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Neurobiology of Disease

Downmodulation of Potassium Conductances Induces
Epileptic Seizures in Cortical Network Models Via Multiple
Synergistic Factors
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Voltage-gated potassium conductances gx play a critical role not only in normal neural function, but also in many neurological
disorders and related therapeutic interventions. In particular, in an important animal model of epileptic seizures, 4-aminopyridine
(4-AP) administration is thought to induce seizures by reducing gx in cortex and other brain areas. Interestingly, 4-AP has also been
useful in the treatment of neurological disorders such as multiple sclerosis and spinal cord injury, where it is thought to improve
action potential propagation in axonal fibers. Here, we examined gx downmodulation in biophysical models of cortical networks that
included different neuron types organized in layers, potassium diffusion in interstitial and larger extracellular spaces, and glial buf-
fering. Our findings are fourfold. First, gx downmodulation in pyramidal and fast-spiking inhibitory interneurons led to differential
effects, making the latter much more likely to enter depolarization block. Second, both neuron types showed an increase in the dura-
tion and amplitude of action potentials, with more pronounced effects in pyramidal neurons. Third, a sufficiently strong gx reduc-
tion dramatically increased network synchrony, resulting in seizure-like dynamics. Fourth, we hypothesized that broader action
potentials were likely to not only improve their propagation, as in 4-AP therapeutic uses, but also to increase synaptic coupling.
Notably, graded-synapses incorporating this effect further amplified network synchronization and seizure-like dynamics. Overall,
our findings elucidate different effects that gx downmodulation may have in cortical networks, explaining its potential role in
both pathological neural dynamics and therapeutic applications.
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Significance Statement

The modulation of voltage-gated potassium-conductances gx is thought to play an important role in epileptic seizures and
therapeutic interventions in epilepsy, multiple sclerosis and spinal-cord injury. We show that gx downmodulation can
lead to a cascade of effects including changes in basal excitability, broadening of action potentials resulting in enhanced
robustness to synaptic noise perturbations and strengthening of synaptic coupling; and differential effects in excitatory
and fast-spiking inhibitory interneurons, promoting depolarization block in the latter under strong downmodulation. All
these effects synergistically contribute to the emergence of seizure-like dynamics in the form of almost-periodic synchronized
neuronal-population spiking in cortical networks. Under appropriate levels, gx downmodulation can also have therapeutic
effects by improving neuronal communication via the broadening of action potentials.
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Introduction

Excitability and spiking properties of neurons are dependent on
the regulation of potassium concentrations by means of different
ion channels and interactions with glial cells (Thier, 1986; Bean,
2007). Hence, potassium conductances (gx) play a critical role
not only in normal function but also in many neurological disor-
ders and related therapeutic interventions. Abnormal potassium
conductances and concentrations have been for decades hypoth-
esized to play a fundamental role in seizure onset in many types
of epilepsies (Smart et al., 1998; Kohling and Wolfart, 2016), and
have been examined in many biophysical models (Kager et al.,
2000; Somjen, 2002; Bazhenov et al., 2004; Frohlich et al., 2008;
Somjen et al.,, 2008; Cressman et al., 2009; Ullah et al., 2009;
Frohlich et al,, 2010; Krishnan et al., 2013; Wei et al., 2014a,b;
Ho and Truccolo, 2016; Gentiletti et al., 2022).

Modulation of gx has also been an important mechanism
underlying both animal models of seizures as well therapeutic
interventions. Recently, an important proof of concept of the lat-
ter has been provided for the use of a gene therapy strategy based
on closed-loop prevention of epileptic seizures by transiently
driving the expression of potassium channels (Kv1.1) in neurons,
thus downregulating excitability, only in response to periods of
abnormal hyperactivity that would otherwise typically lead to sei-
zures (Qiu et al., 2022).

A prominent example motivating our study is the use of the
potassium-channel blocker 4-AP to induce focal seizures in animal
models (Avoli et al., 1996; Ziburkus et al., 2006; Librizzi et al., 2017;
Wenzel et al.,, 2017, 2019; Scalmani et al., 2023). 4-AP administra-
tion is thought to induce seizures by downmodulating g in cortex
and other brain areas, thus decreasing outward potassium currents
and increasing neuronal excitability (Bean, 2007; Myers et al.,
2018). In contrast to low-voltage fast-activity seizures (Truccolo
et al,, 2011; Perucca et al., 2013; Truccolo et al., 2014; Wagner et
al., 2015), 4-AP induced seizures typically evolve into sequences
of spike-wave discharges in measured field potentials.

Interestingly, 4-AP has also been considered as an important
alternative in the treatment of neurological disorders such as mul-
tiple sclerosis, spinal-cord injury, cerebellar ataxia and encephalop-
athy disorders (Sherratt et al.,, 1980; Bostock et al., 1981; Alvifia and
Khodakhah, 2010; Dietrich et al., 2021; Hedrich et al, 2021;
Paredes-Cruz et al., 2022). In the former two, 4-AP administration
appears to prolong and facilitate action potential propagation in
axonal fibers. The effect is thought to be mediated by the broaden-
ing, i.e,, an increase in the temporal width and amplitude, of action
potentials. Furthermore, this broadening effect is hypothesized to
result from the 4-AP reduction in neuronal gx (Locke and
Nerbonne, 1997a,b; Yuan et al., 2005).

Modulation of gx conductances can lead to very complex cas-
cade effects, making the understanding of the emergent dynamics
in neuronal networks very challenging. Here, we provide a unifying
perspective on the multiple synergistic effects that gx downmodu-
lation might have in both normal and abnormal neural dynamics.
We focus on conductances of voltage-gated, specifically delayed
rectifier, potassium channels. We developed biophysical models
of neocortical networks that include excitatory pyramidal and
fast-spiking (FS) inhibitory interneurons spatially organized in lay-
ers 2-3 and 5-6, potassium diffusion in interstitial and larger extra-
cellular spaces, and glial potassium-buffering. Furthermore, we
hypothesize that broader action potentials are likely to not only
improve their propagation, as in 4-AP administration for MS,
but more important to our context, to also increase synaptic cou-
pling. The arrival of action potentials with longer durations and
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higher amplitudes at pre-synaptic sites is expected to increase
Ca®" inflow, thus increasing the number or the likelihood of synap-
tic vesicle release, and strengthening synaptic coupling (Barish
et al., 1996; Wheeler et al., 1996; Scarnati et al., 2020). To examine
these hypothesized synaptic gaining effects we implemented
graded-synapses in the neuronal coupling in the modeled cortical
networks. Overall, we systematically examined how gx downmo-
dulation differentially affected depolarization block in pyramidal
and inhibitory interneurons, neuronal network synchrony and
induction of abnormal activity patterns akin to seizures.

Materials and Methods

Single neuron model

Biophysical models of single neurons of various levels of complexity have
been applied to epilepsy studies in the past, including neuronal models
with a large number of compartments and ionic currents as in the
work by Traub and colleagues (Traub et al., 2005). Here, given the
required large number of stochastic simulations to systematically probe
the effects of the variations in many different parameters and gx down-
modulation scenarios, we focused on smaller models. In particular, we
used the same type and number of conductances as in the study by
Timofeev and colleagues (Timofeev et al., 2000). In addition, here we
do not address dendritic and axonal ectopic events (Traub et al., 1995).
Instead, we focused on somatic and synaptic mechanisms using single
compartment models to represent pyramidal neurons and FS inhibitory
interneurons (Wang and Buzsaki, 1996; Skinner, 2006; Anderson et al.,
2007; Ho and Truccolo, 2016). The model can be expressed by a set of
ordinary differential equations of membrane potential V as follows:

av Txpump (£)
€ x = Ti(8) + Leu() K*’T" (1)

where C is the specific capacitance which we assume to have the value of
1 pF/cm?.

The currents Iy, Iex» and Ixpump are described in the next sections.
Table 1 lists the parameters and corresponding values used in the simu-
lations of single neuron and network models in this study.

ITonic currents. Iy (t) of Equation 1 represents the intrinsic currents
of the neuron and has the following general form:

Tint(t) = —Ina(t) — Inap(t) — Ik (t) — Ikm(t) — Ica(t) — I na()
— I k() — I a(t) — Ixca(t). )

The above Equation 2 represents the (negative of) the sum of voltage-
gated sodium, persistent sodium, voltage-gated potassium, M-type
potassium, calcium, sodium leak, potassium leak, chloride leak and
calcium-mediated potassium currents, respectively.

The voltage-gated sodium, persistent sodium, voltage-gated potas-
sium, M-type potassium, calcium and the various leak currents have
the following standard form:

Ina(t) = gna X M3y X hx (V = Exg), 3)
Inap(#) = gnap X j % (V = Exa), (4)
Ix(t) = gk x n* x (V — Ex([K*],)); (5)
Ikm(t) = gkm X I x (V — Ex), (6)
() = gou x ——— T o)
1+ exp (_W)
I ja(t) = guina X (V = Exa), (8)
Inja(t) = gija x (V — Ea), ©)
k() = gk x (V= Ex(IK™1,))- (10)
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Table 1. Intrinsic, glial and ionic parameters used in single neuron and network simulations, unless otherwise specified

Value
Parameter Description Units Pyramidals Interneurons
¢ Specific neuron membrane capacitance wF/cm? 1
Reoma Soma radius (Fig. 1) um 225 21.5
Lsoma Soma length um 4138
rys Depth of interstitial space (Fig. 1, Eq. 25) um 0.2
Ona Sodium conductance mS/cm? 35
Inap Persistent sodium conductance mS/cm? 0.2 0
Jkm M-type potassium current conductance mS/cm? 0.02 0
gk Potassium leak conductance mS/cm? 0.035
9i1a Chloride leak conductance mS/cm? 0.15 0.1
91| Na Sodium leak conductance mS/cm? 0.025
Jea (alcium conductance mS/cm? 0.1 0.03
Eq Chloride reversal potential mV —74
Ena Sodium reversal potential mV 70
e (alcium reversal potential mV 120
K+ Intracellular potassium concentration (single neuron simulations) mM 133
Tmax Maximal potassium pump current pA/cm? 7
K loteg) Equilibrium interstitial potassium concentration of Jpymp mM 3
[Blmax Maximal glial free buffer concentration (Equation set 19) mM 500
ky Backward glial unbinding rate (Equation 18) ms™' 0.0008
K+ o) Threshold interstitial potassium concentration of glial buffer (Equation set 19) mM 15
0 See Equation set 19 mM -1.15
Jkca (a**-activated potassium conductance mS/cm? 9 0
' Potassium conductance mS/cm? variable variable
Jext External applied current to model neurons wA/cm? variable variable
A “variable” label on the value column denotes that the parameter is dependent on specific simulations. Please refer to the main text for specific values.
where gna, ENaps 8k §km> 8ca aNd g1 | (Na,cLiy are respectively the sodium, — while the “fast” activation variable of Iy, has the form:
persistent sodium, potassium, M-type potassium, calcium and various
ionic leak conductances, while Eqx, c1,x,ca} are the sodium, chloride, potas- Moo __ fm ,
sium and calcium reversal potentials, respectively. Ex is a function of the am + By
variable [K"],, which is the potassium concentration in the interstitial or —0.1mV~! x (V+35mV)
Frankenhaeuser-Hodgkin space (Frankenhaeuser and Hodgkin, 1956; an(V) = exp(—0.1mV—! x (V+35mV)) — 1’ (14)
Beswick-Jones et al., 2023, Fig. 1A). Ex has the following form: ( V 460 mV)
Bu(V) =4 xexp(————
_ ) ([K+]0> (1) 18 mV
Ex = 26.64mV x log, K], N

where [K]; indicates intracellular potassium concentration.
Each of the gating variables h, n, j and [ obeys the set of differential
equations below:

l[%(ZSms’1 X (ax X (1 = X) — By x X), (12)

where X can be A, n, j or I, with

ay(V) =0.07 x exp(— %),
1
v = ,
BV exp(—0.1mV-! x (V 428 mV)) + 1
W) 0.01mV~! x (V 4+ 34mV)
Ay = - 5
exp(—0.1mV~! x (V +34mV)) — 1
V + 44mV
B,(V) =0.125 x exp(— %),
(13)
a(v) = !
/ T 14exp(—02mV-! x (V+42mV))’
B;(V) =1-—qa;(V),
W) 0.00058 mV~! x (V 4 30mV)
«a = - R
! exp(—0.11mV~! x (V+30mV)) — 1
0.00058 mV~! x (V +30mV)
Bi(V)

T exp(0.11mV-I x (V +30mV)) — 1

Spike frequency adaptation of the neurons is provided by the calcium-
mediated potassium current (Ixc,), which has the following form:

[CaH]i

_ 15
1 mM + [Ca®t]; (15)

Ixca = gxca X (V — Ex) X

where gxc, and [Ca%t]; are respectively the conductance for the current
and the intracellular calcium ion concentration. The [Ca®*]; dynamics
are given by the following differential equation (Cressman et al., 2009;
Ullah et al., 2009):

d[Ca*"];  0.002mol
d¢ ~  cocm-mC

[CaH]i
80ms

Ca — (16)

In the above setup for ionic currents we have made two main choices.
First, we note that while working with simplified single-compartment
models, variations in the calcium-mediated potassium conductance
parameter gic, are central to the differential spiking dynamics in pyra-
midal vs. FS inhibitory interneurons. For comparison, in pyramidal neu-
rons this conductance is the main mechanism for the generation of
after-spike hyperpolarization on time scales of hundreds of milliseconds.
It is also the main mechanism contributing to the almost periodic
spiking at 2-3 Hz by these model neurons during seizures. On the other
hand, in FS inhibitory interneurons, this gxc, conductance tends to be
very low, ie., close to zero, thus allowing much higher firing rates.
Therefore, here we followed the Wang and Buzsaki (1996) model and
set gkca = 0mS/cm? in FS inhibitory interneurons.
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Second, we emphasize that the focus of this study is not on the sen-
sitivity of different voltage gated potassium channels to 4-AP, but rather
on the more general effects of downmodulation of potassium channels
on the spiking dynamics of single neurons and neuronal networks.
Electrophysiologically, Kv3 type channels generally have a higher activa-
tion threshold than Kvl channels (Kaczmarek and Zhang, 2017).
In addition, while Kvl are present on axonal initial segments of
parvalbumin-positive neurons, Kv3 channels are present in the soma
and highly expressed in axon terminals, facilitating fast GABA release
at synaptic sites (Hijazi et al., 2023). However, despite these differences,
both Kvl and Kv3 channel families share the common mechanism of
enhancing repolarization via facilitation of the effluxes of intracellular
potassium ions to the interstitial space. The single-compartment models
adopted here preserve the effects of this generic repolarization process,
regardless of the specific location of Kvl and Kv3 channels, i.e., somatic
vs. presynaptic terminals. Furthermore, both channel types are selectively
blocked by 4-AP, and their blockage contributes to depolarization block
and AP broadening (Lien and Jonas, 2003; Kaczmarek and Zhang, 2017).

Consequently, the overall effects on neurons upon downmodulation
of these channels (e.g., broadening of APs and corresponding synaptic
effects at axonal terminals, and promotion of depolarization block in
FS interneurons, to be examined in the Results section) are expected to
be similar in our simulations whether we incorporate specific Kvl and
Kv3 kinetics or not. Therefore, we think that the use of more generic
single-neuron models such as those in Wang and Buzsdki (1996) is
sufficient for our purpose.

Glial and potassium dynamics. There are two major interstitial potas-
sium regulation mechanisms at the single neuron level. First, the Na*/K"
transmembrane exchange pump moves two K" ions into the intracellular
region for every 3 Na* ions going out to the interstitial region. The action
of the pump on potassium ions has the following form:

IKmax
—
(1 + [K+]o(eq)>

(K],
where the parameter [K* ], denotes the equilibrium interstitial potas-
sium concentration for the pump.

The ion exchange process represented by Equation 17 results in a net
flow of one cation from the intracellular region to the interstitial space for
every two K" ions flowing into the intracellular region. Hence, there is an
extra IKPT“‘“" being subtracted from the RHS of Equation 1 to account for
the net Na*/K" transmembrane exchange pump current in and out of
the intracellular region (Buchin et al., 2016).

Second, the nearby glial cells also regulate interstitial potassium by
means of a buffering mechanism. The glial buffering mechanism can

be modelled as a chemical reaction that reversibly converts interstitial
potassium to a bind substance (Kager et al., 2000), specified as follows:

Ikpump = (17)

k
K+D+B%KB, (18)
b

where K™, and B represent the interstitial potassium ions and the free
buffer in the glia, respectively, and k; and krdenote the forward and back-
ward glial binding rates, respectively. The first order dynamics of
Equation 18 can be written as the set of differential equations below:

K+ B — [B
A e = by P 2B iy, 1)
d[B]
W =kp x ([B]max - [B]) - k]' X [K+]o x [B], (19)
K ky/1 mM
f= = ,
1+ exp<[K+]° 0[K+]a(th)>
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where [K™],() denotes the threshold for the interstitial potassium con-
centration of glial buffer (Table 1).

Total [K"], derivative. Accounting for every potassium current
leads to the following equation representing the total rate of change of
[K'], due to ionic exchanges processes in a single neuron:

d[K*], 50 mol
dt 96489 cm.mC

(K]
o 2 | glia- (20)

x (Ixca + Ix + Ixm — Ikpump + I )

+

In the above Equation 20, 50/96,489 is the conversion factor from electric
current to rate of change of interstitial potassium ionic concentrations. In
particular, the numerator 50 can be interpreted as the entire somatic sur-
face of a neuron being enclosed by an interstitial space that has a depth of
dp]_{s =0.2 pm.

Cortical network model

In this study, the cortical network model occupies a 3-dimensional vol-
ume of 500 um x 500 pum x 850 pm (depth). The network model has a
simplified cortical layer structure along its depth and corresponds
roughly to a small cortical microcolumn. The top layer corresponds to
cortical layers 2-3 and consists of spatially randomly distributed pyrami-
dal neurons (P1) and FS inhibitory interneurons (I1), while the bottom
layer corresponds to layers 5-6 and consists of pyramidal neurons (P3),
also randomly distributed spatially. There are altogether 303 neurons in
the network, of which 65 are P1 (indexed from 0 to 64), 32 are I1
(indexed from 65 to 96) and 206 are P3 (indexed from 97 to 302). The
soma of every neuron in the top layer is located between 102 and
323 pm along the depth profile of the cortical volume. Somas of neurons
in the bottom layer are located at depths larger than 323 pm. Parameters
of synaptic coupling strength and background input activity are adjusted
to account for the low density of neurons in the cortical microcolumn
and its embedding in the much larger neural system (Bazhenov et al.,
2004; Frohlich et al., 2010; Ho and Truccolo, 2016).

We note that in this study, for computational efficiency, we have placed
all the FS inhibitory interneurons in the superficial layer, as was also the
case in Anderson et al. (2007). Nevertheless, the extensive connectivity
between these FS inhibitory interneurons and pyramidal neurons of
superficial and deep layers (Table 3) should mitigate the absence of FS
inhibitory interneurons in the deeper layer of our cortical network model.

Synaptic connections. Equation 1 represents a single neuron without
any synaptic connection. Having indexed every neuron in the network
(V= V! where [ represents neuron index), an extra current Isl},"(t) was
added to the RHS of the equation to represent synaptic input contribu-
tions to ionic currents:

Igyn = Z | R g;;:’ X Syt — Tg;;yl) x (B, — V. (21)
m#l

The above Equation 21 represents the total synaptic currents on neuron [
resulting from other individual neurons, indexed by m, in the network;

sm(t) represents the synaptic gating variable of neuron m, g~ ! the

synaptic conductance strength between pre-synaptic neuron m and post-
synaptic neuron J, E, the excitatory or inhibitory reversal potential
(whether it is excitatory or inhibitory depends on the type of pre-synaptic

neuron m, thus the superscript), deg}f the axonal conduction delay

between neurons m and I, and "~ the matrix element indicating the
presence (1) or absence (0) of connections between m and I
Parameters related to synaptic dynamics and interactions are specified
in Table 2. Synaptic connectivity between different types of neurons in
the network was randomly set according to connection probabilities
specified in Table 3).
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Table 2. Synaptic and other related parameters used in simulations of neuronal network models, unless otherwise specified

Parameter Description Units Value

E Inhibitory reversal potential mV -73

E, Excitatory reversal potential mV 0

Tt Excitatory synaptic rise time constant (Eq. 22) ms 0.02

T Excitatory synaptic decay time constant (Eq. 22) ms 3

T Inhibitory synaptic rise time constant (Eq. 22) ms 0.02

Tp Inhibitory synaptic decay time constant (Eq. 22) ms 6

T Graded excitatory synaptic decay time constant (Eq. 24) ms 24

T Graded inhibitory synaptic decay time constant (Eq. 24) ms 55

Tdelay Axonal conduction delay (Eq. 21) ms 0
Smax Maximal value of gating variable per spike - 1
Jeo Mean background excitatory drive to model pyramidal neurons/interneurons (Eq. 26) mS/cm? 0.0071/0.0087
Ie Mean excitatory background activity firing rate (Eq. 26) s 300
o Mean background inhibitory drive to model pyramidal neurons/interneurons (Eq. 26) mS/cm’ 0.017/0.017
I; Mean inhibitory background activity firing rate (Eq. 26) s 300

J" Unitary conductance from an inhibitory interneuron to another interneuron mS/cm? 43x107°
gﬁyﬁf Unitary conductance from a pyramidal cell to another pyramidal cell mS/cm? variable
(e Unitary conductance from a pyramidal cell to another interneuron mS/m? 2.2x1073
o Unitary conductance from an interneuron to another pyramidal cell mS/cm? variable
[mon Connectivity matrix element (with values of either 1 or 0) between neuron m and n - assigned according to the probability values in Table 3
D Diffusion constant of K™ in extracellular space (Eq. 25) a*/ms 2.5x10~°

A “variable” label on the value column denotes that the parameter is dependent on a specific simulation. Please refer to the main text for specific values.

Table 3. Pairwise connection probability matrix between different neuronal
populations in the simulated network models

P P1 n P
P1 0.15 0.15 0.15
i 035 04 035
P 0.15 0.15 0.15

Each matrix element represents the connection probability between two types of neurons in the network. The
arrow’s direction indicates the direction of the interaction. For example P(I1— P1)=0.35 (bold font) indicates that
there is a 0.35 probability that there is an inhibitory connection between an |1 type neuron and a P1 type neuron.

We used two forms of synaptic temporal profile for network simula-
tions. In the first, simpler form, s (t) follows a two-state kinetic scheme
which can be mathematically described as:

! t—t t—t ,
Sm(t) = Smax X ZJ_N (exp(— 1_?1.}2) — exp(— 7?”.)1)) X H(t—1t)
] e, (A}

gy
K2 (1)

x &(t — £y df,
(22)

where H is the Heaviside step function, £, is the jth action potential time
since t = —oo when the membrane potential V" crosses the action poten-
tial threshold from below, and the 7, are the synaptic rise (subscript
1) and decay (subscript 2) time constants, respectively. (Again, whether
the time constants are excitatory or inhibitory depends on the types of
the pre-synaptic neuron m, thus the superscript.)

Equation 22 can be interpreted as a convolution between the spike
train history of neuron m with the (time-causal) kernel K} specifying
the rise and decay profile of the synaptic dynamics. In the above
Equation 22, since K(SZ?} is convolved with only the spike train history,
s(t) is only dependent on spike timing, but not directly on the shapes
of individual action potentials of pre-synaptic neuron .

In actual neural systems, however, changes in the shapes and magni-
tudes of pre-synaptic action potentials can lead to changes in the influx of
pre-synaptic Ca®*, which in turn alter the likelihood of presynaptic ves-
icles release (and their quantity) into the synaptic cleft (Yang and Wang,
2006; Chao and Yang, 2019; Scarnati et al., 2020; Mochida, 2022). One
consequence of this series of biophysical events is the transient alteration
of the effective synaptic coupling between neurons. To represent the
effects of these events on network dynamics, we also used synaptic

variables that capture the overall influence of the shapes and amplitudes
of presynaptic action potentials on the final effective synaptic coupling
between neurons in network simulations.

In this second form of synaptic temporal profile, s (t) is “graded” in
the sense that the shapes of action potentials of the pre-synpatic neuron
are also incorporated into s () via the following equation (Destexhe et al.,
1994; Golomb et al., 1994; Sharp et al., 1996; Abbott and Marder, 1998):

dsm(t) 1 se(V™(F) = sw(t)
= _— 2
dt T{e,i} Smax — Soo(Vm(t)) ( 3)
with
Soo (V™) = Spmax X tanh V" +35mV] + V7 + 35 mV. (24)

20mV

In the above Equation 24, s(V")=0 when V”<-35mV, and
Se0 (V™) = $max When V" — +00. Hence, our choices of parameters ensure
that only the shapes of action potential events, and not subthreshold
dynamics, of neuron m are incorporated in the temporal profile s,,,(t).
We note that only neuronal somas are represented in our cortical
model of single compartment neurons. Thus, when interpreting V values
of our cortical model in the context of spatially extended neurons, the
assumption that V" being homogeneous across soma and axons is taken.
In other words, when extending our interpretation of V to spatially
extended neurons, we assume that modulation of gx is homogeneous
across soma and axonal membranes, for both myelinated and non-
myelinated axons. We think this assumption is a reasonable first-order
approximation given that, for example, 4-AP effects on potassium con-
ductances appear to extend in a similar way to both soma and axons.

Potassium diffusion. In addition to the potassium pump and glial
uptake mechanism that are already in place to regulate interstitial potas-
sium concentrations for each neuron at the single cell level, there is also a
diffusion mechanism in the network model that allows interstitial potas-
sium ions to diffuse across the local network via the extracellular space.
Movement of potassium ions between the interstitial and extracellular
spaces is facilitated by a flux current which obeys the Fick’s law. Thus,
the following term is added to the RHS of Equation 20:

9[K™] D
LT v K+
ot ‘dlff 27 X Rsoma X (Lsoma + Rsoma) X dFHS x ﬁ [ ]
- dn, (25)
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where D is the diffusion constant of potassium, V[K™] denotes the potas-
sium concentration gradient between the interstitial and extracellular
spaces, and d# is the dimensionless unit vector normal to the differential
element of the interstitial-extracellular interface. The orientation of d# is
always towards the extracellular space (Fig. 1B). Equation 25 can be
transformed into the more familiar form of the diffusion equation by
means of the divergence theorem.

We emphasize that, since our study focuses on the changes in local
network dynamics induced by gx downmodulation, the contribution of
potassium diffusion (via larger extracellular spaces) to seizure propaga-
tion across brain areas remains an important open question.

Background synaptic activity. Each neuron in the cortical network
model is driven by an external input which mimics the background
synaptic activity. In this work, the background synaptic activity for
each neuron is represented by two independent point processes (spike
trains) related to excitatory and inhibitory background presynaptic
inputs, respectively, according to:

L@ =g®) x (B — V) +gt) x E -V,

8ot () = &leijo X Smax X ZJ Kt — 1) x 8(t — tot iy gf'|
(26)
where t/{ff,i}’m’j represents the jth spike time of the external spike train that

drives the background excitatory (inhibitory) activity of neuron [. Here,
we assume this background activity to be generated by homogeneous
Poisson spike train inputs, with corresponding mean rates r(; also
homogeneous across each neuron type (Table 2).

Single neuron and cortical network implementations. We used the
NetPyNE software package for network simulations (version 1.0,
Dura-Bernal et al.,, 2019). NetPyNE is a Python-based tool for modeling
brain neuronal circuits that uses NEURON (version 8.0a nightly pack-
age, Carnevale and Hines, 2006; Hines and Carnevale, 2014) as the back-
end for numerical integration of biophysical neuron models. The
NetPyNE platform contains advanced APIs that communicate with the
rich repertoire of modules in NEURON. Hence, it serves as a very user-
friendly and efficient interface for accessing the powerful features of the
NEURON platform at both the single neuron and network levels. In
addition to simulations, NetPyNE is capable of performing visualization
and analytics of simulation results.

In our cortical network model, configurations of individual neurons
were carried out using the .mod framework in the NEURON environ-
ment. We used the USEION directive for potassium ions, such that the
value of Ex for each neuron is automatically calculated. The movements
of ions between spaces are implemented by the reaction-diffusion (RxD)
module of NEURON (McDougal et al., 2013; Newton et al., 2018; Kelley
etal,, 2022) once the geometries of the intracellular and interstitial spaces
are provided. (Each of these RxD configurations can be accessed via the
NetPyNE interface.) Specifically, the accounting of the potassium ions
between the intracellular and interstitial spaces was handled automati-
cally within NEURON. One difference between NEURON based
accounting of potassium ionic concentrations and the manual account-
ing based on Equation 20 is that NEURON also considers the minute
changes in [K']; while Equation 20 assumes that [K']; is a constant.
The difference has no material effect on the simulation results, since
the intracellular volume is vastly larger than the interstitial space.
A very small change in [K']; incurs a large change in [K'],.

While the built-in methods of the RxD module conveniently process
the transport of potassium ions between intracellular and interstitial
spaces, an extra complexity arises when we also allow the ions to move
across the interstitial-extracellular interface (i.e., 2Kl laige of Eq. 25) to
facilitate diffusion across the network. We accomphshed this by means
of setting up a one-to-one, reversible conversion reaction (using
rxd.MultiCompartmentReaction) between interstitial potas-
sium ions and a type of surrogate particles that only resided in the extra-
cellular region. The surrogate particles then represented extracellular
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potassium ions. The value of reversible reaction rate was so determined
as to approximate the result of D x V operator on [K"] of Equation 25. (See
also below for more details.)

The complex topology of the extracellular space means that only a
small portion of the entire extracellular volume is accessible for potas-
sium ions. In the RxD module, the fraction is captured by the parameter
01 The no-flux or Neumann boundary condition was imposed on the
boundaries of the cortical network. The effect of this boundary condition
is that there is no diftusion of potassium ions across the network bound-
aries, ensuring zero net gain or loss of the ions in the network due to
diffusion.

To facilitate the numerical simulation of the diffusion equation, the
3-D cortical network was divided into cubic voxels of length dimension
dyoxel- Each voxel is a homogenized unit for the purpose of potassium ion
diffusion in the extracellular space. The graininess of voxel discretization
has a direct effect on the accuracy of the simulation results. For example,
since dyoxe represents the spatial resolution limit of the RxD module, in
approximating the covariant V[K "] of Equation 25, the magnitude of the
inverse length of each dimension was taken to be uniform 72— 2 - for every
neuron in order to average out the different locations of neurons within a
voxel. Therefore, an appropriate length dimension of each voxel should
be approximately the average diameter of the soma of a neuron, so that
each voxel is sufficiently voluminous to contain a few somas.

Network simulations were carried out for five main different scenar-
ios. These scenarios included normal gk, and gx downmodulation in
either the pyramidal or the inhibitory interneuronal population in the
network (Figs. 6, 7, 9). Each simulation had a simulated time of 2,500s.
These simulations within a scenario shared identical parameters and
initial conditions except for different setups in the g¢ ¢ and gHe values.
The purpose of varying gg ¢ and g’_’e in these dlﬁerent 31mulations
was to facilitate comparison of the emergence of epileptic seizure-like
dynamics in the five different examined scenarios.

Single neuron simulations (Figs. 2, 3, 4, 5, 8C-E) were performed
using xppaut (version 8.0, Ermentrout, 2002). Visualisation of single
neuron and network simulations results was performed using xfig (ver-
sion 3.2.8b, https://mcj.sourceforge.net/), gnuplot (version 5.4,
Williams and Kelley, 2020) and R software (version 4.1.0, R Core
Team, 2022) with dplyr (Wickham et al., 2022), vroom (Hester et
al,, 2022), ggplot2 (Wickham, 2016) and oce (Kelley and Richards,
2024) packages. Statistical analyses were performed with R software.

Post-simulation analyses

Synchrony measure. We used a synchrony measure (Golomb and
Rinzel, 1993, 1994; Rich et al., 2020a,b) to quantify the degree of spiking
coherence in the pyramidal neuron population of the simulated net-
works. The synchrony measure S is defined as follows:

L
§ = WH00) = 01 -

Vi) — (Vi())?

where V), is the “smoothed out” spike train history of pyramidal neuron I

Vi(t) = ZjKSPike(t £)x 8t — ) df . (28)

j

In Equation 27, (-) denotes time averaging and a bar on top denotes aver-
aging across the pyramidal population. The value of S ranges between 0
and 1.

In this work, both the kernel K*™*(¢) and the spike train of pyramidal
neuron [ were first discretized to the nearest millisecond to facilitate
efficient calculation of S. The kernel was then transformed into a
Toeplitz matrix. The purpose of doing so was to exploit the structure
of the Toeplitz matrix to convert the integration sign of Equation 28
into the numerically efficient matrix multiplication between the trans-
formed kernel and the discretized spike train. To avoid transient effects,
only the last 1,250 s of the spike train history of the pyramidal population
was used in the convolution operation of Equation 28, which means that


https://mcj.sourceforge.net/
https://mcj.sourceforge.net/
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thejin }° only included spikes occurring during the final 2,000 seconds
of sunulatlon The discretized K™*(t) spanned a temporal window of 10
ms, and can be represented in a row vector form as (1,10, 10, 10,10, 10,
10, 10, 10, 1). All work in this section was performed using R software
(version 4.1.0, R Core Team, 2022) with the Matrix (Bates and
Maechler, 2021) and reticulate (Ushey et al,, 2021) packages.

The upper panel of Figure 6A shows the calculated synchrony mea-
sure S of each simulation across different g¢ ¢ and gs’ny parameters in
the reference set of network 51mulat10ns The upper panels of
Figure 6B-F show examples of spiking patterns of simulations in the
set. By comparing the synchrony measure value for each simulation
with the corresponding spiking pattern, it is clear that there is a strong
positive relationship between S and the appearance of seizure-like
firing patterns in the pyramidal neuron population-a higher value of S
corresponds to the emergence of seizure-like firing patterns in the pyra-
midal population.

Injected current-pulse perturbation analysis. We developed a current
pulse perturbation analysis (akin to phase resetting curves, see for exam-
ple Chapter 10 of Izhikevich, 2007) to assess the sensitivity of single-
neuron spiking to noise perturbations during the almost periodic
regimes characteristic of simulated epileptic seizure-like dynamics
(Fig. 8C-E). In this analysis, a measure was formulated to quantify the
degree of advance or delay of the timing of the succeeding spike upon
a very short (3ms) current pulse injection. The advance or delay is
defined with respect to action potential times of a model neuron in the
periodic regime. (Periodic spiking activity regime is achieved with a
properly chosen constant current injection.) At each time point # for cur-
rent pulse injection during the inter-spike interval, the measure is defined
as follows:

_ Hs)o — t(s)
A= =t 2

where #(s) is the time of the succeeding spike upon current pulse injec-
tion, (s)o is the time of the succeeding spike if the neuron were unper-
turbed (zero pulse injection) and #(n) is the time of the current pulse
injection point.

Therefore, the advance or delay of the succeeding action potential is
normalized against the spiking behaviour of the unperturbed neuron.
Accordingly, A(n) = 1 if current pulse injection results in the immediate
onset of an action potential (i.e., t(s) = #(n)), and A(n) = 0 if current pulse
injection fails to alter the timing of the next action potential onset (i.e.,
t(s) =t(s)o). Moreover, A(n) is negative (i.e., t(s)>#(s)y) in the case
when the onset of action potential is delayed by current pulse
perturbation.

[K*],. In the Results section, we report average values of interstitial
potassium concentration [K*],, which was computed as follows. The
lower panel Figure 6A shows the time-averaged values of the mean
interstitial potassium concentration across all the pyramidal neuron sites
for each network simulation of the set. Similar to the synchrony measure
S, the temporal averaging (-) included only the final 1,250 s of each
simulation. Each lower panel of Figure 6B-F shows the temporal pro-
gression of mean [K*], values across all inhibitory interneuron sites
(blue line) and pyramidal neuron sites (red line), for the specific network
simulation as represented by the panel. The work in this section was
performed using Python software (version 3.7.4, Python Software
Foundation, https:/www.python.org) with pandas (McKinney,
2010) package.

Results

In the following sections, we examine the effects of gx downmo-
dulation separately for individual excitatory and inhibitory
single-neuron models, and for a cortical network model made
of coupled neurons spatially distributed in layers within a
3-dimensional cortical volume. Besides the intrinsic dynamics,
single neuron models included movement of potassium ions
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across an interstitial space (Fig. 1A). Network models addition-
ally included synaptic coupling dynamics and potassium diffu-
sion across extracellular spaces (Fig. 1B). Details and parameter
specifications are given in the Materials and Methods section
and Tables 1-3, respectively.

Single cell simulations on the effects of gx downmodulation on
pyramidal neurons and fast-spiking inhibitory interneurons
We first examined a pyramidal neuron model with normal and
reduced gx parameter values. Figure 2A,B show example simula-
tions of normal and reduced gy, respectively. gx downmodulation
resulted in lower firing rates under different constant current
injections (Fig. 2C), and slightly higher potassium concentra-
tions in interstitial and extracellular spaces. Importantly, it also
resulted in a very noticeable broadening of action potentials
(time taken between —35mV of the depolarization phase and
—35mV of the repolarization phase: 0.595 + 0.005ms (SEM),
n=3 in normal gx case vs 5.095+ 0.005ms (SEM), n=3 in
gk = 0.3 mS/cm? case; Fig. 3A). As stated earlier, similar broaden-
ing of action potentials with gx downmodulation has also been
observed in previous experimental studies examining the effects
of 4-AP on nerve fibers in the spinal cord and hippocampal pyra-
midal neurons (Bostock et al., 1981; Mitterdorfer and Bean,
2002). In our model this broadening effect on action potentials
can be explained as follows: first, as gx is reduced, there is also
a reduction in the voltage-gated potassium current (Ig;
Fig. 3C), which is responsible for the fast re-polarization phase
of action potentials. Second, the prolonged depolarization of
the pyramidal neuron also leads to an increased accumulation
of intracellular calcium Ca?" (Fig. 3D), resulting in prolonged
activation of Ixc, (Fig. 3B). The much stronger, but slower acting
Ixca becomes more dominant than the fast I for the repolariza-
tion of the pyramidal neuron model, further slowing down the
repolarization phase (Fig. 3E), thus contributing to the broaden-
ing of action potentials. In addition to the overall broadening, the
re-polarization can briefly slow down around —40 mV as shown
in the example for gr= 0.3 mS/cm? (Fig. 3A,E).

Furthermore, under reduced g this increased Ixc, also elicits
a stronger afterhyperpolarization as compared to the normal gx
scenario in which the faster and less sustained Ix was dominant
(Fig. 3A,E), thus providing a more robust regulation against
depolarization for a large portion of each interspike interval,
and as a consequence reducing the firing rates of the pyramidal
neuron model under constant current injection as seen above
in Figure 2C. Next, we examined the effect of gx downmodulation
on a single FS inhibitory interneuron. Figure 4A,B summarize the
results for normal and reduced g levels, respectively. In contrast
to the pyramidal neuron model, a moderate reduction of the
potassium conductance to gx = 7.5mS/cm? increased firing
rates. Although with a much smaller effect as for the pyramidal
neuron model, moderate gx downmodulation also led to a broad-
ening of action potentials during spiking activity (Fig. 5A).
However, a further reduction in gx resulted in a collapse of
firing rates that subsequently led to the emergence of depolariza-
tion block in the FS interneuron. In the case of the FS interneuron
parameters (Table 1) used here, a reduction of gk to ~ 4 mS/cm?
was already sufficient to induce depolarization block for any
injected current above the rheobase value. (not shown)

The increased firing rate under moderate gx reduction can be
explained by the zero ggc, in this FS inhibitory interneuron
model (Fig. 5B,D) as compared to the pyramidal neuron model.
As a result, ggx downmodulation does not induce any Ixc, in the
inhibitory interneuron model. The combined effects of Ik
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Figure 1. Sources of potassium currents and potassium diffusion in the single neuron and network models. 4, Cross-sectional view of the somatic area of a single neuron and its surroundings:
the soma (green, labelled “i"), the interstitial or Frankenhaeuser-Hodgkin space (gold, labelled “0”), and the nearby glial cells (magenta). The dashed arrows represent sources of changes in
interstitial potassium concentration [K*],, with the head of each arrow denoting the direction of potassium flow when the value of the represented source is positive. The terms dgys and Rygpq
denote the depth of the interstitial space and the radius of the soma, respectively (Table 1). The length dimension L, of the cylindrical shaped soma is not shown in this figure. Depictions of
soma and interstitial spaces are not to scale. B, Movement of potassium across the interstitial-extracellular interface in network models. dfi is the normal unit vector to the differential surface
element of the interface. The direction of dfi always points to the extracellular space (white background). In this particular scenario depicted when [K 1, is lower (i.e., L) than the extracellular

potassium concentration which is higher (i.e., H), VIK ] also points outward to the extracellular space. Therefore

ions from the extracellular to the interstitial space.

reduction (Fig. 5C) with the absence of compensatory increase of
Ixca shorten the afterhyperpolarization phase following action
potentials. In this case, the interneuron can more easily depolar-
ize and spike again, resulting in the observed increased firing rate
under moderate gx reduction.

The higher sensitivity of the FS inhibitory interneuron to
depolarization block under gx reduction can be understood as
follows. Depolarization/excitation block can be effectively
viewed as an “infinite” widening of action potentials, meaning
the complete removal of the repolarization phase in the neu-
ron. In the pyramidal neuron model, the gxc, conductance is
an important contributor to repolarization and afterhyperpo-
larization processes by driving the membrane voltage closer
to Ex. Since gic, is set to zero in the inhibitory neuron model,
that implies already a weaker or slower repolarization as com-
pared to the pyramidal neuron. Downmodulation of gx further
weakens the repolarization process, thus the higher sensitivity
of the inhibitory neuron model to depolarization block under
reduced gx.

We also emphasize the rheobase shift of both the gx downmo-
dulated pyramidal neuron and inhibitory interneuron relative to
their normal gx counterparts (Figs. 2C, 4C). gx downmodulation
lowers the rheobase of the neuron because a decrease in Ix does
not lead to any compensatory increase in Ixc, when the external
applied current is below the rheobase. In this regime, the neu-
ron’s firing rate is zero and therefore intracellular Ca®" cannot
accumulate and lead to activation of Ixc,. This lowered rheobase

ACTe |41 is positive according to Equation 25, meaning a net flow of potassium

reflects the amount of reduction in Ik, and is indicative of the
neuron’s higher basal excitability as a consequence of reduced gx.

In summary, both similar and different effects of gx downmo-
dulation were observed in the pyramidal neuron and FS inhibi-
tory interneuron models. Although the broadening of action
potentials can be observed in both cases, a more pronounced
effect can be achieved in the pyramidal neuron since lower gx lev-
els can be implemented in this case. In addition, while in the
pyramidal neuron a gradual gx downmodulation led to a gradual
decrease in firing rates under most values of constant injected
currents examined, a very different behavior was observed for
the inhibitory interneuron. For a moderately decreased gx= 7.5
mS/cm?, increase in firing rates was obtained, but further
decrease in gi, e.g., gk ~ 4 mS/cm?, eventually led to the collapse
of firing rates and complete depolarization block.

A reference cortical network dynamics based on normal g,
but with gradually emerging seizure-like dynamics due to
increasing excitatory coupling

We developed a cortical network model consisting of two layers,
approximately corresponding to layers 2-3 and 5-6 in neocortex,
spanning in total a volume of 500 pm x 500 um x 850 pum
(depth). The layers included 303 cells, of which 32 were FS
inhibitory interneurons. Neurons were uniformly randomly
distributed in the 3-dimensional space while respecting the
two layer organization (Materials and Methods). Table 3 shows
the relevant synaptic and connection parameters used in the
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Single neuron dynamics: effects of g, downmodulation on the spiking activity of single pyramidal neuron models. A, A 200-second simulation of a pyramidal cell model with a
“normal” g value of 15.0mS/cm? and Jey, value of 0.225 wwA/cm?. Top and middle panels showing the membrane potential, potassium reversal potential £, interstitial potassium concen-
tration [K™], and glial [KB] readings. Bottom panel: Magnification of a 0.7-s segment (denoted by red and black short horizontal bars in the top and middle panels, respectively)
of the simulation, showing only the membrane potential and [K*+], values. B, Same as A, but with gy = 0.3mS/m’. (, Frequency-current (F-I) curves for pyramidal cell models with
gx=15.0, 5.0 and 0.3 mS/cm?. Although firing rates decrease with decreasing g, the neuron does not go into depolarization block for the examined range of injected constant currents.

Figure 2.

network simulations. In addition to the interstitial space, the
extracellular space between individual neurons in the network
models allow diffusion of potassium ions across the entire net-
work (Fig. 1B).

We start by considering a reference case network model
which will be used for comparison in the following sections.

0.6

We ran independent stochastic network simulations across
a range of go7¢ and g;yjle values, with fixed normal levels of
gk = 15mS/cm? and 10mS/cm? for pyramidal neurons and
FS inhibitory interneurons, respectively. Of these simulations,
five with illustrative values for g¢~¢ and g'¢ are shown in

syn syn
Figure 6B-F, respectively.
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Figure 3.  Effects of g, downmodulation on ionic currents, intracellular calcium concentration [Ca*];, and synaptic properties during action potentials in the single pyramidal neuron model. A clear
broadening effect on action potentials and related changes in ionic currents and concentrations are observed. 4, Temporal profile of action potentials. B, Time course of potassium-related currents during
the action potentials shown in A. Inward currents are denoted by positive magnitudes. Here and below, the light grey vertical line denotes the time point at which [(a>*]; starts to increase. €, Time
course of voltage gated currents Jx and . Inward currents are denoted by positive magnitudes. Inset is the magnification of / and /y, around the time when [Ca?™]; starts to increase, showing that
membrane depolarization by /y, precedes the rise of [Ca2"];. The l and fy, traces were separated by a vertical offset in the inset for better visualization. D, [Ca>™]; during the action potentials shown in
A. E Phase portrait: membrane potential vs its time derivative during a time interval including several consecutive action potentials. Each portrait is based on down-sampled data of resolution 0.03 ms.
Numerical time derivative values are an average of the first order approximation of the left and right derivatives at each sampled time point. F, Temporal profiles of synaptic variables associated with the
action potentials shown in A. Graded synaptic variables are given by Equation 24, while the spike-triggered ones follow the synaptic gating mechanism given by Equation 22.
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“normal” g value of 10.0 mS/cm? and fey, value of 0.225 w.A/cm?. Top and middle panels showing the membrane potential, potassium reversal potential £, interstitial potassium concentration
[K*1, and [KB] readings. Bottom panel: Magnification of a 0.7-second segment (denoted by blue and black short horizontal bars in the top and middle panels, respectively) of the simulation,
showing only the membrane potential and [K*], values. B Same as A, but with gy = 7.5 mS/cm?. C, Frequency-current (F-1) curves for FS inhibitory interneuron models with g,=10.0 and
7.5 mS/cm?. In the case of reduced gy, firing rates not only increased for every injected constant current value examined here, but also accelerated with respect to higher magnitudes of

injected current.

We examined how synaptic coupling strength affects syn-
chronization in this reference network. We used a statistical
measure of synchrony S (Materials and Methods). As seen in

e—>e

Figure 6A, for fixed g;;’le, § increased with increasing ¢ ¢.
Furthermore, although this base network has normal gx levels,

it can still show epileptic seizure-like dynamics under
sufficiently strong excitatory-excitatory synaptic couplings
(Fig. 6D-F). Seizure-like dynamics were characterized by
recurrent almost-periodic synchronized neuronal-population
spiking in the cortical network (~3 spikes per second), with
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Figure 5.  Effects of g downmodulation on ionic currents, intracellular calcium concentration

[Ca**];, and synaptic properties during action potentials in the single FS inhibitory interneuron
model. Same conventions as in Figure 3. More moderate effects on action potential broadening
and other related variables are observed in comparison with the pyramidal neuron model.

inter-spike periods of highly suppressed activity, similar to
what is commonly seen in some types of human focal seizures,
specifically those characterized by ictal spike-wave discharges

Hoetal. ® gy Reduction Induces Seizures Via Synergistic Effects

(Truccolo et al, 2011, 2014). These seizure-like dynamics
were promoted by increasing g¢ "¢ and suppressed by larger
Zoyn’ Synaptic couplings. As a concrete illustration, Figure 6B-F,
corresponding to five increasing gi ¢ levels, respectively, show
the gradual emergence of seizure-like dynamics in the form of
recurrent and more and more synchronized neuronal-population
spiking activity in the network.

In the following sections, we examine the effects of gx down-
modulation on network dynamics (Figs. 7, 8, 9), and how they
compare to the reference network model, especially at the five
chosen specific synaptic couplings for g& ¢ and g¢ . Apart
from the different gx levels, all simulated networks share the
same parameters. Overall, we will show that downmodulation
of gx can dramatically facilitate, via different synergistic effects,
the emergence of seizure-like dynamics, even for cases of com-
paratively smaller g& ¢ synaptic levels that did not induce sei-
zures in the base network model.

gx downmodulation in the pyramidal neuron population leads
to cascade of effects that promote metastability in network
synchrony, lowering of seizure threshold, and prolonged
seizure-like dynamics via graded synapses

Promotion of seizure-like network dynamics was observed in
network simulations in which gx was downmodulated even if
only in the pyramidal neuron population. Figure 7 compares
two network scenarios of gx downmodulation in the pyramidal
neuron population with the normal/reference network under
normal g levels (Fig. 6). The two scenarios correspond to down-
modulation of gk of the pyramidal neuron population with and
without the effects of broadened APs on effective synaptic cou-
pling. For gx without these effects, network simulations imple-
mented synaptic interactions via spike-triggered synapses
(Eq. 22). In the second scenario, the full cascade effects of gx
downmodulation were implemented, i.e., including graded syn-
apses (Eq. 24). As discussed earlier (Materials and Methods),
the duration and amplitude of action potentials can significantly
and transiently affect the effective synaptic interaction/coupling
between pre- and post-synaptic neurons. The motivation for
doing the analysis separately in these two scenarios is to better
discriminate the contributions of different mechanisms to the
full cascade of effects initiated by gx downmodulation.

The sample simulations show various degrees of emergence of
synchronized network spiking activity in the pyramidal neuron
population as gx was downmodulated, irrespective of the inclu-
sion of the effects of broadened APs (Fig. 7A-F). In particular,
when compared to the reference network simulations (Fig. 6),
gk downmodulation without graded synapses was sufficient to
promote, at low synaptic connectivity levels, the existence of a
metastable regime where the network can switch back-and-forth
between longer transients (>~ 10's) of low and high synchroniza-
tion states in the spiking activity (e.g., Fig. 7E). This type of tran-
sitions was not observed with concomitant changes in glial state
and [K™"],. Furthermore, substantial enhancement of network
synchronization was observed when the full cascade effects of
gx downmodulation were included, easily inducing prolonged
seizure-like dynamics (Fig. 7C,F).

Opverall, g, downmodulation in the pyramidal neuron popula-
tion significantly reduced the synaptic connectivity threshold at
which seizure-like dynamics could be induced. This seizure thresh-
old was defined as the gg' ™ value at which the synchrony measure
S of pyramidal neuron population crossed 0.3 (Materials and
Methods). A reduction in this threshold value represents increased
propensity of the network to exhibit prolonged synchronized
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pyramidal neuron and fast-spiking inhibitory interneuron populations, respectively. Seizure-like activity emerges under appropriate excitatory and inhibitory synaptic coupling. A, Heat map

summaries of the synchrony measure (top panel) and mean [K™], of pyramidal cells (bottom panel) across all o and g;

€ values simulated. B—F, Depiction of five simulation examples.

The symbols in each example represent the synaptic strength values used for the particular simulation, with the matchlng symbols in panel A indicating the exact ¢, ¢ and g‘syn € values. Top

syn

panel: Three 2-second samples of spiking activity of every neuron in the network. Blue represents inhibitory interneurons and brown represents pyramidal neurons, respectively. Bottom panel
shows the temporal progression of average [K 1, for FS inhibitory interneuron (blue) and pyramidal cell (brown) sites. We note that while g increases from B-F, F has a higher g’syn synaptic

coupling, resulting in slightly less synchronized neuronal-population spiking than in E.

seizure-like dynamics. In the case when the effects of broadened
APs were not included, downmodulation in the pyramidal
neuron population from the normal case (gx = 15mS/cm?) to
gk = 0.3 mS/cm? decreased the threshold value by 1.22 +0.02 x
10> mS/cm? (95% CI). Compared to the reference network,
firing rates of both the pyramidal and FS interneuron populations
at seizure threshold decreased in the gx downmodulated case
(Fig. 7). As shown in the next subsection, this initial enhance-
ment of network synchronization was the consequence of a cas-
cade of effects arising from the change in intrinsic properties of
the pyramidal neuron upon gx downmodulation. As a conse-
quence of the downstream effects, the basal network excitation
and the overall stability landscape of the network changed, pro-
moting the emergence of seizure-like dynamics.

The inclusion of the full effects of broadened APs via the
use of graded synapses further reduced seizure thresholds by
(1.94+0.02 x 107> mS/cm?, 95% CI) as shown in Figure 7G,H.

syn

This additional reduction in seizure threshold was corroborated
by the emergence of much more prolonged, sustained seizure-
like dynamics (e.g., Fig. 7F vs Fig. 7E), and their occurrence over
a wider range of g©' "¢ parameters than in gx downmodulation
without graded synapses (e.g., Fig. 7C,F vs Fig. 7B,E).

We emphasize that, in contrast to the spike-triggered
synaptic variable (Eq. 22), which is only affected by spike tim-
ing, the duration and shape of an action potential (examined
in detail in Figs. 34, 5A) both have a considerable effect on
the temporal progression of the graded synaptic variable
(Eq. 24). In particular, broadened action potentials in pyrami-
dal neurons can lead to sustained activation of the graded
synaptic variable (Fig. 3F). Thus, given this new graded
synaptic coupling, longer and larger action potentials should
lead to longer and larger excitatory post-synaptic potentials
(EPSPs) in the network. (We also note that, although present,
the effect was much less noticeable in the FS inhibitory
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interneuron model (Fig. 5F), primarily due to the chosen level
for gx downmodulation.)

We also note that, in this study, the time constants 7, and 1;
(Table 2) for the graded synaptic variables (Eq. 24) were normal-
ized against their spike-triggered counterparts (Eq. 22), so that
the time-integrated synaptic variable per spike in either the
spike-triggered or graded case were approximately equal to
each other in the reference/normal gi level (Figs. 3F, 5F). The
purpose of normalizing 7. ; at the single neuron level was to
allow for a better evaluation of the net effects of graded synapses
on network activities (Fig. 7C,F) as compared to the reference/
base case (Fig. 6) and to the case in which effects of broadened
APs were excluded (ie., simulations implemented with spike-
triggered synapses-Fig. 7B,E).

In sum, gx downmodulation can lead to emergent seizure-like
dynamics via various synergistic mechanisms, including the less
direct transient effects of broadened of action potentials on the
synaptic dynamics between pyramidal neurons. The resulting
longer and larger action potentials can lead to larger and longer
lasting EPSPs, thus transiently increasing the effective synaptic
coupling and excitability in the simulated cortical networks.
This increased excitability further facilitates the emergence of
seizure-like dynamics.

Shifted rheobases and increased Ixc,s of pyramidal neurons
upon gx downmodulation can enhance synchronized neuronal
spiking in network dynamics

At the single neuron level, gx downmodulation of pyramidal neu-
rons can lead to 1) a notable shift in rheobase (Fig. 2C), and 2) a
drastic increase in Ca** mediated potassium currents Ixc,
(Fig. 3B). The slower acting Ixc, as compared to the faster Ix
lengthens the inter-spike intervals, and subsequently alters the
overall f-I characteristics of the neuron (Fig. 2C). In this subsec-
tion, we examined whether and how these changes at the single
neuron level were associated to the observed gx enhancement
of network synchronization (Fig. 7E). Additional sets of network
simulations were performed here. These simulations involved
manipulation of different conductance and current parameters
to create scenarios in which single neuronal mechanisms were
isolated, such that their effects on network dynamics could be
studied independently. We focused on effects of the components
of gx downmodulation mechanisms not directly associated with
broadened APs. Thus, we revert to the use of spike-triggered syn-
apses (Eq. 22) on all network simulations.

We start by examining how network simulations, under
different gx downmodulation levels, transition into synchronized
network dynamics as the connectivity/synaptic coupling g ™ is
varied (Fig. 8A). The analysis shows that g, downmodulation in
pyramidal neurons (mauve curve in 84) enhances the synchroni-
zation measure S for significantly lower g& ¢ values than in the

syn

normal gx case (brown curve in 8A). Specifically, the
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synchronization enhancement of network dynamics upon g
downmodulation showed both (1) a sharper/steeper and (2) an
earlier increase in the synchrony measure S with increasing
oy - These effects can be examined in more detail in terms of
rheobase shifts and the role of Ixc,.

First, to understand the effect of a shifted rheobase on the gx
downmodulated network, we compensated the effects of the
shifted rheobase by injecting a constant hyperpolarizing current
to the gx downmodulated pyramidal neuron population (black
curve, Fig. 84). The magnitude of the hyperpolarizing current
was the same as the amount of the rheobase shift at the single neu-
ron level. The resulting network exhibited a delayed start of rise in
the synchrony measure S, yet maintained a similar steepness of ris-
ing as the original gx downmodulated network (mauve curve),
indicating that a shifted rheobase at the single neuron level was pri-
marily associated with a start of transition into synchronous
dynamics at a smaller g5, ¢ of the gx downmodulated network.

Second, in a different set of network simulations, we directly
increased Ixc, by artificially increasing the calcium mediated
potassium conductance value gxc, of the pyramidal neurons.
A direct increase in gic, singles out Ixc, and its roles in the neu-
ron’s f-I characteristics while bypassing other gx downmodula-
tion effects on the pyramidal neuron including broadening of
action potentials and effects on Iy,. Thus, the setup allowed for
considering the effects of Ixc, on network dynamics in isolation.

The network simulations upon this direct increase in gixc, and
also a constant depolarizing current, both applied to the pyrami-
dal neuron population, largely replicated the network dynamics
of the original gx downmodulated simulations. In particular,
the network simulations (mustard green curve and spike plots
in Fig. 84,B) matched both the increased rate of increase in the
synchronization measure S and also the transition point at which
S began to rise of the original gx downmodulated simulations
(mauve curve and spike plots in Fig. 8A4,B). Considering that
the association between the shifted rheobase at the single neuron
level and the g¢' ¢ value at which S started to rise was already pre-
viously established, we have thus demonstrated here that the
increased Ixc, at the single neuron level was primarily associated
with a steeper transition into synchrony (i.e., a higher rate of rise
in S), of the gx downmodulated network.

Finally, to further understand how an increase in Ixc, could lead
to a steeper increase in synchronization as the network transitioned
into seizure-like dynamics, we performed current pulse perturba-
tion analyses (similar to phase resetting curves; Materials and
Methods) on both normal gx and gx downmodulated single pyra-
midal neuron models. The objective of the analyses was to assess
the sensitivity of the neurons during periodic spiking to external
current perturbations. The results of the analyses (Fig. 8C-E) dem-
onstrated increased robustness of the almost periodic spiking of the
gx downmodulated pyramidal neuron model against perturbations.
At the network level, increased robustness of this almost periodic

(E) the network can transition back-and-forth between transients of low and high synchronization states (i.e., network metastability; transition points indicated by the arrows), the full cascade of
gx downmodulation effects, including graded synapses, results in sustained seizure-like synchronized activity as shown in (F). G, H, Either g, downmodulation with or without graded synapses in

pyramidal neurons can induce seizure-like activity at much lower 5; € synaptic coupling levels than in the reference/normal network case. For comparison (G), while the reference case requires a

coupling ggyﬁ ¢ ~ 6 10~> mS/cm? to reach a synchronization level S=0.3 (Materials and Methods), the full g, downmodulation cascade effects can lead to the same synchrony level under a
much weaker coupling gﬁyﬁ € ~ 3% 10> mS/cmZ. In (H), the statistical testing confirms the above findings. (Eight sets of stochastic simulations, indicated as dots, where each simulation had
different random seeds for synaptic connectivity instantiations and synaptic background noises, were used. Here, as also in (I,J) below, the Wilcoxon signed-rank test was used Wilcoxon, 1945).
Statistical significance at p =0.0078 is indicated by the symbol *. I, Comparison between pyramidal neuron population firing rates at threshold gg’yﬁ € (i.e., point at which $=0.3 in (G)) for each of
the two gy downmodulation scenarios and the reference network case. Identical simulations as in G,H were used here. J, Comparison between firing rates of the inhibitory interneuron population
at threshold gfy?" for each of the two gy downmodulation scenarios. Identical simulations as in G,H were used here. In addition, in all of the above network simulations,

/—¢ — (.0088 mS/cm’.

syn
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Figure 8. Mechanisms underlying enhancement of network synchronization by g, downmodulation in pyramidal neurons. Overall, reduction in gy leads to both a shift in rheobase and an
increase in lyc,. The combination of these two effects contributes to network synchronization and the emergence of recurrent (almost periodic) epileptic-like neuronal-population spiking dynam-
ics at lower gg’; ¢ levels than in the base network model. In addition, via a pulse perturbation approach (akin to phase response curve analysis), we show that g, downmodulation in pyramidal
neurons, via the increased /c,, makes their spiking activity more robust to noise perturbations in this almost periodic regime, thus favoring synchronization across the network. In every network
simulation of this figure, S;’e = 0.0088 mS/cm?. A Top panel: synchrony index vs synaptic coupling strength gn - obtained from 3 sets of network simulations representing three different
Gkca and g conditions. For gy = 0.3 mS/cm?, the synchronization index (mauve curve) starts to deviate from zero at a lower o ¢ (~ 0.0042 mS/cm?) and with a steeper slope than in the
normal gy case (brown). Since g downmodulation can shift the rheobase, as seen earlier in Figure 2¢, the effects observed here could have directly resulted from just a rheobase shift. To control
for this possibility, we ran anather set of simulations with the same g¢ = 0.3 mS/cm? downmodaulation level, but now with an extra constant hyperpolarizing current of 0.11 LA /cm? applied
to the pyramidal population to compensate for the rheobase shift. Under this new condition, the synchronization index curve (black) deviates from zero at a higher g5, ¢, but still with a similar
curvature to the original gy = 0.3mS/cm? case without rheobase compensation. Thus, a theobase shift only partially explains the difference in network synchrony between pyramidal pop-
ulations with a normal and downmodulated gy values. In particular, a rheobase shift does not account for the more abrupt transition into synchronized activity of the gy downmodulated
pyramidal population, as compared to the normal gy case. We hypothesized that, as well as a rheobase shift, an increase in /¢, was also required. This increase in fyc, was shown earlier
for the single-neuron model, Figure 3B, as a consequence of gy downmodulation. Bottom panel: To test this hypothesis, gy was kept at a normal level while gy, was significantly increased
to 30 mS/cm? (mustard-green curve), such that there was a direct increase in /¢, comparable in magnitude but without the action potential broadening effects associated with a decrease in g.
An extra 0.11 uA/cm? constant depolarizing current was also applied to the pyramidal population to make the rheobase identical to the original gx downmodulated case (i.e., mauve curve in the
top panel). As seen in the plot, an increase in gy, led to enhanced synchronization with approximately the same curvature as in the top panel for gy = 0.3 mS/cm?. Thus, to achieve both the
early and steeper increase in synchrony, both a shift in rheobase and an increase in Jyc, are required, respectively. The mauve, black and mustard-green curves are essentially the same curves,
except for a translation along the gﬁyﬁ € axis, but the brown curve cannot be made equivalent to any of the three curves with this translation, showing that an increased /y, is primarily associated
with a steeper transition into network synchronization. Furthermore, in both the top and bottom panels, this enhanced synchronization effect is restricted to gf; € values at which transition into
network synchronization is occurring. For higher gf > values, the rate of increase in synchrony with respect to g™ is higher in the normal g level than in the reduced g level. B, Network
dynamics (spike raster plots) corresponding to three of the conditions examined in A as indicated by the different coloring of the pyramidal neuron spikes. Different g¢ " levels are indicated by
the geometric icons. The same effects examined in A are very clearly seen in the earlier emergence of synchronized (almost periodic) seizure-like spiking activity in the pyramidal population
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spiking state translates into increased stability of periodic synchro-
nized network dynamics once they are formed.

In summary, our analyses of this section showed that both an
increase in Ixc, and a shifted rheobase of pyramidal cells were pri-
marily required, respectively, for a sharper and at a smaller g& ¢
transition into seizure-like dynamics (Fig. 84,B). In particular, a
current pulse perturbation analysis (akin to a phase response curve
analysis; Fig. 8C-E) showed that once a pyramidal neuron was in
an almost periodic spiking regime, gx downmodulation made the
spiking dynamics much more robust to noise perturbations, which
would otherwise disrupt the neuron’s periodic spiking and the sta-
bility of the synchronized activity across the network.

While moderate gx downmodulation in the FS inhibitory
interneuron population can suppress short synchronization
transients, strong downmodulation leads to depolarization
block in the population and abrupt emergence of seizure-like
dynamics

Next, we examined the effects of moderate gx downmodulation
on the dynamics of the cortical network model when the down-
modulation was restricted to FS inhibitory interneurons (Fig. 9).
Two levels of gx downmodulation representing moderate and
strong were considered here. In the case of moderate gx down-
modulation, we set gg = 7.0mS/cm? while keeping gx for the
pyramidal neurons the same value as in the base or reference net-
work. In the case of strong gx downmodulation, gx of FS inhib-
itory interneurons was initially kept at a normal level, but was
gradually reduced to 0.03 mS/cm? ~ 480 s into the simulation.

Comparing the reference/normal case simulation sample with
the gx =7.0 mS/cm? revealed a slight decrease in the synchrony of
the pyramidal neuron population as a result of moderate gx
downmodulation of FS inhibitory interneurons (Fig. 9B).
Moderate gx downmodulation increased the firing rates of FS
inhibitory interneurons (for comparison, see Figs. 4C, 9H).
The increased inhibition marginally lowered the pyramidal neu-
ron population firing rate (Fig. 9G). Consequently, a higher g ¢
threshold as compared to the reference case was required for
seizure-like dynamics to occur (an increase of 0.30 + 0.02 x
107> mS/cm?, 95% CI-Fig. 9F).

In contrast to the moderate gx reduction, a strong gx down-
modulation in the FS inhibitory interneuron population, while
keeping gx normal in the pyramidal neuron population, resulted
in dramatic promotion of seizure-like dynamics (Fig. 9C,G).
Notably, the transition into a seizure is preceded by a fast (1-2's)
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and large transient increase in the firing rate of the FS inhibitory
interneuron population (Fig. 9D). Just before seizure onset, this
increase then fastly collapsed to a very low level activity
(Fig. 9D,H) accompanied simultaneously by a large increase in
extracellular potassium concentration, especially for interstitial
and extracellular spaces near FS inhibitory interneurons. In the
pyramidal neuron population, this fast seizure onset is character-
ized by the immediate transition into recurrent almost periodic
and synchronized neuronal population spiking activity.

This early reduction in inhibitory spiking activity, accompa-
nied by increased potassium concentrations, eventually evolved
into full depolarization block and cessation of inhibition in the
network. At this point, all the recurrent, almost-periodic and
highly synchronized neuronal-population spiking activity was
primarily maintained by the activity in the pyramidal neuron
population. Overall, the cessation of inhibition as a result of
depolarization block of FS interneurons led to a considerable
decrease in seizure threshold as compared to the reference case
(a decrease of 0.78+0.03 x 107> mS/cm?, 95% CI-Fig. 9F).

The above results also point to the specificity of depolarization
block events to FS inhibitory interneurons in our network model
simulations. This higher sensitivity of FS inhibitory interneurons
has been explored in previous studies, e.g., Ho and Truccolo
(2016) among others. In a different context, Lemaire et al.
(2021) have also argued for the specificity of depolarization block
in FS inhibitory neurons in computational and slice models of
genetic pediatric seizures (Nay1.1/SCN1A mutation leading to
abnormal extracellular potassium concentrations), while depo-
larization block in both pyramidal neurons and FS inhibitory
interneurons would instead lead to migraine-like cortical spread-
ing depolarization.

Discussion

We have shed new light on how voltage-gated potassium conduc-
tances contribute to shaping single-neuron spiking activity and
neuronal network dynamics by systematically examining neocor-
tical network models built upon conductance-based single-
compartment neurons. Our simulations were motivated by
recent results from animal models of focal epilepsy (Avoli et
al., 1996; Ziburkus et al., 2006; Librizzi et al., 2017; Wenzel et
al., 2017, 2019; Scalmani et al., 2023) and therapeutic interven-
tions based on modulation of potassium channels for epilepsy,
multiple sclerosis and spinal-cord injury (Dietrich et al., 2021;
Paredes-Cruz et al., 2022; Qiu et al.,, 2022). While these results

(mauve and mustard-green). C, Single-neuron pulse perturbation analysis. Simulations in both the upper and lower panels are the same as in Figure 2A (normal g level), except now an
additional pulse perturbation is given at one of the time locations, indicated by the numbers 1 to 5, during the inter-spike interval. These five time points partition the inter-spike interval
of the unperturbed neuron at the 20, 60, 75, 80 and 85 percentage marks. The top panel shows an example for a brief (3 ms) pulse current perturbation at time location 1 (as indicated by the
triangle). Minimal or a minor perturbation of the timing of the succeeding action potential results when the magnitude of the injected current pulse is small, as exemplified by the solid
membrane potential traces in both panels. However, a sufficiently large current pulse results in a larger temporal advance or delay of the succeeding action potential, as indicated by the
dashed membrane potential traces. A measure was developed (A(n), Eq. 29) to assess how sensitive the single-neuron dynamics was to pulse perturbation at those five time locations during
the interspike interval. Briefly, a measure of value 0 indicates no perturbation effect, i.e., subsequent spikes are not advanced nor delayed, and 1 corresponds to the extreme case where an action
potential is almost immediately elicited by the perturbation. For instance, the value of this measure at time point 4 (bottom panel), A(4), for the solid membrane potential trace is 0.3, in
agreement with the observation that the pulse perturbation advances the spike occurrence, but not almost immediately. D, Single-pulse perturbations analysis. Simulations in both the upper and
lower panels originate from Figure 2B (reduced gy). In this example, the values of the measure for the dashed membrane potential traces in both panels (time points 1 and 4) are both dose to 1,
in agreement with the fact that a spike was almost immediately elicited by the current pulse perturbation. E, Sensitivity of the single-neuron spiking dynamics to current pulse perturbations of
different magnitudes and at different time locations during the inter-spike interval (n =3, 4, 5 and 6), for normal g = 15 and reduced gy = 0.3 mS/cm?. The same measure (Eq. 29) described
above for the sensitivity of AP (action potential) time to pulse perturbations is used here. g downmodulation makes the spiking dynamics significantly less sensitive to pulse perturbations, as
evidenced by the higher current threshold of eliciting any AP advance or delay, and the lower uncertainty in the timing of elicited APs of the pyramidal neuron with a reduced gy = 0.3 mS/cm?.
Based on this observation, one concludes that within a network simulation, increase in /, being a consequence of g4 downmodulation makes the spiking dynamics more robust to noise
perturbations, which is associated with a steeper increase in S during transition. These perturbations would otherwise jitter spike times way from a synchronized regime. Summarizing,
the combined analyses from (4,B) and pulse perturbation assessments ((—) indicate that gx downmodulation in pyramidal neurons enhances network synchrony by both shifting the rheobase
and increasing fc,, and eventually making synchronized network spiking dynamics more robust against weaker g¢, " values and de-synchronizing noise perturbations.
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Figure 9.  Cortical network dynamics: effects of g downmodulation in the FS inhibitory interneuron population. 4,8, In comparison to reference (normal) network activity under shown in (4),
moderate gy = 7.0 mS/cm? downmodulation in the fast-spiking inhibitory interneuron population (B) can actually suppress some of the sychronization transients under the same synaptic
coupling parameters. The synaptic coupling, equal in (4) and (B), is denoted by the red cross icon (see (E) for the actual gS ¢ value), and the pyramidal neuron population had normal
gk = 15mS/am?. €, In contrast, strong gy = 0.03mS/cm? downmodulation in FS inhibitory interneurons led to dramatlc effects including depolarization block of these interneurons
and prolonged seizure-like dynamics. We note also that this can happen even for a much weaker synaptic coupling level (indicated by the red pentagon icon) where the reference/normal
the synchrony measure in the network is near zero (S~ 0; see (E)). To better visualize the time course of this severe gy downmodulation, the potassium conductance was kept at a normal level
(g¢ = 10mS/cm?) until time t =480 s (see arrow). After that, g decreased linearly to reach 0.03 mS/cm” at t =483 s. This terminal level of g, was maintained until the end of simulations.
Meanwhile, the pyramidal neuron population had normal gy = 15mS /cm? throughout the simulation. Cessation of spiking in the inhibitory population (starting soon after downmodulation, at
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have pointed out to the importance of potassium conductances
and related ionic concentrations to epileptic network dynamics
and therapeutic interventions, untangling the complex relation-
ship between ion channels within individual neurons, and further
in terms of the emerging network dynamics, remains a major
challenge. Therefore, systematic computational modeling and
simulation approaches play a crucial role into providing a coher-
ent picture of all the complexities involved and in generating new
experimental predictions.

Overall, our findings show how gx downmodulation in pyrami-
dal neurons and FS inhibitory interneurons can lead to a series of
downstream effects, starting with the broadening of action poten-
tials due to interaction of various ionic currents, and the ensuing
enhancement of the robustness to noise perturbations during peri-
odic spiking regimes, and effects on synaptic coupling. In addition,
gx downmodulation can lead to differential effects on excitatory
and FS inhibitory neurons, contributing to depolarization block
in the latter under relatively high levels of downmodulation. In
the majority of gx downmodulation scenarios that we examined,
all these changes act synergistically to enhance network synchroni-
zation, especially for the pyramidal neuron population, thus creat-
ing pathways to the emergence of seizure-like dynamics. This
seizure activity was characterized by almost-periodic neuronal-
population spiking activity. In addition, our findings indicate
how, under appropriate levels, gy downmodulation can also play
a therapeutic role in other neurological disorders by improving
communication in neuronal circuits and networks as a result of
the broadened action potentials” effects.

The observed gx downmodulation effect leading to enhanced
network synchronization in the pyramidal neuron population
(Fig. 7) is the downstream consequence of both a lowered rheo-
base and an increased Ixc, of the pyramidal neurons (Fig. 8). It
should be emphasized, however, that the specific combination
of mechanisms that enables both an earlier (i.e., with a smaller
Zqyn* connectivity strength) and a steeper transition into network
synchronization depends on the choice of a “non-epileptic” state
as the initial condition in our network simulations. Our choice of
background synaptic parameters (Eq. 26) fixes the reference
“non-epileptic” network state as the one in which firing activities
in both the pyramidal and FS inhibitory interneuron populations
are just above their rheobases. We think that this choice for the
reference “non-epileptic” state is reasonable, given that the lower
firing rates of both excitatory and inhibitory populations are rep-
resentative of many normal physiological brain states.

The seemingly paradoxical results of network synchroniza-
tion enhancement despite the Ixc, suppressive effects on the neu-
ronal firing rates (Fig. 7) can be understood as follows. gx
downmodulation leads to two mechanisms with opposing effects
on the tonic firing rates of pyramidal neurons under noisy synap-
tic background inputs: (a) an increase in Ixc, which strengthens
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spike frequency adaptation and decreases the tonic firing rates
(Brenner et al., 2005), and (b) a lower rheobase which promotes
the neuron’s basal excitability and thus increases its firing rates.
However, the relative effects on the tonic firing rates of these
two mechanisms are dependent upon the original (i.e., normal
gx) firing rates of the neuron. In the regime where the original
neurons are firing close to rheobase, a lowered rheobase provides
alarger I, range for the noisy neuron to produce a spike, but the
increased Ixc, only minimally decreases the tonic firing rate
within a restricted I, range. The combined effects of these two
mechanisms still result in comparable net tonic firing rates
between the gx downmodulated and normal gx neurons over
the entire dynamic range of background synaptic inputs.
Furthermore, while previous computational studies have shown
diverse mechanisms and noise effects on the synchronization in
neuronal networks (McMillen and Kopell, 2003; Ho et al., 2012,
2014; Meng and Riecke, 2018; Zirkle and Rubchinsky, 2021;
Rebscher et al., 2022), the steeper increase in network synchroni-
zation of the pyramidal population observed here is associated
with a more robust resistance against noise perturbations arising
from the stronger Ixc, in the gx downmodulated pyramidal neu-
rons (Fig. 84,C,E).

Our study was motivated in part by 4-AP acute models of
focal seizures and our findings contribute to the understanding
of how 4-AP administration leads to seizures via all the revealed
synergistic effects of g, downmodulation. One might argue that
the relevance of 4- AP seizure models might be very limited, espe-
cially to the case of pharmacologically resistant epilepsy since
4-AP animal models appear to respond well to standard anti-
epileptic medication (Heuzeroth et al, 2019). On the other
hand, several other studies indicate that K-channelopathies,
and related disruptions in gx functioning, are likely common in
idiopathic and pharmacologically-resistant epilepsies (D’Adamo
et al, 2013; Kohling and Wolfart, 2016), thus supporting the
broader relevance of our study. Our predicted synergistic effects
of gx downmodulation might be tested in 4-AP in vivo and slice
preparations, and with more systematic and localized manipula-
tions of gx conductances in different types of neuronal populations.
Our finding that pyramidal excitatory neurons and FS inhibitory
interneurons can respond very differently to different 4-AP levels
might also help explain previously observed dose-dependent
effects of 4-AP administration in animal models of focal seizures
(Myers et al., 2018).

We have directly examined the effects of gx downmodulation
only in neuronal somata. An important open problem is the
detailed computational modeling and examination of g down-
modulation in dendrites, axons and presynaptic sites. For exam-
ple, experimental evidence points to gK downmodulation effects
on signal propagation in dendritic trees (Johnston et al., 2000;
Kim and Hoffman, 2008; Hoffman, 2013). Another important

about 482.5 s) is associated with its strong membrane depolarization as shown in the middle plot. The temporal resolution of average membrane potentials is 100 ms. D, To examine in more
detail the transition into the seizure-like neuronal spiking activity, the following zoomed-in plots show the firing rates for both pyramidal neuron (dark green) and FS inhibitory interneuron (blue)
populations (two top rows, respectively), and the mean membrane potential and [K+], values (two bottom rows), around the seizure transition time in €. The temporal resolution of spike counts
is 50 ms. The downmodulation onset time is indicated by the arrows at 480 s. Interestingly, soon after g, reduction, there is a fast and large transient increase in the firing rate of the FS inhibitory
interneuron population, followed by an increase in extracellular potassium concentration near this population. Its spiking rate then collapses to virtually zero, and is then accompanied by the fast
transition of the pyramidal neuron population activity into recurrent almost periodic firing. E,F, Strong gy downmodulation in the FS inhibitory interneuron population can lead to seizure-like
dynamics (e.g., synchronization levels of S =0.3) at significantly lower g¢;" values than in the reference (“Ref. case”) network. Also, as expected from (B), the profile for the moderate g
downmodulation and for the reference network cases are about the same. In these and following plots, the same conventions and statistical tests as in Figure 7G,H were used. G, Comparison
between pyramidal neuron population firing rates at threshold g¢ " (i.e., point at which = 0.3 in (E)) for the moderate and strong g downmodulation regimes and the reference network case.
H, Comparison between firing rates of the FS inhibitory intemeuron population at threshold gg ¢ for the moderate and strong g downmodulation regimes and the reference network case. Same

simulation data as in E,F were used in (G,H). In all of the above network simulations, S‘;’e = 0.0088 mS/cm?.
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open issue is the assessment of the contribution of gap junctions
and corresponding syncytia in (parvalbumin-positive) FS inhibi-
tory interneurons (Papasavvas et al., 2020) to seizure-like dynamics
under gx downmodulation. We have also not systematically inves-
tigated how gx downmodulation might interact with several other
hypothesized ways through which activated inhibitory interneuron
populations might contribute to seizure initiation and maintenance
(Librizzi et al., 2017; Magloire et al., 2019; Dudok et al., 2021;
Gentiletti et al., 2022; Scalmani et al., 2023). These include, among
others, exhaustion of inhibition (Trevelyan et al., 2006; Zhang et al.,
2012; Ho and Truccolo, 2016), post-inhibitory rebounds of pyrami-
dal neurons (Sessolo et al., 2015; Assaf and Schiller, 2016; Rich et al.,
2020b), and GABA-driven depolarization effects due to shifts in
GABA reversal potential resulting from Cl~ loading (Cohen
et al.,, 2002; Timofeev et al.,, 2002; Krishnan and Bazhenov, 2011;
Lillis et al.,, 2012).

In addition, Gonzélez et al. (2018) have shown in biophysical
network models under 4-AP that transient synchronized
GABAergic-interneuron activity (simulated via external inputs)
can lead to seizures via a cascade of effects starting with [Cl™];
increase in excitatory neurons, followed by the activation of their
K"-CI™ co-transporter KCC2, thus resulting in both CI™ and K*
efflux, and finally high enough [K'], depolarizing levels to trigger
a seizure onset. (See also Moore et al., 2018; Dzhala and Staley,
2021; Gentiletti et al., 2022 for other perspectives on the role of
KCC2 in seizures.) In contrast, we note that in our model,
4-AP-induced gx downmodulation can intrinsically lead (i.e., with-
out the need of external inputs) to transient firing rate increases in
the FS inhibitory population before the transition to seizure-like
activity in the network (Fig. 9G). Furthermore, even during these
transient increases, the firing rates in the FS inhibitory population
remain relatively low (<30 spikes/s) such that GABA-driven [Cl];
levels in pyramidal neurons would not be high enough to substan-
tially increase KCC2 activation. Therefore, we do not think that the
introduction of KCC2 dynamics in our model would have changed
the main findings of this study.

Finally, we note that we have focused on the case of seizures
that evolve into and are dominated by ictal spike-wave dis-
charges. The case of low-voltage fast-activity seizures is likely
to have a much more preserved and important role for FS inhib-
itory interneurons, as we Ho and Truccolo (2016), Truccolo et al.
(2011, 2014), and Wagner et al. (2015) and others (Uva et al,,
2015; Librizzi et al, 2017; Elahian et al, 2018; Dossi and
Huberfeld, 2023) have proposed. Another important issue is
how g, downmodulation might relate to fluctuations in brain
excitability at the many different time scales, from circadian to
multiday rhythms, as shown in recent studies (Proix et al.,
2021), and to the spatiotemporal seizure spreading dynamics in
large-scale brain networks (Proix et al., 2018; Moosavi et al.,
2022; Moosavi and Truccolo, 2023). We hope to address the
above issues in future studies.

Data and Code Availability Statement
All the data and codes used for the simulations of single-neuron
and cortical network models can be accessed via either
MODELDB https://modeldb.science/2018263 or via the Brown
repository https://doi.org/10.26300/1evm-8w31.
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