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Oscillations in the brain
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Oscillations during epilepsy

* Epilepsy is a group of « “Seizure frequency” 4-10 Hz
neurological diseases
characterized by epileptic * ~50% of epileptic patients
seizures have the temporal lobe
epilepsy

(adult patients)
* Epileptic seizure is a brief

episode of symptoms due to . ~40% of patients do not
abnormal synchronous neuronal respond to the
activity in the brain pharmacological treatment
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o Seizures in vivo and in vitro
In vivo
Intracranial recordings
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Question

 What are the mechanisms responsible for ictal discharge
initiation?

Human subiculum Ictal discharge

Seizure initiation 5 g
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Absence of KCC2 leads to depolarizing GABA
responses

KCC2 — Kation Chloride Cotransporter 2
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Reminder: ion concentration inside and outside of
a heuron

( Cell membrane)
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KCC2 maintains the intracellular chloride level

pump
I Na-K

2K*

Imax (VK _ VCl)
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How does the KCC2 affect the single neuron
excitability?
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Pyramidal cell model:
ion mechanisms

soma dendrite
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Pyramidal cell model:
intrinsic and synaptic currents

Spiking  Bursting and adaptation

Kv ]Na [
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Model: KCC2(+) cell

Ky INa ]

Na, INaD[KCa ]Ca

GABA
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D NaK
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Chloride concentration

Cl,, =3.5mM

Huberfeld et al. 2007
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Model: KCC2(-) cell

=IGABA+ICZ+ 2

Yl 1 Chloride concentration

Na, INaD[KCa ICa
Cl,, =11.3mM

Huberfeld et al. 2007
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Model validation: response to the GABA

stimulation
RT Cl,+4HCO
Lowsn = 8onmlV -V, Viasa = = In(otemm o
GABA 8 GABA [ GABA ] oAp F (CIBUT +4H COsoUT )
Experiment
MMMWW%WWWWWWWWWW e i
Model
w
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Model validation: response to the GABA

stimulation
RT Cl,,.+4HCO
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KCC2(-) pathology promotes bursting behavior

S

<

g 0

g | Rest

& e

> !

-100 1 1 1 1 1 |
0 5 10 15 20 25 30

stimulation

10p
3 K currents
-
~* 5}/
E 2k
+ O
X
O 1 L L 1L 1
0 5 10 15 20 25 30
30r
E 20}
Z10 GABA synapses
o |/
O 1 1 1 1 1
0 5 10 15 20 25 30

time(s)

100 1

Voltage (mV)

o

-100

0

KCC2(-)

Bursting

1 1 1 | 1 |

5 10 15 20 25 30

stimulation

(mM)

out

10

K currents

GABA synapses

5 10 15 20 25 30

time(s 15/35



Pyramidal cell model analysis
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Potassium and chloride dynamics during synaptic

stimulation

KCC2(- | - r' 7/

Koo «

| | I |
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Lack of KCC2 increases bursting duration

40; . 501 _ ez
Rest = a0} ~KOCEW
=
" Spiking/Bursting ‘é‘ 30}
- I Vs £ 20}
Ky «  \& =
P , oo 10t /
R 0 , , , . .
0 h 10 15 2 0 2 4 6 8 10
KBUT (mM) Intensity of stimulation (Hz)

18/35



Potassium diffusion eliminates bursting
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How does KCC2 affect the excitability on the
network level?
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KCC2(+) subiculum circuit: synaptic structure

Subiculum slice Subiculum connectivity in mice

841 225

PY-PY AMPA IN-PY GABA IN-IN GABA

() @5

PY-PY NMDA PY-IN AMPA

Sparse random connections

K; . =8mM

Peng et al. 2014
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Potassium dynamics

Reaction-diffusion of potassium Diffusion in the network
+ 2 -+ 2 -+ pa— —>
R our =R+ 3(8 K our + 0 KOUT) A A A
ot 0x” Jy”

k NaK
A +1 Licery)+G
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Potassium and chloride dynamics

Reaction-diffusion of potassium Diffusion in the network
+ 2 -+ 2 -+ pa— —>
R our =R+ e(a K our + 0 KOUT) A A A
ot 0x” Jy”

Intracellular chloride AHAHA
dCl,, k¢ Ci
AHAHA

== (IGABA +IL _Ichz)
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Potassium and chloride dynamics + bath solution

Reaction-diffusion of potassium Diffusion in the network

OUT R+8( OUT OUT )+ bath (Kbath OUT)

Intracellular chloride AHAHA
dCl,, k.
AHAHA

== (IGABA +I§l_1chz)
K;ath

dt F
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trations during network
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Local field potential model
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Chizhov et al. 2015
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KCC2(-) circuit: oscillations during the ictal
discharge

Ictal discharge 30% KCC2(-)

Model (LFP)
I

A

—
1

— Model
— Experiment

y \'\, »M m

10 40
Frequency (Hz)

@\\ Experiment (LFP)l
|

Power/frequency (dB/Hz)

:

28/35



Critical fraction of KCC2(-) cells is required to
initiate an ictal discharge
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PY-PY AMPA (%)

KCC2(-) pathology depends on synaptic

connectivity
Frequency (Hz) 10 30% KCC2(-)
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Restoration of KCC2(-) eliminates
the ictal discharge

= —KCC2(+)
2 e —KCC2(-)
= 6
5 KCC2(-) restored
+ O
! 4 B | | | | |
0 10 20 30 40 50
10 KCC() 14
= "] — +)|
S —KCC2(-) | 1‘21
E 8 110
. Z al 18
&) ° 6
4 | ! ! | 4
0 10 20 time (s) 3° 40 50
40% KCC2(-)

PY population

PY population .
T REESEST “RCC2(9)
3 chzgfr)) [EKec20)
k) i) —
£ ! Wl eee
2 300
200, - YO 6 s 10 40 42 44 46 48 50
100 IN population IN population

Cell index

40 4 44 46 48




Conclusions

KCC2(-) pathology leads to the
depolarizing GABA reversal potential
due to Cl;,, accumulation and
increased susceptibility to bursting

There is a critical amount of KCC2(-)
pyramidal cells in the network
required for seizure initiation

Restoration of KCC2(-) function
restores the excitation-inhibition
eliminates seizure
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Evidence for the crucial role of KCC2

0-Mg2* ACSF

KCC2 blocker
+VU0463271 (10 uM)

!

full seizure

0.5mV
5 min

Sivakumaran et al 2015
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Conclusions

KCC2(-) pathology leads to the
depolarizing GABA reversal potential
due to Cl;,, accumulation and
increased susceptibility to bursting

There is a critical amount of KCC2(-)
pyramidal cells in the network
required for seizure initiation

Restoration of KCC2(-) function
restores the excitation-inhibition

balance
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Chloride accumulation before ictal discharge
initiation

Control GABAzine

10mM | 0.5 mV

0 00 200 00 400 500

400 Time (s)

Lillis et al. 2013



Difference between KCC2(+) and KCC2(-)
excitability in the network

30% KCC2(-) Control

Frequency (Hz) ) Frequency (Hz)

Normal activity

50 100 150 0 50 100 150
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Blockade of inhibition leads to the development of
population burst

Experiment Model

Intra



Transition to seizure in slice experiment and model
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LFP and pyramidal cell activity in slice experiment
and model
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