
b > pH 6.0
LSSmKate2 —E2GFP 0.0+, : : : .
800 850 900 950 1000
Wavelength (nm)
C d
§ 85104} [CI] A =458 nm 1-
@
O .
o g
o 0.5
2
™
: — 0L g - :
600 700 0 500 1000
A/nm [CF]/ mM

Figux €haracteristics of IS SmeCrlaad g He nrseoprr.e sae)nt ati bpn of LS
Excitation s’6EPtat dfiffbaeeBt | evels of pH at 24AC. Dat a
and normalized using the peak of abbkl & &S s&@Fart eheaaveemf bsekei no n
obtained at pH 6.4, 6. &, S65.nmC| o7p.Hle,n s70.r2 ,e n¥i.s4s,i oann ds p7e.c6t.r a
0, 10, 25, 50, 75, 100, 250, 500 and 1000 mM; epxHti tatior
= 6.5 and temperature at 37AC. ThleChalroroiwd é nrda tciad evsa li necsr e
corresponding to the data and spectr alarreadnegse se ta eablo.r,t e2d0 1
Sulis Sato. et al., 2017

2. 1Di4df f erent ways of «chd agurdiel

Chl oride indicators can be used in two distin
demands and in the type of information obtain
to monitor the temporal prof-guanofashil cor,i tifeo rt
instance during neuronal signalling when GAB/
el aborate strategy, however, i oy dhves requenr
ri gorous calibration, in which measured fl uc

13
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reference datasets obtaindadnddqpLbbsds vd ecfhiined radnge.
Sulis Sato.et al., 2017)

2. 1. Mehsuring chloride relati:’

The most straightforward approach of measuring
when the main goal i spotve rf dlilmew a@hlsamugme sngi n h[a€l i n
remains relatively stable. Under these conditi ol
relative variation in fluorescence intensity as
to calcium i mamgsingnt whymramitees are typically expr
change in fluorescence r e(llaotd ovvei cthd teh® haddsae e |2 On2e:
measurements result very wuseful when knowing the
i mportant. I n particul ar, you can measure at t
compared to the baseline as foll ows:

Yo 'Y
(Ed) WYY ——— PN

Where R(t) is the Green over pRedthet i Goean eaeh F
ratio in the baselineVYYiismer dlraatnmeed tlon cphalrariicdud acrqr
foll ows:

wo6 a

( EQ. WYY 55 o

Meaning that wWwescpaongerinonal to the change in

ThueYYi s a-quaeamiti tati ve -ersetsiolavtiediaodJesti meen i f tF
acquisition system allows only a single excitati
case that no changes are expected in intracelluwu
determinant of fl uorescenchel svaarniaaltyitoinc ano ual pdp rboea cct
exploited in a variety of contexts where it is i
changes by means of confocal mi croscopy, wide fi
intravital optic fibers. It is possible that i n
modal ity, es-ppséensisteinswor&€iwHi | (hedgehehatetd al .,

Of cour se, applying this kind of calculation t
mi ni mizes the influencesefsiptHi ¢cbhasngesor evieacawms @
the influence of pH in the excitatthhe sprartemt |
Kion pH remains.

2. 1. Measuring chloride absol u

Measuring absolute chloride concentration was th
being quite time consuming. Cal cul ating absol ut

14
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calibrations, to which we can compare the meas:«
that chloride sensor of the kind of LSSmCI opH
t wo protonated states as foll ows:
,05 ,o§ g
o/ U o/
+H* +CI
20)- B — 2  — 2 -
E-O PR— E-OH PE— E-OH Cl
Ka Kd
Figuwurei mplified equilibrium of AbSSm®C| cghhemadn cspeires.en:
equilibrium between the possible LSSmClopHensor states
established in preseope. of protons and CI

Wher gankdbaK e the acidic dissociation constant a
respectivel y. As "cempobeeterabavcveegs<Ll its inter
chromophore is protonated. Kjdetpheinsd swayn, ptHh, e baepe
chloride binds 06FF. tDhwps, ot ®oalaiterdatEi ons ar e c|
Ka andyg oKf t he sensor , s o t hat to measur e t he
Theoretically, ooieormam ca&Incwlirla3$o¥mCl hoep Heinnsdo ro fa s
(Sulis Sata dtoldlowi ng0olL7h)is equation:
Y

( EQ). oa v no'Yéd

Y

WhenenO(often r Kifiesrtelde aapparent ClI aif § itnh e y

rati o between the fluorescence measured in the
when excited at the isosbestic point; and R(CI
the expdAsi meptiaiisnetdhe di ssociation constant of
sensor, as il lustr aRiegdbrBayi v hal ke yuéigd teg mormaicru |
the sensor can just be in a protowhilead iomaginmg
coll ect fluorescence from a pool of mol ecul es
whertde protonated and deprotonawedghfopromdg i ohs
depdmdgn t hendoH h€ompKequent IPySF wai tfhrianctd on of t
mol ecul es wi | | b ewsienn stihtei vper oftoornna,t ewdh,i 1Gl t he r e
deprotonated and therefore insensitive to chl
thus represents the sum ohated §€mMpoONentas) ¢ &
whi ch cannot be quenched, ands etntsd t fi vw&c tsienrs 00 |
guencihrst he presence of <chlvotrh e ed ¢ fiNheaatst dir@nn gt h
fluorescence at t he i sosbestic excitation W
deprotonated from the protonated unquenched s
channel . To measur e guenching, we compare t}

pr enscee owi thl t he green/red-".r dtoiweviem , abdenge eeh

15
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influenkwetdh byrotonated and unprotonated species
additional green fluorescence comi ng from t h
unqguenchable) form makes the sensor apKuear | ess
(the appareéehtat can be measured is shifted toward
compared to the true vodaleuper.o tNoont agtbebde,¢ hnachreef prot e DI
depends on pH, whi K iis tahd urmed spom nednypd ., t he t
could only be measured under conditions, where th

so that all the sensopb m®O( eKedYlaems bar e effri mteadnatse d ol
( E®). L 0 0 pm p
Then calculating [ClI] is defined as:
E W Y
( Eg). Oa L pTm P yeg P

The equation expl aiangc utl mdte, tihe @abded ute@ chl ori de

need to know the pH of the cell ss s&ndo. BREKwW par ame
and ttbanRbe extracted by fitting the R(CIlI) obtairl
with the following equation:
. R Y

( E 6). Y# | )

SV
I n practice, obtaining chloride estimates form a
the R(ClI). However, the measured green and red s
require a series of corrections t ot hacc owonutl df or
ot herwise bias the measurement. These correction

which reflects the hierarchy of effects acting o

l1)Dark subtraction
to correct for the baseline offset introduced

step removes the background signal measured i
ensuring that only the true fluorescence emi
i nt enasliuteys .v

2)Detectors gain correction

to compensate for variations in the relatiyv
detectors (e.g. photomultiplier tubes) bet wee
day of calibrations.

3)Depidependent -pmt Bsewhinction correction
to correct for scattering and absorption of e

16
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4)YSpectradt hbloegdh (BT) correction

to remove signal contamination between <ch
emi ssion spectra and thus the imperfect S
emi ssion filters.

5) Compensation for excitation intensity
To deal with possible differential excitat

wavel engt hs.

tably, these corrections ar e ipmaretxipoeurliamwelnyt si,r
re the tissue introduces strong Il ight S Cé
rection, the measured R(ClI) would I argely
i ne -ccedeorrddaret changes, resul toifngi nitnr aicred d a
ride concentr atni ometarsBuyr ecnoemttrsa s ts,ucihn as t hc
ng calibrations, some <correcti emsssnagn be
ncmii minmii zse d while there is(Sulib BSheonete

)

very first correction that mu st be appl i e
|l ine offset of the detector s, known as t he
ral frames while the sample ignedt oif fl urio
detector, the average value of these dar
insic noise contribution of the system. T
subsequent i mages to remove nmrmidser edmadblod
esentation of the actual signal

b~ = — 3 = O
~N T T o c

- oo O

T O T O < 0nO O
—

r t hat, t he signal needs t o compensat e
omul tiplier tubes (PMTs) between the day o
time, the relative sensitivity owhitdhhk t wc
d introduce a systematic error into the r
ompensate for this effect, a reference me
tion of a fluorophore with a knamml end
amine 6G at a gM.ncAenstnmaatli oinmaogfi nIg0 c hamber
tion, and imaging is perfcemmednder ai denxte
tation and detection settings.| iTlhi &t ipomwcaea
on the experimental day. From each measure
extracted, andp@ ciosnvtelresn odne ffiancedo ra (:F

ay
v

c ® O —
—TcCc o cCc O T = 0o

o 0o — o —

"0 K

r €Yy andd@y represent the ratio measured o
eri ment al deeyguaspettesehpyw much the relat
nnel has changed with respect to the red c¢c
experiment is then corrected as:

® 9 T @

0 ‘0 O

r instance, if the green PMitbdebmesohangker fet
and correct the green experimental wvalue.
17
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analyses are performed on data that are nor mal i

eliminating a significant potential source of sy
Anot her essenti al preprocessing step is the <cor
emitted photons. |l maging deeper into the tissue
detected fluorescence in the two speotrtaloncldnne
the ratiometric signal. This cobhreagghosumustacbeo

because the relative attenuation of green and r e
bi as t he estidfnmat kon Tk deps $ depempéencealnleeds

determined, and for our setup iex pmaess spirnegv i noeuusrl oyn s
as (iSulis Sata et al., 2017)
- ph & o qa
| TMoX T WYy moh & ocd
Then, the fluorescence is corrected as:
( EQ). g O ar aq Ya Yo

That is, only the greendepgmadénti sfachodbed Wi tdet |
is |l eft unchanged. The exact coefficients may va
due to different spectral bandwhdnhsesohgttdef émres
objectives.

Fluorescence emitted byGFoPn)e ifsl upoarrotplhyorcee t(eec.tge.d, i

channel (e.g., red channel) due to overlap of th
as bitbdedugh and directly affects Itfhewes idgenfailn er etchoe
channel 1 (Chl) as the green detection channel ,
channel , the BT coefficients are:

E K'Y

( E®). | o

E TK“O

(EQ. o

Whene ndicates the amount of red thati bheeds thr
amount of green that bl eeds through the red chal
fluorescence emitted from the red and green prot

can be experimentall ¥ | qwarmtpihfoired coynitmpbsi.ndImpor t

needs tdefbienedke for different setups, as they depe

gain of the detectors. The overall fluorescence
6 O Y

(Ed9 @ 10 Y

Wher éi icdi cates the signal due to the photons en

detected ini@Ghlcawkisl e e emitted photioonyidet ect e

18
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i maging is performed, Chl and Ch2 represent t
Eq. 7Thus’antdrmaeReG corrected for the BT as follow
0P | 0@
E -
(Ed] R
0@ 1 0P
E -
(Ea2 p I T
Lastl vy, the excitation correction needs to be
reference excitation spectra of the red prote
Yy _ . To corredepdmdendtepahci t ati on scattering
and foecronmdmnt excitation intensities, the re
experi merfvt al idayxompared with the calibration
(E43 Q A
- N _
where being a wdgpéepdghh conversion factor. T
affected by pHuanda@y divergence between the
experi ment al day and the calibrati-odepamdenmust
|l oss of excitation. In this way, we can apply
experimentdl Epeobtaiase foll ows:
n@ '\O “Q

Ye_ Y _'Q

't is wortW_reqtuiddogs_t hatleisbecomes the red spec
calibrati™Wn_)Yaybyt .tthe green spectra foll ows t
Al ternatively, after BT correction, one can r e
chl oride computation, instead of relying on t
convenient because the ratio is @n riemtdggnginttire s
Only after having applied these corrections,
calculate chloride. To determine the iintrace
spectrum of each <cell is expressed as a Iline
(acquired during pH calibrat®©o)nsgnd onree aadt alrd «

(e.g. , OpH 8Conceptually, the M@as)uriesd fgirteteend stpc

(EQd 3 @ _ 170 -0

Whetandare the coefficients that mi ni mi ze t he
and reconstructed spectra. Again, instead of
spectra as-aweédlcloeffTlte ents are obtained analyt
system defined by the two reference spectra a:
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(@) o 1 0 1 O 10 1
B 1 B’ 1 1 B ' 1 1 B 1 ]
R
$
B ' 1" 1 RB' 1 }
! B 3
Note that the | arger the neibheea ndr es arnepllieadb |wa vte
becomes. I n fact, achhmen dwemmetgiacrmdse dovaesr di scr et e afj
integral s, and therefore a higher spectral res
reconstruction. Missing intermediate wavelengths
i ssues, but it i s cruci al not t o i nclude wayvel
calibration. Using spectr al regions beyond t he
sytsemati c errors and compr omi se t he val id
Then, t-flei sr actoinovertedadg:o an angl e

] AOAQAI

During the calibration praorckspdn exec iotba taii mre ds. p &d tn

fduring calibration is <crucial because it al |l ow
parametgr garthdpKpH hus, thecamlle obdt piKned wi th t he
equation (unpublished data):
Coax AT s w o P p_pT P
(Ed 3 AOA Wi 0O e z
I ?_A pT p pT p

Equation 15 can be then rearranged—-i Mmhbsdeurnhne f

extremely wuseful in the experiment al dhAy, when |
from the experi ment al data and knowing pkK

.. OAlpm OAlpm T T
(E45 n°g IIQAJp Alp P P

p T p T OAlp OAlp

After having computed the pH, the cBf§forbde measu

2. 2T'he efifnetcrtacoefl I ul ar chilnori de
synaptic transmission

GABA is the main inhibitory neurotransmitter of

action is primarily mediarteecde pgino rit mrei biiotnoortyr oy rca

transmission medi ahledr bye GABMAs pl ay a central an

while textbooks often present GABA as a stable i
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actual ef frgcetc epft coEBABRAtIi vation is critically m
across the neuronal membr ane. I n this section
governs both the direction and magnitude of G.
(or even paradoxical excitatory) action of GAI

When GABA bindsreocepher SABA conductance opens
both chloride and PpwcaHbweragesi GABA( HCOur ti m
per meabtitehdam tgdw HM@@ni ng that the chloride equi

the net( Kairlren& Vdihpisg, Kkh®&7ng the equilibriur
( is important to eval ua(tDeo y@OAB Aedts. dttnapna clt € lotn)
calculated by Nernst equation as foll ows:

, Y'Y 6u
E . 1 . QA F——
(Eq ¢ qgou
Vcii's expressed in millivolt and depehndosl) ,on uni
on the absolute temperaturz Dn( KélviFmy adany 6 h ¢
(96.500)C wmaoad on the intracellul ar and extr a
respecoOu aencdd .Change 0¢ismic® tand thereby influe
el ectrochemical dri viagndwaoctcenowh enpdarhe. GABA

The net chl og)i dgee neurart et u(plon t he opening of
defined as foll ows:

(Eq. 1 (o T QRN AR

The chloride®)ondquduatigdnowel(y defines the capabil

ionsd flux. At the micraoaseopptoleebhnnebhchbhanpl
as a resistori,wiahdriestssitamnceoehsapnonned i nayo nsdiuncgtlaen
t her €0 phi. Who:euch <channels are open simultal
electrically as resistors in parallel, resulti
o 0t0

Thus, the macroscopi cOC)xxhiorpdepeomhidoarcalance t h
GABAr eceptor s, linking microscopic channel prc
measured at thorepltéeskents| elhel membrane potenti
cell. 70 « esemknown as the electrochemical dr.i
force that wililonlse addteirndg hen c@ll or Wdencddreduct a
bel ow GABARcCceptor opening generates a positi v
charge ownedoby &ahpo€ltive current-ioonrinegsmornds
neur on. On t he cotihaebro wgan ch,egiat i Ye current wi |
corresponding to an( Koauntdwealr de tc hallo.r,i d2e0 2f 1l )u x

Vmandciar e the two parameters that influence th
Vmo f a typical neur onbBatmV.e sTthuiss, fiifx ende awaonutn dt c

GABAOs effect, we che dNdtteavpiad dhyets ¥Yat bi ¥ed par ar
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he cells and depends on the i(hDoywacreldtul alr. co2i@k
f i€l ow, this produyvabue. mdseanegatltve & higher
l ux of ions is generated, and tlhiempcleilels icselHyp
nhibition mediated by GABA.cCr &asglteieoneosntirass, é
egative and the driving force wild.l produce an o
el | . Thus, GABA induces depolarization in cells
as been reported thdgtstheualdbuyt(alywd othiegdamaM[. Cl 20
Del pire & St aTtleiys Jiik®dwd) @i th the view of GABA a

>0 S5 T th —

neurotransmitter. However, difliareytr ami e@dads nefur e\
i's not static but dynamically regul ated, t hus |
GABAergic signalling. Such wvariability, even wit
notion of a fixed inhibitoryractfilexidfi eGABA ean
neuronal excitability.

2. 2NKICC1 Khakegul at e Jineur al [ CI

Wh a't does account for the regulatiemloffi dbal or i
cotransporters (CCCs) pl aycantkr&koali F a] eTld@gld ntr ac
transmembr ane-t rparmd o mts icomns without the generat
movement exploiting the energy off KAtTHPea seat iTdhre gr a
CCC family is composed *iCllcathraes pootadi §r ON@GGSs ) Nal
2CtotransportersigibECCanpspaodti{®PayneKEECs pTwo, 2003)
mai n ecahtlioon de cotransporters were identified t
gradient aci®@efr ineu2®MKHX)CL is a chloriddg i mporter
andRexpl oiting the gradient of sodium; KCC2 is ir
[ Gexpl oiting potRisgwaien C&di e KCCE and KCC4 have

found in the nervous system, with a( ARreuycrhe neotr e | i
al ., .2683NKCC1 and KCC2 are the two main chlorid
is crucial i nji. déneramimtiynmi c[aCld pyr ami dal neur on
equilibrium at relatively high i7m0t rraMelbhdEar ct
physi ol ogi cal ionic gradients), t hus favouring

equilibrate at o®omwiwded nitewaeldd [niM)a otuhtahtl 4pr omot e ¢ hl
extrusBloanesse et al ., .empert Rauslse,|l | pr t0®ION phosp
l' i kely the predominant mechani sm by which the d
takes 0 B @Aar @ et al . Not2aml %), NKCC1 activity i s
phosphorylation of @TRFéeémBémdThelRdDhand r €x1020a2| . , 201¢
KCC2 activity is enhanced by phosphorylation of

of Th(lLee7et ;lagonzi2Z® 7et al ., 2016; Rinehart et

The activity of the chloride cotransporters NKCC
wiheel ysi ne (MNKisgegnal | ing cascade, which acts as
modul ator of neur onal ionic homeostasi s. WNK ki
chl oride concentrationchhodi deegubatanspatfiens
phosphoryl ation caswaseseamvbi mangig OCRAAKH a et

al ., .20Wh4en intracellul ar chloride | evel i's | ow,

through autophosphorylation and subsequently pho
22
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turn phosphorylate NKCC1l in Thr203/ Thr 207/ Thr :
This results in activation of NKCC1 and inhibi

and an increase in intradaelglbbl® rmedhlrdr iede adan
Mor eoarecent work reveal edodtrhate nWHK1 i 1dhn e g oC
activity in mature neurons and r apardlcye pmhodwsl, a
whi ch transiently increases intracellul ar c |
me mbr ane, whereas blockade of i miinkdi teonrhya ntcreasn
WNKInedi ated phosphoryl ation of KCC2, promoti n
provides a rapid homeostatic feedback |l oop
dynamically adhlotrs deegramdalents and thereby t
i nhibitor(yyHeullnadt.ialg., 2017)

At a broader cellular |l evel, WNK kinases al so
cell vol ume. Under hypertonic-lskeessond@&hNgKadt e =
activate 1ShAeK/ WSR1 pat hway, |l eading to differ
NKC1 i s phosphoryl ated and activated, wher e:
i nhi bited. These coordinatedd¢cfiKaagee@Gbrotpt ei a
osmotic water entry and restoring cell vol ume
mecham,j a process that mai ntains bothBoeyed | i n
Shiwarski .etToadet,her0,22t)hese fillsd?PAKgOSRIt aht ihsvia
as a fundament al signalling module that inte
concentration, and synaptic activity to finel.y
functionnpngmahhoboaide homeostasis and inhibitor)
Phar macol ogi cal approaches allow us to modul a
particul ar, furosemide and bumetanide inhibidt
about equal potency for both NKCCI cangr &Ka&tCer baif
f o0NKCC t han for KCC, and therefore | ow concent

i nhi bit NKCC (Wwiatyemes eelte atli.v,el2y0 0 3)

b

High [CL],

| : | |
E A
el \ + | \ \ o
\ s Vo e
AR \ ‘\ SPAK/OSR ) / \ ’
aseidd P / A ;
N\ } / :

HCO, \_\‘@‘f/ 7 ) @ .

Fi gwbbrMechani sms of c¢chl anfSicchee mmradg «l atiieovn.of the activity of
their relationship to ATP consumpti on. l on transport th
acts as -ampbroerdehile KCC2 extrude chl ®droiyben ieansalfromO0f
b)) n | gw {ICé-SWWAK/ OSR1 pathway is activated and phosphoryl
in NKCClactivation and KCCs inhibiti6n*KnldhivGlas UMNIKSCeECqu e n't
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along with water. Ofhi nthiebictona utaap/h o shg lgdr yIC43H AKY DOSRIWNK and

pat hway

remains inactive. This results in NKGE€ddi anddbition

effl vandfadkong with watBuangdaptad.fra@mig

2. 2T RRe dual nature of GABAerggi

As in adult chnewrsomsatrhda h¥ resting membrane pote
[Clican significantly affect the strength and even
of action potenti al increases with depolarizatio
previously de€ffcadibleidt amtlexby affAeBdA i nhi bi tCih n, wher e
facilitamedi aQABJA exci tation, recognized in lite
(Cherubini ;BeAnmil , ,.2CTHBXceeds a&bBoumM,20t he GCGABA

opening depolarize the membrane potenti al of the
the activation ofStsad ciyunetc hebbnvueevlds®9,95anot her cond
present in which GABA can depolarize and still

named shunting inhibiticos a@andhwewbhktet hlapivaé/cet whant W
action potent-4@l nfWSired smh &l Ni (déanldle,e d20 xcDdD)mpl et el y e
action of GABA can beisxéditgder j uhtani t hehd i Vi ng

postsynaprtiigcbaree !l I s (

A physiological role of depolarizing GABA was fo
ofCllar e
devel opment . Young neur ons (<tPhlr2o uigm MWMIKECEL)L , ad dhe
domi nant <cation chloride cotransporterCliexpressed
thus making GABAergic transmi s(sHRiovnerdae pegtl aali.z,i nh¢

Her st e
endoge

I
n

relatively high in immature neurons and

et al ., 2022; Thviasnadaneaitt iadn , f &2d0i0l4i)t at es
oussc all r gsepont aneous activity characterist

CNS structures, named a(sB&@w anet s;phrAptiilo2@Otlgnt i a
l ndeed, this activity was seen in different regi
from reptiles to primates, suggestingBetnhiat this

et al ., 2012)

Il n mice, it was demonstrated that 12 days after

expression of KCC2, witRrguhat s omu lofiag wbkes NKLCE&An (
This | eaexttrawasa o@l and a ngbgeayta nvde tshhe frte sitni ntgh emevim
potential, resulting in a switch ofFiGABA ldct& on
Woodin,. 2BDwWe/n t houghetketsbchemiodalClgradi ent was
phenomenon, there is considerable variation in t
expression among brain structures bOOBdr within a
200.2)For instance, KCC2 expression in the human

weeks after conception.

Even though the role of depolarizing GABA is wid
far |l ess is known about the possibility of physi

adul t .

However, some physiological ba&rd imatwthalcdgi

GABAergic activity was observed to be depolari zi
an incre&disadot hg consequent VposkEvéwebmrihéfft symanp
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stimulation -taeanmcavysesapltoongplasticity at GABAer
a depolarization shift of (tBlad emav &&r sWalb dp ot, e n2t
addi ti oni,ndauccteidvidepol arcilcaweg Iséherdf tesbserr ved af
stimul(&Xtaiiom et,epli | gptLiOOAVpOCItii,vilYy9 6; Kapur &
Ri ver a et , alcorreel0®ved J Woa@tiinc eactdivé p g 2t0e0B )
postsynapt(ifci usnmeildiinget amd . ap RIOIOGdtWMaond| ef &BPNB
200.3)

The study of depolarizing GABAergic activity

neuronal c¢classes exhibit highly variable intra
a peculiar behaviour was observed i S@GEurons
whi[€fiwas demonstr atdad itng (@Weaeg ndéaryt eet. alh.i , s W9 UT )N
oscillation of SNC nefpdwmisngi ncthedasay hiagh |
concentration at night and were found in noct.
thought that this peculiar chloride fluctuat:i
pointed out at a séemibaminegulasi omMhis obpic
di scussed in the next chapter.

a b

o
1

KCC2

NKCC1

CI- Nernst potential (mV)
&
o

-80 opme
100 ~ GABA excitation ba
GABA GABA GABA inhibition

120 71/,__
140 [CI],,; = 140mM 4 [crj=25mMm (G4 leims

T T T T T T 1

0 20 40 60

[CI];, (mM)

Figwrehl oride gradient deter mi Nesn&GABpergnti alol o tghlaor
to its intracellular conawenttAda@mMdn WDVelCdedGCABRA omamgi f €Clhc
hyperpolarization, shunting i#slyiniptienced | depaol ahi zatsi oy
consider the permmeabi tathoonbt GABAN GABEY equalt. Epd/toemteida l

areas deplfircangese i[rClfwhuixc hmead iGltae g e b nGAtBA a hyperpol ari z
or depol arizi Wgt {eed)eaflieptcts the bs)BABAeémgi d nacbi vi O
determined by the activity of two major chloride cotran
higher activity, while it isBl#trer ete)@llace® 0y KCC2 (ada

2. 2DiBurnal chloride fluctuat|
Whet her intracellular ions fluctuate over the
a subject of scientific investigation. Early
homeostasi s i's not static but ehyoruamiccyad Il ey, rFe
i nst afMmeceen ey @t01 &) r st described circadi an osc
magnesium and potassium in both huStaanghdrllIsi m

et elon.2Lpter demonstrated coor dipn aK eanwd aCll vy v
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mammal i an fibroblasts and cardiomyocytes. These
ion concentrations can follow a diurnal rhyt hm,
chloride dynamics in neurons.

Wh e a@jro s[c@Il | ates in the mammalian cor.Tweox has bee

i nd
nt
i u
ur
eu

h

pendent studi es have provided compl ement ar
rpriRltfacn ogLLe2Bgarto.n,st rated that cortical pyr am
nal shifts in t hea(rEgsWerrrseacle pptootresn,t iradif |feocrt i GhAgB
ng the actkiveuead aAkropeaiingdt© the study, the
onal activity and NKCC1, suggesting that <chl
0 and |l ocal sleep pressure ratBhracudain e¢to ir
2B¢poinedimagi ng evidence of rhythmic chlorid
ons, showing, consistently whjdthr iAnd otnlsea 0cba If k |
i ve) period. However, because these oscill e
itions, they interpreted them as intrinsic

ks rather than as a conseqepnpeessurdnec@betcto
ainedsiuhtt KBe)sklsi Daspite their di fferent Vi ev
pendently revedlveadr i telsato v&ao rctyiddezel,2 4iCripl yi ng

onal inhibition, and hence excitability, chai
ride | evels dnarkieegrtohe mioglt eccultadbl e.

O > 7T o o 0o ~—~5S5 9 ot 3 oo T
(9]
[

Further supporting the funct i oMlaflo nismafder2tsganic.e, o f
demonstratedwakieetl ascédeprg haidqgess edgul atthee gl ut amater
synaptic plasticity. During the active period,
facilitatesn Ipomngentiati on i n cortical pyrami dal
homeostasi s depexplemitepdeasticity and | earning.

I nterestingly, t he rhythm observed i n cortex

suprachiasmatic nucl eus, namely the brainds cent
pattern was observed: daily shifts in GABAergic
Wagner (&899%ad)who showed that GABA transmission sw
during the day to hyperpolarizing at night, i mg
chl oride concentration. Buildithe@greomni ttmagi, ngnor e r
directly assessed intracellular chloride dynamic
in SCN neurwgpeakwnhghdpf€ing the day amhKl etetacét ng

al ., .202h2) suggests that the phase-spfecchliori de
reflecting the functional demands of different n
Toget her, these studies converge on the idea the
dynamically regulated across the diurnal cycl e.

rhyt hm or a homeostatic response ttoenthedbeslk, ac
the consistent observation of diurnal chl oride
highlights the i rmpogfraranucned eorfs tsa rudiyngrgt he modul at i
i nhi bi tiwank,e shliesetpor vy, neuronalplewsdciitcalhiyl i ty, and
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p<0.005  p<0.005

2
o

301 7 # Depolarizing

= %

s | 773 L / :" W Hyperpolarizing
E | & o o g® Z
= .© -50 - 7
= | o L 60 3

o : Q. = GABA puff < 40T

= 10 ¢ & < £ 0 2

3 I = E | T 3 20

© 1 § o 80 ~

= p<0.68 o o

- 0 . = -90 500 ms

2712 ZT5 ZT12 ZT17 ZT29D

Figurrlentracellul ar chl oride concenQuraanttiion caddd ioldl adtfiersp Cd i
points. The points are the median VYahocescfioehtCuwmrdiegntdaB
clamp recordi nnBsrespwnGCABAin a slice pdgred.gpaTlrda m@n o @Zolrdt ioor
depol ari zlRnge Sp8dygdwals greater at ZT15 Alhfamnsaa &tT3al Adaz

2. 2ThHMe interneur al | andscape
Cortical <circuits are built wupon the dynamic
interneuirmnest al ., 2018;WhTdsei d heet nmaalj.o,r i2t0yl 60)f n
are glutamater gi ¢8 Op%)r,amindhailbictedrlys i(n7tler neur ons
constitute about one fourth of the neuronal I
circuit (rDeegruellaitpieonetUmalli. ke 20X &)t atory neurons,
only | ocal connections, scul pti n@Trtenmbltadymi entg ¢
201.6)Despite their smal |l er number, these <cell
mor phol ogy, physiol ogy, and gene expression,
cardinal classes: Parval bumin ( PV)ie xSorneastsoisntga t
internmmfgeuirm et al ., 2018; L (Forgay e& Deograci as,
Parval-éxmi assdng ntRM neurons comprise a | arge
fraction of cortical inhibitory <cells. They
i nhibition and are defined by electrophysi ol of
tight conrtamildalverewpnecrel d st ghtar aRV¥ er ispti iké algl y
behaviour. Mor phol ogi ¢iantd gr mendr drusmmcdrn @ nad ihmo n |l
into three principal types. Bas k,etexteil dist, axc
arborization that densely innervate the soma
pyramidal neurons as wWeHU eats althfee2 @4 )enr ch eqir @u
t he -aaxxooni ¢ (Chandelier) cells. They form a di s
that targets the axon initial segment of pyrai
exert a particul arly powei fa(td comorgfyli u eentc e a lo.n,
Transl aminar PV interneurons, the third PV sub
neurons are most prevalent in iééepndorkieald la:
t hat traverse the full corticalcrtolsisclknue 3 plienr
Because of this vertical reach, transl aminar
form of-spahomng, generalized gain modul ati on
(Bortone et al ., 2014)

Somat oeatriens sidnignt(eSShTeur ons preferentially tar
pyramidal neur ons, thereby regulating the 1int
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al arnadn gleonsgour ces-t afgesi dgndpetéeadicieddtsi dam pl a
entr al positi oniofudrpucto nttrramlsifiorgnatthheoni nmpgutpyr an
modul ating synaptichcplaasti diwoy.prWintchipmal t hseult
ogni zed: Mart-Maotthotell sebhd. ndMartinottdi cel
ndant group. Their hallmark feature is an axoa
nches profusely ntad faorbno(¢( @WWange erteramhiBy 2004)
ervating the distal apical dendrites of pyr ar
ong inhibitory influence on the giathege wher e
ticocortical and t hal amocorticalali nepeaultliss., I n
tinotti cells also inhidbiats koetth ecre bhid mstp ealnade uvrl oPn s
I s, thereby contributing to disinhibitory 1| oo
it abirMairttyi.noNdn SST interneurons, by contrast
tead, their axons arborinzerl|l exdlelnyd winttloi n mmlee
acent | ayers. This subtype is especially enri
nections with | ocal excitatophagkathutel lcel | b
ms of electMaphy aibeabogw,pircan |l y fire at hi ghe
tinotti cell s, t hotsgph km diigo @l ahtiigohn ,a sr etfHee cft a s
ermediate inhibitory dynamics.

third cardinal class of cortical interneurc
otonin receptor 5¢ETNRIB STt rr o e nt oO@csetl |Bshl TaR Bea
ticularly enriched in superficial |l ayers, esp
m a heterogeneous population distinguished by
connectivity profiles.esWiitnhailn ptghp tsp dcklaal(s\sl,P v
erneurons represent the mosdar iabyunldoacnat esdu bitrny ple
Il and are characterized by vertically orie
er than vasoactive intesti naXdprpepd icdel,r dthiersien
functionally spechaluirpaed, t mo sdtbhaiskkietdt b bcyeH @& i |

Sefur ons, thereby providing an effective disi

IPd ef fer .etA asec omRd 1s3u bisrett e rorf e beHOTpPRB¢da R shbou t

pl ays alternative morphol ogies, contributing
the neocortex, t hough sparse in exciptatory n:
erneurons. Amo-degr itvheedm, n eNeruorparroipthii wved f @NDMNF
rogliaform cells are weislpi Ehagaatcernivied¢g, adids
ally restricted axons that target both pyram
reby mwediestpirergd i nhibiti(dmretizrkusu pdr failci,al2 0lldy)
n though all the interneurons originate front
y migrate to the cortex they gradually acqui
aptic identities that cont(Abdeesbaoa génal atel!
ances -tmerllsi hghaescriptomics have further hig
erneur ohpAsadltiypets al ., 200 8; Bugeon .et al .,
ctionally, the primary role of these inhibito
itatory pyramidal neur ons, a proeceeptpraedomir
ng chloride the anmaicerpebfiect et udfyi 64BANhI ori de
a direct readout of inhibitory int-eemebron ac
ersity of interneurons to their functional i m
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Figwrelnterneuron diversityailCronrtheamuiinterneaconsexan b
three main classes: PV, SST, and O5Htr 3a. Each of t hese
typbePi fferent interneuron types preferentially target s
neurons. Basket cells target their soma. Chandelier cell
BHtr3a cells most | y dteanrdgreitt epsr ogjte cdtiifofne rneenutr dnevel s. PV, p:
NGF, neur ogl i afpoerpm;i dePYY,; nCeOKr,0 chol etystoki &8i Deofdapiad, f

2. 2Br5ain oscillations and i nt
Al t hough t hey represent about 25% of cortic
dramatically determine the computational repe
and how pyram{ahiiceaicke fitr allnhi RiOtldBr)y popul a
sensory responses to specific features, i mpl e
groups of neurons into temporally organized a
oscillations of the (exadarrtaccred |eutl aarl .f,i e2 0dl 4p;o tBeunzt
Liu et al., 2011.; Pionucid Itehesteaarll.i,es2t00s9t)age of
neur al rhyt hmic activity hiads Hzgeni8dhlel&s i( fail g@ch a
(BL3 Hz), iBet addz) l3andi8®daniza (b3adhds, each refl
synchroni zed nleoucraoln spowp ulhaitni can. | nhi bition is
because it converts steady excitation into tel
spi king probability. The negative feedback |
generatesnal berematci ®doatory and inhibitory winc
synaptic delays and the kinetics of excitatic
occurs in cortical net works, where many of th
rhyt hmonthatbud e t o t he odpheec tlroaclalc ofmped sdi tpioane nt
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I nhibitory timing gates excitatory communicati ol
narrow phases of the <cycl e, i nhibition 1increas:e
downstream target st iamile pamppeontt splspd tkieci r vy, a key
Hebbian (sSammgi negt .al Rhyt2h0mMs0 ) ar e therefore not

consequences of circuit dynamics but active mec

i nstance, increases in slow wave amplitude afte
trained cortical anbaeanthppoeedment peafoem sl eep,
oscillations could contrilfiHudet oetombol if @Pt0idg n

ti mescal es, oscillatory coordination has been pr
regul ate effective coOReces.yi 29Q1lbBbEt ween regions

Mul tiple inhibitory subtypes contribute wi t h (
Perisomatic inbBpbkthgnceitbm ftastlock the timing
dendtatgeting interneurons shape iend etgirnaetsicoan ea,n d
stabilizing the cycle and( Grar pttao ngt d$anli .mu li 2nB22r Fy)e p
vi sual cortex, wgiasmureal | iy h ydrhimse ne meavg e during dr
stimulation and depend on interneuron recruitmen
context, underscoring the causal imoihg ofhei miiybihtm
(Veit et . all.n, t2087)f ramewor k, inhibitory effica
amplitude, frequency, and phase structure of t !
excitatory assemblies communicate most effective

N
N

h® physiology of i1 nhibit:

Il nhi bition plays a central role in shaping how v
vi sual cortex (V1). Rat her than acting as a si my
circuits actively scul pt the spatBiyotceonmpiorroall imrgo f
gain of pyramidal neur ons, i nhibition enhances c
tuning, and keeps <cortical activity within a us
responses from becoming saitrup watte dd e tMomr miorverhow nd
neurons adjust t heir responses according to beh
therefore provide the framework through which vi
cortical activity patatlemresu,r oenrss ternicrogl et hva ts umy r & mia
selectivity and flexibility. In this section, |
the physiology of inhibitory responses to visual
Drifting gratings are the canonical stimulus use
selectivity in V1. I n urethane anesthetized mic
selective than exciithatwiawa inkemr omagi rE@artgveal ed
GABAergic neurons in |l ayer 2/ 3 respemrdsdtitwe gr
manner, whereas neighbouring pyrami déSobghl s exh
et al .., SAMG®E)guUuent work confirmed that PV, SST, ks
show broader orientation and spati al frequency

responses often mirror the average tuning of the
i ngendent (fKrearhiint etFi gu9c)e. 2T0Ohed . br oader tuning ob
inhi bitory neurons may resul't from variations i
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aptic inputs, as wjeudrdctaison hedupleixntg,nsdomp agr
rons in layer 2/ 3.

awake mi wvwe,suiegslpiolmistetsr mre strongly modul at e
ing | ocomotion, vi sual responses of pyr ami
posed that this effect arose through disint
recruxdcietde avildP ei nterneur ons, which in tul
inhibits the dendrites of pyrami da(lFuweaitr on s
, 201 4; Rei mdAro wetveal . sud@kfuent i maging st
omotion actually increases ac{DvpoppanefPVa
8 ; Pol ack. e$STalneur200nls3,) i n part-depkadensho
ponses: they are weakly responsive during |
ivity significantly when | ocomBbolaokcet nali
.3)These findings wdrPakfinr teh e ra ursg fa@neetd@ pb y
cium imaging, the authors demonstrated t ha
, and VIP cells during visual stimulation,
sponrFsiigngas)e( However, there is currently no
r studies have reported differing results
t h(eDsiepsoppa et al ., 2018; Fu et Amnywa),01tdhe
rvations confi-smatdet madubabhawvnoofalinhibit]
nds both on interneuron subtype and on t|
e against a wuniversal di sshmpbéetorycmietcha
motion uniformly s uUDPT eisnsteesr a cnthii doni st,i odni fvfiea
ses are differentially engaged depending
flexible form of inhibitory modul ati on.

w O cCc ® ® O @ O

i stent with these findings, another study

ond to gratings with relatively |l ow orien
visotua(t8lugeon et. aRV ,amd223T neurons are ty
i ngs, whereas VI P and Lamp5 interneurons
ression. I mportantly, |l ocomotion modul at es
i fic manner, but atbes bhboei fuwdakemstdlelcy i v
idea that inhibitory -hevéebvifgatefescdbs bhi
her than ©precise, highly tuned coding of

ervationsocondbtavbe dbes hot simply disinhi
rgani zes the balance of excitageaciyf iam df a snti
her than a uniform release from inhibition,
bot h eaxdi tianthiiobni t i on, wi t h neuromodul at or
ami cs.

O T o T »n

conclusi on, i nhibitory interneur ons coope
ami dal cell s. |l mportantly, there is a dist
ulting inhibitory effect on pyrambdaadadhgur
ed across orientations, the chloride infl ux
be shaped by the specific styemeppotriad asrurmenmag &
inhibitory inputs. Mor eoveyramhealovee at 6 n <
ected to follow the actFva®wWhpnFipmdltley,nsi mf.
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mi c e, | ocomotion acts as an additional driver of
evoked responses, further modul ating pyramidal ¢
a) (C‘g C) .
L-'—_SO ‘163
% Exc
60°
659"
b) Vit ‘%A
1 PV
0
O
w
5
S 2 ‘
[N O] i A
o= 5 || SOM
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< ®©
S
o
c
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8 12
Time post-stimulus onset (s)
d ) Darkness Visual Stimulation
| |
f 'w " f ‘f.:; t !I \‘il'll \ |
VIP Wf\wh Au
Speed M JWM A_M M M JU\ “Nm
sSST =k wwm_,
Speedm M A »M_MMMA NM&
-
FigwreModul ation of inhibitory neuronés acsichiematbyg wvofsual
vi sual s tbi)Maugl naittiuodne. and ti me course of visually evoked calc
GABAergic subtypes of urethane anaest hrerdauirzeemiorcel. N GNEGO r €
of visually evoked calcium responses in excitatory and inhi
VIP subtypes of GABAergic neurons

st

i mdlBEuxsampl e cal ci gk FtOr,a ncsoileonrtesd (t races) of single VI P,
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in darkness and during visual stimulation with oriented
corresponding running speed (cm/kerlbbilmc&«t tala.c,es?Q1lC;i gRhiak
Sohya et.al., 2007

2. 2Ef6f ect s of di ur nal chl or i

I ntracellul ar chloride concentr athioounr icsy cdlyen a nai
these fluctuations exert a prof(dddadnisafletemd e,
2025; Pracucciletmalbse ¥023yisually evoked gam
modul ated across tttepaemgerntn mannheror iWheen dr i f
presented during the daytime rest phase (ZT5)

i ncreasenoft2z2njBo wdz band; the same visual sti mul
baseline pgramedavaf{€d, yields a markedly redtu
daimni ght di fference is significant, and phar mac
of chloride: treating anaesthetized ggminade wi t

restores the gamma peak power toward dayti me v
negligible efdgiexctalbrecaadiysel Wl These results de
el evation of neuronal chloride weakens visual

reducingdehiafl ux via NKCC1l restores gamma r h
(Pracucci et al., 2023)

Different findings shows t haeaitanwda ksehiuflthse stsh e arn
potential of GABA in cortical pyramidal neur on
t his -rnecalkaet ed | n @jraesasscec i aaft epClwi t h mar kers of h
including i-fnrce epnesready Ipower during wake and poo
sl eep depAl vans @aneMoradovyer2,02t3e more depol ari z
potential in the active period facilitated LTF
the blockade of NKCC1l in t HeAIldwmthnisvae egerailad &t0t

2. Lhl ori de, I nhi bition and t

Chl ori de homeostasi s i s a key determinant of
neur onal excitability. Having discussed its r
we now turn to how these processes intersect
cidétan c¢cl ock. Recent evidence suggests that C
with the <circadian system, influencing rhyth
excitabilityniaghbssythe. ddygder standi ng otkhi s i n

at the molecular mechanisms underlying the ci-H

2. 3Mall ecul ar mechanicg ms kund e |

The circadian c¢clock is a highly conserved mo!
anticipate and adapt to daily environmental c¢h
under constant conditions, demonstrating t he
mechani sm rather than a mere response to exte
clock is based it aan stlraatnisocnrailp tfiecendablack | oop (T
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expression of t he cor e cl ock genes and their
approximateFygad@ hours (

At the heart of this |oop |lie two transcription
Cycles Kaput) and BMAL1 -L(iBkreailn) .anldn Muhsec | ey tAdRMNITa s
and BMAL1 form heterodimers that transbhoxcate int
el ements (CACGTG) in the promoters of target g
Among these targets are the Period (PER1, PER2,
CRY2) genes, whose protein products accumul at e
formiitrohriyb PER: CRY compl exes. Once these compl e
suppress the transcriptional activity of the CL(

their own expression and cl| oFsiignrdefPrlae t cgati ae . f €
201.4)

A secondary |l oop contributes t o t he stability
CLOCK: BIMALi mers al so activateErtbhand r@aobs/cor,i pti on
nucl ear receptors that compete for binding to RO
wi t hiBmatihieo mot e-E RBRENeBpmaetstsanscri ption, while ROR
it forming an interlocking regulatory networKk

| mportantly, theERBpPraemsdi RORfpe&kERs at di fferent
ensuring a tempor al se@ar atnido mr elpatevsesd ro na d thiaw a th e
and st alei loiszcei Itl atory dynamics of the cl ock. Thi
robust oscillations in both gene expression and |
in a multitude of downKtimeam @dl. |l,ul20r22pr ocesses

Beyond transcri pt i-tornean s lraetgiuolnaatli ome c hpaonsits ms pl ay

determining the timing, stability, and activity
phosphoryl ation byl GKalbaenidn kK 2n aisnetsr o@iidcays ithnhati nsi
prevent the system from reaching equilibrium, th

PER and CRY abundance even under constant condit]
i nvol ves rhyt hmic protein synthesigh andgnalelgirag :
pat hways such as mMTOR-tamdhsCk2, owhl ¢th mosify the
machinery to temporally compartmentalize protei
transl ational modi ficati ons ensure -2pdhoteomic st
periodicity in(dalmewl & OmMNyesildl,o@yy25)

Beyond controlling gene expression and protein t
al so orchestrates rhyt hmic changes i n cel l ul ¢
concentrations ofd k¢dy ainmmrsLlid dah eaovker the day, |
osmotic shifts associated with rhytigmir@ .pr ot ei n

These daily ion fluxes contribute to maintainin
stability, thereby coupling metabolic and osmot i
This coordination between proteostaasiphryasnadliogry t
remains temporally aligned with engrlJgagynedemands
O6Neill, 2025; Stangherlin, 2023; Stangherlin et
Al together, the mol ecul ar -acultoocnko nmocutss sayss tae r i cea paarb
integrating environment al cues such as |ight, fe
sesafficient rhythmicity. This mol eicaun agenmeachi n

34



but
or

on
on f

expressi
foundat.

lock
‘A;lf“u,j w‘rccc core

-

Accrual Phase
specialized translation

bulk prot_einl

mTOR-CK2 synthesis
activity
bulk ion influx %
GCN2 activity

s
n.* s

- TP
5 P

ATP turnoverl

£ ‘," &
f -
3 \
i o Circadian \'.

BMAL1
‘: !L LEORE VI U

% ( @ HDAC3
“Nucleus % r @
3y

%ﬁ%

s o i n
circ

al
t he

|

" Rwsrﬁ, (

-

S [ f\jﬁbé&s

¥

l ntroduct.

fl
adi

neur onal
regul ation

uences

an of

w1.07
]
208

osf 11 !
E 0.4
>
§0.2 :
[}
Y - .|
j 0 61218 0 6 1218 0
21.0‘

Per2

[]
0.8
<
an:o.s i
E .4
>

Bmal1

§0.2-

[
0.0

0 61218 0 6 1218 0

Renewal Phase
canonical translation

bulk protein
synthesis

mTOR-CK2

activity
GCN2 clctivitgl
\ bulk ion efflux

o
. E_..
. .
. .

.

ATP turnoverT

or

phy:
br e

Meonaensation \* . 55 o3 * /] M asonen
& /h :
i, \ .

gglk protginl \ .\ N — ‘}f bulk protein T

gradation \ degradation
Fi gulrGe Circadian Mol ecul ar Mechani sms and TShcehiermaltmgact
di agram of the mammalian circadian TTFL. Bmal Doand nCL OCK
the downstream gene promoter r & REVARBanWd aCCGyat@RY Pamd F
constitute the inhibition arm of TTPL; they dimerize an
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l evel of Bmal IX.i aAdeatp t.abliGr, fanRdOe 4i ustrating the temporal
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c)Ceabt onomous circadian rhythms organize proteostasis i
accrual phase, gl obal protein synthesis is reduced whil e
to save resources and pakplhire dlbangasi cipatleed menewal pt
such as mTOR and CK2 promote a coordinated increase in
proteome turnover without altering total sptraottieci na cctoinvtietnyt

accompanied

cellul ar

by
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2. 3Ci2rcadi an rhythms in the bDbr

The activity of mammal s, i ncdhwdirng hiyga imann ¢ hat olglowe
both behaviour and physiology. The most evident
alternation bet ween sl eep and wakeful nfess, whi c
external time cues. Experiments in rodents have
activity dusplaanedse@lefri odicity under constant el
i nstance, mi c e, being nocturnal alme mhd rsk pheaeser e
and rest during the 1light p has &,4h cdowrt rthhyetyh ntc oinnt i
constant darkness or constant | ighhpuwi peroobdy m

(Hasan et. aThi,s 2®@drdgi stenceiwakd iayns!| & hiag d dwee rsi e
an endogenous circadian mechani sm.

Circadian regulation in the brain extends well b
aspects of neur onal function display daily osci
strengt h, dMHarplsastki & tSypencer, 2020; Tononi & Ci
al ., 2009; Watséameat neluromd@uéblatory systems show
(Yu et al Togeobhey, these findings illustrate t hi:
mul tiple | ayers of neural physiology, influencini
with behavioural states.

At the centre of this temporal organization | ies
anterior hypot hal amus. The SCN acts as the mas
circadian rhythms t hr o(uMdehaovuetr ,t HEe® OO8r)sSiCN anredi rboand yi s
autonomous oscillator, capable of generating rhy
expression even in isolation. Yet, for the SCN 1t
entrained by environmentaldilrieght ,i npahi efvredm tihm
photosensitive retinal gang(lHaotnt acre lelltse @ehx pers e2s0s0i 2n g
et al ., Ih0Xkd) cadi an biology, a Azeitgebero (Ger:
cue that synchronizes the internal clock with t
zeitgeber for the SCN, while nonphotic cues such
temperature cycl es, and exercise act as weaker
clocks. By previeditnggpsageal s, zeitgebers align
24drour , ,pdhaeeyventing the drift that woul dtobhser wise
The SCNO6s neuronal network translates photic in;
t hat regul ate endocrine, autonomi c, and behaviou
The main measurable output of SCN neurons is tt
oscillates between >10 and <(1GrHezenac& oGisl Itehtet ec,i r:
Col wel |, bopdytantl!l y, SCN el ectrical activity r
behaviour al state: its firing rate is high duri/
even in nocturnal ani mal s. Light exposure modu
depende natn i ngencsh. During the SCN circadian day, whe
pul ses exert mi ni mal effect s, while | ight expos:t
firing and triggers phase shifts in the mol ecul a
c ue(sd. R. Jones. efthiasl .pho20Xk8)entrai nme pt relies
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signalhlaithngcti vadres poAMR/ @dlemenPesralhn@RE&E)newi t hi
enhancers.

Early studies reported that GABA could be bott
the proportion of excitatory respoVagenseryv artyian:
199This bidirectional effect ], swhiaawls eadl ther cti r e
potentialarete-@A@Brnat ed currents. Excitatory G/
more prevalent during the dal), ( perarkéd sngo nadri onugn
mi dday, whereas inhibitory regqKdorsdas &d Anil reat, e
These findings suggest that c hdlegpreinddes ndty nreondiuc sa
of GAB/Msdrggiadiltihnign t he SCN, potentially influe

and outpuBetéemkwnget al ., 2010)

I n summary, circadian rhythms in the brain ari
cl ock, neur onall network activity, and environ
master synchronizer, translating ligatnibédbhm
centr al and peripheral oscillators. -shptectitfa cs a
rhythmic modul ation of excitability, metabol i c
temporal organization is dilstpridbaudsesdesa.nd dynar

2. BE@Bi l epsy: a diurnal occur

Epileptic seizures do not occur evenly over

experiment al evidence supports that many form
patterns in seizure occurrence and insthe un
Understanding these daily rhythms is importan
regul ate neuronal excitability and for opti mi
(chronotherapy). For many years a flapywkwbet weer
known, b-stallear BEG studies and chronic i mpl an
demonstrated that epileptic activity foll ows
stochastic. Data from over 10 000 imamvodeal s
million recdqrkhed|seiezumdaw &20mdnked predomina
event s, with peak incidence between | ate morn
occurrence during the night. These findings ¢
|l argely a diurnal phlemdmé@semn zutrikrowdh oinrod iypies o
epilepsy type and brain regiiwakefcyalsetint enpa
but does not fully explain circadian seizure t
modul ation | i loenby nanhnvohvefaendogenous -circad
dependent excitability changes. Mol ecul ar cir
BMAL1 influence neuronal activity patterns t h
Cl og&ne in pyramidal neurons results in spont

controlled transcription d(iLriecettl yal®8b f eduvle/r)n e b ¢
the synaptic transecprioptteoomee aonfd tphheosiptmoebr ain
fluctuati ons, many of whi ch ar e altered in ¢
regulation contributes t o Drehbystkh miec sadi.z ur2ed 2s0u):
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I n addition, alterations in neuronal <chloride ho
key mechanism contributing to epileptogenesi s. S
persistentdeprendenitvitimgfcaenspsomat ¢ ChypMeresxci tabil
2023)Indeed, both chronic downregulation of KCC2

during intense network activity can reduce GABAe
di scharges. Genetic and experimental evndence s
KCC2 (SLC12A5) genes, wtdxthr Jd=siaadmrs dmnd i anpdd g celda rCil z
the GABA equilibrium potential, have been | inkedc
|l eading t oweixmpalisi ®th @Ind a depol arirdiumg pohiefntt i afl
(Kahl e et. alln ,ad®diltdi)on t o being a potenti al caus
accumul ation is also consequence of epileptic a

synaptic and network activathmonoughr@cBRhaorapid
which can overwhelm the capacity of the chlorid
was demonstrated t hat pyramidal neur ons i n mo

c

accumulmat et B begin-hi hg evVveseszand o dmati nmeée s acel
to risdaheguriictdaLi phiaseet Thli s, ch0Dbd2) de accumul at:
results from massi we eaepivasi an ofei GABA onset .
progresses, KCC2 becomes increasingly ineffectiyv
causing a depol adsh ziThmg s shihfitf t offr e@uces the i nhi
GABAersgign alnldi ctgan even render GABA currents excit
to the breakdown of inhibition and the propagat:.i
Taken together, these observations indicate that
organizati on, and that chloride homeostasi s pl
susceptibility. As discussed earlierveils tmis in
cortical pyramcdatanesrohe (Payaciurccmi ed Sad h 202:
rhythmic modul at i eod anya yd iufnfdeerrd nicee st iimme sei zure su
baseline intracellular chloride is elevated, GAE
potentially facilitating seizuptogederapeonmefhi
in one of the results chapters. Further mor e, sin
during seizures, as discybskedowbogeeptheptdyoaacrt
examined in the results.
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3. Resul t s

3. 1Put ati ve circadi an me c h a

di urnal chloride fluctuat

cell s
When | joined the | aboratory at the beginning
under way, wi t h previous wor k showi ng t hat [
pyramidal neurons of the mouse visual cortex
exhi bits a pronounceede diintr2adu ditMyc ticwattirdarm u(t i on
on extending this |ine of investigation to a
ZT29D mice, in whiidhr Kk heyaocleguwas éxgénded in
whet her chloride homeostasilawvwiooulrdalr eancatiinvi @ o/t
instead follow an intTontshics céemdadand reguobas
previous experimental sets, adul t T6C5mdBrLt/ 6s]) m
under went surgical procedures for the express
sensLoSrSmC|l opHensor in cortofcathepyviadidzl anaeue)
usually maintained in a 12 hr |ight cycle, wit
this light cycl e, mi eeatreighti 7PMet ac7AME a
rapidly after the onset of Ilight at 7AM with
(Figurep. To uncoupl e adtaingiet,y ifnr @ rhetstee eQlper i me
swit ometd 7 AM and ClI i maging was performed at
experienced a continuous period of darkness | a
were imaged at a timepoint c20re€ZpRab)ngite. zt¢t
aftthre | asttdlagkhesmBolelreswiomg surgery, a recove

three weeks was observed to al Powoirf otosiambhie
| ocomot or activity was continuously recorded
ani mals (sex.)megulokddi spl ays the behaviour al r
mi ce i maged (only 5 mice are included because
ani mal ) . As expected, al | the mice remained
dar k nreisggulrfee)f.t I n 4 out of 5 animals, the peri
(Fi gurRi ghtindi cating that sl eep was mar kedly r

even i f this cannot be considered complete sl e
all owed us to dissociate two nod#dmalkleynw aevercla,i
entnrmaeint and the bewbhbkei sunbdk, speepi ding a unigq
whet her fluctuations in neuronal chloride f ol
activity, or whether they are governed by an e
Twg@ hot on i magi ngouwalsayearra/edd pyrami dal neur @
intracel l ul ar chloride concentration. I ntere
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behaviour al activity during prolonged darkness,
observed i n control conditions: intracellul ar
comparable to those measured at ZT5, i.e., i n th

m ce are typically resting (mean ZT5: 9.05 mM, 9
6 mice and b5Ri8g uirea)r.onlsh)i s( suggests that the expos

and the subsequent strong reduction in the actiyv
the obselrcevyecdl e[.CIThus, chloride regulation appear
circadian cycle rather than to | ocomotor state o

confirmedyitnhazT2[90 mi ce was not significantly d
Whitneygidedo ZT5 vs ZT29D: p=0.68), while both we
(mean ZT17: 18. 68 mM, 8 mi-wki amegjlddbdo n2TtoOones |
ZT29D: P'Y3. 7T*hlete findings support the conclusior
neuronal chloride is not simply aiwake egauteinwiet yo f
but might be instead mainly governed by intrinsi
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FigulrieThe effect of 4h prolonged darkness on chdmpri de

Schematic of the behavioural recor diBrog & o asccghueinraetdi catofzZz Tt
experiment al protocol. Mice were monitored for three day
pl aced in the arena) was discarded. At the end of the se
dar kness. Minc d magreap tait arhemi2crosc p@ie t bl measatrieons wer e
wiht Bi orbehidreee representative fields of view, showing pyr
in | ayers 2/3 of visual cortex, in mice aged >1mont h.

indicated circadian times.adhke¢ehirmageel aft éableébeidngT®
from ZT12 wuntil anaest hesiem.c)Puha nltatferc.dad® aolBi borf antg¢i Gpno i ma rs :
(12: 00, 9 mice and 663 neurons), ZT17 (& 4mi0dde, 85 &H cree warna
An average of 4 fields have been acquired for each mous
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ani mal s, and the box plots show the interquartile range, m
each experimental group. There is no difference between ZT5
from ZT1iWh( Maresy i dedos ZZTT51 7v: "B =1ZT81*71 vs ZTX9DZTH=8s 7ZTUDI9D:

p=0. @8 )ef tCumul ative distribution for each mouse i maged at
traces). The thick Iines show t IRé gméCaunmudiasttirvieb udtiisotnrsi bouft itohne
mouse imaged at ZT5 (greAntbgaaesdPpbandned ZTDd2WMDt he continuo
of 5 out of the 6 mice shown in (c). The mice kept in prol

equivalent period when they were in the Itisgtho-sti(wsed, magni fi
p=1.8*10he plot shows the mean N fvlaefifhecelu.muBiahi dar df so@anc
travelled by each mouse increatsedt-sinded ol BrIneSBRidGtk ness (pa
the time spent in complete immobility decreased in 4 out of
the distance travelletd(pad. 4ndi ANGQVWA,] med).an [ ClI

3.2T'he effect of prolonged sl e

To assess whether chloride regulation in cortica
by circadian rhythms but al so by sl eep, we exte
prefrontal cortex (PFC), in collaboratoi,on with
specifically intereBotedthase hespdriamentre,gi @acul t
(6 months old) of both sexes were employed. The
PFC pyramidal neurons via the same viardl 18trateg
mi xture -EOMIDAOYLSSMClI opHensOaMkCa@dvoAAMEe ks after
viral injection nofcelL 8mgGeHtopHemtibd0oOdBm80ONn | ayer 2/
pyramidal ne ykiogwrzedt Udtdilebbasel i ne conditions, i n
chloride concentrations in the prefrontal <cortex

vi sual copirnt exFQ:[ CI3. 5 aN nl1V17: ndBM;0 5 CNWIBi. t6n enyM; Ma n |
tweided: p=0.24).

We next examined the effect of 24( $Dlurisn oPFCont

OQurl esep deprivation paradigm specifically target
no-REM sil(eMemdel son etTalachildwel)t hi-sst awvlel iusteedd t h e
Afl ower pot o met hod, in which mice are placed on
Whil eRBMns| eep episodes can stil!]l occur , the | os
REM sl eep causesl tihmeet antimalwatoerf,alt hereby prevent
Thus, a separate experimental group of the same
subjected to this slPeyepandedparli vnaetuiroonn sp riont achoel .pr ef
sl ekppri ved amlianmdds aisignificant el evation in i
compared tBigdmreefr@lteni(rol: 13.5@&SHN: 183579mM; 1gCP
mM; M&hnt neyg,i dende f ( x) <g(x) ,0.coolnt.r oA twst.al Sh:f p/= m
570 cells were imaged in the control group, whil

the SD group.

Whil e our previous expemhomene st dmadi eshoovin t heatdar |
insufficient to sjiagnizZiTi5c,antthley epxetretnudrebd [sGleep dep
produced a marked effect. These findings indicat
exhibits a circadian profile under nor mal condi t
ndependent i heEkepehoses wimplossng a measurabl e chl
pyramidal neur ons. 't 1 6| owe tsp @an o/teirryg utsteadt med vheord
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in literatur e, it may induce stress to the an
[ @l thus introducing a confounding effect
30 * 19
b 20 “0 C_g
3 08
=0 ¢ 3
=
T . 3 09_0_5.
= 50 A 2 0.4/
S *e 3
30 ¢ 2 0.2
201 o ® 3 /
I T T T T 1 0 -
70 71 72 73 74 75 0 20 40 60 80
pH [CI]; (mM)
e
60 —_—
=3
40- ,
- - B
5. 20 ¢ ¢
b2
01 .
Control sSD
Fi gur2é n vdivmaging in the prefrontal cortexa)d€themaprol oni
of the flowerpot sleep deprivation th)dadimaihdapCIMplidef avrer e
each individual mouse. No meaningful correlation was ol
across mice. Dat amediwanlslheo wmerasanihmal , although Pearsonds
across al/l analyzed cells (not shown). The correlation
1@ SD: r = 0.3®&),, pi Fdilc&tindgOonly a minor and l|likely biol
chloridec)fodupdti ve diJtni bontoonl of gf €en thin Iines) an
(blue thin lines). The thick | i melsefBwe pgthet carv eirmagegisn g fi
prefrontal cortex at a depth of 1170 Om in a control mo
perf or medexacti ttahtei 05n wav el ehegstthismanteee d(esfe)dt omEH[dCddes | | bodi es
been colorized in the right ‘panOeaIIitboaitmaRimcgdxtarEagtmﬁcgérirmaSL
mouse that was sl eep deprived for 24 hours (i maging de
concentratiedOumun amMve chloride results. Eaqfiosymhah re
experiment al mouse and the size of eacHhfeymbathi motutweceCF
each mouse we Tmemsare@ar{ &bl e number of cells dependent
transfection. Control : 1221,7,2355,1871,482i9s,4 8500 h @876, .i B[4CHD €

(MaWwWhi tneg, dende f (x)<g(x), control vs. SD: p= 0.01).

3. Xei zure susceptibility fol
It I s depdndent on [ CI

Sinceii sClcruci al for the outcome of the inhib
circadian ¢ dwickhpiangenen cortical excitability
These experiments had already been initiated
to contribute to their continuati on, assistini
for somd i manrsd as wel | as in the subsequent an
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El evat ed chl oride l evel s have l ong been l'inked
considered a major factor (Kadheérl i r5g aBaigzzudr2d 0@ r
on this background, we asikned hwhetal egantiigohet nat ( rCd

modul ate the I|ikelihood afddepbkeppthiifsqgqr ns ea ztuirwi ts
el ectrophysiological experiments wé6 emprtrior med
ol d) of b oknhd e 5 e xdeese.p uret hmneweamre sgrhesaraed for
el ectrophysi ol oga csaralrle cwa idi megp wmfrdd;i n80q 4nl | 15
M in artificial cerebrospinal fl uRidgulr@ggam.s i nj ect
Local field potentials (LFPs) were recorded frort
site, either at ZT5 or ZT17. We recorde-d neur al

AP injection, which al ways -waspl awegFlilguegiechar ac
19) .

At ZT17, al | tested animals (8/8) rapidly develc
to full electrogriagphmcneséeerzunésewithjerc?ion (mea
min SD). I n contrast, at ZT5, seiecareanwerrer bbhee
remaining experiments no seizur ani aattievirteyc owas nde
per iFdd urag . For consistency, ss8ieiui@gl abercy wials
to 60 minutes, resulting in an estimated average

This represents a more than threefold increase
Whi t ne yFitgeusrgp).

To probe the causal role of chloride, we mani p
Pretreating ZT17 mice with cortical applicati ol
selective NKCEM) ifnohri b4t ommi,n ubtbes strongly suppress
i® out of 6 mice no seizures occurred within 1
modest seizureFagulete WMMagemnna) ( Thus, bl ocking N
(which IJoowfer~s9 [nEM Pata cruicght ¢t sal ft e2d2028e ZT17 phe

towards the more resistant ZT5 state. Conversel
vuo463271 in ZT5 mice markedly increased seizur
devel oped intense, sustaineabépiltepthfoeemsaeiesnc aa

(Fi gure cyan). Thus, the blockage of KCC2 convert

Quantification of cumul ative pathol ogiiguwurle acti vi
18g9). We found far higher bkeeelmsbddb dpta tzhToll 7o g(iZcTadl

vs ZT17, p=Who0o24heyMamrst). Again, as with all the
i maging assays, bumetanide treatment mar kedl y a
towards that seftmbuw@ametzalnsi deZT1lp/=0. 008t, anZiTdse ,vs Z°
p=0.59). [ n contrast, vuo463271 increased epi |l
ZT5+VvU0463271 pWhi.tOnbey Maensnt ) to values not stat |
ZT17. Toget her, these findings demonstofate that
strongly influence cortical excitability and se

mani pul ation of chloride transporters can shift
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Figulr3el nduced epileptic activity cham)ebematihc thkrowiinmoe
experimental badEx ampmpleeanebhEP traces recordedAPprishrowi gt hée
characteristic rhythmic activity pattern under wurethane

of the cortical UP states is shown)ExdoeowhewaldPdefrlaeeti
corresponding spectrograms, for the -dmirsapyroiudi rad t(Ee4AR,nN
Inie) , for the four different experimental groups: ZT5 wi
without (blue) / with bumetanide (bume, magentaf§l) Drugs

Raster plots showing thesdcenpsealeyrvekdt®em hddtsadihles)z f o
mice included inbthe shadgd dhealsi ghdicate the first sei

rasters indicate animals where saline was supplemented
contre)ladbegncy to the first seizure. AlI ani mals which h;
data points at 60 min. Open symbols indicate female mi
Wil coxon rank test (see Methhuads fidrendh e crdididieomm)ey ulsweosit § 0
ZT5 vs ZT5 + VU: p = 0.8@**ZT5Z275% wg1ZT1p = Humel10p = O.
p = 0.01 (*); ZT5 + VU2vée*ygT1ZFhadmes BETEFf2Zbmmeé@op recl.iD

for mul tfijpHe dwertasge cumul ative activity recorded for th
hour af {A®Pr itnhe dhieomr.umul ati ve patskcwlregi danl taheet ifviirtsyt (hzo u

4AP injection. Box plots show the interquartile-range,
si ded iWhinthney tests. ZT5 V3(*2T,5 Z2TYUvspZFQTZ*pplETH. 081
ZT17+bume: p = 0.32; ZT5 + VU VL 7Z0lihe: pBEEPR22FTNEZTY s+
ZT17 + bume®®(p*¥F; 3nd6*tOrrection for multiple tests; The
sexes. Numbers of animals: ZT5: N = 11; ZT5 + VU: N = 5;

45



PhD Thesis | Giacomo Pasquini

3.4 Cl i ma: S new GEC

The need for genetically encoded chloride sensor
sensitivity motivat ed imphreo Wekdr eildmg ment. offh ei Gleiama h
for such tools | ed to a collaboration with Dan
mut ati ons in the fluorescent protein mCl over 3.
optimization to achieve both hidh pdhlvaoarriidaet i afnfsi.
Structurally, the sensor conssdarssist ioMleuag fessaemt bet

protein (mut ated MmC|l oveas@&ngsi tainvde ar ed hlfolruiodree s c ¢
( MCRI SPRed). We characterized iClima, as ClopHen:
dynamics in physiologicalnawidveat hol ogi cal condi

3.41.Al i ma characterizati on

Accur at e characterizati on of t he senqorviivdo esse

experiments. As described in the introduction, t
the dissociat)ioontireoampiklanthe( Kl uorescermc.e Toati o wl
extract these values, dedi cated calibration exp
sections, li ndecsiatiriidbreattihcen str ategies we employed,
using two independent-phontagn ngorsfedalan thiaaromse®o p

photon microscope. This dual approach ensured t he
validated the performance of i Clima under differ

3. 4. Bl &tedr ough measurement s

To quant-i hyobpbpbebetween the spectral channels of
sensor, we peffFoomepghgia@agtentrol s. Mouse embryon
were transfected by electroporation with either
plsani d encoding the mutated mClover 3, both wunder
Two daytsr posftecti on, cell s -iweee inendigepthdthom hewol
excitation, both channel 1 (green) and channel z
different excitatiophwaoel eregniilss.i oRorspenéra wer ¢
each fluorophore agcoswava® Inre aRgidgghudr d&f(. BT was

cal cul at ed Eagc.9.08r Slp enagi ft ioepahloltyo,n faocrq uoinsei t i on, emi ss
recorded at 450 nm excitation were integrated wi
order to estimate the fraction -tohlir otuhgeh . s pTehcetsreu m
integrationewéhdeses wer match the emiphsdtoomn filter
mi croscope (527/ 70 nm for green and 607/ 70 nm f
bet ween the two BT measurements underscores th
i maging setup tared nleiceftslsiiglyt sof performing BT mesc¢
system individually.
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3.4. pH2cali bration

To determine the pH sensitivity of i Cl i ma, M
encoding the sensor under the CAG promoter. E)>
di fferent pH vmHatesn ami ctrhoes ctovwpoe . I n order to

concentrations, a s édiroice £ ooanfpowasdh ene dwiat t oaad ai n
were performed. These reagents permeabilize t
anions, equilibrating intrackilduriga.r lamdt leixgs ra
t he extracellul ar medi um defined the i ntrace

coll ected at varying pH value$&i gulidd e &bBmMmDrid
aut omBMAETUOABTIri pts were used to draw regions of
cell s and the average signal of both the gr
background subtracted, corrected for PMTs effi
cal culFageldde ( The gr ears/ raed umattiioon of the exci
(from now on, we wil/ refer towdrdeeasmpgseednAhs:
a |linear combination of the green/red excitati
coeffiland ki gurépg These twosfubctous eiwme yeomput e
das a functignlrdlef PphHe (resulting titrRq.,0h5 cur
yieldiaoog & .BKN 0. 06.

| i gulrée t he errors associat ethamddrhe tshreovin .t tTihm
corresponding umeét eait nttihes pormmpagated error o0
derived from this calibratiWdamidgrhoec @ chudri ea.l Froom
] was also calcul ated. The tabl e bel ow repor
correspondiamglvmbearas and their standard devi at.

6 0.23 2.57 1.0 0.28
6. 1.65 0.85 1.0: 0.23
6. 8.18 1.73 0. 9! 0.22
B 24.9 4.03 0. 7! 0.18
7. 58.2 8.53 0.7 0.23
'8 89.0 7.62 1. 1 0.35

The uncer tdarienptrye semt s t he error associated w

Conversely, the€ evaritahtei amdiiml coordinate) ref
concentrations or changes in the appaeent nst c
chloride concentrations might be attributable
resi dual chloride remaining even after sever s
from the ideal stoichiometry offltuhag esecresndr pmaeaoy
are designed to be present in a 1:1 ratio. We
from differences i n t he mat urati on kinetics
measurements were performed iai flfievrienngt,i arl e pnhaitc
times could |l ead to transient imbalances in t
components, wultimately produgrvalgudd.uctuations
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During this calibration, a total of 2111 <cell s v
per pH condition. Cel |l di shes were maintained t
procedur e. The same calibrationppobordexei wasi o1
(see meBbhddsThe rewabtivng PKO. 38, c | opshedtyo nmat c hi i
esti mate. Thus, i Clima exhibits a hiaghloyssreprod
di fferent i maging modalities. Lastl vy, fFrom the
photon ®omodttowoexcitation, we identified the isos:s
photon excitation, the i sosbestRhicguvwdi,.el wmigltedh was
f or -pchnoet on excitation it was identified at 440 nr
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Fi gulrd&8l eetdrough and pH cal i blrogppt Eonn sef onCkpmatra) of mutated
(green) and mCRI SPRed (red)Mieagli BBEdc @aé f f4i5dinenn tag rpeHprie ent i n

each fluorescent protein's signal i nt o tphheo tdoent entitci roons ccohpaen n e
andBo(t ) onat tphheo t tomo mi dn®cskkeomaet.i ¢ of the calibration proces
perfor med in controll ed media <conditions, in presence of
intracel  lawRapr eneen-fahoi oe @oguobi MEF cells expressing iClima

i onophol=eds nMCland tpp=6r GB( PafGreen fluorescence normali zed
fluorescence at di fferent pH valhdepenpgemt 2 pphotofi ersbeati
visible at)Ca8r3tlesnnan representatlhofdabfdi hteecompopEnval ues. (
points indicatfefalnidbratdiudas caerlMesn off ia,0o partb il ypélr e p&bt ai ned
fitting the expkEg.imehtal data with

3.4. h3ori de cali brati on

Foll owing the pH calibration, chloride calibratd.
with i Clima. All measurements were carried out af
i mposing increasing extracellularrehpbates. cé&oce
each condition, a minimum of four i ndependent
reproducibility. Emi ssion spectra were acquired
onphoton microacbopmdtAdSdksBcr i pts were used to dr
around i ndividual cell s, from which emi ssion S
expected, the green fluorescencseempeiaki, veormgt atae d
mCl over 3 domai n, decreased as chlori de concent
fluoemase peak, correspo-ndsrgsittoi vtehemCRH ISPRiedle d
remai nedFisg wwrbd)e. (For each plate, the experimental
fitted to the Ilinear combination of the referen
according to the following model

w QOO 129y

where G and R are the reference spectra of mCl ove
gandare fitting cogfltrhern efndrse Méaier eadntos the r el é

of the green and red components, providing a dir.
this spectral fitting apphoauoubhh doesr emmtti orne qlua a &
emi ssion spectruinm ecft| ¥y Cldierna mp e s ed into the ref
mCl over 3 and mCRI SPRed, rather than being separe
result, the green and red components ®fBriengat hema
process. Thleragaveorsagueer e then plotted against chl o

wi Ef.t 6 extrq@aodo(FRheurge. The fit obtained from exc
(the opti mal excitation wavelengt(hofor7.dCINodenw3)

mM. Similar values were obtained at otéer excita
9.7 N 3.0 mM) gand7.478 0N nan. O KmM) , confirming the
measur ement . Thus, we  on/s.i3d emrM tahse tahpep ammoesntt rKe pr
val ue. This apparent di ssociation constant refl o
applying thEq.indtdreg eKtthfe fully protonated state
calculated to be 5.83 mM. Cal i brtaot i @wie nprmicresrs e s
chloride contaminati oophoDahaeacguatednwshbowedel o
compared-photdamwoexperi ments, where measurements
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consistent. -phetehorcal i bnation results were <c
and used togextract the K

The chloride affinity of i Clima is substanti i
sensor s. For example, LS®9MCEG6pBemMomrate i i 2s
physiological intracellul ar chl oridel osaengteo |
neuronag( ~9 CmM) , making istui padt ifouwl adreltye cwe Inlg
chl oride dynamics. Lonpor Canmay (7t B Bhghr e t

are minimally affected by Flgoatthat irems eisenphn

maj or advantage over earlier genetically encoc
results demonstrate that i Clima combines high
a power ful and i mproved dtdoyonlanfiocrs iinnv elsitviignagt icne
subtle physiological fluctuations that were pt
a b
CL
(s ()
= s |
9‘, 25
> 5
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o 501 _PH:
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Figur5€hl oride calibrait€ClinmafemiCdsiman @pectra at increasi

(excitation wavel)2mhhgathon= i4nBaOgninm)g. of MEF cell s e¥pressin
di splaying a decrease)Ainggarbe ean ffu nucdtrieocsd engc eH.Cl1 641 sf r om wh
extracted. I ndi vidual points di s plEryr otrh eofianeehsca gleClaal we s
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function of tih@l iema o(fs olni dpH.i nes) di splays a far weaker de
LSSmCl opHensor (dashed | ines) .EqRPl &6t was generated consideri

3.4.C12 i ma detects circadian f |
U20S cel | s

After characterizing the properties of i Clima, w
chl oride sensor was sensitive enough to detect
chloride fluctuations. As a coll aboesahipntheé thu
| aboratory of John OO0Neil |l at the MRC Laboratory
exchange period were: a) to determine whether a
oscillations in intracellul ar «c¢hn orrdpcer,t @rns ;s yb)c h
validate iClima as a sensor capable of detecting
O6 Nei I | |l abbs expertise in circadian biology, t

question. For this purpose, ctewd UJd® s( meman ucsstde
stably expressing -PERBI haggwidt AtPERZ:fICYCadnudci f er a
U20S stably transduced with a |l entivirus expres
promoter (pBMAL: LUC) Upmd moCGleirma under EF1

Cells were entrained with 12hr:12hr 37UC:32UC te

six, at the transition point between cold and wa
serum media and placed at constant ruemper at ur e
conditions, before the first recording. I n the ¢

| uci ferin was added to the medi um.

On the day of the experiment, cells wWegeraivided
1@) :

1)Bi ol uminescence group: recorded in an ALLI GA
Luci ferase I maging -Gasi hinde d e(Rpeenoga & r@6 Nei | | ,
20229 monitor <circadian reporter activity (PE

2)l maging group: recorded by confocal Mmi Cr oscof
i Cl i ma.

3)El ement al anal ysi s group: STlAl joend tce dEmti & s MO o
Spectr oscloEpSy) (tMP quanti fy otherd¢ | Mgidgda el | ul ar
Cag) .

Chloride is poor-AESdbeteatiabl etbyeMPitation requi

its emission efficiency is intrinsically 1| ow, r e

encoded sensors particularly wvaluabtge ifOGIri mahi s

all ows C o ntii mwasuisvenomeasur ement s i n l'iving cel

resolution that bul k el ement al anal yses cannot a

As expected, t he RERZ:abdo gaBiMA Lelpolra sea dsp mand ii ¢

oscillations at the beginning of the recording,
slight phase shifts over ti menownrhi gh e nso neonmsni sa fe
popul ation desynchronizationoiscgit¢tllat oredgcaldua] |
synchrony, resulting in amplitude damping and pl
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( Nagoshi et al ., 2004ndwedshcetlaltypko@#i)y r e
after mitosis with smal.l phase differences, c
This phenomenon might be particularly strong i
cell s mighti nlha cbki tcioonnt antetc h a ni sFnsg. Ul réeEart eap rper seesnetn t

the averaged traces from 12 plates for each r ¢

For i Cli ma, i maging was performed on four pl a
pl ates was discarded from the analysis after

The starting number of cells analyzed eas n=7
signals in the green and red channel drwevne av
for each timepoint to manage putative dead ce
cells during acquisition was 3.84% petresdaiyn ¢
|l otgr mclkeil Vei(mMaegninnegl | y .etAnaall.y,si2s0 1olf) t he red/ gr
rhythmic oscillations that could be fitted wit
with an exponentially decrsi.s)ilnTgheanfpiltitteudd ep gr
chloride oscillations was 23. 7-0.h00(2p3a r aamep leirtsu

0.0169, k%= phaB8e2019.6 Avaperi ¢es*tFRi3golr@h * 10

Ei ght plates, each containing siAk Sr e Bjaitndda tke we

Mgdconcentrations displayed rhythmicity, wi t h
respec(Fi gallegK¢par amet er s: Ppsne lmM>EFn %2698, 8ampl itu
0.374, k= 0.0172, phase= -vi®l. BeA At e spte i gl 5 9 *213

parameter s: B apspent i mée. =6 7&,* A Dmpl i tude= 0.9094, k
phase= 20.6 h, -pariedte2B=50h00H&8A 0 . ¢dldjd oomt r e

di splay significant oscillations (data not sh
and magnesium oscillations were closely align
suggesting that these ions may wundergo coordir
These data provide preliminary but encouragi ng
with potassium and magnesi um, may undergo cir
absence of d¢otsecdtldhaltd oGas] i s not surprising, a
second messenger ; its signalling is typically
within subcellul ar compartment sér hhynt haro nitsr amda r,
unexpected; however, it shoul d bde rmiowed Itihmda :
may exhibit altered osmotic or ionic regulato
circadian sodium oscillations. Importantly, iC
fluctuations in a physiol ogisxevdryalr elliemiatnat icoor
noted such as the fact t hat chloride data di
recordings, reducing robustness. This might a
which can disrupt populuwtte otno siymcrmhe @anngd awnar icak
measur ement s. Moreover, circadian rhythmicity
not manipul ate the circadian period phar macol
drugs) ; Finall vy, t ceedaisieved dIOS, | ianecanl i mit
interpretation of i on rhyt hms. Neverthel ess,
oscill atg ¢K sanodfwMbhlh ~24 h periodicity represen
i oni c homeostasirg amayanb & ownAddeasrli vdeid twrhd s, and
can serve as a powerful tool to investigate tI
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C — pBMALT 2000
S 4000 =—PER2 3
G &
5 3
= £
4000 | 2000
MP-AES iClima imaging
E
b %
PBMAL1 PER2 2
z4mmnm:nnm
Kt * e s avasgian .
E
ssmmnnm g
4zm*§
¢ EXXTTTTTYYE XTI
Fi gulréeCi rcadi an control of 1T onic Somewmstiasi ef i nh&2&speri men
circadian rhythm of U20S cells was entrained with temperat:
di fferent analyses to assess: circadian phase by biolumine
and widdmal i-ABS. Fhayw MPumi nescePER?2I @naudBaepA Lolfirlepcor t er s during

the fic@op2Avéirage detrended IPER2n dudMALll plnodJRiO&s cef | s

(see MétHbdbds detrendi MgdpBleaccekd udroet)s. i ndi cate the average red.
ratio across alll i maged cells (error bars Bot$SoBM);actkhe red
dots indicate average intracebdmd gdVg fceoonpremnttirvadali yo n( & rrroor 8b arl ¢
red curves represent é¢phed rO.cfplr,keMgplOO®di; ngpfm, t pafKs per mil i

3. Dynami cldwrfi ngClepil eptic aci

After characterizingyvttweon€kt mai medsodoo test whet

was al so ifrunwitaimdnalpeci fically whether it was sen
chloride transients associated with iepiulteeprtoi ¢ ac
el ectrofplouBo iexpress the sensor in cortical pyr an
| ayer sDals Naschi o.Eltecatlr.opo2®1t2d2 on was perfor med
encoding iClima under the CAG promoter, with exp

timing of electroporation and the position of t
exhibited fluorceasgdeamgc s ucealelss,f uilndiensor expressi o

Starting from P29, mi ce were anesthetized with wu
at zZzT5. During the surgical preparation, an i mag
to allow the insertion of a capilna@aryTlil®ecdeagtodpm
enabled simupbanepbnus magwbng anKi guErde mokhornt oeaaly (
mouse, spectral series were acquired over multip
of at |l east 30 nrFd wruobes. plehre ameidmaaln (baseline valu

across animhtfsoweremM[ &h&i pHreg. 7T® test whet her i
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coul d report |l arge chl oride fluctuati ons d
phar macol ogically i nduced -Bwi nloopcyarliAdPd d ed md4s t r
Vvuo463271dayy. mvud0463271 is a selective blocke
which camoses adae el evat icoor tafca[lClneur ons: When
AP, this condition reliably induce@GPrsa&duauacie at
al ., .2N23)y al activity was monitored thr-ough s
photon i maging at a single excitation wavel er
correlation of optical signals with eleetrophy
one died during the early phases of the expe
included in the subsequent seizure analysis.

the electrophysiological traces, t Ide dgerce em sfel u
(Fi g ulrgeb) , consistent with a rise in intracell U
recovered after the seizure terminated. Cl os e
reveal edigtdhachegdClval ues up to 4840 mM, cal cul
(Figurge) To quantify the kinetics of chloride
ratio was extracted for each i maged neuron al
Averaged traces were then fitted with a | ogi s
eponential function for the decay.seFrtdmet lnds d

s and a decayUbf mdRBicpuhrgld ant (

These experiments demonstrian eyvitak@altowiClg mmaoti so

measur ement of absolute intracellul ar chl ori
dynamics of chl oride changes during pathophy
epileptic seizures, we observedom oagfobustr and
chloride, foll owed by a gradual recovery. i ClI
monitoring both the amplitude and the kinetic:
a b C

724

714

pH
[CL];(mM)

6.9 4 *

6.8 -

D E——— . E——

Figuri€hl ori de measur e}(Scime malkE cmirceepr easent ati on of the ex

LFP apdofon imaging was performed in anesthetized mice
Generated wibReBresentati ve Ciumagdiand @f¢itagdHtd (crhil yphtiedseu I(t s .

Each symbol representBf adrhee awehdieaxnp eporH menrdt 4ICImouse. For ec¢
[Glin a variable number of cells dependent on59he qual it
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