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Introduction %

2520 R. Tyzio et al.

(mV) series (in the bicarbonate-based ACSF), DFgapa was 1.9 £ 0.6 mV
24 - (n =9). In bicarbonate-free Hepes-buffered solution, DF5aps was

=37+ 1.8 mV (n=10; P <0.05; Fig. 8A). These results indicate
221 that bicarbonate conductance significantly contributes to DFGaga in
20 A the soma of adult CA3 pyramidal cells. Subtraction of the bicarbonate
18 - component allows an estimation of the chloride equilibrium potential
16 1 in the soma of adult CA3 pyramidal cells at around —82 mV.
Assuming [HCO;7];=16 mM and that the relative permeability
HCO; /Cl” = 0.2, we further estimated [Cl']; according to the

B cquation:
Egapa = RT/FIn[([Cl ], + 0.2 - [HCO4],)/([C1 ], + 0.2 - [HCO;],)]

We estimated [Cl ]; in the soma of adult pyramidal cells as 4 mwm,

e} which corresponds to a [Cl7]; equilibrium potential of =91 mV. This

theoretical value is more negative than the value obtained in the

1T T T T bicarbonate-free Hepes-buffered ACSF (—82 mV). The difference

11 13 15 17 19 is probably due to residual intracellular bicarbonate ions in the Hepes-
Age (days) buffered ACSF.
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2520 R. Tyzio et al.
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24 - (n =9). In bicarbonate-free Hepes-buffered solution, DF5aps was

=37+ 1.8 mV (n=10; P <0.05; Fig. 8A). These results indicate
221 that bicarbonate conductance significantly contributes to DFGaga in
20 A the soma of adult CA3 pyramidal cells. Subtraction of the bicarbonate
18 - component allows an estimation of the chloride equilibrium potential
16 1 in the soma of adult CA3 pyramidal cells at around —82 mV.
Assuming [HCO;7];=16 mM and that the relative permeability
HCO; /Cl” = 0.2, we further estimated [Cl']; according to the
Goldman equation:

Eapa = RT/Fn[([CI7], + 0.2 - [HCO; ],)/([C1 7], + 0.2 - [HCO; ],)]

We estimated [Cl ]; in the soma of adult pyramidal cells as 4 mwm,

e} which corresponds to a [Cl7]; equilibrium potential of =91 mV. This

theoretical value is more negative than the value obtained in the

1T T T T bicarbonate-free Hepes-buffered ACSF (—82 mV). The difference

11 13 15 17 19 is probably due to residual intracellular bicarbonate ions in the Hepes-
Age (days) buffered ACSF.




Introduction [CI]; effectively controls the neuron excitability

hyperpolarizing Isoelectric depolarizing



Introduction Posnaawn, nos'asani 3 [Cl];

Xonepa: uUUTOMI3NH BiBpiOHa Xonepu yTBOPKOE aHioOHHI KaHanu Ta cnpusie cekpedii Cl- 3
IHTAaKTHOI crnn3oBoi 060510HKKN KuweyHuka nogmHn (Debellis, 2009)

MykoBicumao3: nopyLeHHs PyHKLIOHYBaHHA XnopuaHux kaHanis CFTR, cnpuymnHsae
30iNbLUEHHS B'A3KOCTI CNU3Yy Ta MOro HAaKOMUYEeHHs B auxanbHuX i TpaBHuUX wrnsxax. (Wikipedia)

MNMopin pakoBux kNniTuH notpebye barato [Cl],. 3HmxkeHHA [Cl], 3ynuHse ix nogin (Shiozaki, 2011)

Bucokun [Cl-]i € HeobxigHO ymoBoto 3anycky anonto3dy (Heimlich & Cidlowski, 2006)



Introduction HeBponoriyHi po3nagu, nos'a3aHi 3 [Cl];

Posnagu aytuctuyHoro cnektpy (Lemonnier Ta iH., 2013; Tyzio Ta iH., 2014)
Cungpom [ayHa (Deidda et al., 2015)

CuHpgpom PetTa (Banerjee et al., 2016; Tang et al., 2016)

LLinzodbpeHia (Hyde et al., 2011; Merner et al., 2015; Tao et al., 2012)
Xsopoba Anburenmepa (Chen et al., 2017)

Eninencii (Huberfeld et al., 200

HeBponaTuyHi i dppaHTOMHI 6oni

[MocTTpaBmaTu4Hi 60ni i BiGHOBNEHHS CNUHHOIO MO3KY (Boulenguez et al., 2010)
Bci nepepaxoBaHi po3naan BBaXarTbCH . 3MiHa Cl- moxe
ByTn , @ HEe MPUYNHOK HEBPOSIOriYHOro posnagy



Introduction lessons learned from fragile X syndrome
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feHOMm nogUHUN

2017. CekBeHyBaHHSA reHOMY Naui€eHTIiB 3 pigKiCHAMU
3axXBOPHOBAHHAMM.
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Dr Gaetan Lesca



feHOmM noaNHU

[MpoekT "MeHom noanHn" 3anHaB 13 pokiB i TUCAYI
pocnigHukie. OctatoyHa BapTicTb B 2001: 2,7 Mminbsapaa
Aonapis.

2023. lllumina: JocsrHeHHs B nigrotoBui 6i6nioTek, ceKBeHyBaHHI,
GioiHpopmaTHLi Ta aHani3i BapiaHTIB 4O3BONUNM NEPENTHN Bif 3pa3ka
00 3BiTy MeHLW Hix 3a 30 rogmH. BapTictb < $1000.



Sacha case

Whole-exome sequencing of patient with severe neurodevelopmental disorder* revealed
missense variants of gene SLC12A5 encoding neuronal K*/CI- co-transporter KCC2.

o ¢ % \_
\ ‘f’,x\ N ’l
Chr 20 Chr 20 Dr Gaetan Lesca
WwT S2 WT S1
| |

Chr 20

L]
s2 = H s1 m

D Intellectual deficiency, autism . Seizures

*developmental epileptic encephalopathy with drug-resistant focal seizures
starting at three hours of life and occurring up to 100 times per day.



Sacha case SLC12A5 Sacha variants .

ATC CTCITTC CTG CGG TCT AAC'CGC TCT GGG

ILe Leu 'Phe Leu Arg Ser Asn!ArgiSer Gly
! |

ATC CTC'ATC CTGCGG TCTAACTGCTCT GGG

ILe Leu! lle Leu Arg Ser Asn!CysiSer Gly

Sachal




Introduction % Multiplicity of molecules controlling [CI'],
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Introduction KCC2

AchR (1982-1985) GABA, R (1983-1987)
Gly R (1987) Glutamate R (1989-1991)

Molecular rush / monekynapHa nuxomaHka




Introduction Cloning
NKCC1 (1993; 1994), Transports Na*, K*, 2CI- from the

MO'GCU'&I’ I'USh / MOJ'IeKyJ'IFIpHa JINXOMaHKa blood into the cell. Maintains the cell volume.

NKCC2 (1994; 1994), Ascending limb of the loop of Henle;
Transports Na*, K*, 2CI- from the urea to blood vessels.

KCC1 (1996)

KCC2 (1996)

Putative Membrane Segments

S1s S3 S4S5 S687 S8 S9 S11
2

ORF encoding 1023 AA



Introduction % Cloning

AchR (1982-1985) GABA, R (1983-1987)

Gly R (1987) Glutamate R (1989-1991)
NKCC1 (1993; 1994), Transports Na*, K*, 2CI- from the
blood into the cell. Maintains the cell volume.

NKCC2 (1994; 1994), Ascending limb of the loop of Henle;
Transports Na*, K*, 2CI- from the urea to blood vessels.

KCC1 (1996)

Extracellular :.",-' : %, .': o s ' 8o, KCC2 (1996)

Intracellular ..-"

1116 amino-acids

Payne et al., JBC,1996




Introduction N

Extracellular &

Intracellular ..-"

1116 amino-acids

Cloning

Payne et al., JBC,1996

AchR (1982-1985) GABA, R (1983-1987)
Gly R (1987) Glutamate R (1989-1991)

NKCC1 (1993; 1994), Transports Na*, K*, 2CI- from the
blood into the cell. Maintains the cell volume.

NKCC2 (1994; 1994), Ascending limb of the loop of Henle;
Transports Na*, K*, 2CI- from the urea to blood vessels.

KCC1 (1996), ubiquitous, swelling activated, reduces
cell volume during hypotonicity by extruding K* and CI-.

KCC2 (1996), neuron restricted, hypo- and hyper- tonicity
resistant, constitutively active, function unknown.




Introduction % Challenges to study KCC2: 4 kb (140 kDa), electroneutrality

K+ @@
@ K @ 150 mM CI-
@ CI-/Cl,=10

Intracellular & & X oS 3 g8 & L : ﬂ
S g % o S 8 ) >
$ 3 3 bood g 3 &
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5 mM K*

K*/ k*,=30

1116 amino-acids : ® 15 mM CI-
Payne et al., 1996 ® 150 mM K+




Introduction KCC2: Developmental upregulation, link to GABA functioning

Immature Neuron Mature Neuron Mature Neuron

cr
GABA,R ‘% GABA,R \
cl

cr

SRAN

KCC2 KCC2

Rat hippocampus
kb PO P5 P9 P15 P18 P47

75 =

Rivera et al., Nature 1999




Introduction KO KCC2 -> lethal; KO KCC2b -> hyperactivity, dies at 14 DIV

Immature Neuron Mature Neuron Mature Neuron
cl

— ‘K\\\

cr

Number of spikes
(within 5 minutes)

+/+ +/-
K

Hubner et al., 2001 Woo et al., 2002; Zhu et al., 2008



Introduction > KCC2 mutations associated with epilepsy

Kahle et al., 2014

e

cotransporter function in human idiopathic
generalized epilepsy

Kristopher T Kahle™*', Nancy D Merner®*", Perrine Friedel®®, Liliya Silayeva’, Bo Liang®,

Arjun Khanna? Yuze Shang™? Pamela Lachance-Touchette®, Cynthia Bourassa®, Annie Levert®,
Patrick A Dion>', Brian Walcott?, Dan Spiegelman®, Alexandre Dionne-Laporte®, Alan Hodgkinson™,
Philip Awadalla™*?, Hamid Nikbakht™, Jacek Majewski'?, Patrick Cossette®, Tarek Z Deeb’,

Stephen | Moss, Igor Medina®® 2 Civ A Roulean

PSNLHPRSIAEE

Puskarjov et al., 2014
Scientific Report

A variant of KCC2 from patients with febrile
seizures impairs neuronal Cl extrusion and
dendritic spine formation

Martin Puskarjov'*', Patricia Seja>", Sarah E Heron®*", Tristiana C Williams®, Faraz Ahmad™?, Xenia
lana®, Karen L Oliver®, Bronwyn E Grinton®, Laszlo Vutskits”, Ingrid E Scheffer™®, Steven Petrou®, Peter
2 Leanne M Dibbens®* Samuel F Berkovic® & Kai Kaila*>"

Rattus norvegicus PANTRL|R|LNVPEE
Mus musculus PANPRUYR|LNVPEE

Pan troglodytes PANTRL|R LNVPEé
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Introduction % New cases revealed using whole exome sequencing

Family A

Family B
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Stodberg et al., 2015; Saitsu et al., 2016; Saito et al., 2017



Sacha case

Whole-exome sequencing of patient with severe heUrodeveIopmentaI disorder*
revealed missense variants of SLC12A5, the gene encoding for KCC2
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D Intellectual deficiency, autism . Seizures

*developmental epileptic encephalopathy with drug-resistant focal seizures
starting at three hours of life and occurring up to 100 times per day. Deathat9Yy.



Dylan case

75 epilepsy-related gene sequencing in more than 300 patients with neurodevelopmental disorder revealed
a family with missense variants of SLC12A5, the gene encoding for KCC2
No other mutations were detected (whole genome sequencing).

Dylan Family Y
« )
Dr Gaetan Lesca
WT Dylanmr QFNT Dylan2
| ]
14y 17y 195y 215y

I | I |
All siblings: Dylan1/Dylan2

O Intellectual deficiency, Autism B Seizures

23



Dylan case

WT WT WT wT
I e — cherry 1_ 1--—
D1 D1 D
— ———— e — L — s 8 DHIU e—
D2 D2 D2 D2

24



Dylan case

WT WT WT

I e —— Cherry se——
D1 D1 D1
— — e — Cherry e - m—
D2 D2 D2
W——— e ——— CherTy s—

In-Vitro study

Transfection in heterologous cell line

Neuroblastoma cells N2a HEK 293 cells (HEK)
Mouse Human

25



Dylan case In-vitro study
(]

Gramicidin perforated patch: Ti* flux assay
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Introduction % Challenges to study KCC2: 4 kb (140 kDa), electroneutrality
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Results HEK293 cells: K* flux

WT Al A2
> TI* flux assay ' ; s
. ’t ’ ‘, .
3 Sbum

Vehicle

Na'/K*

::::. ’ ATPase
Bumetanide 10 pM + Ouabain 100 ptM

Bumetanide 10 pM + Ouabain 100 tM
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Dylan case

N2a: KCC2-pH,,, surface expression (live staining)

KCC2-pHgy
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Dylan case Dylan mutants

> Dylan 1 and Dylan 2 mutations alone decrease the ion transport activity
and reduce the surface expression of the protein.

30



Dylan case Dylan mutants

Gramicidin perforated patch: Ti* flux assay: KCC2-pHext surface expression
1.5-
1wt
104 12
Ll 200 (%) Bl D1-D2
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> The patient like mixture of D1/D2 has no effect on the ion transport but
decreases the surface expression of the protein.
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Dylan case Endogenous expression of human KCC2 mutants

dKCCZDlH QKCCZDM

25% KCC2™ 25% KCC2PY"

Death at P60-P65
FMB

Death at P40-P50
in animal facility

25% KCC2P#*
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Dylan case Endogenous expression of human KCC2 mutants

Video
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Dylan case MexaHiamu gii
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Mechanisms » [CI]; effectively controls the direction and strength of ion flux through GABA,R

126 mM [CH],

ﬂ
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Mechanisms » [CI]; effectively controls the direction and strength of ion flux through GABA,R




Mechanisms » [CI]; effectively controls the direction and strength of ion flux through GABA,R

Isoelectric



Mechanisms » [CI]; effectively controls the direction and strength of ion flux through GABA,R

Isoelectric



Mechanisms » [CI]; effectively controls the direction and strength of ion flux through GABA,R
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Introduction KCC2: Post-translational regulation

KCC2 g

TR

| )

KCC2b Calpai
NH2 e

6K kcc2a

40
Hamze et al., in preparation



Mechanisms Others [CI]; — independent mechanisms




KCC: Protein-Protein interaction

KCC2 Interactome at Synapses
© 77 proteins at excitatory syna

42
Mahadevan et al., 2017; Hamze et al., in preparation
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