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Abstract
Loss of function mutations of SCN1A, the gene coding for the voltage-gated sodium
channel NaV1.1, cause different types of epilepsy, whereas gain of function mutations
cause sporadic and familial hemiplegic migraine type 3 (FHM-3). However, it is not
clear yet how these opposite effects can induce paroxysmal pathological activities
involving neuronal networks’ hyperexcitability and specific to epilepsy (seizures) or
migraine (cortical spreading depression, CSD). To better understand differential
mechanisms leading to the initiation of these pathological activities, we used a
two-neuron conductance-based model of interconnected GABAergic and pyramidal
glutamatergic neurons, in which we incorporated ionic concentration dynamics in both
neurons. We modeled FHM-3 mutations by increasing the persistent sodium current in
the interneuron and epileptogenic mutations by decreasing the sodium conductance in
the interneuron. Therefore, we studied both FHM-3 and epileptogenic mutations within
the same framework, modifying only two parameters. In our model, the key effect of
gain of function FHM-3 mutations is ion fluxes modification at each action potential (in
particular the larger activation of voltage-gated potassium channels induced by the
NaV1.1 gain of function), and the resulting CSD-triggering extracellular potassium
accumulation, which is not caused only by modifications of firing frequency. Loss of
function epileptogenic mutations, on the other hand, increase GABAergic neurons’
susceptibility to depolarization block, without major modifications of firing frequency
before. Our modeling results connect qualitatively to experimental data: potassium
accumulation in the case of FHM-3 mutations and facilitated depolarization block of the
GABAergic neuron in the case of epileptogenic mutations. Both these effects can lead to
pyramidal neuron hyperexcitability, inducing in the migraine condition depolarization
block of both the GABAergic and the pyramidal neuron. Overall, our findings suggest
different mechanisms of network hyperexcitability for migraine and epileptogenic NaV1.1
mutations, implying that the modifications of firing frequency may not be the only
relevant pathological mechanism.

Author summary
The voltage-gated sodium channel NaV1.1 is a major target of human mutations
implicated in different pathologies. In particular, mutations identified in certain types of
epilepsy cause loss of function of the channel, whereas mutations identified in certain
types of migraine (in which cortical spreading depression, CSD, is involved) cause
instead gain of function. Here, we study dysfunctions induced by these differential
effects in a two-neuron (GABAergic and pyramidal) conductance-based model with
dynamic ion concentrations. We obtain results that can be related to experimental
findings in both situations. Namely, extracellular potassium accumulation induced by
the activity of the GABAergic neuron in the case of CSD, and higher propensity of the
GABAergic neuron to depolarization block in the epileptogenic scenario, without
significant modifications of its firing frequency prior to it. Both scenarios can induce
hyperexcitability of the pyramidal neuron, leading in the migraine condition to
depolarization block of both the GABAergic and the pyramidal neuron. Our results are
successfully confronted to experimental data and suggest that modification of firing
frequency is not the only key mechanism in these pathologies of neuronal excitability.
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1 Introduction 1

NaV1.1 is a voltage-gated sodium channel, mainly expressed in GABAergic neurons. It 2

is crucial for their excitability [1, 2]. Mutations of SCN1A, the gene coding for this 3

channel, cause either migraine or epilepsy. 4

Familial hemiplegic migraine (FHM) is a rare but severe subtype of migraine with 5

aura, which typically includes hemiparesis, i.e. weakness of one side of the body. Three 6

responsible genes for FHM are currently known. SCN1A was the last of them to be 7

identified [3], causing FHM type 3 (FHM-3). Although one study initially reported loss 8

of function for two FHM-3 NaV1.1 mutations in heterologous expression systems [4], 9

more recent works have instead established gain of function of the channel as the 10

common functional effect of FHM-3 mutations [2, 5–8]. A pathological mechanism of 11

migraine with aura is cortical spreading depression (CSD) [9, 10], a wave of transient 12

intense neuronal firing, followed by a sustained depolarization block, which slowly 13

propagates in the cortex. It has been proposed that this wave can stimulate trigeminal 14

nociceptors innervating the meninges, activating pain pathways and provoking the 15

headache [11]. In vivo experiments on the knock-in Scn1aL263V/+ mouse model suggest 16

that FHM-3 mutations predominantly affect CSD initiation, rather than its propagation, 17

because no increase of CSD propagation speed was observed in this model [12], unlike 18

what was reported for the two other types of FHM (FHM-1 and FHM-2) [13,14]. 19

However, the link between FHM-3 mutations and the initiation of CSD is not well 20

understood yet. In particular, it is unclear how gain of function mutations in 21

voltage-gated sodium channels of GABAergic neurons, which classically have an 22

inhibitory role, can lead to the network hyperexcitability characterizing CSD. Studying 23

this link can give a better understanding not only of FHM-3 pathophysiology but also of 24

CSD and migraine in general. 25

On the other hand, mutations of the same gene have been found in patients with 26

epileptic disorders. This is the case of Dravet syndrome [15], a severe and 27

pharmacoresistant developmental and epileptic encephalopathy, and of genetic epilepsy 28

with febrile seizures plus (GEFS+) [16], characterized in general by milder phenotypes. 29

These NaV1.1 epileptogenic mutations cause a loss of function of the channel [1,2,17,18]. 30

The causal link between the loss of function of NaV1.1 and epileptiform activity is 31

certainly less counterintuitive than the one between gain of function and CSD. Indeed, 32

it is expected that a failure of excitability in inhibitory neurons can promote seizures. 33

However, here also there is no consensus when it comes to the precise mechanisms of 34

seizure generation involved. It is important to investigate how mutations with opposite 35

effects lead to one or the other of two different manifestations of neuronal hyperactivity: 36

CSD and epileptic seizures. 37

The present study does not aim to model a full blown CSD or a seizure. Instead, we 38

focused on their initiation and on the conditions which can lead to it. We used a 39

modeling approach, building upon previous work. In [19], we developed a two-neuron 40

(GABAergic and pyramidal) conductance-based model, which partially accounted for 41

ion concentration dynamics. We assumed that FHM-3 mutations cause hyperactivity of 42

the GABAergic neuron, and found that it promotes CSD initiation in the model. The 43

simulations highlighted the key role of spiking-induced extracellular potassium build-up. 44

Here, we substantially improved the model from [19]: we explicitly modeled FHM-3 45

mutations, added the implementation of epileptogenic mutations, and modeled ion 46

concentration dynamics more consistently. A more detailed description of the 47

modifications compared to [19] is given in Section 2.1. Several other modeling studies 48

have addressed issues similar to those of interest here, using conductance-based models 49

with dynamic ion concentrations. For instance, Florence et al. [20] suggested that 50

extracellular potassium is fundamental for epileptiform bursting and spreading 51
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depression [20]. Wei et al. proposed a unified model for studying those two pathological 52

behaviors [21]. Dahlem et al. modeled FHM-3 mutations and concluded that they 53

render gray matter tissue more vulnerable to spreading depression. However, the main 54

novelty of our approach is that we implemented NaV1.1 mutations on a GABAergic 55

neuron, and analyzed their effects on a microcircuit formed by the GABAergic neuron 56

and an interconnected pyramidal neuron. This allowed us to take into account the 57

inhibitory effect of GABAergic neurons on pyramidal neurons. We studied both FHM-3 58

and epileptogenic mutations within the same framework, modifying only two relevant 59

parameter values. We present original experimental results that support predictions of 60

the model and we put the model simulations into perspective with other experimental 61

works. In particular, we qualitatively compared them with results we obtained using the 62

Hm1a NaV1.1 enhancer to mimic FHM-3 mutations [22] and with results of Freilinger et 63

al. (personal communication; see acknowledgments), who generated the knock-in mouse 64

model of the L1649Q FHM-3 mutation studying effects on microcircuit features. 65

2 Materials and methods 66

2.1 The model 67

We developed a conductance-based model formed by a pair of neurons: a GABAergic 68

interneuron and a glutamatergic pyramidal neuron. This model takes into account the 69

dynamics of ion concentrations. It is an essential feature here, since ion gradients, and 70

hence reversal potentials, are modified during migraine and epilepsy attacks. The two 71

neurons are thus coupled through variations of extracellular ion concentrations, in 72

addition to synaptic connections. We implemented several ion transport proteins, such 73

as voltage-gated channels, cotransporters, pumps and synaptic channels, which are 74

sketched in Fig 1. The dynamics of the state variables is given by a system of 18 75

differential equations: system (1). The variables are listed in Table 1, the parameters 76

and their default values in Table 2. We performed numerical simulations of the model 77

with the software package XPPAUT [23], using a 4th-order Runge-Kutta scheme. 78

This model is based upon previous work [19], to which we made the following key 79

improvements: 80

1. We modeled NaV1.1’s FHM-3 and epileptogenic mutations, considering their effect 81

on the GABAergic neuron. The implementation of those mutations is detailed in 82

Section 2.1.6. 83

2. We propose a more consistent modeling of ion concentration dynamics. In [19], 84

the reversal potentials of the GABAergic neuron were assumed to be constant, 85

and only part of the ion currents of the pyramidal neuron had an effect on its 86

reversal potentials, in addition to the delayed-rectifier potassium current of the 87

GABAergic neuron. Here, we took into account the effect of each transmembrane 88

current on the intracellular ion concentration of the corresponding neuron and on 89

the extracellular concentration. As a consequence, system (1) has first integrals 90

linking the membrane potential of a neuron and its intracellular ion 91

concentrations, as we show in Section 2.1.1. 92

3. In [19], the dynamics of the voltage-gated channels of the GABAergic neuron was 93

described using the Wang-Buzsáki model of hippocampal interneurons [24]. We 94

replaced it with a model of fast-spiking cortical interneurons by Golomb et al. [25], 95

which is presented in Section 2.1.5. Indeed, CSD that causes migraine aura is 96

generated in the neocortex and experimental results suggest the FHM-3 CSD is 97

selectively initiated in the neocortex [22]. 98
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4. We included the activity of the Na+/K+ ATPase for both neurons, not only for 99

the pyramidal one as in [19]. We replaced the expression describing its 100

dependence on the intracellular sodium and extracellular potassium 101

concentrations with a more realistic one developed by Kager et al. [26], which is 102

based on experimental data. 103

C
dve
dt

=− INa,e − IK,e − ICl,e (1a)

dme

dt
=αm,e(1−me)− βm,e me (1b)

dhe

dt
=αh,e(1− he)− βh,e he (1c)

dne

dt
=αn,e(1− ne)− βn,e ne (1d)

d[K+]e
dt

=− γe IK,e (1e)

d[Na+]e
dt

=− γe INa,e (1f)

d[Cl−]e
dt

=γe ICl,e (1g)

d[Ca2+]e
dt

=− γe
2

ICa,e −
[Ca2+]e
τCa

(1h)

dse
dt

=− 1

τe
se , if ve = vthres,e and dve

dt
> 0 then se ← 1 (1i)

C
dvi
dt

=− INa,i − IK,i (1j)

dhi

dt
=
h∞,i − hi

τh,i
(1k)

dni

dt
=
n∞,i − ni

τn,i
(1l)

d[K+]i
dt

=− γi IK,i (1m)

d[Na+]i
dt

=− γi INa,i (1n)

dsi
dt

=− 1

τi
si , if vi = vthres,i and dvi

dt
> 0 then si ← 1 (1o)

d[K+]o
dt

=
Vole
Volo

γe IK,e +
Voli
Volo

γi IK,i − IK,diff (1p)

d[Na+]o
dt

=
Vole
Volo

γe INa,e +
Voli
Volo

γi INa,i (1q)

d[Cl−]o
dt

=− Vole
Volo

γe ICl,e (1r)
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Table 1. Variables of system (1).
Variable Description Unit
t Time ms

Pyramidal neuron
ve Membrane potential mV
me Sodium activating gating variable
he Sodium inactivating gating variable
ne Potassium activating gating variable
[K+]e Intracellular potassium concentration mM
[Na+]e Intracellular sodium concentration mM
[Cl−]e Intracellular chloride concentration mM
[Ca2+]e Intracellular calcium concentration mM
se Synaptic variable

GABAergic neuron
vi Membrane potential mV
hi Sodium inactivating gating variable
ni Potassium activating gating variable
[K+]i Intracellular potassium concentration mM
[Na+]i Intracellular sodium concentration mM
si Synaptic variable

Extracellular concentrations
[K+]o Extracellular potassium concentration mM
[Na+]o Extracellular sodium concentration mM
[Cl−]o Extracellular chloride concentration mM

2.1.1 Conserved quantities 104

We identified several first integrals in system (1), namely conservation of mass for 105

sodium and chloride, and a relationship between the membrane potential of a neuron 106

and its intracellular concentrations. In this section, we will explain their role and effect 107

on the system’s dynamics. First of all, we introduce the conversion factors γe, γi, β1 and 108

β2. 109

Conversion factors 110

Let z be the valence of an ion. Then, γe

z converts the current of this ion across the 111

membrane of the pyramidal neuron in µA·cm−2 to variation of concentration inside 112

the cell in mM·ms−1. The conversion factor γe is defined as 113

γe =
Se

103VoleNAe
,

where Vole and Se are the volume and surface area of the pyramidal neuron, 114

e = 1.6· 10−19 C the elementary charge and NA = 6.02 ∗ 1023 mol−1 the Avogadro 115

number. We take Vole = 1.4368 ∗ 10−9 cm3 [19] and we compute Se assuming the 116

neuron is spherical: 117

Se = 4π

(
3Vole
4π

) 2
3

.
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Fig 1. Schematic representation of the model. Consider a pair of interconnected neurons in a closed volume. We
modeled a GABAergic synapse from the GABAergic neuron to the pyramidal one, a glutamatergic synapse from the
pyramidal neuron to the GABAergic one and a glutamatergic autapse from the pyramidal neuron to itself. The ion transport
mechanisms represented here generate transmembrane ionic currents, which modify the membrane potentials of the neurons
and the ion concentrations in the different compartments. The diffusion of extracellular potassium takes into account both
passive diffusion and glial buffering. We modeled external stimuli, which reflect the activity of the surrounding network or
mimic experimental depolarizations, with glutamate inputs on the glutamatergic receptors. The implementation of NaV1.1’s
genetic mutations affects only the GABAergic neuron.

We obtain 118

γe = 4.45 ∗ 10−5 mol· cm2 ·µC−1 ·L−1.

The conversion factor γi plays the same role as γe but for the GABAergic neuron. We 119

assume that the GABAergic neuron is a sphere of volume Voli = β2Vole, with β2 = 2
3 , 120

which gives 121

γi = 5.09 ∗ 10−5 mol· cm2 ·µC−1 ·L−1.

To convert variation of intracellular concentration to variation of extracellular
concentration, we need to multiply by the intracellular volume of the corresponding
neuron and to divide by the extracellular volume Volo. Let β1 be the ratio of total
intracellular volume over extracellular volume: β1 = Vole+Voli

Volo = 4 [34]. We then have

Vole
Volo

=
β1

1 + β2
,

Voli
Volo

=
β1β2

1 + β2
.

Conservation of mass 122

In system (1), the sodium and chloride concentrations are only modified by 123

transmembrane currents. We have thus conservation of mass for those ions. Note that it 124

is not the case for potassium, for which we take into account extracellular diffusion (see 125
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Table 2. Model parameters.
Parameter Description Value Unit Source
C Membrane capacitance per area unit 1 µF·cm−2 [19]
β2 Ratio GABAergic over pyramidal neuron volume 2

3 -
Vole Pyramidal neuron volume 1.4368· 10−9 cm3 [19]
T Temperature 309.15 K [19]
ρpump,−70 Pump maximal rate at −70 mV 30 µA·cm−2 -
Kpump,Na Pump half activation intracellular [Na+] 7.7 mM [27]
Kpump,K Pump half activation extracellular [K+] 2 mM [27]
a Parameter for the pump voltage dependence 0.39 [28]
b Parameter for the pump voltage dependence 1.28 [28]
ε Extracellular K+ diffusion rate 5· 10−4 ms−1 -
Kbath K+ bath concentration 3.5 mM [19,21]

Pyramidal neuron
τe Time constant for the decay of se 3 ms [19,29]
vthres,e Voltage threshold defining firing time 0 mV [19,30]
gNa,FI,e Fast inactivating Na+ maximal conductance 100 mS·cm−2 [19, 31]
gK,DR,e Delayed rectifier K+ maximal conductance 80 mS·cm−2 [19, 31]
gK,AHP,e Ca2+-activated K+ maximal conductance 1 mS·cm−2 -
KCa Ca2+-activated K+ half activation [Ca2+]e 0.001 mM [19,32]
gNa,L,e Na+ leak conductance 0.015 mS·cm−2 -
gK,L,e K+ leak conductance 0.05 mS·cm−2 [19]
gCl,L,e Cl− leak conductance 0.015 mS·cm−2 [19]
ρKCC KCC2 cotransporter strength 0.0003 mM·ms−1 [19, 21]
ρNKCC NKCC1 cotransporter strength 0.0001 mM·ms−1 [19, 21]
KNKCC,K NKCC1 cotransporter half activation [K+]o 16 mM [19,21]
gGLU,e Glutamatergic current maximal conductance 0.1 mS·cm−2 [19]
gGABA,e GABAergic current maximal conductance 2.5 mS·cm−2 -
gD,e External glutamatergic conductance 0-0.3 mS·cm−2 -
gCa,e Ca2+ maximal conductance 1 mS·cm−2 [19, 32]
ECa,e Ca2+ reversal potential 120 mV [19,32]
τCa Time constant for Ca2+ extrusion and buffering 80 ms [19,33]

GABAergic neuron
τi Time constant for the decay of si 9 ms [19]
vthres,i Voltage threshold defining firing time 0 mV [19,30]
gNa,FI,i Fast inactivating Na+ maximal conductance 112.5 mS·cm−2 [25]
gK,DR,i Delayed rectifier K+ maximal conductance 225 mS·cm−2 [25]
gNa,L,i Na+ leak conductance 0.012 mS·cm−2 -
gK,L,i K+ leak conductance 0.05 mS·cm−2 -
gGLU,i Glutamatergic current maximal conductance 0.1 mS·cm−2 [19]
gD,i External glutamatergic conductance 0-0.3 mS·cm−2 -

Section 3.1.4). The conserved quantities enable us to reduce the number of unknowns. 126

For sodium, 127

d

dt

(
[Na+]oVolo + [Na+]eVole + [Na+]iVoli

)
= 0.

Let 128

Na∑ = [Na+]o +
Vole
Volo

[Na+]e +
Voli
Volo

[Na+]i.
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We fix 129

Na∑ = 145 + β110 = 185mM.

We can then express the extracellular sodium concentration as a function of the 130

intracellular concentrations: 131

[Na+]o = Na∑ − Vole
Volo

[Na+]e −
Voli
Volo

[Na+]i.

Similarly, for chloride we define 132

Cl∑ = [Cl−]o +
Vole
Volo

[Cl−]e

and choose 133

Cl∑ = 130 +
β1

1 + β2
5 = 142mM.

Relation between membrane potential and intracellular ion concentrations 134

System (1) has two other first integrals, which arise from the fact that we take into 135

account the effect of all ionic currents on the dynamics of the intracellular 136

concentrations and that no other mechanism affects those concentrations. For the 137

pyramidal neuron, we have 138

C
dve
dt
− 1

γe

(
d[Na+]e

dt
+

d[K+]e
dt

− d[Cl−]e
dt

)
= 0. (3)

This allows us to remove an additional unknown. Let 139

H1 = Cve −
1

γe

(
[Na+]e + [K+]e − [Cl−]e

)
.

We fix 140

H1 = −70− 1

γe
(10 + 140− 5) ≈ −3, 258, 497µA·cm−2.

We can then express the potassium concentration in the pyramidal neuron as 141

[K+]e = γe (ve −H1)− [Na+]e + [Cl−]e.

We proceed similarly for the GABAergic neuron: let 142

H2 = Cvi −
1

γi

(
[Na+]i + [K+]i

)
,

with 143

H2 = −70− 1

γi
(10 + 140) ≈ −2, 947, 024µA·cm−2.

The potassium concentration in the GABAergic neuron is given by: 144

[K+]i = γi (vi −H2)− [Na+]i.

Note that, in such a configuration, we should not model external inputs to the
neurons with a constant current appearing only in the equation for the membrane
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potential. For example, if we add a constant external current J to the right hand side of
equation (1a):

C
dve
dt

= −INa,e − IK,e − ICl,e + J,

equation (5) becomes 145

C
dve
dt
− 1

γe

(
d[Na+]e

dt
+

d[K+]e
dt

− d[Cl−]e
dt

)
= J.

Integrating, we see that it causes a drift of the system:

Cve −
1

γe

(
[Na+]e + [K+]e − [Cl−]e

)
= constant+ Jt,

which thus cannot have any steady state nor limit cycle. Instead, we modeled external 146

inputs to the neurons using synaptic currents. We assumed a constant glutamate input 147

on AMPA receptors, which generates sodium and potassium currents. Those currents 148

appear both in the equation for the membrane potential and in the ones for the 149

intracellular ion concentrations, preserving the first integrals H1 and H2. They are 150

defined in Section (2.1.2). 151

2.1.2 Transmembrane ion currents 152

The reversal potentials, which are used to compute ion currents, are typically assumed
to be constant. Here, they vary with the ion concentrations, and their dependence on
the corresponding ion gradient is given by the Nerst equation:

Eion =
RT

zionF
log
(
[ion]extracellular
[ion]intracellular

)
,

where R = 8, 314mJ· (K·mol)
−1 is the ideal gas constant, T the temperature, 153

F = NAe the Faraday constant and zion the valence. 154

Pyramidal neuron 155

For the pyramidal neuron, the currents generated by the sodium and potassium 156

voltage-gated channels were modeled as in [19]: 157

. Fast inactivating sodium current: INa,FI,e = gNa,FI,e m
3
e he (ve − ENa,e), 158

. Delayed rectifier potassium current: IK,DR,e = gK,DR,e n
4
e (ve − EK,e). 159

As [19], we took into account a calcium-activated potassium current, which is involved 160

in the afterhyperpolarization (AHP) phase of action potentials. It is defined as 161

IK,AHP,e = gK,AHP,e
[Ca2+]e

[Ca2+]e +KCa
(ve − EK,e).

The implementation of cotransporters was also directly taken from [19]. Those proteins 162

perform secondary active transport: they use the favorable movement of molecules with 163

their electrochemical gradient as an energy source to move other molecules against their 164

gradient. The potassium-chloride transporter member 5 (KCC2) extrudes potassium 165

and chloride (Fig 1), using the potassium gradient to maintain low intracellular chloride 166

concentration: 167

IKCC =
ρKCC

γe
log
(
[K+]e[Cl

−]e
[K+]o[Cl−]o

)
.

The Na-K-Cl cotransporter isoform NKCC1 transports sodium, potassium and chloride 168

into the cell, with the stoichiometry 1Na:1K:2Cl (Fig 1): 169
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INKCC = 1
γe

ρNKCC

1+exp(KNKCC,K−[K+]o)

(
log
(

[K+]e[Cl−]e
[K+]o[Cl−]o

)
+ log

(
[Na+]e[Cl−]e
[Na+]o[Cl−]o

))
. 170

Contrary to [19], we distinguished the sodium, potassium and chloride components 171

of the leak current: 172

. Leak sodium current: INa,L,e = gNa,L,e (ve − ENa,e), 173

. Leak potassium current: IK,L,e = gK,L,e (ve − EK,e), 174

. Leak chloride current: ICl,L,e = gCl,L,e (ve − ECl,e). 175

This allowed us to measure their effect on the different ion concentrations. Similarly, we 176

separated the sodium and potassium currents due to the excitatory autapse, assuming 177

an equal permeability of the glutamatergic receptors to both ions: 178

. INa,GLU,e =
gGLU,e

2 se (ve − ENa,e), 179

. IK,GLU,e =
gGLU,e

2 se (ve − EK,e). 180

As explained in Section (2.1.1), external inputs to the pyramidal neurons were modeled 181

with a constant glutamate input on those receptors: 182

. INa,D,e =
gD,e

2 (ve − ENa,e), 183

. IK,D,e =
gD,e

2 (ve − EK,e). 184

Those currents represent average excitatory network activity or experimental 185

depolarizations. The inhibitory synaptic current, created by the movement of chloride 186

ions through GABAA receptors, was modeled as in [19]: 187

IGABA,e = gGABA,e si (ve − ECl,e).

To model the activity of the Na+/K+ ATPase, we used this expression [26,35]: 188

Ipump,e = ρpump(ve)

(
[Na+]e

[Na+]e +Kpump,Na

)3(
[K+]o

[K+]o +Kpump,K

)2

,

with half-activation parameters from [27]. Based on Bouret et al. [28], we also 189

introduced a voltage dependence of the pump maximal rate: 190

ρpump(v) = ρpump,−70
f(v)

f(−70)
,

where 191

f(v) =
1 + tanh

(
a F
RT v + b

)
2

.

To summarize, the net currents for each ion are:

INa,e = INa,FI,e + INa,L,e + 3Ipump,e + INKCC + INa,GLU,e + INa,D,e,

IK,e = IK,DR,e + IK,AHP,e + IK,L,e + IKCC + INKCC − 2Ipump,e + IK,GLU,e + IK,D,e,

ICl,e = ICl,L,e − IKCC − 2INKCC + IGABA,e.
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GABAergic neuron 192

The sodium and potassium currents through the voltage-gated channels of the 193

GABAergic neurons were modeled as in [25]: 194

. Fast inactivating Na+ current: INa,FI,i = gNa,FI,i m
3
∞,i hi(vi − ENa,i), 195

. Delayed rectifier K+ current: IK,DR,i = gK,DR,i n
2
i (vi − EK,i). 196

For more details on the gating dynamics of those channels, see Section (2.1.5). 197

In the same way as for the pyramidal neuron, we separated the components 198

pertaining to the different ions for the leak currents: 199

. Leak Na+ current: INa,L,i = gNa,L,i (vi − ENa,i), 200

. Leak K+ current: IK,L,i = gK,L,i (vi − EK,i), 201

for the glutamatergic synaptic currents: 202

. INa,GLU,i =
gGLU,i

2 se (vi − ENa,i), 203

. IK,GLU,i =
gGLU,i

2 se (vi − EK,i), 204

and for the glutamatergic synaptic currents which model an average external input to 205

the GABAergic neuron: 206

. INa,D,i =
gD,i

2 (vi − ENa,i), 207

. IK,D,i =
gD,i

2 (vi − EK,i). 208

The Na+/K+ ATPase current is given by the same sigmoidal function as for the 209

pyramidal neuron: 210

Ipump,i = ρpump(vi)

(
[Na+]i

[Na+]i +Kpump,Na

)3(
[K+]o

[K+]o +Kpump,K

)2

.

We obtained the following sodium and potassium net currents:

INa,i = INa,FI,i + INa,P,i + INa,L,i + 3Ipump,i + INa,GLU,i + INa,D,i,

IK,i = IK,DR,i + IK,L,i − 2Ipump,i + IK,GLU,i + IK,D,i.

2.1.3 Calcium concentration in the pyramidal neuron 211

The conductance of the calcium-activated potassium current IK,AHP,e is determined by 212

the pyramidal neuron’s intracellular calcium concentration. As in [19], we modeled the 213

dynamics of this concentration with the equation (1h) from Wang [33]: 214

d[Ca2+]e
dt

= −γe

2 ICa,e − [Ca2+]e
τCa

.

ICa,e represents high threshold calcium current and is given by: 215

ICa,e = gCa,e m∞,Ca (ve − ECa,e) .

It is a transmembrane current, but for simplicity we did not take into account its effect 216

on the pyramidal neuron’s membrane potential. Unlike in [19], we used the same 217

conversion factor γe as for the other ions, for consistency. The second term models 218

various extrusion and buffering mechanism, with a first order decay process. 219
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2.1.4 Diffusion of extracellular potassium 220

As in [19], the following term appears in the equation for the extracellular potassium 221

Eq (1p): 222

IK,diff = ε
(
[K+]o −Kbath

)
.

It accounts for passive diffusion of extracellular potassium, but also, in a simplistic way, 223

for the buffering of this ion by glial cells. This motivated the use of a large value of the 224

diffusion coefficient ε (see Table 2), which is a conservative choice. 225

2.1.5 Gating variables dynamics 226

Gating variables represent the state of activation of voltage-gated channels. In 227

Section 2.1.2 and Section 2.1.3, they scale the maximal conductance of those channels. 228

Pyramidal neuron 229

For the pyramidal neuron, the dynamics of the potassium and sodium gating variables
is given by Equations (1b-1d). As in [19], we used a simplified version of the
Traub-Miles model [36] due to Wei et al. [21]:

αm,e = 0.32
ve + 54

1− exp(−ve+54
4 )

,

βm,e = 0.28
ve + 27

exp( ve+27
5 )− 1

,

αh,e = 0.128 exp(−ve + 50

18
),

βh,e =
4

1 + exp(−ve+27
5 )

,

αn,e = 0.032
ve + 52

1− exp(−ve+52
5 )

,

βn,e = 0.5 exp(−ve + 57

40
).

Equation (1h) describes the dynamics of the intracellular calcium concentration, needed
to compute the conductance of the calcium-activated potassium channels. As in [19], we
assumed that the state of the calcium channels depends instantaneously on the voltage,
according to this expression by Wang [33] with parameter values from Gutkin et al. [32]:

m∞,Ca =
1

1 + exp
(
−ve+25

2.5

) .

March 21, 2021 13/38



GABAergic neuron 230

For the GABAergic neuron, we replaced the Wang-Buzsáki model [24] with a more
recent one by Golomb et al. [25], which is specific to fast-spiking cortical interneurons:

m∞,i =
1

1 + exp(− vi−(−24)
11.5 )

,

h∞,i =
1

1 + exp(−vi−(−58.3)
6.7 )

,

τh,i = 0.5 +
14

1 + exp(−vi−(−60)
−12 )

,

n∞,i =
1

1 + exp(−vi−(−12.4)
6.8 )

,

τn,i =

(
0.087 +

11.4

1 + exp(vi+14.6
8.6 )

)(
0.087 +

11.4

1 + exp(−vi−1.3
18.7 )

)
.

The sodium activating variable is assumed to be at its steady state value m∞,i. The 231

dynamics of the sodium inactivating variable hi and of the potassium activating variable 232

ni is given in Equations (1k-1l). 233

2.1.6 Mutations of NaV1.1 234

NaV1.1 is mainly expressed in GABAergic neurons and NaV1.1 mutations affect mainly 235

these neurons [2]. Thus, we assumed in our simulations that the pyramidal neuron is 236

unaffected by mutations of this channel. As we shall see, to model FHM-3 or epilepsy 237

we only modified two parameters: the maximal conductance gNa,FI,i of the 238

fast-inactivating sodium current and the maximal conductance gNa,P,i of the persistent 239

sodium current, which we introduce in the case of migraine. 240

FHM-3 mutations 241

Increased persistent sodium current is a common effect of most NaV1.1 FHM-3
mutations [5–8]. To model them, we partially replaced the GABAergic neuron’s fast
inactivating sodium current INa,FI,i with a persistent sodium current INa,P,i. We kept
the sum of their maximal conductances constant: gNa,FI,i + gNa,P,i = 112.5mS·cm−2.
We modeled persistent current with the following expression:

INa,P,i = gNa,P,im
3
∞,i(vi + 8)(vi − ENa,i).

Note that it does not include the inactivation mechanism represented by the variable hi

for the fast inactivating current. We also shifted the voltage dependence of its activation
to more negative potentials [37,38]. Let pNa,P be the percentage of maximal
voltage-gated sodium conductance corresponding to persistent current:

pNa,P =
gNa,P,i

gNa,FI,i + gNa,P,i
· 100.

To model NaV1.1 FHM-3 mutations, we tested values up to pNa,P = 20%; see 242

Section (3.1). 243
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Epileptogenic mutations 244

Epileptogenic mutations of NaV1.1 cause a loss of function of the channel [1, 2]. To
model them, we decreased the maximal conductance of the GABAergic neuron’s fast
inactivating sodium current gNa,FI,i. Based on what was experimentally observed in
Scn1a+/- mice [1], we set it to 40% of its default value, reflecting the condition of
heterozygosis and the expression of other voltage-gated sodium channels than NaV1.1 in
GABAergic neurons:

gNa,FI,i = 0.4· 112.5 = 45mS·cm−2.

2.2 Mouse lines, preparation of brain slices and electrophysio- 245

logical recordings 246

Experiments with mice were carried out according to the European directive 247

2010/63/UE and approved by institutional and ethical committees (PEA216-04551.02, 248

France; 711/2016-PR, Italy). All efforts were made to minimize the number of animals 249

used and their suffering. Animals were group housed (5 mice per cage, or 1 male and 2 250

females per cage for breeding) on a 12 h light/dark cycle, with water and food ad 251

libitum. 252

Whole-cell patch clamp recordings were performed with the F1 generation of crosses 253

between heterozygous Scn1a+/- knock-out mice (C57BL/6J-CD1 85:15%) [1, 39] and 254

C57BL/6J GAD67-GFP∆neo knock-in mice (which label GABAergic neurons with 255

GFP [40]), comparing P15-18 double heterozygous (Scn1a+/-_GAD67-GFP∆neo) and 256

GAD67-GFP∆neo littermates. Optogenetic experiments for CSD induction and 257

juxtacellular recordings were performed with P25-30 hemizygous transgenic 258

VGAT-hChR2(H134R)/tdtomato mice (VGAT-ChR2 in the text) in the C57BL/6J 259

background, in which channelrhodopsin-H134R/tdtomato is specifically expressed in 260

GABAergic neurons. They were the F1 generation obtained by crossing hemizygous 261

females loxP-STOP-loxP-hChR2(H134R)-tdtomato (Ai27D, 262

B6.Cg-Gt(ROSA)26Sortm27.1(CAG-COP4*H134R/tdTomato)Hze/J; Jackson lab, JAX, 263

n◦012567) [41] with hemizygous Viaat-Cre transgenic males, in which selective Cre 264

recombinase expression in GABAergic neurons is driven by the vesicular GABA 265

transporter (VGAT) promoter (B6.FVB-Tg(Slc32a1-Cre)2.1Hzo/FrkJ; JAX n◦017535), 266

line 2.1 in [42]). Offspring was genotyped by PCR, following the standard JAX 267

protocols for VGAT-ChR2 mice and using our standard protocol for Scn1a+/-
268

mice [22,39], or selecting fluorescent pups monitored with a Dual Fluorescent Protein 269

flashlight (NightSea). 270

Brain slices of the somatosensory cortex were prepared as previously 271

described [18,22,39,43]. Briefly, mice were killed by decapitation under isofluorane 272

anesthesia, the brain was quickly removed and placed in ice-cold artificial cerebrospinal 273

fluid (ACSF), which contained (mM): NaCl 129, MgSO4 1.8, KCl 3, CaCl2 1.6, NaHCO3 274

21, NaH2PO4 1.25 and glucose 10 bubbled with 95% O2 5% CO2. Coronal slices 275

(380µm thick) were prepared with a vibratome (Microm HM650V or Leica VT1200S) in 276

ice-cold ACSF, placed in a holding chamber at room temperature in ACSF continuously 277

bubbled with 95% O2 5% CO2, and used after one hour of recovery period. One slice 278

at the time was placed in the recordings chamber (Warner Instruments, USA) and 279

neurons were visualized by epifluorescence and infrared video microscopy with a Nikon 280

Eclipse FN1 equipped with epifluorescence DIC optics and a CCD camera. Spatial 281

optogenetic stimulation for activating ChR2 and inducing neuronal firing in a specific 282

area was obtained illuminating brain slices through a 4x objective with 473 nm blue 283

light generated using a white light source (130W Intensilight, Nikon) connected with a 284

light guide containing a 420 nm UV blocker filter (series 2000, Lumatec, Germany) to a 285
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digital micromirror device (DMD)-based patterned photostimulator (Polygon 400, 286

Mightex), whose output was filtered with a 475/50 filter (Semrock) and the light 287

delivered to the objective with a FF685-Di02 dichroic beamsplitter (Semrock) [22]. 288

Patch-clamp recordings were performed with a Multiclamp 700B amplifier, Digidata 289

1440a digitizer and pClamp 10.2 software (Axon Instruments, USA); signals were 290

filtered at 10 kHz and acquired at 50 kHz. Whole-cell recordings of neuronal firing were 291

done at 28 ◦C in current-clamp mode applying the bridge balance compensation; the 292

external recording solution was ACSF (see above) and the internal solution contained 293

(mM): K-gluconate, 120; KCl, 15; MgCl2, 2; EGTA, 0.2; Hepes, 10; Na2ATP, 2; 294

Na2GTP 0.2; leupeptine, 0.1; P-creatine 20, pH 7.25 with KOH. Patch pipettes were 295

pulled from borosilicate glass capillaries; they had resistance of 2.5-3.0MΩ and access 296

resistance of 5-10MΩ . We held the resting potential at −70mV by injecting the 297

appropriate holding current, and neuronal firing was induced injecting depolarizing 298

current pulses of increasing amplitude. Neurons with unstable resting potential and/or 299

unstable firing were discarded from the analysis. Juxtacellular-loose patch recordings of 300

neuronal firing were performed in voltage-clamp mode perfusing slices with modified 301

mACSF at 34 ◦C (which contained (in mM): 125 NaCl, 3.5 KCl, 1 CaCl2, 0.5 MgCl2, 302

1.25 NaH2PO4, 25 NaHCO3 and 25 glucose, bubbled with 95% O2 - 5% CO2) and 303

using the same pipettes used for whole cell experiments, but filled with ACSF. 304

Recordings were performed from GABAergic neurons of Layer 2-3, identified by their 305

fluorescence and morphology. Fast-spiking neurons were selected for the analysis of 306

whole cell recordings, identified by their firing properties (short, < 1ms, action 307

potentials with pronounced after-hyperpolarization, non-adapting discharges reaching 308

several hundred Hz of maximal firing frequency). 309

For the statistical analysis, the reported n is the number of cells recorded; each 310

experiment was performed using at least 3 animals. Statistical tests were performed 311

with Origin (Origin Lab. Corp, USA), using the two-tailed non parametric 312

Mann-Whitney U test. Differences were considered significant at p < 0.05. 313

3 Results 314

3.1 NaV1.1 FHM-3 mutations can lead to CSD initiation via 315

extracellular potassium build-up also when neuronal input- 316

output features are not modified 317

3.1.1 Persistent sodium current (INa,P,i) in GABAergic neurons amplifies 318

spiking-induced modifications of extracellular ion concentrations, even 319

without modifications of their firing frequency 320

We first focused on NaV1.1 FHM-3 mutations, modeled by the increase of INa,P,i for the 321

GABAergic neuron which is a common effect of most of those mutations [5–8], and on 322

their effect on the features of the GABAergic neuron itself. To investigate the latter 323

point, we obtained simulations with a version of the model in which the influence of the 324

pyramidal neuron on the GABAergic neuron, through synaptic connections or through 325

variations of extracellular ion concentrations, was removed. 326

To study how INa,P,i modifies the excitability of the GABAergic neuron, we 327

computed the following input-output relationships: number of action potentials elicited 328

during the application of a depolarizing external current of fixed duration versus the 329

conductance of this current (Fig 2A). We found that an increase of INa,P,i reduces the 330

rheobase (i.e. minimal external input necessary to trigger at least one action potential): 331

0.0004mS·cm−2 when pNa,P = 20% (migraine condition) instead of 0.0051mS·cm−2
332

when pNa,P = 0% (control condition), where pNa,P is defined in Section 2.1.6. This is 333
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consistent with a decrease of the rheobase observed experimentally in neocortical mouse 334

neurons transfected with hNaV1.1-L1649Q, a pathogenic mutant of the NaV1.1 channel 335

associated with FHM [6]. However, in contrast to [6], in our model FHM-3 mutations do 336

not substantially increase the GABAergic neuron’s firing frequency. With external 337

inputs gD,i up to approximately 0.1mS·cm−2, an increase of pNa,P consistently leads 338

to a moderate increase of the number of action potentials generated, but this is not the 339

case for stronger external inputs. Interestingly, there may be variability among 340

GABAergic neurons, concerning how their firing frequency is affected by FHM-3 341

mutations. In a novel FHM-3 knock-in mouse model, Freilinger et al. (personal 342

communication; see acknowledgments) observed an increase of frequency in fast-spiking 343

GABAergic neurons, but no significant difference in regular spiking interneurons, 344

although they both express NaV1.1. 345
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Fig 2. Effect of FHM-3 mutations on the firing properties of the GABAergic neuron. For different values of
pNa,P (defined in Section 2.1.6), which we increase to model FHM-3 mutations, we applied to the GABAergic neuron 0.4 s
long excitatory external inputs of conductances gD,i. For each pNa,P value, we took as initial condition the steady state in the
absence of external input, i.e. when gD,i = 0mS·cm−2. A: Number of action potentials, considered as overshooting spikes
(i.e. exceeding 0mV of peak membrane potential). B: Extracellular potassium concentration at the end of the 0.4 s long
simulations. C: Extracellular sodium concentration at the end of the 0.4 s long simulations.

On the other hand, persistent sodium current clearly enhances the accumulation of 346

extracellular potassium (Fig 2B) and the uptake of extracellular sodium (Fig 2C) due to 347

the firing of the GABAergic neuron, even when the number of action potentials is 348

similar or slightly smaller than in the control condition. For example, for an external 349

input of conductance gD,i = 0.3mS·cm−2 and pNa,P = 20%, with 48 spikes in 0.4 s we 350

obtained an extracellular potassium concentration of 8.6mM (145% increase) and an 351

extracellular sodium concentration of 147.5mM (3.7% decrease). However, when 352

pNa,P = 0%, there were 49 spikes in 0.4 s but only 5.9mM of extracellular potassium 353

(68% increase) and still 150.7mM of extracellular sodium (1.7% decrease) at the end of 354

the simulation. 355

This is a counterintuitive result that we have better investigated comparing detailed 356

features of action potentials and underlying ionic currents for those parameter values: 357

gD,i = 0.3mS·cm−2 and pNa,P = 0% or 20% (Fig 3). With increased INa,P,i, 358

simulations showed larger action potential half width (0.365ms for the 25th action 359

potential with pNa,P = 0% and 0.565ms with pNa,P = 20%, Fig 3C1). However, 360

modifications of action potential features were relatively small compared to the increase 361

of INa,P,i. We reasoned that the INa,P,i increase could induce a larger activation of 362
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potassium channels during the action potentials, able to limit the modifications of 363

action potential features, but leading to larger potassium currents and consequent 364

spiking-induced extracellular potassium build up. Indeed, the plots of the potassium 365

action currents show a large increase when INa,P,i is higher (0.520µA·cm−2 for the 366

25th action potential in the discharge with pNa,P = 0%, 1.311µA·cm−2 with 367

pNa,P = 20%, Fig 3C2), leading to a larger accumulation of extracellular potassium at 368

each action potential (Fig 3A3,B3,C3). As expected, action sodium currents show a 369

large increase as well, in particular during the repolarization phase (0.478µA·cm−2
370

for the 25th action potential in the discharge with pNa,P = 0%, 1.284µA·cm−2 with 371

pNa,P = 20%, Fig 3C4), leading to a consequent larger decrease of extracellular sodium 372

concentration at each action potential (Fig 3A5,B5,C5). 373

3.1.2 Dynamics of neuronal firing at CSD initiation 374

In this section, we show how FHM-3 mutations in the GABAergic neuron influence the 375

entry of the pyramidal neuron into depolarization block, which we consider as the 376

initiation of a CSD, when the two neurons are coupled. We depolarized them with the 377

same external inputs gD,e = gD,i = 0.3mS·cm−2, and we compared the control 378

condition (pNa,P = 0%) with a pathological one (pNa,P = 15%). 379

In the first case, tonic spiking of the GABAergic neuron begins immediately while 380

there is a latency of a few seconds before the pyramidal neuron also starts to generate 381

repetitive action potentials (Fig 4A). Those initial subthreshold oscillations demonstrate 382

the inhibitory nature of the GABAergic neuron in a physiological situation. As 383

expected, the firing frequency is larger in the GABAergic neuron than in the pyramidal 384

one (Fig 5A-B). With pathological persistent sodium current in the GABAergic neuron, 385

the voltage traces are very different (Fig 4B). As in the control condition, there is a 386

delay before sustained firing of the pyramidal neuron, but both the GABAergic 387

interneuron and the pyramidal neuron show two phases of activity, and during the first 388

phase extracellular potassium rises faster and to a larger extent than in control 389

(Fig 5C). This is coherent with the results obtained on the GABAergic neuron alone in 390

Section 3.1.1. Shortly after the pyramidal neuron begins to spike, we observe an 391

increase of its firing frequency to towards an initial plateau, together with a steeper 392

slope for the increase in extracellular potassium concentration. This is followed by a 393

further increase of the pyramidal neuron’s firing frequency. The second phase leads to 394

the beginning of depolarization block for both neurons, while extracellular potassium 395

continues to grow. Notably, sodium overload during the depolarization block (Fig 5D) 396

can contribute to silencing of firing. 397

In order to study experimentally the dynamics of the firing of both GABAergic 398

interneurons and pyramidal neurons at the site of CSD initiation, we performed pairs of 399

juxtacellular-loose patch voltage recordings, inducing CSD by spatial optogenetic 400

activation of GABAergic neurons as in [22]. Although this method of induction does not 401

completely reproduce the condition of the simulation, it mimics hyperexcitability of the 402

GABAergic neurons and allows recordings at the pre-determined site of CSD initiation, 403

which cannot be performed with other experimental models of CSD. Notably, the firing 404

dynamics was similar to that obtained with the simulation. We found that GABAergic 405

neurons began to fire at the beginning of the illumination, whereas pyramidal neurons 406

began to fire later during the illumination, just for few seconds before CSD initiation 407

(Fig 4C and Fig 5E-F). As in the simulation, the firing dynamics of both GABAergic 408

and pyramidal neurons showed two phases, a first phase with lower firing frequency 409

(which was on average 34.6-fold longer for the GABAergic neurons) and a second phase 410

of similar duration (few seconds) for the two types of neurons, in which firing frequency 411

increased on average 8.3±1.8-fold for GABAergic neurons and 8.1±2.5-fold for 412

pyramidal neurons, leading to depolarization block. Although few GABAergic neurons 413
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Fig 3. Effect of FHM-3 mutations on the firing and action currents of the GABAergic neuron, and
correlation with the dynamics of [K+]o and [Na+]o. Plots of the voltage (action potentials; upper row), total
potassium current (second row), extracellular potassium concentration (third row), total sodium current (fourth row) and
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gD,i = 0.3mS·cm−2. A: No persistent sodium current: pNa,P = 0%. B: pNa,P = 20%. C: Zoom showing the 25th action
potential of A (in green) and B (in red). The dashed lines are the curves obtained with pNa,P = 20% shifted to allow a better
comparison with the curves obtained with pNa,P = 0%.
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Fig 4. Effect of the FHM-3 mutation on CSD initiation: representative
time traces. A-B: Model simulations. Starting from neurons at rest, similarly to Fig 2,
we stimulated them with constant excitatory conductances gD,i = gD,e = 0.3mS·cm−2

for 30 s. A: No persistent sodium current for the GABAergic neuron (pNa,P = 0%). B:
Pathological condition (pNa,P = 15%). C: Experimental data. Representative dual
juxtacellular-loose patch voltage recordings of a GABAergic interneuron (C1,C3) and a
pyramidal neuron (C2,C4) showing the dynamics of the firing at the site of CSD
initiation; CSD was induced by spatial optogenetic activation of GABAergic neurons
and is the slow negative deflection observable in C1 and C2. The blue bar in C1 shows
the optogenetic stimulation with blue light.

March 21, 2021 20/38



0

50

100

150

200
A1 A2

0

100

200

300

400
B1 B2

0

10

20

30

40

50
C1 C2

0

30

60

90

120

150

180

0 5 10 15 20 25 30

D1

0 1 2 3 4 5

D2

0

100

200

300

400

500
E1 E2

0

50

100

150

40 50 60 70 80 90 100

F1

50 51 52 53 54 55 56

F2

In
st
an

ta
ne

ou
s
fir
in
g

fr
eq
ue

nc
y
(H

z)
In
st
an

ta
ne

ou
s
fir
in
g

fr
eq
ue

nc
y
(H

z)
[K

+
] o

(m
M
)

[N
a+

] o
(m

M
)

pNa,P (%)
0
15

In
st
an

ta
ne

ou
s
fir
in
g

fr
eq
ue

nc
y
(H

z)
In
st
an

ta
ne

ou
s
fir
in
g

fr
eq
ue

nc
y
(H

z)

Time (s) Time (s)

Fig 5. (Legend on the following page.)

fired at very high frequency, instantaneous frequency was on average not different 414

between GABAergic and pyramidal neurons. 415

March 21, 2021 21/38



Fig 5. Behavior of the firing frequency and of the extracellular ion
concentrations before the onset of CSD. A-D: Model simulations. For the first
10 s of the simulations presented in Fig 2, we compared the pathological situation
(pNa,P = 15%) with the physiological one (pNa,P = 0%). A: Instantaneous firing
frequency, i.e. inverse of the interspike interval, for the GABAergic neuron. B:
Instantaneous firing frequency for the pyramidal neuron. C: Extracellular potassium
concentration. D: Extracellular sodium concentration. E-F: Experimental data. E:
Instantaneous firing frequency of the loose patch recording of the GABAergic neuron
shown in Fig 4C1,C3. F: Instantaneous firing frequency of the loose patch recording of
the pyramidal neuron shown in Fig 4C2,C4. CSD was induced by the optogenetic
stimulation of the GABAergic neuron; the two phases in the firing dynamics, with lower
and higher frequency respectively, are evident and similar to those observed in the
simulation. Although the first phase was longer for GABAergic neurons (55.3± 4.5 s,
n = 7) than for pyramidal neurons (1.6± 0.2 s, n = 5; p = 0.006 Mann-Whitney test),
the second phase had similar duration (2.0± 0.2 s for GABAergic neurons; 1.7± 0.3 s
for pyramidal neurons; p = 0.28, Mann-Whitney test) and firing frequency was not
significantly different (mean instantaneous firing frequency in the first phase was
48.4± 6.8Hz for GABAergic neurons and 32.4± 8.5Hz for pyramidal neurons, p = 0.19
Mann-Whitney test; in the second phase it was 349± 36Hz for GABAergic neurons and
214± 57Hz for pyramidal neurons, p = 0.06 Mann-Whitney test).

3.1.3 Persistent sodium current in GABAergic neurons reduces the thresh- 416

old for CSD initiation 417

More generally, we studied whether those findings are robust to modifications of the 418

value of parameter pNa,P in the pathological case. This is important since we do not 419

know precisely which level of persistent sodium current best models the effects of 420

FHM-3 mutations. Migraine is an episodic disorder, which means that patients exhibit 421

symptoms only during attacks: a trigger factor causes the shift from a physiological 422

state to a pathological state [44]. In our model, FHM-3 mutations reduce the threshold 423

for this transition. Indeed, the more persistent sodium current in the GABAergic 424

neuron, the smaller the minimal external input necessary to initiate CSD (Fig 6A). This 425

is consistent with our recent experimental work where it was shown that bath 426

application of Hm1a, a toxin which mimics the effects of FHM-3 mutations by 427

increasing persistent sodium current, can lead to spontaneous CSD initiation in mouse 428

brain slices [22]. Moreover, we found that, for a given large external input, persistent 429

sodium current decreases the latency to CSD (Fig 6B). Here also, our simulations agree 430

qualitatively with experimental data. Indeed, optogenetic activation of GABAergic 431

neurons induces CSD earlier in slices perfused with Hm1a than in control slices [22]. 432

Those two points are also supported by experiments on the knock-in mouse model of the 433

L1649Q FHM-3 mutation: the threshold for eliciting CSD by electrical stimulation was 434

substantially lowered in heterozygous mice, and the latency from KCL application to 435

the onset of CSD was significantly reduced (Freilinger et al., personal communication; 436

see acknowledgments). 437

Very close to the threshold that is approximated in Fig 6A, the response oscillates 438

between non-CSD and CSD solutions, when gradually increasing the external input. 439

This shows a great sensitivity of the model at the transition between physiological and 440

pathological behaviors. We cannot assert whether this is a numerical effect or a 441

property inherent to the model. In any case, such a phenomenon is not surprising given 442

the dimensionality of the model and its multiple time scales. Similar issues already arise 443

in much simpler conductance-based models, e.g. FitzHugh-Nagumo, Morris-Lecar or a 444

2D reduction of Hodgkin-Huxley, which are type-2 neuron models for which the firing 445
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Fig 6. Effect of FHM-3 mutations on CSD initiation. A: We show here how
increasing the GABAergic neuron’s persistent sodium current influences the minimal
external input necessary to induce a depolarization block in the pyramidal neuron,
varying pNa,P from 0 to 20%. We used as external inputs constant excitatory
conductances, equal for both neurons, taking values up to gD,i = gD,e = 0.3mS·cm−2.
We considered that beyond these values, inputs would be unrealistically strong, leading
to a response of the model that would not be interpretable. Again, we chose as initial
condition the steady state when the neurons are not stimulated. We defined a
depolarization block by the absence of oscillations of amplitude larger than 5mV of the
voltage for at least half a second, with the additional condition that it must be between
−55mV and −20mV at the end of this interval. For each pNa,P, we estimated the
smaller external input for which this criterion is met for the pyramidal neuron with a
bisection method. B: Starting from neurons at rest, for given large external inputs
gD,e = gD,i = 0.3mS·cm−2, we computed the time it takes for a CSD to be initiated,
if it is initiated at all.

threshold may not be well defined [45]. The approximation of the threshold for CSD 446

initiation that we have obtained is nevertheless sufficient to study the roles of persistent 447

sodium current and extracellular ion concentrations. Computing the exact threshold, if 448

it exists, is challenging, and we do not consider it relevant for the purpose of the present 449

study. This is an interesting question for future work, where we will focus on reducing 450

our current model while keeping its most salient features. 451

3.1.4 The accumulation of extracellular potassium is crucial for CSD initi- 452

ation 453

In our model, the two neurons are coupled through synaptic connections and through 454

variations in extracellular ion concentrations. The synaptic connection from the 455

GABAergic neuron to the pyramidal one is inhibitory in all the tested conditions (see 456

Section 3.3). Modifications of extracellular ion concentrations can thus be the cause of 457

the large increase of firing frequency that precedes the depolarization block observed in 458

the pathological case (Fig 5B). In the first seconds of the simulation, both extracellular 459

potassium and sodium concentrations are substantially modified (Fig 5C-D), but the 460

relative change is much more important for potassium, consistent with the simulations 461

with the isolated GABAergic neuron (Fig 2). A rise in extracellular potassium increases 462

the reversal potential for this ion, which is a depolarizing effect, while a decay of the 463

extracellular sodium has the opposite effect. This suggests that potassium plays a major 464
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role in promoting CSD initiation. To confirm it, we implemented unrealistically strong 465

buffering of either extracellular potassium or sodium, to keep their concentration 466

constant (Fig 7A-B). In the same pathological setting as in Fig 5B, we applied strong 467

external inputs gD,i = gD,e = 0.3mS·cm−2 to the neurons. We observe that only the 468

strong buffering of extracellular potassium prevents CSD initiation (Fig 7B). More 469

generally, similarly to (Fig 6), we computed the thresholds for CSD initiation and the 470

latencies to CSD for strong external inputs (Fig 8A). Remarkably, keeping the 471

extracellular potassium concentration low completely prevents CSD initiation over the 472

examined ranges of persistent current and external inputs. This is not the case with 473

sodium; in fact the strong buffering of its extracellular concentration even facilitates 474

CSD initiation, and leads to a larger increase of extracellular potassium concentration. 475

We also tested smaller values of the extracellular potassium diffusion rate. This can 476

model, in a simplistic way, the contribution of other GABAergic neurons to the 477

accumulation of extracellular potassium, or a less efficient buffering by the glial network. 478

As expected, it reduces the threshold for CSD initiation and CSD is ignited earlier for a 479

given stimulus (Fig 8B). 480

3.2 NaV1.1 epileptogenic mutations strongly decrease the in- 481

hibitory role of GABAergic neurons 482

3.2.1 Reduced sodium current in GABAergic neurons makes them more 483

susceptible to depolarization block 484

As with the FHM-3 mutations (Section 3.1.1), we first investigated the effects of 485

epileptogenic mutations on the GABAergic neuron itself, when it does not interact with 486

the pyramidal neuron. To model epileptogenic mutations of NaV1.1, we reduced the 487

GABAergic neuron’s fast-inactivating sodium maximal conductance, as explained in 488

Section 2.1.6. 489

The simulations show that in this condition the rheobase is slightly increased, action 490

potential amplitude is decreased and depolarization block is induced by smaller 491

depolarizing external inputs (Fig 9A-B, Fig 10A). Notably, action potential firing 492

frequency shows just very small modifications in the input-output relationship 493

(Fig 10A1), in which a slight increase is surprisingly observed for the epileptic condition 494

between gD,i = 0.2 and gD,i = 0.4mS· cm−2. We observed similar modifications in 495

experimental traces, comparing cortical layer 2-3 fast spiking GABAergic neurons 496

recorded in heterozygous Scn1a knock-out mice (Scn1a+/-), model of the developmental 497

and epileptic encephalopathy Dravet syndrome [1,2], and wild type littermates as 498

control (Fig 9C-D, Fig 10B). Notably, the comparison of single representative neurons 499

with similar input-output relationships showed that, although firing frequency could be 500

slightly larger for the Scn1a+/- neuron, depolarization block was induced by a smaller 501

depolarizing current (Fig 9C-D, Fig 10B1) and action potential amplitude was reduced 502

(Fig 10B2). The comparison of average features did not disclose modifications of firing 503

frequency before the induction of depolarization block in Scn1a+/- (Fig 10B3), but 504

depolarization block was consistently induced with smaller depolarizing currents. Of 505

note, for obtaining these average input-output curves, we excluded for each cell the 506

traces in which there was depolarization block, to avoid the influence of depolarization 507

block in the evaluation of firing frequency with larger depolarizing currents. Mean 508

action potential amplitude was reduced (Fig 10B4). 509

To better understand the enhanced transition from the firing regime to 510

depolarization block of the GABAergic neuron when NaV1.1 carries an epileptogenic 511

loss of function mutation, which we observed in Fig 10A1, we studied it as a dynamic 512

bifurcation phenomenon [46]. Even though system (1) is not explicitly slow-fast, it is 513

clear from its time traces that it has different time scales. We considered the sodium 514
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Fig 7. The roles of extracellular ions in CSD initiation: representative time
traces. When NaV1.1 carries a FHM-3 mutation, modeled by pNa,P = 15%, we tested
the effect of keeping either extracellular potassium or sodium constant using
unrealistically high diffusion rates. We depolarized the neurons at rest with constant
excitatory conductances gD,i = gD,e = 0.3mS·cm−2 for 30 s. A: Voltage traces for the
default parameters. B: Voltage traces when ε = 0.1ms−1 to simulate a strong buffering
of extracellular potassium. C: Voltage traces when there is a strong buffering of
extracellular sodium. To implement it, we introduced the diffusion term
Idiff,Na = εNa

(
[Na+]o −Nabath

)
in the equation for extracellular sodium, with

εNa = 0.1ms−1 and Nabath equal to the steady-state extracellular sodium in the
absence of external input. D: [K+]o traces in the cases described in A-C. E: [Na+]o
traces in the cases described in A-C.

concentration in the GABAergic neuron [Na+]i as a slow variable, and analyzed the 515

corresponding fast subsystem where [Na+]i is a parameter, with or without 516

epileptogenic mutation. In Fig 11A, we show the voltage traces of the complete system 517

when applying an excitatory conductance gD,i = 0.3mS·cm−2 to the GABAergic 518

neurons at rest. In Fig 11B, we projected the same solutions onto the ([Na+]i, vi) plane, 519

superimposed onto the bifurcation diagram of the fast subsystem with respect to [Na+]i, 520

what is called a slow-fast dissection [47]. In the wild-type case, the solution first follows 521

limit cycles of large amplitude, which corresponds to repetitive firing, while the sodium 522

slowly increases (Fig 11B1). For [Na+]i approximately 28mM there is a fold of limit 523
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Fig 8. The roles of extracellular ions in CSD initiation. Similarly to Fig 6, we
show in the left panel the minimal external input necessary to induce a depolarization
block in the pyramidal neuron, and in the right panel the latency to CSD. A: We tested
the effect of keeping either extracellular potassium or sodium approximately constant
using the same method as for Fig 7. B: We tested the effect of reducing the extracellular
potassium diffusion rate. The default value of this parameter is ε = 5· 10−4 ms−1.

cycle bifurcation, which causes the solution to jump to a stable steady state. This is the 524

beginning of a quiescent phase, where the neuron does not spike while [Na+]i decreases 525

slowly until a Hopf bifurcation is encountered, where the steady state becomes unstable. 526

This causes the solution to return to the large-amplitude limit cycles. In this way, the 527

solution alternates between active and quiescent phases (Fig 11A1), a neuronal behavior 528

typically referred to as bursting. It is not surprising since bursting is a possible behavior 529

of the model we have used to describe the gating dynamics of the GABAergic neuron’s 530

voltage-gated channels [25]. The subHopf/fold-cycle hysteresis loop which enables this 531

bursting is not preserved for the reduced value of fast-inactivating sodium maximal 532

conductance which we use to model NaV1.1’s epileptogenic mutations (Fig 11B2). In 533

this case, the solution of the complete system also first follows large-amplitude limit 534

cycles while [Na+]i slowly increases. However, once it reaches the fold of limit cycle 535

bifurcation and jumps to the stable steady state, it does not leave it anymore: the 536

GABAergic neuron completely stops producing action potentials (Fig 11A2). 537
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Fig 9. Effect of NaV1.1 epileptogenic mutations on the firing of GABAergic
neurons: representative traces. A-B: Model simulations. We depolarized the
GABAergic neuron at rest with constant excitatory conductances gD,i = 0.0075 (A1,
B1), gD,i = 0.05 (A2, B2) or gD,i = 0.5mS·cm−2 (A3, B3), for the default
parameters (A: control condition), or when the sodium fast-inactivating maximal
conductance is reduced to 40% of its default value (B: NaV1.1 epileptogenic mutation).
C-D: Experimental data. Action potential discharges elicited in a fast spiking
GABAergic layer 2-3 cortical neuron from a wild type mouse (C) or a Scn1a+/- mouse
(D), injecting depolarizing current steps of 10 pA (C1,D1), 100 pA (C2,D2) or 260 pA
(C2,D2).
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Fig 10. Effect of NaV1.1 epileptogenic mutations on the firing of
GABAergic neurons: input-output relationship and action potential
amplitude. A: Model simulations. We applied to the GABAergic neuron at rest 2.5 s
long excitatory external inputs of conductances gD,i, for the default parameters
(wild-type), or for a reduced sodium fast-inactivating maximal conductance gNa,FI,i

(epileptogenic mutations). A1: Number of action potentials. A2: Representative action
potentials, for gD,i = 0.3mS·cm−2. B: Experimental data. B1: Representative fast
spiking neurons recorded in cortical slices from Scn1a+/- mice and wild type littermates,
selected for having similar input-output curves with lower injected current, showing that
the Scn1a+/- neuron was more prone to depolarization block (sharp decrease of action
potential number). B2: Comparison of the first suprathreshold action potential
recorded in the neurons selected for panel B1. B3: Mean input-output relationships for
fast spiking neurons recorded from Scn1a+/- (n = 7) and wild type littermates (n = 7),
the number of elicited action potentials was not different, but depolarization block was
induced with lower depolarizing current (the traces in which there was depolarization
block were excluded, to avoid the influence of depolarization block in the evaluation of
the number of action potentials elicited with larger depolarizing currents). B4: Mean
peak amplitude (absolute value) of the first suprathreshold action potential for fast
spiking neurons recorded from Scn1a+/- (22.6± 1.4mV, n = 7) and wild type
littermates (28.7± 1.9mV, n = 7); p = 0.044 Mann-Whitney test. * p < 0.05.
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Fig 11. Effect of NaV1.1 epileptogenic mutations on the GABAergic
neuron bifurcation structure. We considered the intracellular sodium concentration
as a slow variable and we studied the corresponding fast subsystem where this
concentration is a parameter. We focused here on the case where gD,i = 0.3mS·cm−2.
A: Voltage trace of the full system starting from a neuron at rest, for the default
parameter values (A1) or when the fast-inactivating sodium maximal conductance is
reduced to 40% of its default value (A2). B: Trajectory of A1 (B1) or A2 (B2),
projected onto the ([Na+]i, vi) plane and bifurcation diagram of the fast subsystem with
respect to the intracellular sodium concentration. We represented steady-states with
black lines and limit cycles with purple lines.

3.2.2 Pyramidal neurons firing frequency suddenly increases when GABAer- 538

gic neurons enter depolarization block 539

We saw in the previous section that NaV1.1’s epileptogenic loss of function mutations 540

make GABAergic neurons more susceptible to depolarization block. We now focus on 541

the consequences on the firing of the pyramidal neuron in our computational model, 542

when the two neurons are coupled. We stimulated them with strong depolarizing 543

external inputs (gD,i = gD,e = 0.3mS·cm−2), with or without NaV1.1’s epileptogenic 544

loss of function mutations mutation (Fig 12). In the pathological condition, after firing 545

for about ten seconds (Fig 12B1,C1), the GABAergic neuron enters depolarization block. 546

Simultaneously, we observe a sharp increase of the firing frequency of the pyramidal 547

neuron (Fig 12B2,C2). This behavior is easily understood: when the GABAergic neuron 548

stops to generate action potentials, the synaptic inhibitory restraint that it exerts on 549

the pyramidal neuron is suddenly removed, allowing the pyramidal neuron to fire at a 550

greater pace. Although this effect cannot be considered epileptiform activity, it may 551

model early hyperexcitability that has been observed in mouse models of Dravet 552

syndrome before the appearance of spontaneous seizures [2, 39]. 553

3.3 Comparison of migraine and epilepsy scenarios 554

Fig 13 illustrates the differences, in our model, between the migraine and the epilepsy 555

pathological scenarios. For the representative simulations displayed in Fig 4 and in 556

Fig 12, we compared the evolution of the extracellular potassium concentration, of the 557

inhibitory synaptic current received by the pyramidal neuron, and their effect on the 558
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Fig 12. Effect of NaV1.1 epileptogenic mutations on the firing frequency of
the pyramidal neuron. When both neurons are coupled, taking as initial condition
the steady-state when there is no external input, we applied external inputs
gD,i = gD,e = 0.3mS·cm−2. We tested both the default parameters, which represent a
wild-type GABAergic neuron, and a sodium fast-inactivating maximal conductance
gNa,FI,i reduced to 40% of its default value, to model epileptogenic mutations of NaV1.1.
A: Voltage of the GABAergic (A1) and pyramidal (A2) neurons in the wild-type
condition. B: Voltage of the GABAergic (B1) and pyramidal (B2) neurons with the
epileptogenic mutation. C: Instantaneous firing frequency of the GABAergic (C1) and
pyramidal (C2) neurons in the two conditions.

pyramidal neuron’s firing frequency. In the case of the migraine condition (Fig 13B), 559

following an initial accumulation of extracellular potassium a few millimolars larger 560

than in the wild-type condition (Fig 13A), the firing frequency of the pyramidal neuron 561

rises significantly, causing the extracellular potassium to build-up even faster. This 562

happens despite the inhibition from the GABAergic neuron, and it leads to a 563

depolarization block of the pyramidal neuron shortly before four seconds. On the 564

contrary, with the epileptogenic mutation (Fig 13C), the removal of the GABAergic 565

neuron’s inhibitory input on the pyramidal neuron after approximately 11.5 s is 566

responsible for the increase of firing frequency of the pyramidal neuron. The 567

simultaneous increase of extracellular potassium concentration is negligible. Notably, 568

the GABAergic synaptic current never becomes depolarizing (Fig 13A2,B2,C2). 569

4 Discussion 570

We have developed a two-neuron model with one pyramidal neuron and one GABAergic 571

neuron, building upon our previous modeling framework [19]. It captures 572

electrochemical activity leading to either CSD initiation or pro-epileptic 573

March 21, 2021 30/38



0

10

20

30

40 A1 B1 C1

0

10

20

30

40

50

A2 B2 C2

0.1

1

10

100

0 2 4 6 8 10 12 14

A3

0 2 4 6 8 10 12 14

B3

0 2 4 6 8 10 12 14

C3

[K
+
] o

(m
M
)

I
G

A
B
A
,e

(µ
A
·
cm

−
2
)

In
st
an

ta
ne

ou
s

fir
in
g
fr
eq
ue

nc
y
(H

z)

Time (s) Time (s) Time (s)

Fig 13. Comparison of migraine and epilepsy scenarios regarding extracellular potassium and GABAergic
inhibition. Plots of the extracellular potassium concentration (upper row), GABAergic neuron’s inhibitory current on the
pyramidal neuron (second row) and pyramidal neuron’s firing frequency (bottom row) corresponding to the simulations
displayed in Fig 4 and Fig 12. For better readability, we averaged the GABAergic currents on a running window of 200ms.
We show the pyramidal neuron’s firing frequency with a logarithmic scale. A: Control condition: default parameter values. B:
Migraine condition: percentage of sodium voltage-gated conductance corresponding to persistent current pNa,P = 15%. C:
Epilepsy condition: sodium fast-inactivating maximal conductance reduced to 40% of its default value.

hyperexcitability, caused by mutations of the sodium channel NaV1.1. In both cases, 574

our results suggest the involvement of other mechanisms of network hyperexcitability 575

than the modification of the firing frequency of GABAergic neurons. This is noteworthy, 576

because modifications of firing frequency is one of the principal features investigated in 577

pathologies of neuronal excitability. 578

4.1 FHM-3 mutations 579

Interestingly, our model did not display a clear-cut increase in firing frequency of the 580

GABAergic neuron implementing a common effect of NaV1.1 FHM-3 mutations, 581

although these mutations cause a clear gain of function of the channel. Notably, in a 582

study where FHM-3 mutations were implemented in an extended Hodgkin–Huxley 583

model with dynamic ion concentrations [48], Dahlem et al. reported prolonged action 584

potentials in the mutant model resulting in reduced spiking frequency. 585

Experimentally, the effect of FHM-3 mutations on firing features is not completely 586

clear yet. An increase of firing frequency has been observed in GABAergic neurons 587

transfected with the FHM-3 mutation L1649Q [6]. Likewise, the application of the toxin 588

Hm1a, which mimics the effect of FHM-3 mutations by enhancing the persistent sodium 589

current, induced an increase of firing frequency in fast spiking cortical GABAergic 590
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neurons [22]. However, the same toxin did not modify the firing frequency of CA1 591

hippocampal GABAergic neurons in [49]. Moreover, comparing heterozygous L1649Q 592

knock-in mice with wild-type littermates, a significant increase of firing frequency has 593

been observed in cortical and hippocampal fast spiking GABAergic neurons, but not in 594

regular spiking cortical and hippocampal GABAergic neurons (Freilinger et al., personal 595

communication; see acknowledgments). The variety of GABAergic neuron subtypes and 596

the great variability of their properties [50, 51] is a possible cause of these discrepancies. 597

Overall, a noteworthy outcome of the present work is that, in our model, an increase 598

of the firing frequency of the GABAergic neuron is not necessary for FHM-3 mutations 599

to promote network hyperexcitability that leads to CSD initiation. We observed an 600

alternative mechanism in the simulations: although in our model the FHM-3 condition 601

induced just small modifications of the GABAergic neuron’s firing frequency, the ion 602

fluxes at each action potential were increased, leading to a build-up of extracellular 603

potassium. This is possible because each action potential generates larger and more 604

sustained sodium currents that induce increased activation of potassium currents, 605

causing higher net translocation of ions, including potassium, across the membrane, 606

which is consistent with modeling results from Barbieri et al. [52]. This reduces the 607

threshold for CSD initiation and shortens its latency, even in conditions in which the 608

firing frequency of the GABAergic neuron is reduced. 609

4.2 Epileptogenic mutations 610

In our model, loss of function of NaV1.1, typical of mutations causing epilepsy 611

(including the developmental and epileptic encephalopathy Dravet syndrome), makes 612

GABAergic neurons more susceptible to depolarization block. The action potential 613

frequency during repetitive firing appears unchanged prior to the depolarization block. 614

Simultaneous to the suppression of spike generation by the GABAergic neuron, we 615

observed the transition to a phase of hyperactivity of the pyramidal neuron. This firing 616

pattern cannot be considered as a seizure-like epileptiform activity, but can be 617

interpreted as an earlier stage of hyperexcitability. A limitation of our model is that it 618

only takes into account two neurons, without including any network dynamics. This 619

allowed us to keep its size manageable, but network effects may be necessary for 620

observing seizure-like activity in simulations. Nevertheless, our work suggests the 621

potentially important role of the depolarization block of GABAergic neurons in 622

epilepsies caused by NaV1.1 loss of function. In particular, our model could reproduce 623

conditions of the pre-epileptic period identified in mouse models, in which there is 624

network hyperexcitability but not spontaneous seizures [39,53]. 625

There is experimental evidence in favor of facilitated depolarization block of 626

GABAergic neurons as a mechanism of pro-epileptic network hyperexcitability, for both 627

NaV1.1-related and other models. 628

Our experimental data show that depolarization block is induced by smaller injected 629

currents in fast spiking GABAergic neurons from cortical brain slices of Scn1a+/- mice, 630

whereas firing frequency before depolarization block is not significantly modified. There 631

are several papers in which modifications of the initial part of the input-output curve 632

have not been observed in GABAergic neurons of mouse models carrying NaV1.1 loss of 633

function mutations. This was the case for instance with dissociated hippocampal 634

neurons [1] and with cortical parvalbumin-positive interneurons in brain slices [54] of 635

Scn1a+/- mice, as well as with cortical and hippocampal fast spiking GABAergic 636

neurons of Scn1aRH/+ mice, which carry the NaV1.1 R1648H missense mutation [18]. 637

Notably, the reduced firing frequency observed by numerous studies in the final part of 638

mean input-output relationships, obtained injecting larger depolarizing currents, is 639

likely caused by the earlier depolarization block, which reduces the number of action 640

potentials elicited by large depolarizations in neurons expressing NaV1.1 loss of function 641
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mutants. In fact, the most consistent effect observed in the representative fast spiking 642

discharges displayed by most of the papers is earlier depolarization block. It should be 643

highlighted again that these traces have not been included in the mean input-output 644

curves that we have presented here. 645

In an experimental model in which seizure-like events were induced in rat 646

hippocampal slices from wild type mice using the potassium channel blocker 647

4-aminopyridine together with decreased magnesium, a sequence of events similar to 648

what we obtained in our simulations was reported: seizure generation correlated with 649

long-lasting depolarization blocks in GABAergic neurons and the simultaneous increase 650

of firing frequency in pyramidal cells [55]. Another study, which used 4-aminopyridine 651

together with decreased magnesium and local applications of NMDA to focally induce 652

epileptiform ictal activity in wild type cortical rodent brain slices, suggested that 653

depolarization block of fast spiking GABAergic neurons allows the recruitment of 654

clusters of pyramidal cells into propagating epileptiform discharges [56]. Consistently, a 655

computational modeling study found that seizure-like activity can arise as the result of 656

depolarization block of inhibitory neurons and investigated possible bifurcation 657

structures for this transition [57]. 658

Interestingly, a neuronal mass computational model of Dravet syndrome generated, 659

when abnormal depolarizing GABAA currents were implemented (which would make 660

GABAergic synaptic connections excitatory), seizure-like activity that was similar to 661

some EEG patterns observed in Dravet syndrome patients [58]. The rationale for 662

implementing this effect was a hypothetical remodeling in which the initial 663

NaV1.1-induced hyperexcitability leads to the cleavage of KCC2 co-transporters, 664

resulting in intracellular accumulation of chloride in pyramidal neurons. Our model 665

takes into account KCC2 co-transporters and dynamic chloride concentrations, but we 666

did not implement remodeling that leads to reduced KCC2 function. In fact, although 667

depolarizing GABA has been reported in a mouse model of Dravet syndrome, it was not 668

found to be significantly involved in seizure activity [59]. Conversely, it would be 669

interesting to include depolarization block of GABAergic neurons in the neuronal mass 670

computational model of Dravet syndrome [58], for example by adapting the 671

corresponding wave-to-pulse function for taking it into account. 672

4.3 Conclusions and perspectives 673

Overall, our results suggest that depolarization block can be involved in the mechanism 674

of both gain of function migraine mutations and loss of function epilepsy mutations of 675

NaV1.1, but with different features. In the migraine condition spiking-induced increased 676

extracellular potassium leads to depolarization block of both GABAergic and 677

glutamatergic neurons, whereas in the epilepsy condition depolarization block of 678

GABAergic neurons leads to hyperexcitability of glutamatergic neurons. Notably, 679

modifications of firing frequency of the GABAergic neurons are not necessary for 680

inducing these effects. 681

A further future investigation would be to develop a reduced model more amenable 682

to theoretical analysis while retaining the salient features of the present model. 683

Bifurcation theory is indeed a very powerful tool to dissect the spectrum of activity 684

regimes that a model can produce, as well as offer a cartography of these regimes in 685

parameter space. Furthermore, the obvious presence of multiple timescales brings a 686

strategy to reduce the model. We initiated this approach in the present work by 687

studying a particular fast subsystem of the full model in Fig 11. However, the 688

dimension of the current model makes it prohibitive to perform a thorough bifurcation 689

analysis as well as to fully exploit its multi-timescale structure. Therefore, a future 690

objective will be to build up a simpler model, keeping the main features of this detailed 691

model, which will allow a more in-depth analysis. In particular, we plan to study 692
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bifurcation scenarios associated with the transitions to migraine and epileptiform 693

activity in a minimal bio-inspired slow-fast model, with ion concentrations as slow 694

processes driving the system, via threshold effects underpinning these transitions to 695

pathological activity using tools from multiple-timescale analysis. 696
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